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ABSTRACT 

 

Presented in this dissertation are studies on the gas-phase structural features of 

peptides and peptide fragment ions using mass spectrometry (MS), hydrogen/deuterium 

(H/D) exchange, infrared multiphoton dissociation (IRMPD) spectroscopy, and 

computational modeling.  Additional studies are presented on the mechanism of 

hydrogen/deuterium exchange using a model amino acid system.  The application of 

chemical cross-linking to investigate the interaction between two proteins, LexA and 

RecA, is also presented.   

Gas-phase structural features can be probed using a number of techniques, and 

several of the studies presented in this dissertation involve the use of gas-phase H/D 

exchange.  Although the basic mechanism for exchange has been determined, the factors 

that affect the rate and extent of exchange are not well understood.  A computational 

modeling study of the exchange behavior of asparagine and its methyl ester demonstrated 

that exchange will occur preferentially at sites of more similar basicity.  

The distinctive exchange behavior of a model histidine-containing pentapeptide, 

HAAAA, prompted further studies into the structural features that result in five fast 

exchanging hydrogens and one slower exchange.  Peptide analogues were used to 

identify the sites of exchange, and IRMPD spectroscopy combined with computational 

modeling indicated that exchange may occur because interaction with water at those sites 

results in lower energy structures compared to the other sites. 
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Structural studies were also performed to determine whether the b2
+ ion from 

HAAAA is an oxazolone or diketopiperazine.  Although the IRMPD spectrum matched 

that of a diketopiperazine, H/D exchange and fragmentation studies revealed the presence 

of both a diketopiperazine and oxazolone structure.   

Protein-protein interactions perform a vital role in regulating cellular processes.  

Despite extensive mutational analysis, the binding interaction between LexA and RecA, 

two proteins involved in the SOS response, is unclear.  Chemical cross-linking 

experiments were undertaken to help target future mutational studies, and these studies 

identified two possible interactions.   The first potential binding interaction is located in 

the cleft of RecA, and the second interaction may be caused by a LexA dimer binding 

across the RecA helical groove.  The presence of two different binding interactions 

suggests that LexA may have redundant binding modes for RecA interaction.   
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CHAPTER ONE:  BACKGROUND AND SIGNIFICANCE 

 

1.1 The Importance of Structure Determination in Mass Spectrometry 

 

The development of techniques for the ionization of biological molecules has 

brought the analytical tool of mass spectrometry to the forefront of biological research, 

especially in the identification and analysis of peptides and proteins.  With the myriad 

applications of mass spectrometry and the many systems that are studied using mass 

spectrometric techniques, an understanding of the gas-phase structure and reactivity of 

these systems is becoming increasingly important.  The gas phase is at the heart of all 

mass spectrometric applications; mass spectrometry functions through the manipulation 

and analysis of gas-phase ions, and each of these ions has a specific three-dimensional 

gas phase structure that will affect how it behaves.   

One of the most widely used applications of mass spectrometry is identification of 

proteins using proteomic analysis.  In a typical proteomic experiment, a mixture of 

proteins is digested using a proteolytic enzyme such as trypsin; sometimes a protein 

separation such as gel electrophoresis is applied first to provide nominal separation by 

protein molecular weight.  The peptides in the proteolytic digest are separated using high 

performance liquid chromatography (HPLC), which is typically coupled to a mass 

spectrometer.  The mass to charge ratios (m/z) of the peptides are measured, and selected 

peptides are fragmented by tandem mass spectrometry (MS/MS).  The process of 

automated high throughput proteomics analysis using mass spectrometry results in 
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massive amounts of MS/MS data.  The use of computer algorithms to analyze the 

fragmentation data was pioneered by Henzel, Watanabe, and Stults, and continued by 

Yates and Mann, among others.(1-4)  These computer algorithms such as Sequest (5), 

XTandem! (6), and Mascot (7, 8) allow for the fast analysis necessary to handle the data 

output, but the success rate of peptide identification for these algorithms is lower than 

desirable.  Research has shown that the protonation motif (the hydrogen bonding patterns 

that arise from protonation at certain sites on the peptide) and conformation can have an 

effect on the fragmentation pattern of peptides.(9)  A better understanding of the gas-

phase structure and fragmentation mechanisms of peptides could improve these 

sequencing algorithms and increase the identification rate.   

Although an improvement of mass spectrometric techniques used in proteomics is 

very important, the determination of structural features at the molecular level can also 

provide fundamental insights into the activity, behavior, and function of biological 

systems. While techniques such as NMR and X-ray crystallography have stood as 

benchmarks for determining biological structure, mass spectrometry is playing an 

increasing role in investigating structural features of proteins, especially in light of its 

ability to handle small sample sizes, very large macromolecular complexes, and complex 

mixtures.(10, 11)  Studies have shown that gentle ionization methods such as nanospray 

can maintain solution structures in the gas-phase, which allows for the application of 

mass spectrometry in examining these structures.(12-16)   

With the ability to ionize and analyze large protein complexes, mass spectrometry 

has become an important tool in protein-protein interaction studies as well.  Gas-phase 
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studies of quaternary protein structures can help characterize protein assemblies, and 

further information about the stoichiometry and cofactors can be determined through 

fragmentation of large protein complexes transferred from biological solutions to the gas-

phase.  The dynamic nature of protein-protein interactions, however, often necessitates 

the use of traditional biological techniques such as solution phase hydrogen/deuterium 

exchange and chemical cross-linking.  Even with these techniques, mass spectrometry 

provides a fast and effective way to analyze the results of these experiments, and to 

indicate the location of these probes at the peptide and even amino acid level of the 

proteins.   

Although the electrostatic and hydrophobic interactions in large protein 

complexes can be maintained through solvent adduction, the gas-phase structure of small 

molecules such as peptides and amino acids may not maintain solution phase structure.  

For example, peptides are typically found in the zwitterionic state in solution due to 

interactions with the solvent.  In the gas-phase, however, peptides and amino acids may 

not maintain always zwitterionic structures due to electrostatic repulsions.(17-20)  The 

ability to study gas-phase structure of peptides and other biologically relevant species 

without the influence of solvent, therefore, provides a unique opportunity to examine the 

intrinsic features and fundamental interactions within these species.   

This research aims to address fundamental aspects and applications of several 

gas-phase structural techniques, including gas-phase hydrogen/deuterium exchange and 

infrared multiphoton dissociation spectroscopy.  The combination of these and other gas-

phase structural techniques can be used to probe both peptide and peptide fragment ion 
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structures, and further development and understanding of these techniques will help to 

make them more powerful tools in the arena of gas-phase structural investigation.  The 

coupling of mass spectrometry to another biological technique, chemical cross-linking, is 

also applied to study the protein-protein interactions that drive regulation of the SOS 

response in Escherichia coli. 

 

1.2 Introduction to mass spectrometry 

 

 There are three basic steps that occur in a mass spectrometer.  First, the analyte of 

interest must be converted to the gas-phase and ionized.  Second, the ions must be 

analyzed using a type of mass analyzer.  Finally, the signal from the mass analyzer must 

be detected and processed.  The following sections will discuss the various ionization 

methods and mass analyzers that were used during the work presented in this dissertation.   

  

1.2.1 Ionization Methods 

 

Although the field of mass spectrometry (MS) has been in existence for over a 

century, the application of MS to biological systems is a fairly recent development.  For 

many years, MS was only applicable to small, volatile compounds due to limitations of 

the available ionization methods.  A few ionization techniques such as fast atom 

bombardment (FAB) were applied to small proteins, but the usefulness of these ion 

sources for analysis of biomolecules proved to be rather limited.(21)  In the 1980’s, two 
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ionization techniques were developed that would change the face of mass spectrometry.  

John Fenn developed electrospray ionization (ESI), a technique that allowed the 

introduction of proteins into the gas-phase via desolvation from charged droplets of 

solution.(22)  Franz Hillenkamp and Michael Karas began to develop matrix-assisted 

laser desorption/ionization (MALDI), which used a matrix of small organic molecules to 

absorb photons during laser desorption and mediate ionization of the proteins.(23, 24)  At 

the same time, Koichi Tanaka developed an alternative laser desorption technique for 

ionizing proteins using glycerol and metal nanoparticles as the matrix.(25)  The 

magnitude of these discoveries and their impact on mass spectrometry was recognized in 

2002, when John Fenn and Koichi Tanaka shared the Nobel Prize with Kurt Wüthrich for 

their work.  Although Tanaka was awarded the Nobel Prize for his laser 

desorption/ionization method, the MALDI method developed by Hillenkamp and Karas 

is widely acknowledged as having the greater impact in mass spectrometry applications.   

 

1.2.1.1 Electrospray Ionization 

 

In electrospray ionization, a solution containing the analyte of interest is 

introduced through a capillary.  A high voltage applied to the capillary causes the 

solution to form a Taylor cone as it exits the capillary.  The Taylor cone emits highly 

charged droplets that contain the analyte of interest, and as the droplets evaporate (often 

aided by heat or drying gas), they produce charged ions as shown in Figure 1.1. 
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Figure 1.1 Experimental setup for electrospray ionization (26) 

 

The ions are guided through the source region toward the heated capillary by the 

electric field gradient, which serves to further desolvate the ions.  The ions pass through a 

series of skimmers and electrostatic lenses which serve as focusing elements, then enter 

the analyzer region of the mass spectrometer.   

Although ESI is widely used, the mechanism of ionization and the different 

factors that affect the ESI process are still being studied.(27-31)   In particular, the 

mechanism through which desolvated gas-phase ions are produced from charged droplets 

has been extensively debated.  Two different models have been proposed to explain this 

process.  In the charged residue model (CRM), the solvent evaporates until the droplet 

reaches the Rayleigh limit; at this point, Coulombic fissions occur and new droplets are 
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formed.  This process will continue until the solvent is completely evaporated.(26, 32)  

Alternatively, the ion evaporation model (IEM) proposes that when the droplets reach a 

certain charge density (through evaporation and Coulombic fission), the droplets can 

directly emit  ions rather than depending entirely on the cycle of solvent evaporation and 

Coulombic fission.(33, 34)   De la Mora and co-workers presented evidence that the 

ionization of small molecules occurs predominately through the IEM mechanism.(35, 36)  

They also suggest that the ionization of large proteins occur through the CRM 

mechanism; however, a single, universal model is difficult to determine due to the 

complexity and diversity of samples.(37) 

 

1.2.1.2 Matrix-Assisted Laser Desorption Ionization (MALDI) 

 

In a typical MALDI experiment, the analyte of interest is co-crystallized on a 

plate with a large excess of matrix.  The MALDI plate is inserted into the instrument, and 

a laser pulse (typically N2) is applied to the sample spot.  As the laser interacts with the 

matrix, the energy absorbed is transferred to the analyte, causing the analyte to be 

ionized.(38)   

Although a wide variety of matrices have been developed, typical ones include α-

cyano-4-hydroxycinnamic acid (CCA), sinapinic acid (SA), and 2,5-dihydroxybenzoic 

acid (DHB).  All three can be used for peptide analysis (although CCA is most common), 

and SA and DHB are also used for protein analysis.  MALDI matrices have two common 

features that cause them to function well as matrices.  First, many matrices contain an 
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aromatic moiety that absorbs well in the range of the laser used.  By absorbing most of 

the laser power, the matrix protects the analyte from being fragmented or decomposed 

due to absorption of the photons and high mole fraction of the matrix.  In addition to 

absorbing the laser energy, matrices are thought to act as a proton source for ionization of 

the analyte; this role is often fulfilled by the presence of a carboxylic acid moiety in the 

matrix molecule.  Although MALDI is widely used, the mechanism is still not well 

understood.  A photoionization process was proposed in 1992 which involved the 

photoionization of the matrix molecules followed up subsequent ionization of the analyte 

molecules by secondary processes such as protonation.(39)  A recent review article by 

Karas and Krüger presents a cluster ionization mechanism where the analytes are 

‘precharged’ based on their solution properties, thus eliminating or decreasing the role of 

the matrix as a proton source.(40)  Other models have been suggested as well.(41)  

Unlike ESI, MALDI typically produces singly charged analyte molecules, with 

doubly charged ions being rarely observed.  The single charge state results in 

significantly less complicated spectra compared to spectra where the ions are produced 

by ESI.  Although mass spectra of singly charged ions may be more easily interpreted, 

the analysis of singly charged large molecules such as proteins can result in very high m/z 

values.  Because of this characteristic, a high mass analyzer such as time-of-flight (TOF) 

is often chosen to couple with MALDI.  The pulsed laser beam also interfaces well with 

TOF, which requires a specific start time to determine the flight time of the ions.   
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1.2.2 Mass Analyzers 

 

Once the analyte of interest is ionized, a mass analyzer is used to measure the m/z 

of the analyte.  A number of mass analyzers have been developed, and each one has 

advantages and disadvantages.  Factors such as cost, resolution, mass accuracy, and 

sample type must be addressed.  Although a Fourier transform ion cyclotron resonance 

(FTICR) mass spectrometer provides unsurpassed mass accuracy, the cost and 

maintenance may be unjustified when compared to that of a quadropole time-of-flight 

(QTOF), which could have a sufficient level of mass accuracy for the particular 

applications.  The work presented in this dissertation was performed using several 

different instruments, which will be discussed in more detail in the following sections. 

 

1.2.2.1 Fourier Transform Ion Cyclotron Resonance 

 

The theory describing FTICR MS is based on the motion of ions in a magnetic 

field, which is described in Equation 1.1, where f is the frequency, q is the charge, B is 

the magnet field strength, and m is the mass of the ion.   

m

Bq
f

π2

×
=                                                    Equation 1.1 
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An ion placed within a magnetic field experiences a force, called the Lorentz force, 

which is perpendicular to the magnetic field and the velocity of the ion.  The influence of 

the Lorentz force causes the ion to take on a circular orbit.  The frequency of the orbit is 

defined as the cyclotron frequency, which is related to the strength of the magnetic field, 

the charge, and the mass of the ion.  Because the magnetic field is always held constant, 

the cyclotron frequency can be inversely related to the m/z.  Although the cyclotron 

frequency remains constant for a given m/z, the radius of the ion packet is dependent on 

the kinetic energy of the ions.   

Two additional ion motions come into play in an FTICR mass spectrometer.  One 

of the useful aspects of FTICR-MS is the ability to trap ions and perform ion molecule 

reactions or kinetic experiments.  The trapping capability is achieved by placing two 

endcaps on the ICR cell and applying electrostatic fields of appropriate polarity to the 

caps once the ions have entered the cell.  The influence of these electric fields causes the 

ions to undergo a periodic motion along the axis of the cell, rather than simply passing 

through and exiting the cell.   

The combination of the electric field and the magnetic field results in the third 

fundamental motion, called magnetron motion.  This force results in a small orbital 

motion within the larger cyclotron orbit.  It should be noted that magnetron motion is 

analytically useless; however, the measured frequency is a combination of the cyclotron 

frequency minus the magnetron frequency.  The small difference in frequency caused by 

presence of magnetron motion should be accounted for if high mass accuracy or efficient 

electron injection is desired.  Although the frequency of the motion is 1000-fold less than 
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the cyclotron frequencies and thus may not impact the experiments significantly, the 

magnetron motion can be minimized by injection of the ions along the principal axis of 

the cell.   

In a typical experiment, ions are produced and transferred into the cell through a 

series of focusing elements such as lenses, ion funnels, and multipoles.  The ions can be 

structurally characterized through various dissociation methods or by using ion-molecule 

reactions.  Detection of intact precursor ions or fragment ions is achieved by exciting the 

ions into a coherent packet with a large enough orbit to generate an image current at the 

detection plates.  As the packet passes each detection plate, the frequency of the orbit is 

recorded as an image signal or transient.  The transient can be converted from the time 

domain to the frequency domain, and then a Fourier transform can be performed to 

produce a mass spectrum.(42-44) 

The hallmarks of FTICR-MS are high resolution and high mass accuracy, which 

can be beneficial to a range of research areas.  High resolution allows for the 

identification of complex mixtures, especially in ‘-omics’ such as proteomics, 

metabolomics, and studies of petroleum mixtures.  The use of accurate mass has been 

incorporated into proteomic workflows to increase the number of identifications and 

avoid false positives.(45)  With a large enough magnet, whole proteins can also be 

fragmented and identified by tandem mass spectrometry by using a range of 

fragmentation methods or analyzed to determine metal oxidation states or ligand 

binding.(46)  Structural studies can also be performed by trapping proteins and peptides 
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and interrogating them by ion-molecule reactions (such as H/D exchange), fragmentation 

methods, or folding/unfolding studies.(47, 48) 

 

1.2.2.2 Orbitrap 

 

While FTICR mass spectrometry is the benchmark for high resolution, the 

purchasing cost and maintenance can be expensive.  A new mass analyzer, the Orbitrap, 

was introduced in the early 2000s that has similar performance characteristics to the 

FTICR such as high mass accuracy (1-2 ppm) and high resolution (200,000).  The design 

of the Orbitrap is similar to a ‘Knight-style’ Kingdon trap or a modified quadrupole ion 

trap; however, the presence of specially shaped inner and outer electrodes, a static 

electrostatic field, and other details results in different ion motion.(49)  Ions are injected 

into the Orbitrap perpendicular to the z-axis, resulting in an orbital motion around the 

inner electrode.  The ions also oscillate back and forth along the z-axis, and the frequency 

of oscillation can be related to the m/z by Equation 1.2, 

kmz ×= )/(ω                                               Equation 1.2 

whereω  represents the oscillation frequency, z is the charge, m is the mass and k is a 

constant.  Ion detection occurs through recording the image current (similar to FTICR-

MS) and converting the time-domain signal into a mass spectrum using fast Fourier 

transform.   

The Orbitrap is typically combined with a linear ion trap, such as the one used in 

the LTQ-Orbitrap instrument (Thermo Fischer Scientific, Waltham, MA).  The addition 
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of a linear ion trap to the front of the Orbitrap provides several advantages.  First, the 

larger size of the linear ion trap allows for more ions to be analyzed, increasing the signal 

and sensitivity.  Second, the fragmentation step can be performed in the linear ion trap, 

which eliminates the decrease in resolution caused by higher pressure in the Orbitrap.  

Both the precursor and fragment ions can be analyzed in the Orbitrap, providing the high 

mass accuracy for both sets of data needed to perform the chemical cross-linking analysis 

pipeline. 

 

1.2.2.3 Time-of-Flight and Quadrupole Time-of-Flight 

 

Time-of-Flight (TOF) mass spectrometry is performed by allowing the ions of 

interest to travel through a field-free region.  If all the ions begin at the same time and 

with the same kinetic energy, the ions of different m/z will have different velocities and 

thus different travel times through the field-free region, with the lighter ions arriving first 

and the heavier ions arriving later.  The m/z ratio can be calculated using Equation 1.3  

2

22
/

d

eVt
zm =                                                 Equation 1.3 

where e is the charge of an electron, V is the acceleration voltage applied to the ions, t is 

the time of flight for the ion, and d is the length of the drift tube. 

Although TOF-MS has existed since the 1940’s, it was not widely used until late 

in the 20th century, when desorption methods such as MALDI were developed.(50, 51)  

Pulsed ionization methods produce a distinct ion packet at a defined time, which is 
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necessary for accurate time of flight measurements.  MALDI is also capable of producing 

very large biological ions, and it was recognized that the theoretically unlimited mass 

range of TOF is necessary to analyze these large biomolecules.  In addition to a high 

mass range, TOF also provides good sensitivity because of high ion transmission through 

the flight tube and the collection of a complete spectrum in one pulse.   

The coupling of MALDI to TOF introduces some issues, however, due to the 

wide energy and spatial distribution of the ions.  High performance TOF depends on a 

uniform kinetic energy within the ion packet as well as a definitive start time and starting 

plane to obtain accurate m/z values and good resolution.  Several improvements have 

been introduced to address these issues.  To minimize a kinetic energy spread, a high 

accelerating voltage can be applied to the ions after ionization to decrease the energy 

distribution.(52)  A reflectron can also be used to compensate for the kinetic energy 

distribution.  The packet of ions enters a region with increasing voltages applied across a 

series of lenses and travel until they reach a kinetic energy of zero, then turn and travel 

back towards the detector.  Ions with a higher kinetic energy will travel farther into the 

electric field and experience a slightly longer travel time, which decreases the spatial 

distribution of the ion packet at the detector.(53, 54)  Delayed extraction incorporates a 

time delay after the initial laser pulse and before the acceleration voltage to narrow the 

ion source spatial and velocity spread.(55-57) 

 TOF has also been incorporated into a hybrid instrument which combines a 

quadrupole mass analyzer and TOF analyzer (Q-TOF).  The instrument consists of an ESI 

ion source, a hexapole for transmission, a quadrupole mass analyzer for transmission or 
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selection, an RF hexapoles collision cell, and the TOF mass analyzer.(58)  The 

quadrupole consists of four parallel rods or poles with alternating RF and fixed DC 

voltages applied.  Two opposite rods have an RF voltage and a positive DC voltage, 

while the other set of rods has an RF voltage 180° out of phase with the previous set and 

a negative DC voltage.  At a given RF/DC voltage, only the desired m/z will be able to 

travel through the quadrupole, while the other ions are deflected on the rods.  An m/z scan 

can be performed by varying the amplitude of the voltages while keeping the RF/DC 

ration constant.(59)   

When coupled to a TOF analyzer, a mass spectrum can be obtained by setting the 

quadrupole in RF-only mode which transmits a wide mass range of ions to the TOF with 

analysis by the TOF.  In MS/MS mode, the quadrupole can be used to select an ion of 

interest, which is then transferred to the hexapoles collision cell.  An orthogonal setup is 

used for the TOF analyzer to provide a set start time and location for the ion packet, and 

to improve the sensitivity of the measurement.  The combination of a quadrupole and 

TOF mass analyzer has several advantages over the individual analyzers.  A quadrupole 

mass analyzer is robust and easily coupled to an HPLC system and ESI ion source due to 

its ability to withstand relatively high pressures, but it is limited by unit resolution.  The 

additional of the TOF analyzer maintains the advantages of the quadrupole analyzer 

while providing the opportunity to perform high resolution analysis of the precursor and 

product ions.  With the introduction of low radio frequency quadrupoles which can select 

ions up to 32,000 m/z, the benefits of unlimited mass range for the TOF can also be 

realized.(60, 61)  While the original design for the Q-TOF utilized collision-induced 
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dissociation for the fragmentation method, a recent design has also incorporated surface-

induced dissociation as an additional fragmentation method.(62) 

 

1.2.3 Dissociation Methods 

 

Dissociation methods can be applied to study gas-phase structure through 

fragmentation studies, as discussed in the next section.  The most common way to 

fragment molecules is by collision induced dissociation (CID).  The ion of interest is 

translationally excited and then collided with inert gas atoms such as argon or helium.  

The collision converts the translational energy into vibrational energy, resulting in the 

formation of fragment ions, usually through the lowest energy pathways.  Although CID 

is common, a significant number of other methods exist that can be used depending on 

the instrument and experimental aims, including sustained off-resonance irradiation 

(SORI) and resonance excitation (RE) collision induced dissociation in an FTICR, 

surface induced dissociation (SID), electron capture dissociation (ECD), electron transfer 

dissociation (ETD), blackbody infrared radiative dissociation (BIRD), and infrared 

multiphoton dissociation (IRMPD).  The techniques used in this dissertation work, SORI-

CID and IRMPD, will be discussed in further detail. 

 

1.2.3.1 Sustained Off-Resonance Irradiation Collision Induced Dissociation (SORI-CID) 
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In order to perform CID in an FTICR mass spectrometer, the analyte must be 

excited, which can be achieved through increasing the cyclotron radius.  Once the radius 

has been increased (thus increasing the kinetic energy of the analyte), a collision gas is 

added to the cell and the analyte will undergo collision induced dissociation.  One 

disadvantage of this technique is that the fragment ions are formed away from the center 

of the cell, which decreases the ability to detect the ions with good efficiency and 

resolution.  This disadvantage is addressed in SORI-CID by subjecting the precursor ions 

to an excitation frequency that is off-resonance to the natural cyclotron frequency.  The 

precursor ion radius increases and decreases over a small amplitude range, which inputs 

translational energy into the ions according to Equation 1.4, where E is the amplitude of 

the rf pulse, ωc is the ion’s natural cyclotron frequency, ω is the excitation frequency, and 

t is the duration of the rf pulse. 
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The collision gas can then be leaked into the cell, which results in a number of low 

energy collisions.  Because of the low energy of these collisions and the slow energy 

buildup, SORI-CID is considered one of the gentler dissociation techniques and usually 

results in fragments formed through the lowest energy channels.(63, 64)   

 

1.2.3.2 Infrared Multiphoton Dissociation 
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The introduction of collision gas in CID does have some disadvantages when 

coupled to an analyzer such as an FTICR mass spectrometer.  The high resolution in an 

FTICR depends on the ability to maintain long transient times, and the lifetime of 

coherent signal is compromised when background gas is present.  Infrared multiphoton 

dissociation (IRMPD) avoids this drawback by using infrared photons to excite the 

analyte of interest.(65)  The ions are trapped in the ICR cell and then irradiated with an 

IR laser (typically a CO2 laser) for a given length of time (milliseconds to seconds, 

depending on the application).  The energy used is typically a percentage of the total 

power of the laser.  As the ions absorb photons, the vibrational modes are excited and 

eventually fragmentation occurs.  Another advantage of using IRMPD over CID is that 

additional energy can be absorbed by the fragment ions as well, leading to enhanced 

fragmentation and additional low m/z ions.  If a tuneable laser is used, the fragmentation 

efficiency can be monitored as a function of wavelength and plotted to obtain an action 

spectrum (discussed in section 1.5.3). 

 

1.3 Gas-Phase Structural Techniques 

 

Mass spectrometry is closely tied to the field of gas-phase structural 

characterization, as mass spectrometric techniques rely on transferring the analyte into 

the gas phase and manipulating the analyte as a gaseous ion.  The determination of gas-

phase structure can provide fundamental insights into processes that occur during 

analysis such as the formation of fragment ions or ion-ion or ion-molecule interactions.  
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In spite of the solvent-free system, mass spectrometry is playing an increasing role in 

investigating structural features of biological systems.  These structural studies can shed 

new light on biological questions concerning these systems and can be used to inform 

further studies.   

One of the most accessible techniques for structural characterization is tandem 

mass spectrometry.  Most instruments already have the capability to perform this 

function, and little additional software or instrumentation is needed.  Gas-phase 

hydrogen/deuterium (H/D) exchange can be used to probe many different analytes, from 

small molecules up to proteins, depending on the instrument type.  The rate and extent of 

exchange can shed light on the structure, conformation, or protonation motifs present in 

the analyte, although H/D exchange is often coupled with other techniques due to 

potential ambiguities in the results.   

Infrared multiphoton dissociation spectroscopy has emerged as a powerful 

structural characterization technique when coupled with computational modeling of the 

vibrational bands.  Computational modeling can be coupled with all of these techniques 

to investigate the energetics, provide possible structures, and determine potential 

mechanisms.  Each of these will be discussed in the following sections.   

 

1.3.1 Tandem Mass Spectrometry 

 

While tandem mass spectrometry is most frequently used in proteomic 

applications to sequence peptides for protein identification, many studies have shown that 
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fragmentation products are dependent on the structure, conformation, or protonation site 

of the precursor peptide. Fragmentation studies have also been used to elucidate 

information about the mechanism of fragmentation, which often relates to structural 

features as well.   

Although the fragmentation of peptides depends on many factors, such as the type 

of dissociation method used and the energy of the precursor ion, low energy conditions 

such as collision induced dissociation result in fragmentation along the amide bond.  For 

a singly protonated peptide, if the charge is retained on the N-terminal portion of the 

peptide, then the fragment is termed a bn
+ ion, where n is the number of residues 

contained in the fragment.  If the charge is retained on the C-terminal portion of the 

peptide, then the fragment is termed a yn
+ ion.  Other possible fragments include an

+ ions 

(equivalent to a bn
+ ion with the loss of CO), immonium ions (which correspond to 

individual amino acids), and neutral losses such as ammonia or water loss.   

Tandem mass spectrometry studies have been used to probe the structure of 

peptide fragment ions.  The studies presented in Chapter 5 specifically focus on the 

determining the structure of the b2
+ ion, which typically forms either an oxazolone or 

diketopiperazine structure.  For example, one method for determining b2
+ ion structure 

involves fragmenting peptides with the first two residues reversed.  If the fragmentation 

patterns of AG and GA b2
+ ions are different, for example, then the two peptides are 

probably forming oxazolone structures.  If a diketopiperazine structure were formed, the 

fragmentation would be the same for both b2
+ ions, regardless of the order of the amino 

acids.  Tandem MS was also used extensively in developing the mobile proton model, 
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which describes the influence of proton location (related to primary and secondary 

structure) on fragmentation patterns.(66, 67)  Blackbody infrared radiative dissociation 

(BIRD) was used to probe the structure of different bradykinin analogues, and a 

comparison of fragmentation products and energetics provided evidence for the existence 

of a stable salt-bridge structure for bradykinin.(68)   

 

1.3.2 Hydrogen/Deuterium Exchange 

 

1.3.2.1 H/D exchange mechanism 

 

In a typical H/D exchange experiment, the analyte of interest is trapped in the 

analyzer region, and a deuterated reagent is pulsed into the instrument and allowed to 

interact with the analyte.  Once a collisional complex has formed between the analyte and 

reagent, hydrogen from the analyte can exchange with a deuterium atom.  The collisional 

complex then breaks apart and exchange has occurred.   

H/D exchange has been known for some time as an analytical technique that can 

be applied to mass spectrometric studies. The technique first began to gain some standing 

in 1992, when several research groups showed the feasibility of performing exchange on 

small organic compounds.(69, 70)  Lebrilla and coworkers were the among the first to 

begin examining the mechanism of H/D exchange and how it related to gas phase 

features.(71) 
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In 1995, Beauchamp and coworkers published a comprehensive study of various 

H/D exchange mechanisms using exchange experiments and computational 

modeling.(72)  When a more basic deuterating reagent such as ND3 is used, they 

proposed that the exchange occurs through the ‘onium ion’ mechanism (Scheme 1.1).   
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Scheme 1.1 H/D exchange through the onium ion mechanism.  Labile hydrogens are 

shown in red, and deuterium atoms are shown in blue.(72)   

 

Upon formation of the collisional complex, ND3 extracts a proton from the 

analyte to form an ammonium ion which can be solvated by the analyte molecule.  A 

tautomer mechanism was proposed for exchange of the amide hydrogens with ND3.  In 

both cases, the ammonium ion can transfer a deuterium back onto the analyte molecule in 

order for exchange to occur.     

When a less basic deuterating reagent such as D2O or CD3OD is used, Beauchamp 

and coworkers confirmed that the exchange occurs through the ‘relay mechanism’ similar 

to the mechanism explained by Lebrilla.  The lower basicity of these reagents precludes 

the possibility of extracting a proton.  Instead, when the analyte of interest collides with 

D2O, a bridged intermediate can form through hydrogen bonding between D2O and the 
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analyte (Scheme 1.2).  The bridge allows the proton to be transferred to D2O while a 

deuterium atom is shuttled onto the analyte.   
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Scheme 1.2 H/D exchange through the relay mechanism.  Labile hydrogens are shown in 

red, and deuterium atoms are shown in blue.(72)   

 

A secondary mechanism, termed the ‘flip-flop mechanism’ can occur at 

carboxylic acid groups (C-terminus, Asp and Glu side chains).  In this mechanism, the 

deuterium is incorporated by a concerted transfer of the deuterium to the carbonyl oxygen 

and the carboxylic hydrogen to the exchange reagent (Scheme 1.3).  H/D exchange 

studies on single amino acids have shown this exchange to be relatively fast compared to 

the relay mechanism.(73, 74)  Fast exchange at the C-terminus may not occur in peptides, 

however, as the C-terminal carboxyl hydrogen may be involved in intramolecular 

hydrogen bonding. 
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Scheme 1.3 H/D exchange through flip-flop mechanism.  Labile hydrogens are shown in 

red, and deuterium atoms are shown in blue.(72)   

 

1.3.2.2 H/D Exchange and Ion Structure 

 

H/D exchange can be used as an analytical technique by measuring both the 

extent and rate of exchange.  A comparison of the number of hydrogens exchanged for 

different species or the same species under different conditions can be used as a 

qualitative method to draw observations about the potential structures of the analyte of 

interest.  For example, Marshall and coworkers used H/D exchange to resolve different 

exchanging populations in various charge states of ubiquitin.(75)  They also found that 

the lower charge states have a higher level of exchange compared with the higher charge 

states.  The relay mechanism requires the presence of two bridging sites in close 

proximity.  The decreased exchange for the higher charge state reflects a more extended 

structure, where the bridging sites will be more spatially distant.  For the lower charge 

states, a more globular structure would bring potential bridging sites in close proximity.  

These structural characterizations were confirmed when Geller and Lifshitz interrogated 

different charge states of ubiquitin using ND3.(76)  They observed that higher charge 
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states exchange more than lower states.  The exchange behavior with ND3 still reflects 

the extended and globular structures for different charge states.  Because ND3 does not 

require the close proximity of bridging sites, the extent of exchange will be determined 

by the number of exposed exchange sites.  This number would naturally be larger in an 

open, extended structure, while the globular structure would hinder exchange at interior 

sites.  Herrmann and co-workers showed that H/D exchange could be used to separate 

different conformation/protonation motifs present in bradykinin and an angiotensin III 

analogue.(9)  A second population was also found upon H/D exchange of a fixed-charge 

synthetic peptide; this second population showed a significant difference in fragmentation 

compared to the slower exchanging population, indicating different 

conformation/protonation motifs.(77)   

By measuring the exchange at different time points, the kinetic rate constants for 

exchange can be extracted for the analyte of interest.  These rate constants can also be 

used to draw conclusions about the structural features.  For example, Freitas and Marshall 

found the presence of three equivalent exchanging hydrogens in doubly-protonated 

bradykinin.  Because the two arginine side chains will capture two protons, the presence 

of three equivalent hydrogens indicates protonation at the N-terminus as well, which can 

only occur if the peptide forms a zwitterion in the gas phase.(17)   

These studies show that the rate and extent of exchange can depend on many 

factors, including the conformation of the analyte, the charge state, the position of the 

ionizing proton, internal solvation patterns, and hydrogen bonding.  At this point, H/D 

exchange mechanisms are generally characterized but not well understood for specific 
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cases.  H/D exchange combined with other gas-phase techniques such as ion mobility can 

provide a more complete picture of the structural features of the analyte.  Molecular 

modeling can also be used to elucidate potential interactions between the reagent and 

analyte, although the size of the analyte that can be interrogated is limited.  In addition, 

care must be taken when drawing conclusions based on H/D exchange results.  Several 

papers have been published showing that incorporation of the deuterating reagent during 

formation of the collisional complex can change the structure of the analyte of interest.  

For example, addition of water can cause conversion between a charge solvation structure 

and a salt bridge (zwitterionic) structure.(18, 78)   

 

1.3.3 Infrared Multiple Photon Dissociation (IRMPD) Spectroscopy 

 

The concept of infrared spectroscopy applied gaseous ions is relatively 

straightforward:  the analyte of interest is exposed to a light beam and the absorption of 

the ions is measured.  For direct absorption measurements, however, a difficulty arises in 

attempting to maintain high enough number densities (1010 molecules/cm3 or higher).  In 

a cloud of ions with the same charge, the coulombic repulsions typically limit the number 

densities to approximately 106 ions/cm3.  Infrared radiation does, however, cause 

fragmentation of the ions present, and this fragmentation can be measured quite easily in 

a mass spectrometer.  By measuring the fragmentation efficiency as a function of infrared 

wavelength, an ‘action’ spectrum can be obtained for the ion of interest.   
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In order to obtain a spectrum over a reasonable wavelength range, the proper laser 

must be selected.  Typical lasers used for IRMPD fragmentation include gas discharge 

and CO2 lasers.  While these lasers work well for tandem MS applications, the lack of 

tunability prevents their application in IRMPD spectroscopy applications.  A free electron 

laser (FEL) system can in principle be tuned from around 70-3300 cm-1 spectral range by 

changing the energy of the electrons used, although UV to far-infrared is more typical.  A 

FEL works by accelerating free electrons and injecting them into a periodic magnet 

structure (undulator).  As the electrons undulate, they emit radiation that can be trapped 

and ‘bunched’ to achieve coherence and high gain.  By changing the undulator field 

strength, the wavelength can be tuned.  For a FEL system, the range from 1000-2000 cm-1 

(32 MeV electron energy) is useful for biological samples and allows for interrogation of 

the carbonyl stretching modes and amide I and II modes.(79)   

In addition to a FEL system, an Optical Parametric Oscillator/Amplifier 

(OPO/OPA) laser system can be used to interrogate ions in the 2000-4000 cm-1 spectral 

range.  An additional stage can be added at the exit of the OPA that allows for tuning in 

the 650-1800 cm-1 spectral range.  An OPO laser operates by means of a ‘pump’ laser 

which interacts with the optical medium to produce a range of frequencies.(80)  For 

biological samples, the 2000-4000 cm-1 spectral range covers the amide hydrogen 

stretching, which can be a useful diagnostic region for biological samples.   

Even small biological samples such as single amino acids can generate relatively 

complex spectra; for example, varying the site of protonation can lead to different 

hydrogen bonding patterns and produce different spectral signatures.  In order to 
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determine which structure best matches the spectrum, computational modeling of the 

vibrational spectrum for different conformations and protonation motifs is performed and 

compared to the experimental spectrum. 

 

1.3.4 Computational Modeling 

 

 In recent years, computational modeling has emerged as an indispensable tool in 

the arsenal of techniques for structural characterization.  All three of the previous 

methods (MS/MS, H/D exchange, and IRMPD spectroscopy) are frequently coupled with 

quantum chemical calculations in order to fully understand and interpret the results.  

Recent increases in computing power and speed have opened up the possibility of doing 

higher level calculations on increasingly large molecules, and increased the level of 

calculations that can be performed on smaller molecules such as amino acids.  Typically, 

molecular modeling programs are used to produce an array of structures with different 

conformations and hydrogen bonding motifs.  These structures can be further optimized 

using higher level calculations such as density functional theory; the size of the molecule 

dictates the level of basis set that can practically be used to calculate the energy.  Once an 

optimized structure or structures have been found, further calculations such as 

determining the vibrational bands or mapping the potential energy surface can be 

performed.   

Although in silico calculations can be extremely useful for interpreting and 

explaining experimental results, they are difficult to utilize as a single piece of data.  The 
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environment within a mass spectrometer can complicate the conditions of the peptide, 

leading to structures that may not be the lowest energy structure.  Additionally, any kind 

of activation or energy deposition within the peptide can allow it to sample alternative 

structures that may result in an energy minimum beyond the lowest energy structure.  In 

spite of these possibilities, computational modeling provides a valuable opportunity to 

visualize structural motifs within molecules that can enhance the interpretation of 

experimental data.   

 

1.4 Protein-Protein Interactions 

 

 Scientists have long appreciated the integral role that protein-protein interactions 

play in biological function.  Proteins do not exist as isolated units in the cell, but instead 

are often part of an intricate chain of interactions with other proteins.  These interactions 

can take place in the context of regulatory activities, cellular processes, and the 

incurrence or prevention of disease.  If these interactions are disrupted through changes in 

the cellular environment or mutagenesis, the results can have far-reaching and disastrous 

effects on the biological system.  While long-standing techniques such as X-ray 

crystallography and NMR are useful in determining protein structure, the dynamic and 

sometimes transitory nature of protein-protein interactions can be difficult to measure.  

While a number of mass spectrometric techniques such as solution phase 

hydrogen/deuterium exchange, site specific covalent modifications, and limited 
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proteolysis are currently being used for these studies, this research will focus on chemical 

cross-linking.   

 

1.4.1 Chemical Cross-linking 

 

 While many protein-protein complexes are long-lasting or even permanent, other 

protein-protein interactions occur on the microsecond time scale, leading to difficulties in 

making analytical measurements.  Chemical cross-linking can be used to ‘capture’ this 

transient interaction, and with judicious use of appropriate cross-linkers, valuable 

information about the location and distance of the interaction or binding site, or the 

identity of the binding partner, can be obtained.  In a typical cross-linking experiment, the 

proteins of interest are allowed to interact in the presence of bi-functional reactive 

species.  The cross-linked proteins are isolated (by gel electrophoresis or other means), 

digested, and the peptide mixture is analyzed by LC-MS/MS for cross-linked peptides.  

Although this experiment seems straightforward in nature, the actual execution is fraught 

with difficulties.  Protein-protein interactions often involve hydrophobic areas, which do 

not readily react with typical cross-linkers.  The incorporation of the cross-linker into the 

interaction site may alter the chemistry of the proteins, especially if the cross-linker reacts 

with a charged residue.  The cross-linked product is often in low abundance and may be 

part of a complex mixture of cross-linked species.  Once the product has been isolated 

and digested, the analysis can be extremely difficult due to the low abundance of cross-

linked peptides and the large amount of data.  The possibility of pinpointing the 
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interaction sites, however, has led many research groups to focus on resolving these 

issues.   

The variety of cross-linkers has dramatically increased as scientists attempt to 

improve cross-linking analysis.  A typical cross-linker has two reactive species separated 

by a variable-length linker region.  Most reactive species target primary amines or 

carboxylic acids through the use of NHS-ester chemistry.  The cross-linker can be homo- 

or heterobiofunctional, and some cross-linkers include a third functionality for affinity 

purification, such as biotin or avidin.  Varying the linker length allows for distance 

mapping on proteins, but care must be taken in choosing linker lengths to avoid capturing 

non-specific binding or interactions between proteins.  Non-specific binding refers to 

non-biologically relevant interactions that can occur when two proteins are combined in a 

solution.  The inclusion of control experiments and careful design of the experimental 

conditions (such as avoiding concentrated solutions that encourage non-specific 

interactions) can help to prevent the occurrence of non-specific cross-links.  The design 

of the cross-linker has been one area of focus for improving the analysis step.  Isotopic 

labels can be incorporated into the linker region to provide mass fingerprints.  Other 

designs feature cleavable linkers, either in solution or through MS/MS or MS3 modes, 

which provide a signature in the mass spectrum.(81) 

Analysis of the LC-MS/MS data has also proven to be a significant challenge.  

Cross-linking typically occurs at primary amines and carboxylic acids, two sites that 

easily accept protons, leading to decreased ionization efficiency.  Cross-linked peptides 

are also larger than normal peptides, leading to less efficient fragmentation.  These issues 
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further suppress the already low abundance of these peptides.  Search algorithms such as 

Sequest and Mascot are not configured to search for cross-linked peptides, so new 

searching techniques must be developed.  Several methods have been published recently 

that address these problems.  One method uses an engineered database that includes all 

possible cross-linked peptides as sequential peptide sequences in the forward and reverse 

direction.(82)  Another method employs an open variable modification search, Popitam, 

to search for possible cross-linked peptides.(83)  Both methods rely on high mass 

accuracy data to avoid false positives, which limits the instrument type that can be used.   
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CHAPTER TWO: EXPERIMENTAL METHODS AND INSTRUMENTATION 

 

2.1 Materials 

 

Cyclic Ala-His was purchased from BaChem (Torrance, California).  The 9-

fluoroenylmethoxycarbonyl (Fmoc) derivatives for peptide synthesis were purchased 

from Novabiochem (La Jolla, CA).  The C-terminal residue required for peptide synthesis 

was purchased already attached to resin (Fmoc-Ala-Wang resin) from Novabiochem, (La 

Jolla, CA).  N,N-dimethylformamide (DMF), anhydrous DMF, dichloromethane (DCM), 

piperdine, benzotriazolyl N-oxytrisdimethylamino-phosphonium hexafluorophosphate 

(BOP), 1-hydroxybenzotriazole (HOBt), N,N-di-isopropylethylamine (DIEA), 

trifluoroacetic acid (TFA), tri-isopropylsilane (TIPS), diethyl ether, acetyl chloride, 

Cyclic Val-Pro, cyclic His-Pro, cyclic Ala-Gly, VPG, HPG, and AGG were purchased 

from Sigma-Aldrich (St. Louis, MO) and used without further purification.  Deuterated 

methanol and water were purchased from Cambridge Isotope Laboratories (Andover, 

MA) at 99.99% isotopic purity.   

The ‘zero-length’ cross-linker ethyl-3-[3-dimethylaminopropyl]carbodiimide 

hydrochloride (EDC), bis[sulfosuccinimidyl]glutarate (BS2G) d0 and d4, and N-

hydroxysulfosuccinimide (sulfo-NHS) were purchased from Pierce (Rockford, IL) and 

used without further purification.  Trypsin and 2-Mercaptoethanol were purchased from 

Sigma-Aldrich (St. Louis, MO) and used without further purification. 18 MΩ Milli-Q 
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water was prepared (Millipore Corp., Bedford MA).  Glu-C was purchased from New 

England Biolabs and used without further purification (Ipswich, MA). 

LexA (accession number NP418467) K156A mutant and RecA (accession 

number NP417179) were prepared as described in the literature.(84, 85) Both proteins 

were dialyzed into 25 mM phosphate buffer (25 mM, pH 7.4). Concentration of K156A 

and RecA were 503 µM and 71 µM, respectively. 

 

2.2 Solid-Phase Peptide Synthesis 

 

Peptides were synthesized using multiple solid-phase synthesis protocols.(86-89)  

A fritted syringe and shaker were used for all synthesis steps; solutions were prepared in 

a beaker and drawn up into the syringe using a needle tip.  The resin was swelled for 

thirty minutes using a 50:50 mixture of DCM and DMF.  The synthesis was carried out 

from the C-terminus to the N-terminus of the peptide.  For each amino acid, the previous 

residue was deprotected using a 20:80 (v/v) mixture of piperadine and DMF.  The amino 

acid was combined with Boc, HOBt, and DIEA in 4-fold excess and added to the resin.  

Each deprotection and coupling step was followed by DMF/DCM washes and a 

ninhydrin test to confirm the completion of the reaction.  The synthesized peptide was 

cleaved from the resin and deprotected using a mixture of 95% trifluoroacetic acid 

(TFA), 2.5% H2O and 2.5% triisopropylsilane (TIPS) for 1.5 hours at ambient 

temperature.   The cleavage mixture was dissolved in water and extracted with diethyl 
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ether.  The ether layer was removed, and the peptide was recovered by lyophilization.  

The purity and identity was confirmed by mass spectrometric methods.   

 

2.3 Terminal modifications 

 

The C-terminal O-methyl esters were formed by reacting the solid peptide with 

100-200 uL of 50 uL acetyl chloride in 1 mL anhydrous methanol.  The solution was 

allowed to react for at least several minutes to produce the O-methyl ester; longer 

reaction times resulted in a higher proportion of O-methyl ester to unmodified peptide.  

The solution was diluted to the appropriate concentration using a water:methanol:acetic 

acid (50:50:2) mixture and used without further purification.  N-terminal acetylated 

peptides were formed by reacting the solid peptide with 100-200 uL of 10% acetic 

anhydride in anhydrous methanol.  The solution was allowed to react for at least several 

minutes, then diluted to the appropriate concentration using a water:methanol:acetic acid 

(50:50:2) mixture and used without further purification.   

 

2.4 Ionspec FTICR-MS 

 

An IonSpec (now Varian, Palo Alto, CA) 4.7 T Fourier transform ion cyclotron 

resonance (FT-ICR) instrument was used to perform single stage and tandem mass 

spectrometry.  Ions were produced using an Analytica (Bradford, CT) second-generation 

electrospray source.  The samples were dissolved in 50:50 (v:v) methanol:water with 1% 
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acetic acid to the appropriate concentration (10-30 uM) and infused into the instrument at 

a flow rate of 2–3 µL/min.  The source temperature was set at 180-200°C and the voltage 

on the electrospray needle was maintained at approximately 3.8 kV.  As the ions enter the 

instrument, they pass through a series of lenses and skimmers to focus the ions, which are 

then trapped in an rf-only hexapole.  The ions are accumulated in the hexapole for 200-

1500 ms, depending on the experiment, and then the ion packet is transferred to the cell 

through a shutter and rf-only quadrupole guide.  The ions were detected upon excitation 

with an RF sweep of 2 ms and 120 V amplitude.  An ADC rate of 2 MHz  and 512 K was 

used for broadband detection.   

If fragmentation of the ions was desired, the ion of interest was isolated after 

transfer to the cell by an arbitrary waveform, with a second more selective arbitrary 

waveform if monoisotopic selection was required.  A voltage ranging from 0.5 volts to 4 

volts was applied for 500 ms with an offset of +1000 Hz.  Argon was leaked into the cell 

to serve as a collision gas for the length of the SORI pulse, then pumped away for 3-5 

seconds before detection of the fragment ions.  The pressure in the cell during 

fragmentation was around 10-6 torr and dropped to around 10-10 after the pump-down 

time for detection.    

 

2.5. Hydrogen/Deuterium Exchange 

 

2.5.1. H/D Exchange in an Ionspec FTICR 
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Samples were dissolved in 50:50 (v:v) methanol:water with 1% acetic acid to the 

appropriate concentration (10-30 uM) and infused into the instrument at a flow rate of 2–

3 µL/min.  Ions were trapped in the ICR cell as described above and subjected to H/D 

exchange using CD3OD or D2O.  Monoisotopic isolation was occasionally performed 

before H/D exchange.  A pulsed-leak configuration described by Freiser and co-workers 

was used to maintain a constant deuterating reagent pressure in the analyzer region 

during the desired exchange time in the experiment.(90)  The pulse valve was opened at 

the beginning of the exchange period, and then closed once the time point was complete.  

The remaining deuterating reagent was pumped away for 30-60 seconds before detection 

was performed.  The H/D exchange reactions were performed at pressures ranging from 

1x10-8 torr to 1x10-6 torr ion gauge pressure.  Pressures lower than 1x10-8 did not result in 

a stable pressure within the cell over the timescale of the experiment.  Exchange 

experiments were usually performed from 5 seconds to 840 seconds with at least six time 

points (for little or no exchange) and up to fifty time points.  If further analysis of the 

exchanged populations was required, the ion packet of interest was isolated using an 

arbitrary waveform after the pump-down period and further interrogated using SORI-

CID.  All SORI times were 500 ms, and SORI amplitudes ranged from 1-3 V.  The first 

apparent rate coefficient was calculated by assuming pseudo-first order kinetics. 

Subsequent apparent rate coefficients were estimated by the maxima in the exchange time 

plots where product formation and depletion rates are equivalent.  Alternatively, the rate 

constants can be calculated using an algorithm developed by Marshall and co-workers to 

determine the site-specific rate constants as well as the apparent rate constants.  This 
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program is available for download at 

http://magnet.fsu.edu/~midas/Download/RateCalculator.zip.  A third method for 

calculating the rate constants is available as an add-on to Excel.  KinFit uses a kinetic 

fitting program to fit the rate curves using several different kinetic equations, including 

apparent and site specific rate constants.  The program was developed by David Dearden 

at BYU and can be found at http://www.chem.byu.edu/Plone/people/dvd/kinfit.htm 

 

2.5.2  H/D Exchange in a Bruker FTICR 

 

 H/D exchange was also performed in a 9.4 T Bruker Apex Q FTICR.  The 

samples were prepared as described above and infused into the instrument at a rate of 

2uL/min using an Apollo ESI source.  The ions travel through a series of focusing lenses 

and a focusing hexapole, then enter a series of quadrupoles.  If desired, the first 

quadrupole can be used to perform mass selection, and the second quadrupole can 

function as a collision cell.  For H/D exchange of the b2
+ ions, the precursor peptides 

were isolated and fragmented in the quadrupole region, then transferred to the ICR cell.  

For the activation studies on the commercial diketopiperazine and b2
+ ions, the b2

+ ion 

was formed as described, then transferred to the ICR cell and further fragmented using 

IRMPD or SORI-CID followed by exchange.  The deuterating reagent enters the cell 

through a pulse valve built into the instrument and controlled by the SORI-CID pulsing 

system in the software.  H/D exchange pulses were all 50 ms in length with a 30 second 

pump down after a variable number of pulses. 
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2.6 IRMPD Spectroscopy 

 

IRMPD spectroscopy experiments were performed using the CLIO Free Electron 

Laser (FEL) in Orsay, France, coupled to an electrospray ionization-Fourier transform 

ion cyclotron resonance mass spectrometer (7.0 T Bruker Apex Qe).  The samples were 

diluted in a solution of 50/50 (v/v) water/methanol with 0.1% formic acid and sprayed at 

atmospheric pressure from a syringe needle at a flow rate of 2 uL/min using an Apollo 

ESI source.  For IRMPD spectroscopy of peptides, the ions were transferred directly to 

the ICR cell and fragmented by IRMPD using the free electron laser at different 

wavelengths.  For IRMPD spectroscopy of the fragment ions, the precursor ions were 

first fragmented in the quadrupole collision cell, then the fragment of interest was 

transferred to the ICR cell and fragmented by IRMPD using the free electron laser at 

different wavelengths.  The laser was set to 48 MeV for all studies.   

 

2.7 Q-TOF Fragmentation Studies 

 

 Energy-resolved fragmentation curves were obtained using a Waters Q-Tof 2TM 

instrument fitted with a Waters ESI source.  The samples were dissolved in 50:50 

water:ACN with 0.1% formic acid and infused into the instrument at a rate of 2-4 

uL/min.  Typical instrument settings were used to perform the fragmentation studies, with 

a few exceptions.  First, because the analysis was performed on a b2
+ ion, the fragment 
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ion had to be produced through in-source fragmentation.  This was achieved by 

increasing the extractor voltage to 15 V while maintaining a cone voltage of 35 V.  

Second, the collision energy was varied from 15 V to 60 V in five volt increments to 

obtain the energy-resolved fragmentation curves.  These settings were used for both the 

b2
+ ion and the commercial diketopiperazine to maintain continuity within the 

experimental parameters for comparison purposes.   

 

2.8 Computational Modeling 

 

A series of modeling steps was used to produce the optimized structures, energies, 

and vibrational spectra presented in this dissertation.  The first step involves producing a 

body of structures that can be analyzed further using density functional theory 

calculations.  The structures were produced using the Macromodel conformational search 

function, found within the Maestro suite of programs.  The starting structure was built 

using the Maestro “Build” function.  A conformational search of 10,000 structures was 

performed using the default parameters present in the Macromodel program.  The 

conformational search produces a series of structures that are ranked by energy based on 

the OPLS_2005 force field.  The structures were screened for duplicates based on the 

hydrogen bonding patterns (usually through the first 100 structures) and the z-matrix was 

extracted for the chosen structures.  The structures were optimized to the RHF/3-21G 

level using Gaussian 03 and further screened for duplicates based on the energy and 

hydrogen bonding patterns within the optimized structures.  The final set of structures 
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was optimized to the B3LYP/6-31G* level (peptides) or B3LYP/6-311++G** level 

(amino acids/b2
+ ions) depending on the size of the molecule.  Theoretical vibrational 

spectra were obtained by running the ‘freq’ command in Gaussian 03 on the fully 

optimized structures at the appropriate level.  The spectra were extracted using 

GaussView 4 at a FWHM of 10 wavenumbers and plotted using Microsoft Excel or Igor 

Pro.  To model the structures with water inserted, the optimized structure was opened 

using GaussView 4 and water was inserted near various locations on the molecule.  The 

structures with water were then optimized to the RHF and B3LYP levels as described 

above.   

For asparagine potential energy surface modeling, the optimized structure was 

opened using GaussView and a water molecule was inserted between two relay sites in a 

variety of positions.  The structures were optimized and the lowest energy structure was 

selected to continue the modeling process.  The water was transferred to the opposite 

bridging site using GaussView and optimized again.  If a stable structure could be 

obtained for both bridged intermediates, a transition state calculation was performed in 

Gaussian.  Several different commands were used to obtain a transition state structure.  If 

two intermediates were obtained, the QST2 command was used.  If a possible transition 

state was also found during the initial modeling steps (confirmed by the presence of 

imaginary frequencies), the QST3 command was used.  The ‘calcfc’ command was used 

for the initial calculations, and if these failed, then the ‘calcall’ command was used.  

Alternatively, if the QST calculations failed, the TSopt command was used in 

combination with the ‘calcall’ command.  All transition state structures were confirmed 
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by frequency analysis.  Once a transition state was obtained, the IRC command was used 

to generate a potential energy surface.  In all cases, both a forward and reverse 

calculation was performed.  A single point energy calculation was performed on the final 

structures from the IRC calculations (transition state and intermediates) to determine their 

final energy.   

 

2.9 LexA/RecA Studies 

 

The RecA and LexA solutions were prepared based on previously published 

methods that were further modified by Charles Cheng.(91)  Briefly, the contents and final 

concentrations were as follows:  RecA (15µM), oligo SKBT25 

(GCGTATGTGTGGTGTGC) (60µM nucleotide concentration), ATP-gamma-S (1mM), 

and MgCl2 (2mM) in 20 mM phosphate buffer (pH 7.4).  The solution was prepared by 

diluting stock solutions of the phosphate buffer and MgCl2, followed by addition of the 

ATP-gamma-S, SK25, and RecA.  The solution was placed on ice and incubated at 5°C 

overnight to activate the RecA.(92) 

For the K156A solution, the contents and final concentrations were as follows:  

K156A (15µM), ATP-gamma-S (1mM), and MgCl2 (5mM) in 20 mM phosphate buffer 

(pH 7.4).  The solutions were prepared by diluting stock solutions of the phosphate buffer 

and MgCl2, followed by addition of the ATP-gamma-S and K156A.  The solution was 

prepared just prior to the cross-linking reaction. 
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2.9.1 Chemical Cross-linking 

 

An EDC cross-linking solution was prepared by dissolving EDC and Sulfo-NHS 

in water to a final concentration of 1M (EDC) and 2.5 M (NHS) according to the 

manufacturer’s instructions.  A series of experiments were performed with varying 

concentrations of EDC to determine the optimum conditions, and a final concentration of 

20mM EDC was chosen to maximize the 1:1 K156A:RecA species.  A two-step 

procedure was used to minimize RecA/RecA cross-links (protocol provided by Pierce, 

www.piercenet.com).  EDC was added to the K156A working solution (15µM K156A) 

and incubated for 15 minutes at 37°C.  Excess EDC was quenched by addition of 2-

Mercaptoethanol to a final concentration of 200mM.  An equal amount of activated RecA 

solution was then added to form a 1:1 ratio with K156A.  After mixing, the reaction was 

allowed to proceed for one hour at room temperature.  The reaction was quenched by 

addition of SDS running buffer, by buffer exchange followed by in-solution digestion or 

by adding hydroxylamine to a final concentration of 10 mM.   

The cross-linking procedure for BS2G is described in the protocol from Pierce 

(www.piercenet.com) and briefly below.  A BS2G solution was prepared by dissolving 

solid BS2G d0 and d4 in a 1:1 ratio in dimethyl sulfoxide to a final concentration of 

100mM.  A series of experiments were performed with varying concentrations of BS2G 

to determine the optimum conditions, and a final concentration of 150uM BS2G was 

chosen to maximize the 1:1 K156A:RecA species.  K156A and RecA solutions were 

combined in a 1:1 ratio and incubated for 15 minutes at room temperature.  The BS2G 
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solution was added, and the reaction was allowed to proceed for one hour at room 

temperature.  Excess ammonium bicarbonate (20mM) was added to quench the reaction.   

 

2.9.2 Protein Digestion Protocols 

 

Bio-Rad Tris-HCL 4-20% Gradient Ready Gels were used for in-gel digestion 

(Hercules, CA).  The gels were run at room temperature, starting at 80V until the dye 

front had passed the stacking gels, then run at 130-150V until completion.  The gel was 

stained according the silver staining for mass spectrometry protocol from the Wysocki 

lab.  Briefly, the gel is fixed with a methanol/acetic acid solution, then washed with 

water.  The gel is sensitized using a sodium thiosulfate solution, then washed and fixed 

with a silver nitrate solution.  A solution of sodium carbonate, formaldehyde, and sodium 

thiosulfate is used to develop the gel.  The Yate’s Lab Mann Protocol for In-Gel 

Digestion from the Proteomics Facility was used for in-gel digestions.  Briefly, the bands 

are excised, washed with water, acetonitrile, and 100 mM ammonium bicarbonate 

solution, and dried.  The samples are reduced using 10mM DTT/100mM ammonium 

bicarbonate and alkylated with a solution of 55mM iodoacetamide/100mM ammonium 

bicarbonate.  The bands are further washed and dried, then incubated with the protease of 

interest.  In-solution digestion was performed according to the Goodlett lab protocol.  

The samples are denatured using urea, then reduced with DTT and alkylated with 

iodoacetamide.  The solution is diluted and trypsin is added as the protease.  All samples 
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were desalted before direct analysis by mass spectrometry using a zip-tip or C18 

cartridge.  All protocols can be found in Appendix B.   

 

2.9.3 Orbitrap MS/MS of Cross-linked Samples and Popitam Analysis 

 

The samples were run according to the procedure detailed in Singh et. al.(83)  

Briefly, the samples were run by LC-MS/MS using a LTQ-Orbitrap coupled to a Waters 

NanoAcquity LC system.  The samples were trapped on a precolumn and then separated 

using a C18 column coupled directly to the mass spectrometer.  The MS scans were 

detected using the Orbitrap from 400-2000 m/z, and MS/MS fragmentation was 

performed on selected ions with a charge state of +4 or above.  A 4 m/z isolation window 

was used, and the collision energy was set to 50% in the LCQ.  Detection of all fragments 

occurred in the Orbitrap as well.    

The spectra were deconvoluted using an in-house program from the Goodlett lab.  

The deconvoluted spectra were analyzed using the Popitam variable modification search 

housed on the Goodlett server.  This version of Popitam includes the option of up to four 

missed cleavages as well as the possibility to search mutant or truncated proteins.  The 

search was performed according to the parameters described in Singh et. al., and the data 

was analyzed manually for cross-linked peptides.  The potential spectra were further 

examined manually and checked for fragmentation products of the cross-linked peptides 

using a fragment mass list generated by ProteinXXX (GPMAW, www.gpmaw.com). 
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CHAPTER THREE: ASPARAGINE, GLUTAMINE AND THEIR METHYL ESTERS:  

INSIGHTS INTO THE GAS-PHASE HYDROGEN/DEUTERIUM EXCHANGE 

MECHANISM  

 

The following chapter presents an examination of the hydrogen/deuterium (H/D) 

exchange behavior of asparagine, asparagine methyl ester, glutamine, and glutamine 

methyl ester.  These amino acids represent a model system that can be used to examine 

the interactions between amine, amide, and carboxylic acid groups during H/D exchange.  

Asparagine showed one fast exchange, three slow exchanges, and one very slow 

exchange, while asparagine methyl ester showed three slow exchanges and a fourth very 

slow exchange.  Glutamine and glutamine methyl ester, however, each exhibit no 

exchange, even under extreme conditions.  The rate and extent of exchange for 

asparagine was further investigated using computational modeling, which showed that 

the fast exchange occurs at the C-terminal carboxyl group through the ‘flip-flop’ 

mechanism.  The three slow exchanges occur through proton transfer to the amide 

nitrogen followed by exchange through a bridged intermediate between the amide group 

and C-terminal carbonyl oxygen.  The exchange for asparagine methyl ester appears to 

occur through the same mechanism.  Additional modeling is needed to identify the very 

slow exchanging hydrogen, as well as to determine why glutamine and glutamine methyl 

ester do not exchange.   
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3.1 Introduction 

 

The investigation of gas-phase structural features can be implemented through a 

variety of experimental techniques, as described in Chapter One.  Gas-phase 

hydrogen/deuterium (H/D) exchange has been successfully used as a tool to elucidate the 

structure of small molecules, peptides, and proteins, and can also be used to shed light on 

the structure of peptide fragment ions.(30, 35, 39, 49, 50)  The basic mechanism of 

exchange have been proposed by several groups, including Beauchamp and Lebrilla, but 

the factors that result in specific H/D exchange behavior for different ions are not clearly 

understood.(31, 32, 51, 52)  In the exchange behavior of larger peptides and proteins, it is 

difficult to isolate or identify the interactions that result in specific H/D exchange 

behavior.  The overall exchange may be influenced by such factors as the site of 

protonation, the hydrogen bonding throughout the system, and the sites that act as bridges 

for the reaction intermediate.  The site of protonation can influence the hydrogen bonding 

within larger systems, making it difficult to separate these two factors.  The hydrogen 

bonding can also be unique for each system, which complicates efforts to form general 

conclusions about the influence of hydrogen bonding on H/D exchange patterns.  Specific 

sites that act as bridges for the reaction intermediate, however, can be more easily 

identified based on the residues present (amino group for lysine, amide group for 

asparagine and glutamine, carboxylic acid for aspartic and glutamic acid, etc).  More 
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information about how these different groups act as bridging sites could help to improve 

the interpretation of H/D exchange data.  For example, studies have shown that exchange 

between two amino groups occurs readily when close enough to form a bridged 

intermediate.(74)  An amino group that is heavily involved in hydrogen bonding or 

spatially distant from another bridging group may not be available for exchange.  If two 

amino groups are present in the system and exchange is readily observed, this may 

indicate that the three-dimensional structure of the system brings the two amino groups 

close together.  Although larger peptide systems contain other complicating factors, 

amino acids or simple peptides can serve as model systems to probe specific interactions 

and correlate them with H/D exchange behavior.     

 

3.2 Amino Acid Model Systems 

 

Amino acids serve as an easily accessible model system for studying H/D 

exchange mechanisms.  For example, lysine can be used to model the interactions 

between amino groups, while aspartic acid can be used to represent the interactions 

between an amino group and a carboxylic acid group.  The methyl ester can easily be 

formed to eliminate the possibility of exchange or interactions at the carboxylic hydrogen 

and provide additional insight into the remaining interactions.  Amino acids are also 

small enough to allow for high level computational modeling of the amino acid and the 

potential energy surface that is formed upon the interaction with water.   
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Initial experiments using H/D exchange were performed by Lebrilla and co-

workers on a series of amino acids including glycine, alanine, valine, leucine, isoleucine 

and proline.(93)  They observed one exchange that was 3-10 times faster than the other 

two to three slower exchanges for the series based on the site-specific rate constants.  By 

comparing the reactivity of the unmodified amino acids with selected methyl esters, they 

determined that the faster exchange was occurring at the C-terminus, while the slow 

exchanges were occurring at the N-terminal amino group.  They also observed a trend of 

decreasing exchange rates for the amino group as the gas-phase basicity of the amino acid 

increased.   

Marko Rozman has published a series of papers that investigated H/D exchange 

mechanisms using protonated amino acids as model systems.  The simplest system 

involves the amino acids with aliphatic side chains, which only contain an amino group 

and carboxylic acid group that can interact with water.(94)  H/D exchange behavior for 

these amino acids showed one fast exchange and three slower exchanges.  Computational 

modeling demonstrated that the single fast exchange occurs at the carboxylic acid 

through the flip-flop mechanism outlined by Beauchamp and coworkers.(72)  The three 

slower exchanges were occurring at the protonated N-terminus, which would require the 

water to bridge between the amino group and the carboxylic acid.  The exchange occurs 

through the transfer of a hydrogen from the amino group to the D2O and a simultaneous 

transfer of a deuterium to the carbonyl oxygen.  The computational modeling showed this 

to be energetically unfavorable, which would explain the slow rates of exchange.  While 

not discussed in the paper, the difference in basicity between the amino group and 
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carbonyl oxygen would likely cause some of the unfavorable energetics.  The presence of 

a methyl group at the beta carbon results in some steric hindrance to the amino-water-

carbonyl oxygen bridge, leading to a decreased rate of exchange.  Additional experiments 

with phenylalanine, tyrosine, and tryptophan also showed one fast exchange and three 

slow exchanges.(95) 

Aspartic and glutamic acid introduce an additional carboxylic acid group into the 

structure.(73)  Although all five hydrogens exchange, the rates showed two fast (but not 

equivalent) exchanges and three slow exchanges.  The three slow exchanges again 

correspond to the protonated amino groups, but further computational studies were 

performed to determine whether the side chain carboxylic group or the C-terminal 

carboxylic group corresponds to the faster exchange.  The modeling indicated that the 

starting structure for exchange at the C-terminal carboxylic group was more stable than 

the structure for exchange at the side chain, leading to a slightly enhanced rate for the C-

terminal group.  Both groups still exchanged primarily through the faster flip-flop 

mechanism.   

The influence of difference in basicity on the relay mechanism is more clearly 

seen through a study of the H/D exchange behavior of histidine and lysine, which have a 

second basic group in addition to the N-terminal amino group.(74, 96)  The H/D 

exchange rate constants for histidine showed three equivalent fast exchanges, another fast 

exchange, and one slower exchange.  Molecular modeling of histidine and histidine 

methyl ester determined the presence of a strong intermolecular hydrogen bond between 

the amino group and the π nitrogen in the imidazole ring.  The calculated proton affinities 
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for the amino group and imidazole nitrogen are extremely close, leading to very facile 

sharing of the proton between these two groups.  While the H/D exchange intermediates 

were not modeled, the formation of a bridged structure would likely be very stable, 

leading to energetically favorable exchange.  The other exchanges correspond to the τ 

nitrogen and the carboxylic acid, although the paper does not present experiments to 

distinguish them. 

The rate constants for lysine indicate five fast equivalent exchanges and one 

slower exchange, corresponding to the five amino hydrogens and the carboxylic acid 

hydrogen.  In this case, the exchange at the amino groups is more energetically favorable 

than the flip-flop exchange at the C-terminal carboxyl group.  While not discussed in the 

paper, the favorable nature of the exchange at the amino group may be due to the similar 

basicity of the two groups, leading to a very stable bridged intermediate which is 

amenable to the hydrogen transfer necessary for exchange.  For histidine and lysine, the 

presence of a second basic group produced faster exchange at the N-terminal amino 

group compared to the carboxylic acid exchange, while amino acids without a second 

basic group exhibited faster exchange at the carboxylic acid group.  These results indicate 

that differences in the gas-phase basicity of the relay sites play a key role in influencing 

the rate of exchange.   

 

3.3 Asparagine and Glutamine Model Systems  
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Asparagine and glutamine can be used to model the interactions between amino 

and amide groups.  Asparagine has six exchangeable hydrogens with two at the N-

terminal amino group, one at the C-terminal carboxylic group, two at the amide group 

and one as the ionizing proton.  Asparagine methyl ester has five exchangeable 

hydrogens (amino, amide, and ionizing proton).  The exchange of these amino acids 

along with their methyl esters with CD3OD and D2O was performed, and apparent rate 

constants were calculated for the exchange behavior. 

 

3.3.1 H/D Exchange Behavior of Asparagine and Asparagine Methyl Ester 

 

The exchange plots for asparagine and asparagine methyl ester are shown in 

Figure 3.1.  While the exchange for asparagine methyl ester may appear much faster, the 

increase in exchange is due to the use of a 10-fold higher pressure for the exchange 

reagent.  Asparagine shows four exchanging hydrogens at 1x10-8 torr; at higher pressures, 

a fifth exchange begins to appear near 840 seconds of exchange.  For asparagine methyl 

ester, only four exchanging hydrogens were observed at 2.3x10-7 torr.  While other 

hydrogens may exchange, they were not observed in the time scale of the experiment.   
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Figure 3.1  H/D exchange plots for a) Asparagine and b) Asparagine methyl ester.  

Exchange was performed with CD3OD from 0-840 seconds at a) 1x10-8 torr and b) 

2.3x10-7 torr. 
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The apparent rate constants were calculated for asparagine and asparagine methyl 

ester and are shown in Table 3.1.  Asparagine shows one fast exchange and three slow 

exchanges as well as the fifth very slow exchange, while asparagine methyl ester shows 

three slow exchanges and one very slow exchange.   

 

Table 3.1:  Apparent Rate Constants for Asparagine and Asparagine Methyl Ester 

 Pressure (torr) k1 k2 k3 k4 k5 k6 

Asn 1x10-8 184 10.5 7.6 3.8 ** --- 

Asn-OMe 2.3x10-7 5.3 3.3 3.1 0.4 ---  
Apparent H/D exchange rates for HAAAA, AAHAA, and AAAAH with CD3OD as the exchange reagent 
from 0-840 s (rates x 1012 cm3 molecule-1 sec-1, error estimated at 20% due to uncertainty in the ion gauge, 
(**): the nth exchange was not extensive enough to measure kn, (---): the exchange was not observed.  A 
sixth exchange is not possible for Asn-OMe. 
 

In order for exchange to occur by the relay mechanism, the reagent must bridge 

between two exchanging sites, leading to various possible mechanisms depending on the 

exchange sites present in the molecule.  Four different mechanisms were identified when 

the amino group is the site of protonation, as shown in Figure 3.2.  In Mechanism 1, a 

bridge is formed between the amino group and the C-terminal carbonyl oxygen, similar to 

the exchange mechanism found in aliphatic amino acids.  In Mechanism 2, the bridge is 

formed between the amino group and the amide carbonyl oxygen present in the side 

chain.  For Mechanism 3, a bridge is formed between the amino group and the amide 

nitrogen of the side chain.  Mechanism 4, which would only be present for the 

unmodified asparagine, represents exchange at the C-terminal carboxyl group through the 

flip-flop mechanism.   
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Figure 3.2 Mechanisms for exchange involving a protonated amino group 
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Figure 3.3 shows two other possible mechanisms that are possible if the proton is 

transferred to another group.  Mechanism 5 involves transferring the proton to one of the 

carbonyl oxygens, which can then form a bridge to the other carbonyl oxygen or the 

amide nitrogen.  Mechanism 6 involves the transfer of a proton from the amino group to 

the amide nitrogen, followed by the formation of a bridged structure between the 

protonated amide group and the carbonyl oxygen of the C-terminal carboxyl group. 
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Figure 3.3 Mechanisms involving proton transfer from the amino group to another group, 

followed by H/D exchange. 
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3.3.2  Computational Modeling of the Asparagine and Asparagine Methyl Ester 

Exchange Mechanisms 

 

The energetics of these mechanisms can be probed by performing computational 

modeling to determine the potential energy surface of the exchange reactions.  First, the 

lowest-energy structure for protonated asparagine and asparagine methyl ester was 

determined.  Paizs and coworkers calculated the lowest-energy structures for a number of 

protonated amino acids, and the lowest-energy structure from his work is very similar to 

the ones determined here by computational modeling.(97)  Figure 3.4a shows the lowest 

energies structures calculated at the B3LYP/6-311++G** level.  As expected, the most 

stable structure has a proton at the N-terminal amino group which forms a hydrogen bond 

with the carbonyl oxygen of the amide side chain.  An additional longer hydrogen bond is 

formed between the amino group and terminal carbonyl.  The next step was to calculate 

the lowest-energy structures for Asn and Asn-OMe complexed with water, as shown in 

Figure 3.4b.  The water forms a hydrogen bond with the protonated amino group, which 

maintains a hydrogen bond with the amide carbonyl oxygen.  However, the structures of 

the water complexes are slightly bent compared to the structures without water to allow a 

closer hydrogen bond between the amino group and terminal carbonyl.   
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Figure 3.4 a) Lowest-energy structures for protonated asparagine and protonated 

asparagine complexed with water. b) Lowest-energy structures for protonated asparagine 

methyl ester and protonated asparagine methyl ester complexed with water.   
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The H/D exchange mechanisms for aspargine will be considered first.  The 

possible mechanisms for exchange may require a migration of the water to other 

locations on the asparagine molecule.  In order to model this, water was added to the 

lowest-energy structure for asparagine using GaussView in appropriate locations for each 

of the bridged intermediates.  Once the lowest-energy structure for that bridged 

intermediate was identified, the second bridged intermediate was built using the first 

intermediate as a starting point.  The second intermediate was optimized, then a transition 

state calculation was performed.  The transition state can then be used to calculate the 

potential energy surface for the proposed mechanism. 

Mechanisms 1, 2, and 3 all have a bridged intermediate with water at the N-

terminal amino group, so the lowest-energy structure was simply adjusted to reflect the 

appropriate orientation for the bridged intermediate and optimized.  While an optimized 

structure was obtained for the first intermediate (where water is localized on the amino 

group), all attempts to identify a structure for the second bridged intermediate failed.  The 

second intermediate would require the proton to be located on the carbonyl oxygen or 

amide nitrogen while the water forms a bridge between the proton and the nitrogen of the 

amino group.  Previous research has shown that a difference in basicity can have a 

significant effect on the rate of exchange.  The gas-phase basicity for the amino group is 

883.9 kJ/mol, which is greater than the basicity for the carbonyl oxygen (752.8 kJ/mol) or 

the amide nitrogen (845.3 kJ/mol).(98)  The difference in basicity makes it energetically 

unfavorable to transfer the proton away from the amino group, leading to very slow (if 

any) exchange through Mechanism 1, 2, or 3.    
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Previous research suggests that Mechanism 4 is responsible for the one fast 

exchange seen for asparagine.  Computational modeling confirms that exchange at the C-

terminal carboxyl group is virtually barrier free, as shown in Figure 3.5.  The first 

intermediate for exchange (water at the C-terminus) has a lower energy by more than 60 

kJ/mole compared to water and asparagine by themselves, and even the transition state is 

lower in energy by almost 20 kJ/mole compared to water and asparagine.  The flip-flop 

mechanism at the C-terminus therefore corresponds to the single fast exchange. 
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Figure 3.5 Potential energy surface for exchange at the C-terminus (Mechanism 4).  

AsnH++H2O represents the energy of protonated asparagine and water when they are 

spatially distant.  Int 1 represents the first exchange intermediate, TS represents the 

transition state, and Int 2 represents the second exchange intermediate. 
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Because the first three proposed mechanisms do not appear energetically 

favorable enough to explain the three slow exchanges, Mechanism 5 and 6 were 

considered.  These mechanisms require a first initial step where the proton is transferred 

from the amino group to the amide nitrogen or carbonyl oxygen of the side chain.  A 

water-bridged intermediate can then be formed between the protonated group and a 

second group of more similar basicity, which should result in a more energetically 

favorable exchange.   

A series of calculations were performed to identify intermediates and a transition 

state for Mechanism 5.  Although a stable intermediate was found with the proton at the 

amide carbonyl oxygen and water bridging to the C-terminal carbonyl oxygen (shown in 

Figure 3.6), all attempts to find a transition state or second intermediate were 

unsuccessful.  A structure representing the proton transfer from the amino group to either 

carbonyl was also not found.  Although both sites are carbonyl oxygens, the amide and 

carboxyl functional groups result in different basicities, which may contribute to the 

unstable nature of the second bridged intermediate.   
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Figure 3.6 Optimized intermediate for Mechanism 5.  Asparagine is protonated at the 

amide carbonyl oxygen and forms a bridged structure with water and the C-terminal 

carbonyl oxygen.   
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Finally, Mechanism 6 was examined through calculations to see if a potential 

energy surface could be identified.  A structure was identified where the proton was 

bridged between the amino group and amide group, and a stable structure was calculated 

for water complexed with the protonated amide nitrogen.  Structures representing the two 

stable bridged intermediates (water on the amide group and on the C-terminal carbonyl 

oxygen) were also identified, and a transition state was found using a combination of 

QST2 and TS optimization calculations.  All structures were confirmed as intermediates 

or a transition state based on the absence or presence of imaginary vibrational 

frequencies.  An intrinsic reaction coordinate (IRC) calculation was performed to 

determine whether a stable path existed from the transition state to the two intermediates.  

Figure 3.7 shows the full reaction path for Mechanism 6 along with the structures at each 

step.  Unlike the flip-flop mechanism, the exchange reaction would require overcoming 

several energy barriers.  First, the proton transfer from the more basic amino group to the 

amide nitrogen represents an increase in energy of 90 kJ/mol.  In the most stable 

interaction between water and the amide protonated structure, the water molecule is 

located on the outer surface of the ion.  Compared to the most stable structure of 

protonated asparagine with water, this structure is only about 25 kJ/mol higher in energy, 

indicating that the proton transfer is the most energetically unfavorable step.  In order to 

being the exchange process, however, the water molecule must move to the bridging 

position with the C-terminal carbonyl oxygen at an energy cost of over 30 kJ/mol.  The 

potential energy surface from the intermediate to the transition state is very shallow, 

indicating that the carbonyl oxygen easily accepts a deuterium while the water accepts a 
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proton from the amide nitrogen.  As the transfer occurs, however, the energy continues to 

drop as the asparagine ion opens up and the amide group moves away from the water 

molecule.  In the final stable structure, the water is complexed with the deuterated C-

terminal carbonyl oxygen.   



 94 

 

Asn Mechanism 5

Int 1 TS

Int 2

AsnH+/PT+H2O

AsnH++H2O

PT…H2O

0
10
20
30
40
50
60
70
80
90

100

Reaction Coordinate

E
n

e
rg

y
 (

k
J
/m

o
l)

AsnH+/PT+H2O

Mechanism 6

 

Figure 3.7 Potential energy surface for Mechanism 6.  AsnH++H2O represents the energy 

of protonated asparagine and water when they are spatially distant.  AsnH+/PT+H2O 

represents the energy of the proton transfer from the amino group to the amide group and 

water when they are spatially distant.  PT…H2O represents the energy of the proton 

transfer structure with water complexed to it.  Int 1 represents the first exchange 

intermediate, TS represents the transition state, and Int 2 represents the second exchange 

intermediate. 
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Although the energy barrier is high, the most energetically unfavorable step is the 

proton transfer from the amino group to the amide nitrogen due to the large difference in 

basicity.  Once the barrier for this transfer has been overcome, the complexation of water 

provides some energy, although it is still higher than energies of asparagine and water 

while they are separated.  The results also correlate well with the three very slow 

exchanges.  Protonation at the amide group produces three equivalent hydrogens, and 

each would be equally as likely to go through the exchange mechanism.  The slow rate of 

exchange is representative of the several energy barriers that would need to be overcome 

for the exchange to occur.   

A second version of Mechanism 6 was also considered, where the water would 

bridge to the amide carbonyl from the protonated amide nitrogen.  Although this 

intermediate would result in a smaller ring size for the bridged intermediate compared to 

the amide nitrogen bridged to the C-terminal carbonyl oxygen, the water ended up 

bridging to the C-terminal carbonyl oxygen regardless of the starting position.   

Asparagine methyl ester is also capable of undergoing H/D exchange through the 

same set of possible mechanisms, except in the case of Mechanism 4.  The presence of a 

methyl group in place of the carboxyl hydrogen at the C-terminus prevents the flip-flop 

mechanism from occurring and thus the absence of a single fast exchange is expected.  

The same three slow exchanges are also present as well as a fourth very slow exchange.  

Based on the previous calculations, the three slow exchanges would be occurring at the 

amide group, and the fourth exchange could represent either exchange through 

Mechanism 5 at a protonated carbonyl oxygen or exchange at the N-terminal amino 
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group.  Interestingly, although a very slow exchange was observed for asparagine (similar 

to Asn-OMe), the sixth exchange for Asn and the fifth exchange for Asn-OMe was not 

observed.    

A similar set of calculations were performed to model the interaction of Asn-OMe 

with water, starting with the proton at the amine nitrogen.  As was the case for 

asparagine, stable intermediates were found for Mechanisms 1, 2, and 3 where the water 

was localized on the amino group; however, no stable intermediates were identified with 

the water bridged to the second exchanging site.  A stable intermediate was also 

identified for Mechanism 5 with the proton on the amide carbonyl oxygen bridged with 

water, but no intermediate was identified for the second bridged structure. 

Mechanism 6 also proved difficult to model for Asn-OMe, although stable 

intermediates for both bridged structures and an intermediate was found.  All attempts at 

performing an intrinsic reaction coordinate (IRC) calculation failed, which typically 

indicates that the transition state is not valid or that the pathway towards the two 

intermediates is not easily calculated.  The transition state does appear similar to the 

Mechanism 6 transition state for asparagine.  The IRC calculation for asparagine 

determined a very shallow reaction pathway from the first intermediate to the transition 

state, which may be unstable for the O-methyl ester.  Additionally, in the reaction 

pathway towards the second intermediate, the asparagine opens up once the proton has 

been transferred to the C-terminal carbonyl oxygen.  It may be that converting to the 

methyl ester makes this transition less stable as well.  Further calculations would be 

needed to determine for sure whether Mechanism 6 is also responsible for the three 
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exchanges in asparagine methyl ester, but the similar behavior and rates for the exchange 

as well as the identification of a transition state and two stable intermediates does suggest 

that the mechanism is at play.  The fourth exchange would probably be similar to the 

exchange for asparagine, but calculations will be needed to conclusively determine the 

site of exchange. 

 

3.3.3 H/D Exchange Behavior of Glutamine and Glutamine Methyl Ester 

 

Glutamine and glutamine methyl ester were also studied using H/D exchange in 

order to further probe the exchange mechanisms.  Glutamine contains the same functional 

groups as asparagine, but the side chain has one additional methylene linker compared to 

asparagine.  Although one fast exchange was also observed for glutamine (data not 

shown), no other exchanges were observed.  Furthermore, glutamine methyl ester 

exhibited no exchanges.  In light of previous research and the elimination of the fast 

exchange for the methyl ester, the first exchange is probably occurring through the flip-

flop mechanism at the C-terminal carboxyl group.  Calculations were performed to 

confirm this hypothesis.  

 

3.3.4 Computational Modeling of the Glutamine and Glutamine Methyl Ester Exchange 

Mechanisms 
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The lowest-energy structure for glutamine and glutamine methyl ester are shown 

in Figure 3.8, along with the lowest-energy structures complexed with water.  The 

lowest-energy structure for glutamine was used to perform similar calculations to Asn 

using water as the exchange reagent.  Although stable intermediates and a transition state 

were identified for Mechanism 4, the intrinsic reaction coordinate (IRC) calculation 

failed.  As discussed before, an IRC calculation can fail because the pathway from the 

transition state to the intermediates is not energetically favorable or is unstable.  The 

transition state itself may also be in a shallower well than the transition state for 

asparagine.  As the IRC calculation begins, rather than finding the pathway down to the 

stable intermediates, it may follow a pathway to another transition state that cannot be 

optimized, or it may simply release the water.  Additional calculations would be needed 

to confirm these hypotheses, as well as to determine why no other exchanges were 

observed. 
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a)

b)

Glutamine Glutamine + H2O

Glutamine Methyl Ester Glutamine Methyl Ester + H2O
 

 

Figure 3.8 a) Lowest-energy structures for protonated glutamine and protonated 

glutamine complexed with water.  b) Lowest-energy structures for protonated glutamine 

methyl ester and protonated glutamine methyl ester complexed with water. 
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3.4 Conclusions 

 

The H/D exchange behavior for the amide-containing model systems of 

asparagine and glutamine provide further evidence for the importance of relative basicity 

of the bridging sites in the exchange mechanism, but also introduce some unpredictable 

results.  As expected from previous research, the fast exchange for asparagine is caused 

through the flip-flop mechanism at the C-terminal carboxyl group.  The three additional 

exchanges appear to be equivalent, but the high basicity of the amino group prevents the 

exchange reaction from occurring readily.  Rather, the proton transfer from the amino 

group to the amide nitrogen allows for a bridged intermediate of more similar basicities 

between the amide group and the C-terminal carbonyl oxygen.  The same exchange is 

most likely occurring for the O-methyl ester of asparagine.  The fifth exchange may be 

occurring between two other sites of equal basicity, the two carbonyl groups, but further 

calculations would be needed to confirm that hypothesis. 

Glutamine differs from asparagine only by the addition of a methylene group 

within the side chain, but the H/D exchange results are dramatically different.  Although 

a fast exchange was observed for glutamine, no other exchanges were observed for 

glutamine or glutamine methyl ester.  The bridged structure that results in asparagine is a 

nine-membered ring, while glutamine would form a ten-membered ring.  According to 

work done by Yamabe on proton affinities, a proton bridge becomes more stable as the 

linearity of the hydrogen bonds reaches 180 degrees.(99)  Linearity occurs when an eight-

membered ring is formed, and although the flexibility in a nine-membered ring still 
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allows for a proton bridge to be formed and exchange to occur, the ten-membered ring 

that would be required for glutamine to undergo exchange through Mechanism 5 may be 

too unstable to maintain the bridged intermediate.  Molecular modeling to probe the 

stability of the water-bridged structures may provide additional insight into Mechanism 5. 
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CHAPTER FOUR:  HYDROGEN/DEUTERIUM EXCHANGE OF A HISTIDINE-

CONTAINING MODEL PEPTIDE SYSTEM AND FURTHER STUDIES INTO THE 

STRUCTURAL FEATURES OF HAAAA 

 

This chapter presents the H/D exchange behavior of a model system designed to study the 

effects of histidine residue position on a series of histidine-containing alanine 

pentapeptides.  Further studies were performed on HAAAA using peptide analogue 

systems, terminal modifications, IRMPD spectroscopy, and quantum chemical 

calculations in order to explain the observed H/D exchange behavior.  The peptide 

analogue studies indicated that exchange was occurring at three hydrogens located at the 

protonated N-terminal amino group and at the second and fifth amide nitrogens.  IRMPD 

spectroscopy of HAAAA identified the presence of two structures, respectively 

protonated at the N-terminal amino group and the histidine side chain.  Modeling of the 

amino-protonated structure with bound water showed that the most energetically 

favorable bridged intermediates would result in exchange at the five identified locations, 

although nothing about the additional bridged intermediates indicated why the exchange 

would stop after five.  Additional studies were performed on HAAAA complexed with 

18-crown-6 ether, which forms a complex with protonated amino groups.  IRMPD 

spectroscopy and modeling, however, showed that the crown ether only formed two 

hydrogen bonds with the amino groups; the third hydrogen bond from the amino group 

was involved in solvation of the peptide.  Additional modeling with water indicated that 

exchange may be possible at the amino terminus, even with the 18-crown-ether present.   
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4.1 Introduction 

 

The gas-phase structure of peptides can have a significant effect on how peptides 

behave in the gas-phase and how they fragment during tandem MS.  Considering the 

extensive use of proteomic studies to investigate a wide range of systems, the importance 

of developing a systematic understanding of gas-phase structure and fragmentation is 

understandable.  While a number of techniques can be used to probe gas-phase structure, 

many of them such as IRMPD spectroscopy and computational modeling are 

inaccessible, for example due to cost and equipment or because the size of peptides 

become unmanageable for computation.  Hydrogen/deuterium exchange can be easily 

fitted onto existing trapping instruments, and the experimental setup and execution is 

fairly straightforward.   

H/D exchange can be a valuable technique for studying gas-phase structure; 

however, the results cannot be directly correlated with structure at this time.  In spite of 

that limitation, H/D exchange can reveal the presence of isomers that exchange at 

different rates and can sometimes shed light on the protonation motifs of peptides.  

Additional studies are needed to investigate how H/D exchange correlates with gas-phase 

structure, and model systems provide a way to investigate how these factors affect 

exchange, for example, through changing the identity and position of the residue within 

the peptide.  Beauchamp and co-workers used a series of glycine oligomers to study how 

peptide length can affect H/D exchange behavior.(72)  They found that smaller peptides 
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took on a more open conformation, allowing for facile exchange, while longer peptides 

such as Gly6 were large enough to solvate the ionizing proton and inhibit exchange.  It 

was too energetically demanding to insert D2O into a stable internally solvated structure.  

Lebrilla and coworkers used an even simpler model system of diamines, amino acids, and 

peptides to probe the effect of proton bridges on H/D exchange behavior.(100)  They 

found that lysine and histidine amino acids can each form stable bridging structures due 

to the similar basicity in the side chain and the amino terminus.  Facile exchange in 

lysine- and histidine-containing peptides could therefore be indicative of a conformation 

where these residues are accessible to the amino terminus or each other.    

Histidine is a basic residue containing two imidazole nitrogens, the τ and π 

nitrogens (Figure 4.1).   

N

N

NH2

O

H

OH

τ

π

 

Figure 4.1 Histidine with pi and tau nitrogens labeled. 

 

Because of the basicity of the π nitrogen, the side chain of histidine can be involved in 

directing fragmentation.  Previous research in the Wysocki lab has shown that a 

protonated histidine side chain can direct enhanced cleavage, even in singly charged 
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peptides.(101)  Other research has shown that the presence of histidine at the C-terminus 

can lead to neutral loss of water through a cyclization reaction.(102)  Histidine plays an 

important role in peptide behavior in the gas-phase, which may be correlated to its 

influence on the peptide structure.  In order to study how the position of histidine within a 

peptide affects H/D exchange, a simple model system was designed and examined.  

Further studies were performed using IRMPD spectroscopy and computational modeling 

in order to elucidate structural information about HAAAA. 

 

4.2 A Histidine Model System 

 

A simple model system was designed to probe the effect on H/D exchange 

behavior of systematic changes to the position of histidine following the pattern 

HAAAA, AAHAA, and AAAAH.  The structures are shown in Figure 4.2.  Each 

protonated peptide contains 9 potentially exchangable hydrogens, including two at the N-

terminus, one at the τ nitrogen, one at the C-terminus, four backbone amide hydrogens, 

and one ionizing proton. 

 

4.2.1 H/D Exchange Behavior for the Histidine Model System 

 

Figure 4.3 shows the exchange plots for HAAAA, AAHAA, and AAAAH.  The 

exchange plot for HAAAA shows very different behavior compared to the other two 

plots.  The first five exchanging hydrogens exchange very quickly; after 200 seconds, the 
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only species present are the D4 and D5 ion populations.  A sixth slowly exchanging 

population begins to appear at that time, but the exchange is dominated by the D5 

population for the remaining length of the experiment (150-840 seconds).  Additional 

exchange experiments conducted at higher pressures (5x10-7 torr) show the same 

dominant D5 population.   

AAHAA and AAAAH exhibit similar exchange behavior to each other.  After 

840 seconds, AAHAA has exchanged all nine hydrogens, while AAAAH has exchanged 

seven of the nine hydrogens.  Additional experiments at higher pressures showed that 

AAAAH shows exchanges for all nine hydrogens.  The pressure of exchange reagent in 

the cell affects the pattern of exchange, with higher pressures leading to faster exchange.  

In order to compare the exchange behavior between different peptides and experiments, 

the apparent rate constants can be calculated for each exchange.  The apparent rate 

constants for HAAAA, AAHAA, and AAAAH are shown in Table 4.1.  As expected, the 

rate constants for HAAAA are much faster than the other two peptides, which have 

practically identical rates within the experimental variation of the instrument.   

The H/D exchange behavior of HAAAA compared to AAHAA and AAAAH is 

dramatically different, both in the extent and rate of exchange.  Even at high pressure (5x 

10-7 torr), HAAAA exchange is dominated by five exchanging hydrogens, with a sixth 

slowly exchanging hydrogen.  The rate constants are almost twenty times faster 

compared to AAHAA and AAAAH.   Because of this unusual behavior, additional 

studies were performed on a series of HAAAA analogues in order to understand which 

five of the nine hydrogens are exchanging. 



 107 

 

N
H

O

N
H

O

N
H

O

N

N

NH2

O
N
H

O

H

OH

N

O

OHN

O

N

O

N

O

NH2

O

NN
H

N

O

N
N

N

O

N

O

N

O

NH2

O

H

OH

a)

b)

c)

N
H

O

N
H

O

N
H

O

N

N

NH2

O
N
H

O

H

OH

N

O

OHN

O

N

O

N

O

NH2

O

NN
H

N

O

N
N

N

O

N

O

N

O

NH2

O

H

OH

a)

b)

c)

 

Figure 4.2 Structures for the histidine-containing model system.  a)  HAAAA,                

b) AAHAA, c) AAAAH
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Figure 4.3 H/D exchange plots for a) HAAAA, b) AAHAA, and c) AAAAH. 
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Table 4.1:  Rate Constants for Histidine-containing Peptides 

Peptide Reagent Labile H H Exch. Pressure k1 k2 k3 k4 k5 k6 k7 k8 k9 

HAAAA CD3OD 9 6 1.6x10-8 85 72 52 28 9.4 ** --- --- --- 

AAHAA CD3OD 9 9 8.0x10-8  5 3.4 2.6 2.2 1.5 .77 .51 .31 ** 

AAAAH CD3OD 9 7 5.4x10-8 4.5 3.4 2.8 2.5 1.6 .54 ** --- --- 

Apparent H/D exchange rates for HAAAA, AAHAA, and AAAAH with CD3OD as the exchange reagent 
from 0-840 s (rates x 1012 cm3 molecule-1 sec-1, error estimated at 20% due to uncertainty in the ion gauge, 
(**): the nth exchange was not extensive enough to measure kn, (---): the exchange was not observed.   
 

4.3 HAAAA Analogue Peptides 

 

 Several regions of the peptide can be altered in developing HAAAA analogue 

systems.  First, the histidine ring can be modified by changing the location or identity of 

the imidazole nitrogens, blocking them with methyl groups, and altering the ring 

structure.  Second, the backbone of the peptide can be altered by addition or removal of 

alanine residues or extending the number of atoms (using β-alanine).  Third, the role of 

the N-terminus can be probed by forming an N-acetylated version of the peptide.  Finally, 

the role of the C-terminal carboxyl group can be investigated by forming a methyl ester.  

In addition to these modifications, N-methyl alanines can be incorporated into HAAAA 

to elucidate the exchanging hydrogens along the backbone.   

 

4.3.1 Histidine Ring Analogues 

 



 110 

 In order to determine whether the imidazole nitrogens are involved in the 

exchange, N-methyl modified histidine analogues were incorporated into the peptide.  

Table 4.2 shows a summary of the structures and their behavior compared to HAAAA.  

The tau-methyl HAAAA peptide also exchanged five hydrogens, although the apparent 

rate constants were decreased by ~50%.  The decrease in rate constant may indicate that 

the tau nitrogen is involved in stabilizing an exchanging structure for HAAAA, although 

the hydrogen on the tau-nitrogen does not appear to be one of the five fast exchanging 

hydrogens.  The pi-methyl HAAAA peptide, however, showed very different exchange 

behavior.  Even at high pressure (10-7 torr), almost no exchange was observed.  After 840 

seconds, one very slowly exchanging population appeared with an apparent rate constant 

of 0.009 x 1012 cm3 molecule-1 sec-1.  From these results, the pi nitrogen appears to be an 

integral part of the exchanging structure, through protonation and/or through a bridged 

structure with the N-terminal amino group.   

The influence of the position of the pi nitrogen can be probed by incorporating 

various pyridylalanine (PA) moieties in place of the histidine.  The nitrogen is still 

involved in a pi system of double bonds, but the position relative to the amino group can 

be changed.  Pyridylalanine with the nitrogen at the two, three, or four position were 

incorporated into the peptide.  The 2-PA-AAAA peptide shows very similar behavior to 

HAAAA, exhibiting five fast exchanging hydrogens and one slowly exchanging 

hydrogen.   The apparent rate constants are decreased by ~50% compared to HAAAA, 

but this may be due the lack of a stabilizing tau nitrogen or the slight decrease in proton 

affinity for PA (930 kJ/mol vs. 942.8 for imidazole).(98)  Both 3-PA-AAAA and 4-PA-
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AAAA show two-three slowly exchanging hydrogens, making it difficult to determine if 

five exchanges are possible.  The first apparent rate constant for 3-PA-AAAA decreases 

to 0.1 x 1012 cm3 molecule-1 sec-1, while the first apparent rate constant for 4-PA-AAAA 

is even slower (0.07 x 1012 cm3 molecule-1 sec-1).  These results indicate that the location 

of the pi nitrogen is important for the fast exchange behavior, and if the pi nitrogen is no 

sterically accessible for H-bonding to the N-terminal amino group, H/D exchange can be 

severely hindered.   

The proton affinity of the pi nitrogen can be altered by changing the imidazole to 

a thiazole.  The angle of the pi nitrogen is still maintained, but the presence of the sulfur 

in the chain decreases the proton affinity from 942 kJ/mole to 904 kJ/mol (for imidazole 

and thiazole).(98)  Interestingly, the number of hydrogens increases to six, with no slow 

exchange similar to the D6 in HAAAA, as shown in Figure 4.4.  The apparent rate 

constants also decrease 8-fold compared to HAAAA (k1=12).  This may again be due in 

part to the lack of stabilizing influence from the tau nitrogen, and the switch from 

nitrogen to sulfur may destabilize it even more.  The sulfur group also acts as a hydrogen 

bond acceptor compared to the tau nitrogen, which acts as a hydrogen bond donor.  The 

difference in hydrogen bonding patterns that can be formed when the tau nitrogen donor 

is changed to a sulfur acceptor may influence the secondary structure as well.   
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Figure 4.4 H/D exchange plot for 4-TA-AAAA 
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Finally, the impact of the ring structure was probed by substituting an amino 

analogue, diaminobutanoic acid (Dab), for His.  Both Dab and histidine have a nitrogen 

group positioned three carbons away from the N-terminal amino group; Dab, however, 

contains a primary amine rather than the imidazole nitrogen from histidine, and the 

proton affinity is slightly higher (987 kJ/mol vs 942.8 kJ/mol for imidazole).(98)  The 

Dab-AAAA peptide exchange is much more similar to the AAHAA and AAAAH 

exchange behavior; it shows even, gradually slowing exchange up to seven hydrogens 

(out of nine), and the rate constants are quite slow (k1=1.3 x 1012 cm3 molecule-1 sec-1).  

The dramatic decrease in rate constants and the loss of the dominant D5 behavior 

indicates that merely the presence of a nitrogen group is not enough to provoke the 

behavior recorded for HA4.  The ring system may constrain the possible interactions 

between the pi nitrogen and other groups, or the tau nitrogen may again be required to 

stabilize one of the exchanging structures.   

Several general conclusions can be drawn from these results.  First, the pi 

nitrogen is necessary for this exchange behavior to occur.  The only HAAAA analogues 

that still exhibited the dominant D5 behavior (albeit at a lower rate) were the 2-

pyridylalanine and the tau-methyl analogue.  In both cases, the ‘pi’ nitrogen was present, 

while the behavior disappeared in the other cases where the pi nitrogen was blocked or 

moved.  The thiazole-containing peptide is the one exception; while the pi nitrogen was 

present, the D6 population was dominant.  This result highlights the second general 

conclusion:  while not directly involved in exchange, the tau nitrogen appears to play a 
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role in the fast exchange and dominant D5 behavior, perhaps by stabilizing an exchanging 

structure or influencing the basicity of the pi nitrogen.  Although removing the tau 

nitrogen does not eliminate the dominant D5 (except for the thiazole peptide), altering it 

resulted in an eight-fold decrease in the first apparent rate constant. 



 115 

Table 4.2:  Modifications to the Histidine residue 

Structure Comparison to HAAAA Dominant Exchange  
τ-Methyl HAAAA 

N

N

N

CH3

 

Blocks exchange site at tau 
nitrogen Dominant D5 

π-Methyl HAAAA 

N

N

N
CH3

 

Blocks exchange site at pi 
nitrogen No Exchange 

2-Pyridylalanine-AAAA 

N

N

 

Changes angle of pi nitrogen, 
removes tau nitrogen 

Dominant D5 

3-Pyridylalanine-AAAA 

N

N

 

Moves pi nitrogen to ‘3’ 
position, removes tau nitrogen One slow exchange 

4-Pyridylalanine-AAAA 

N

N

 

Moves pi nitrogen to ‘4’ 
position, removes tau nitrogen 

One slow exchange 

4-Thiazolylalanine-AAAA 

 

Changes basicity of pi nitrogen Dominant D6 

Diaminobutanoic-AAAA 

 

No ring structure, pi nitrogen 
is same distance, primary 

amine 
7 exchanges 

 

NH2

NH2

S

N

NH2
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4.3.2 Peptide Backbone Analogues 

 

The backbone of HAAAA has four amide hydrogens that can exchange.  A series 

of backbone analogues was tested to determine which, if any, of these amide hydrogens 

exchange; the structures and comparison to HAAAA can be found in Table 4.3.  First, 

removal or addition of one alanine residue did not change the exchange behavior of the 

peptide, although the rates were decreased 10-fold; both HAAA and HAAAAA show 

very dominant D5 exchanges.  Beta-alanine is an unnatural amino acid that extends the 

backbone chain by one methylene group.  The extra methylene group and lack of methyl 

side chain increases the flexibility and backbone length of the beta-alanine containing 

peptides.  HA-βA-AA, H-βA-βA-βA-A, and H-βA-βA-βA all showed dominant D5 

behavior and decreased rate constants.  H-βA-βA-βA-βA, however, exchanges at least 

eight hydrogens, demonstrating that changes to the flexibility or length will only maintain 

the dominant exchange behavior to a certain point.   
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Table 4.3 Modifications to the alanine backbone 

Structure Comparison to HAAAA Exchanges 

HAAA 
  

OH
N
H

O

N
H

O

N

N

NH2

O
N
H

O

H

 

Remove one alanine 
from the peptide 

chain 
Dominant D5 

HAAAAA 
 

N
H

O

N
H

O

N
H

O

N

N

NH2

O
N
H

O

H

N
H
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4.3.3 The Role of the N-terminus 

 

 The primary amine at the N-terminus of peptides is often involved in building the 

three-dimensional structure of peptides due to its basicity and capacity for forming two or 

three hydrogen bonds.  In order to probe the role of the basicity of the N-terminus in the 

exchange, the primary amino group can be converted into an N-acetyl group, as shown in 

Scheme 4.1. 

N
H

H

O

O

O

N

H

O

+
anhydrous

MeOH
 

Scheme 4.1 N-terminal Acetylation 

N-acetyl peptides were formed for most of the HAAAA analogues.  In every case, 

the N-acetylated peptides did not exchange during the time scale of the experiment.  One 

factor in H/D exchange that can play a role is the basicity of the two bridging groups 

during the relay mechanism.  If the difference in basicity of the two bridging sites is too 

great, then the proton will be sequestered by the more basic site and the relay cannot 

occur.  For HAAAA, the imidazole nitrogen and the N-terminal primary amine are two 

sites of similar basicity and thus would form a stable bridge.  When the amino terminus is 

blocked by an acetyl group, the proton may become sequestered by the imidazole 

nitrogen.  The N-acetylated pi-methyl-HAAAA peptide has both the imidazole nitrogen 

and the N-terminus blocked, however, and exchange still did not occur.  If either or both 

of the basic sites are blocked, H/D exchange is shut down. 
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These results indicate that the basic sites in HAAAA are vital for exchange to 

occur.  If both of these sites are blocked and the proton is free to move along the 

backbone of the peptide, exchange still does not occur.  The imidazole nitrogen and N-

terminal amino group are likely involved in a significant hydrogen bonding network that 

is responsible for formation or stabilization of the exchanging conformation.  Blocking 

these sites removes three potential stabilizing hydrogen bonds, which may explain why 

blocking both of them still does not allow exchange to occur.   

 

4.3.4 The Role of the C-terminus 

 

 H/D exchange experiments with single amino acids indicate that exchange at the 

C-terminus occurs readily through the flip-flop mechanism, as describe in Chapter 1.(73)  

In longer peptides, however, the C-terminal carboxylic hydrogen may be involved in a 

hydrogen bond, preventing it from performing the flip-flop mechanism.  Exchange at the 

C-terminus can be blocked by formation of a methyl ester, as shown in Scheme 4.2.   

 

O H

O

Cl
O CH3CH3OH+ +

 

Scheme 4.2 Formation of C-terminal Methyl Ester 

Figure 4.5 shows a comparison of the H/D exchange plots for HAAAA and 

HAAAA-OMe.  Although the rate constants are decreased by ~50%, exchange does not 

continue past the fifth exchange within the timescale of the experiment, as opposed to 
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HAAAA, which also has a slowly exchanging D6.  Forming the methyl ester blocks the 

C-terminus, and the disappearance of the D6 population seems to indicate that the sixth 

exchanging hydrogen is the C-terminal carboxyl hydrogen, although the D4 and D5 

curves are also affected.  This may indicate that the fourth and fifth exchanges are 

stabilized in HAAAA by the C-terminus, or that the C-terminus is involved in the three-

dimensional structure that results in the fourth and fifth exchanges.  Although the 

HAAAA-OMe behavior clearly shows the elimination of the D6 population, methyl esters 

of the other peptide analogues that show dominant D5 behavior do not necessarily follow 

this trend (Table 4.4).  The only other peptide that shows the same behavior is 2-PA-

AAAA.  The other peptides either show a dominant D4 population or show no 

dominating population.   

Based on the decrease in rate constant and the inconsistent behavior of the methyl 

ester peptides, the C-terminus probably plays a role in stabilizing an exchanging 

conformation, much like the tau-nitrogen.  In some cases the peptide structure can 

tolerate the removal of this stabilizing influence, but if the overall structure is altered too 

much (removal of tau nitrogen, changes to the backbone), then blocking the C-terminus 

may cause a significant change in the structure compared to the HAAAA structure.   

 



 121 

HAAAA-OMe(H+)      
P=4.3x10-7 Torr

HAAAA-OMe(H+)      
P=4.3x10-7 Torr

HAAAA(H+)      
P=1.6x10-8 Torr

HAAAA(H+)      
P=1.6x10-8 Torr

a)

b)

 

Figure 4.5 Exchange plots for a) HAAAA and b) HAAAA-OMe.  The exchange for 

HAAAA-OMe was performed at a higher pressure to probe the sixth exchange 
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Table 4.4:  H/D Exchange Results for Peptide Analogue O-Methyl Esters 

Structure Comparison to HAAAA Methyl Ester Behavior 

2-PA-AAAA-OMe Dominant D5 Dominant D5 
tau-Methyl-HAAAA-OMe Dominant D5 Large D4 

HAAA-OMe Dominant D5 7 exchanges 
HAAAAA-OMe Dominant D5 7 exchanges 
HA-βA-AA-OMe Dominant D5 Dominant D4 

H-βA-βA-βA-Α-OMe Dominant D5 7+ exchanges 
H-βA-βA-βA-OMe Dominant D5  
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4.3.5 N-Methyl Alanine Substitutions 

 

The histidine analogue and N-acetyl results indicate that three of the exchanging 

hydrogens are at the N-terminus (amino and ionizing proton), and that the tau nitrogen, 

while possibly involved in the exchanging structure, is not one of the five fast exchanging 

hydrogens.  If one exchanging hydrogen is present at the C-terminus, then two 

exchanging hydrogens are located somewhere along the backbone.  N-methyl alanine 

residues have a methyl group on the amide nitrogen in place of the amide hydrogen; 

incorporation of these into various positions along the backbone can be used to elucidate 

which alanine residues exchange hydrogens, assuming that the methyl group does not 

change the three-dimensional structure too much.   

N-methyl alanine single replacements were made for the three internal alanine 

residues.  N-methyl alanine in place of the first alanine residue has a significant effect on 

the exchange behavior, with a 50-fold decrease in the first apparent rate constant and no 

dominant exchanges.  HAANAA showed only a small decrease in the rate and maintained 

the dominant D5 behavior.  HAAANA also maintained the dominant D5 behavior, 

although rate decreased 10-fold.   Double replacements were also made for the three 

internal residues.  Although all three showed decreases in the rate, only HAANANA 

maintained the dominant D5 behavior, while HANAANA and HANANAA showed a 

dominant D4 exchange.  Finally, N-methyl alanine was substituted for all three internal 

alanine residues; HANANANA also showed dominant D4 behavior.  The exchange 

behavior for the N-methyl alanine analogues is summarized in Table 4.5. 
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Table 4.5 Summary of exchange behavior for N-methyl alanine peptide analogues 

Peptide Dominant number of 
Exchanges 

HANAAA N/A 

HAANAA 5 

HAAANA 5 

HAANANA 5 

HANAANA 4 

HANANAA 4 

HANANANA 4 

 

The results from the N-methyl alanine substituted peptides can be used to identify 

the remaining fast exchanging hydrogens.  Based on all the peptide analogues and 

modifications data, the five exchanging hydrogens appear to be the two amino nitrogens 

at the N-terminus, the ionizing proton, and the amide hydrogens from the second and fifth 

alanine residues.  The sixth slowly exchanging hydrogen is most likely the C-terminal 

carboxyl hydrogen.   

Although these results present a fairly consistent picture of which hydrogens are 

exchanging, the development of a final picture of what is occurring through modification 

of HAAAA is difficult.  Modifications may cause significant changes in the conformation 

of the peptide which could still result in the observed behavior.  Several studies have also 

shown that introducing a water molecule can also change the conformation or protonation 
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within a peptide.(18, 78)  Most importantly, while these results may identify which 

hydrogens are exchanging, they do not shed light on the structural features that may be 

responsible for the H/D exchange behavior.  A combination of IRMPD spectroscopy and 

molecular modeling can be used to obtain a more complete picture of the conformational 

features that contribute to this behavior.   

 

4.4  IRMPD Spectroscopy of HAAAA and Selected Analogues 

 

While peptide modifications can provide insight into the gas-phase structure of 

peptides, the results do not provide a picture of the actual structure of the peptide.  

Although direct measurements are difficult, IRMPD spectroscopy can be used to provide 

a relatively direct measurement of the gas-phase structure.  The theory and practice of 

IRMPD spectroscopy has been discussed in previous chapters, and has been shown to be 

successful in probing the structure of many types of gas-phase ions.  HAAAA and several 

analogues were chosen, and IRMPD spectroscopy was performed and compared with 

calculated theoretical vibrational spectra to determine the structure. 

 

4.4.1  IRMPD Spectroscopy and Computational Modeling of HAAAA 

 

Two different lasers can be used to probe the peptides in different wavelength 

regions.  The optical parametric oscillator laser was used to probe the wavelength region 

from approximately 2750 cm-1 to 3650 cm-1, which covers the amine and OH stretching 
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regions.  The free electron laser was used to probe the wavelength region from 1100 cm-1 

to 2000 cm-1, which covers amide and carbonyl stretching, wagging and breathing 

motions, and various C-H stretches.  Studies were performed with HAAAA and 2-PA-

AAAA using an OPO laser system to probe the amide stretching and OH hydrogen 

bonding patterns.  The peptide formed a complex with morpholine in the source, which 

was then fragmented to obtain the OPO spectrum.  Figure 4.6 shows a comparison of the 

OPO spectra for HAAAA (blue) and 2-PA-AAAA (red).  Both spectra show a band at 

3580 cm-1, which indicates the C-terminal OH group might not be involved in a hydrogen 

bonding network.  The most striking difference is the intense band located at 3520 cm-1 

which disappears completely in the 2-PA-AAAA spectrum.  The stretch corresponds to 

the tau nitrogen in HAAAA, which is absent in the 2-PA-AAAA structure.  The intense 

band indicates that the tau nitrogen is probably not involved in any hydrogen bonding 

with the rest of the peptide.   

Although these results provide some indication of the hydrogen bonding pattern 

within the peptide, it is difficult to separate whether these features are present in the gas-

phase structure of HAAAA or due to the complex with morpholine.  Studies have shown 

that even the addition of a single water molecule can alter the structure and protonation 

motif for peptides.(78)  Morpholine is a six-membered ring containing both amine and 

ether functional groups.  These heteroatoms could induce changes in the hydrogen 

bonding patterns as well.  Further OPO studies would be needed to compare these results 

with spectra from the uncomplexed peptides to see if these features remain.   
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Figure 4.6  OPO spectra for HAAAA (blue) and 2-PA-AAAA (red). 
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Figure 4.7 shows the IRMPD spectrum for HAAAA, along with the theoretical 

spectra that showed the best match.  A series of different protonation sites were 

considered for HAAAA, including at the pi nitrogen in the imidazole ring, at the N-

terminal amino group, and at one of the amide carbonyl oxygens.  A zwitterionic 

structure with protonation at the pi nitrogen and amino group and deprotonation at the C-

terminus was also considered.  The lowest energies for each of these protonation sites are 

listed in Table 4.6, indicating that protonation at the N-terminus produces the lowest 

energy structure, followed closely by protonation at the His imidazole nitrogen.   

 

Table 4.6 Summary of calculated energies for HAAAA protonated at different locations 

Structure ∆∆H298.15 (kJ/mol) ∆∆G298.15 (kJ/mol) 

Nterm_12 0.000 1.688 

Hisprot_27 1.069 2.518 

Nterm_3 6.574 2.528 

Zwitterion_68 23.653 5.763 

AlaCarbonyl_1 261.9120 25.864 

 
 

Although the structure labeled Nterm_12 is the lowest in energy, the spectrum for 

Nterm_3 best matches the experimental spectrum.  The band at 1750 cm-1 corresponds to 

a carbonyl stretch at the C-terminal carbonyl.  Figure 4.8 shows the two structures in two 

positions to highlight the differences.  In Nterm_12, the histidine ring is oriented away 

from the main body of the peptide, with the tau nitrogen parallel to the N-terminal amino 

group.  For Nterm_3, the histidine ring is bent down towards the body of the peptide.  In 
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both structures, the N-terminal amino group is hydrogen bonded to the imidazole ring, 

and the difference in orientation results in a slightly different position and different 

hydrogen bonding pattern to the amino group.  The amino group in Nterm_12 makes 

hydrogen bonds to the imidazole ring, the first carbonyl oxygen, and the fourth carbonyl 

oxygen.  The amino group in Nterm_3, on the other hand, makes a fourth hydrogen bond 

to the C-terminal carbonyl oxygen, in addition to the three in Nterm_12.  The C-terminal 

carbonyl stretch in Nterm_3, therefore, is coupled to a wagging motion for the N-terminal 

amino group that is not present in Nterm_12.  The coupled vibrations result in a shift for 

the carbonyl stretch.  The bands around 1675 cm-1 are also different between the two 

structures, where Nterm_12 shows a doublet of bands representing the first and third 

carbonyl stretches at 1680 cm-1 and the second and fourth carbonyl stretches around 1650 

cm-1.  In Nterm_3, the first, second, and third carbonyl stretches appear to be of equal 

strength and are clustered under the band at 1680 cm-1.  For the carbonyl stretch at the 

fourth carbon, an NH2 wagging motion dominates, resulting in a small shoulder on the 

main band.  The peak at 1470 cm-1 represents the wagging motion of the second and third 

amide nitrogens; the orientation of these groups is similar in each structure and therefore 

results in similar band patterns.  The band at 1368 cm-1 represents the symmetric 

stretching of the fifth alanine methyl sidechain, and the bands at 1222 cm-1 represent 

global nitrogen motions that are also affected differently by the hydrogen bonding pattern 

around the N-terminal amino group. 

While the differences between the N-terminal protonated structures suggest that 

Nterm_3 is the dominant structure, the region of the spectrum from 1550 cm-1 to 1600 



 130 

cm-1 is not well explained by the Nterm_3 spectrum.  The band at 1549 cm-1 represents 

the NH2 scissoring mode, but does not line up well with the experimental band at 1600 

cm-1.  The spectra for the zwitterion and histidine-protonated structures, however, do 

show a band in that region (the spectrum for Zwit_48 was chosen as it best matched the 

features in the experimental spectrum).  In the N-terminal protonated structure, the 

hydrogen bond between the amino group and the imidazole ring causes the band to be 

redshifted.  In both the zwitterion and histidine protonated structures, however, a 

hydrogen bond is absent between the amino group and the imidazole ring.  The band for 

NH2 scissoring mode in the zwitterion structure (Zwit_48) appears at 1603 cm-1.  In this 

structure, the negatively charged C-terminal carboxyl group forms a hydrogen bond to 

the protonated imidazole ring with one oxygen atom and to the protonated amino group 

with the other oxygen atom, as shown in Figure 4.9b.  The band for NH2 scissoring mode 

in the histidine protonated structure (Hisprot_27) appears at 1595 cm-1.  When the 

histidine ring is protonated, the amino group is orientated away from the main body of 

the peptide and only forms a hydrogen bond with the second amide nitrogen, as shown in 

Figure 4.9c.  In both structures, the absence of a hydrogen bond between the imidazole 

ring and the amino group results in a band near 1600 cm-1.   
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Figure 4.7 IRMPD spectrum for a) HAAAA experimental spectrum plotted as a function 

of fragmentation efficiency vs. wavelength, b) theoretical spectrum for N-terminal 

protonated structure Nterm_3, c) theoretical spectrum for zwitterion structure Zwit_48, d) 

theoretical spectrum for histidine ring protonated structure Hisprot_27, e) theoretical 

spectrum for N-terminal protonated structure Nterm_12 
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a) b)

Nterm_12 Nterm_3

 

Figure 4.8 a) Nterm_12 with the histidine ring in line with the amino group and with the 

orientation of the amino group highlighted, b) Nterm_3 with the histidine ring oriented 

perpendicular to the peptide and with the orientation of the amino group highlighted.   
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Nterm_3

Hisprot_27
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Figure 4.9 A comparison of the orientation of the amino group for a) Nterm_3 b) 

Zwit_48, and c) Hisprot_27 
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Both the zwitterion and histidine protonated spectra, however, lack a band at 1775 

cm-1, which indicates that if the either structure is present, it is not in very high 

abundance.  Each theoretical spectrum was summed with the Nterm_3 spectrum to see if 

the combined spectrum would match with the theoretical spectrum.  Figure 4.10a shows 

the sum of 75% Nterm_3 and 25% Zwit_48.  Although the region at 1600 cm-1 matches 

well, the shoulder observed on the experimental band at 1775 cm-1 is not present.  Figure 

4.10b shows the sume of 75% Nterm_3 and 25% Hisprot_27.  Although the band at 1595 

cm-1 is shifted slightly compared to the experimental spectrum, the appearance of a 

shoulder on the C-terminal carbonyl stretch band at 1775 cm-1 matches the experimental 

spectrum better.  The resolution of the experimental spectrum makes it difficult to 

determine which one of the secondary structures is present, or if both the zwitterion and 

histidine protonated structures are present.  The calculated structure also has a band near 

1550 cm-1 that is not present in the experimental structure, which may indicate that 

Nterm_3 still does not completely match the experimental structure.  Additional 

modeling studies with water inserted were performed on all three structures to try and 

elucidate more information about the H/D exchange behavior.   
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Figure 4.10 a) A comparison of the experimental spectrum with a summed theoretical 

spectrum representing 75% Nterm_3 and 25% Zwit_48 b) A comparison of the 

experimental spectrum with a summed theoretical spectrum representing 75% Nterm_3 

and 25% Hisprot_27 
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4.4.2 Computational Modeling of the Interactions of HAAAA with Water 

 

Although a set of structures for HAAAA has been identified by IRMPD 

spectroscopy, the structure will not necessarily reflect the structure and conformation of 

the peptide as it interacts with water during H/D exchange.  The HAAAA structure can, 

however, be further interrogated through computational modeling with water to identify 

what aspects of the structure lead to five fast exchanges.  Computational modeling of 

H/D exchange behavior has been performed in the past, both on peptides and on other 

small molecules such as nucleotides and flavonoids, to determine the structures and 

factors that contribute to H/D exchange.(78, 103-105)  A rigorous calculation process 

would involve mapping out the potential energy surface of each exchange by finding the 

intermediates and transition states.  Although these calculations have been performed on 

a number of amino acids, the calculations are computationally intense for a 

pentapeptide.33, 34, 53-55  Some insight, however, may be gained by calculating the lowest 

energy structures of water inserted into the starting structure.   

The predominant Nterm_3 structure was analyzed first by placing water near to 

potential bridging sites within the peptide.  The structures were optimized and their 

energies were obtained, as listed in Table 4.7.  The table also describes the position of the 

water in the optimized structure. 
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Table 4.7 Summary of energies and structures for Nterm_3 with water inserted 

Structure 
# 

∆∆H298.15 
(kJ/mol) 

∆∆G298.15 
(kJ/mol) Position of the bridging water molecule 

3 0.00 0.00 
water between C-terminal carbonyl oxygen 

and N-terminus 

6 18.82 18.94 
water between N2 and C-terminal carboxyl 

oxygen 

2 24.52 23.80 water between N-terminus and pi N 

12 26.09 19.02 water between N5 and O3 

10 29.24 29.67 water between N4 and O1 

1 33.83 22.36 water on tau N 

4 37.02 33.61 water between N-terminus and O4 

 

It is interesting to note that the four lowest energy structures have the water in the 

appropriate position to allow exchange at the protonated N-terminal amino group, the 

second amide nitrogen, and the fifth amide nitrogen.  These sites match the exchange 

sites indicated by the peptide analogues and N-methyl modified peptides.  The energy 

gap between the fourth and fifth structure, however, does not suggest any reason why the 

exchange would stop after five, or why the sixth exchanging hydrogen would occur at the 

C-terminal carboxyl group.  The sixth exchange may occur by the flip-flop mechanism 

rather than the relay mechanism, however, and the structure for Nterm_3 does not allow 

for the correct position of the water between the carbonyl oxygen and carboxylic 

hydrogen at the C-terminus.   

The same analysis was also performed using the zwitterion (Zwit_48) and 

histidine protonated (Hisprot_27) structures.  Table 4.8 shows the summary of energies 

and structures for Zwit_48 with water inserted at various locations.  Although the four 
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lowest energy structures could result in exchange at the amino terminus and the second 

amide hydrogen, the rest of the structures do not match well with the sites indicated by 

the peptide studies.  The next lowest structure would result in exchange at the tau 

nitrogen, which does not appear to be happening based on experimental evidence, and the 

structure that would result in exchange at the fifth amide nitrogen is much higher in 

energy.   

 

Table 4.8 Summary of energies and structures for Zwit_48 with water inserted 

Structure 
# 

∆∆H298.15 
(kJ/mol) 

∆∆G298.15 
(kJ/mol) Position of the bridging water molecule 

5 0.00 0.00 water between N-terminus and O1 

3 2.69 3.85 water between N-terminus and C-terminus 

4 5.08 6.51 water between N-terminus and O3 

6 9.70 7.78 water between N2, O4, and C-terminus 

1 16.71 5.73 water on tau nitrogen 

10 22.38 18.59 water between pi nitrogen and C-terminus 

9 26.03 24.17 water between N5 and C-terminus 

7 32.89 30.93 water between N3 and O1 

 
 

The results for modeling Hisprot_27 with water are even less informative towards 

the H/D exchange behavior, with no apparent trend in the energy of the structures to 

suggest the observed behavior and no correlation to the conclusions drawn from the 

peptide analogues (Table 4.9).  However, the H/D exchange rate constants indicate three 

equivalent exchanges, which would only happen at a protonated amino group.  Previous 
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research has shown that the addition of water can change the protonation motif for a 

pentapeptide, so perhaps the addition of water under more energetic conditions would 

lead to a change in the protonation from the histidine pi nitrogen to the N-terminal amino 

group.(78)   

 

Table 4.9 Summary of energies and structures for Hisprot_27 with water inserted 

Structure 
# 

∆∆H298.15 
(kJ/mol) 

∆∆G298.15 
(kJ/mol) Position of the bridging water molecule 

1 0.00 0.00 water between tau nitrogen, O1 and O4 

3 8.46 9.97 water between pi nitrogen, O1, and O2 

10 9.68 15.71 
water between tau nitrogen, O4, and C-

terminal carboxyl hydrogen 

7 11.24 14.72 water between N5 and O2 

4 11.55 18.14 water between Nterm, N2, and O5 

8 19.03 20.30 water between N3 and O1 

5 35.99 36.87 water between Nterm and O1 

 

 

4.4.3 IRMPD Spectroscopy of a Crown Ether Complex with HAAAA 

 

Crown ethers have been coupled with gas-phase H/D exchange experiments in 

order to gain more insight into the exchange behavior.  18-crown-6 (18C6) ether 

complexes with protonated amino groups in solution and maintains the hydrogen bonding 

interactions upon entering the gas-phase.(106, 107)  According to experiments performed 

by Julian and co-workers, the presence of a crown ether prevents exchange at the amino 
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terminus, but still allows exchange at other sites on the molecule.  This technique can be 

used to isolate the amino group and examine the other exchanging sites.  H/D exchange 

experiments with HAAAA combined with 18-crown-6 ether were performed, and based 

on the peptide analogues, the exchange behavior was expected to decrease by three 

exchanges.  The H/D exchange plot, however, showed almost identical behavior to the 

unmodified HAAAA exchange within the error of the experiment, and the rate constants 

were very similar as well (Table 4.10) 

 

Table 4.10 H/D exchange rate constants for HAAAA and HAAAA+18C6 

Peptide Labile H H Exch. Pressure k1 k2 k3 k4 k5 k6 k7 k8 k9 

HAAAA 9 6 1.6x10-8 54 59 44 25 9.8 ** --- --- --- 

HA4+18C6 9 6 8.0x10-8  48 47 38 21 9.9 ** --- --- --- 

Apparent H/D exchange rates for HAAAA and HAAAA-18C6 with CD3OD as the exchange reagent from 
0-840 s (rates x 1012 cm3 molecule-1 sec-1, error estimated at 20% due to uncertainty in the ion gauge, (**): 
the nth exchange was not extensive enough to measure kn, (---): the exchange was not observed.   

 

These results suggest one of two things:  none of the exchanges occur at the N-

terminus, or the exchange occurs despite the presence of the crown ether on the amino 

terminus.  The studies performed on this technique focused on small amino acids and 

model amino compounds, and the size of the pentapeptide may provide enough flexibility 

that another bridging site could access the amino group in spite of the crown ether.  An 

additional consideration is the exchange reagent; the exchange reactions with crown ether 

were run using ND3, which exchanges by a different mechanism from CD3OD or D2O.  A 

better understanding of the structure of the peptide-crown ether complex could provide 

insight into whether the exchange could still occur at the N-terminus.  IRMPD 
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spectroscopy was performed on the HAAAA+18C6 complex to determine its structure.  

Figure 4.11 shows the IRMPD spectrum for HAAAA+18C6 along with the theoretical 

spectra that have the best match.  The band at 1775 cm-1 represents the carbonyl stretch 

of the C-terminal carboxyl group, which is coupled to some movement of the amino 

group as well.  The band at 1671 cm-1 is a combination of stretching at the first and 

second carbonyl oxygen and a scissoring motion of the N-terminal amino group.  

Although these two bands do not match as well for 12b, the wide band around 1515 cm-1 

is a much better match for 12b compared with 31b.  This region represents the wagging 

motion of several of the amide nitrogens, and the three bands at 1315 cm-1, 1341 cm-1, 

and 1376 cm-1 represent different C-H stretches and motions within the peptide and 

crown ether.  The band at 1253 cm-1 represents motion of the histidine ring, which 

overlaps with a band at 1237 cm-1 caused by additional C-H stretching within the crown 

either.  The tall band at 1089 cm-1 is characteristic of the movement of the oxygens 

within the crown ether ring.   
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Figure 4.11 IRMPD spectrum for a) HAAAA complexed with 18C6 ether experimental 

spectrum plotted as a function of fragmentation efficiency vs. wavelength, b) theoretical 

spectrum for calculated structure 12b, c) theoretical spectrum for calculated structure 31b 
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The most notable feature about the matching theoretical structure is the hydrogen 

bonding patterns around the crown ether ring.  First, although 18C6 ether is known to 

form three hydrogen bonds with the three hydrogens on the N-terminal amino group in 

smaller model compounds, the structure only shows two hydrogen bonds between the 

crown ether and amino group.  The third amino hydrogen forms a hydrogen bond with 

fourth carbonyl oxygen.  Figure 4.12 shows the full view of the peptide complexed with 

18C6, as well as a close-up view of the hydrogen bonding around the N-terminus.  The 

distances are shown as well, and while the first two hydrogens show a distance of 1.8Å 

from the corresponding crown ether oxygens, the third hydrogen is 3.4Å from the ring.  

In the small model systems such as butyl amine that were modeled with crown ether, 

there were no additional functional groups that could interfere with the hydrogen bonding 

pattern.  The studies were also performed on small peptides such as triglycine, but the 

small length allows for the peptide to remain extended with a small energy cost.  Larger 

peptides often form into a self-solvated, compact structure (as shown in H/D exchange 

studies), which may allow other hydrogen bonding partners to interrupt the hydrogen 

bonding pattern of the crown ether.  Computational modeling was performed on an 

extended structure of HAAAA which would allow the amino group and crown ether to 

interact fully without interference from other groups.  The optimized structure showed 

the amino group only interacting with the crown ether, but the C-terminal end of the 

peptide was oriented to allow for self-solvation with the rest of the peptide.  In spite of 

this solvation, the energy was still over 50 kJ/mol higher than the structure with fewer 

hydrogen bonds between the amino group and the crown ether.   
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Figure 4.12 a) full view of HAAAA complexed with 18C6 in structure 12b b) close-up 

view of hydrogen bonding around amino terminus.   
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4.4.4 Computational Modeling of the HAAAA/18C6 Complex with Water 

 

Modeling of HAAAA with the 18C6 ether indicated that the amino terminus is 

not entirely tied up in hydrogen bonding with the crown ether, which means it may be 

free to participate in H/D exchange.  Preliminary modeling of HAAAA/18C6 and water 

produced some optimized structures with water bridging to the amino terminus, as shown 

in Figure 4.13.  Although more comprehensive modeling would be required, these initial 

results suggest that exchange still occurs at the protonated amino group in spite of the 

crown ether complex.  The similarity between the exchange results for the unmodified 

peptide and the crown ether-complexed peptide further suggests that the exchange 

behavior observed in the unmodified peptide occurs when HAAAA is protonated at the 

N-terminal amino group.  These results suggest that the results for water interacting with 

HAAAA protonated at the N-terminal amino group are more likely to represent the 

exchanging structure, rather than the histidine-protonated structure.   
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Figure 4.13 HAAAA complexed with 18C6 and water, which forms a bridged structure 

between the amino terminus and the fourth carbonyl oxygen.   
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4.5 Conclusions 

 

The exchange behavior for HAAAA, which shows five fast exchanges and a sixth 

slow exchange, gives rise to two questions.  First, what is the location of the six 

hydrogens that exchange?  Peptide analogues were used to probe the histidine side chain, 

the backbone, and the N- and C-terminal hydrogens.  These studies indicate that the N-

terminal amino group and pi nitrogen in the imidazole ring are essential for exchange to 

occur.  Not only does this suggest that exchange is occurring at the N-terminal amino 

group, but the amino group or histidine side chain may also be necessary to stabilize 

exchange at the other two sites.  Methylation at the C-terminal carboxyl group still shows 

five fast exchanges, but the sixth slow exchange does not occur, suggesting that the C-

terminal carboxyl hydrogen is the sixth exchange site.  N-methyl alanine analogues were 

used to pinpoint which amide hydrogens are exchanging; the only analogue that still 

showed five fast exchanges was blocked at the third and fourth alanine residues, 

suggesting that exchange occurs at the second and fifth amide nitrogens.   

Although these results may indicate where the exchanges are occurring, the 

question of why this exchange behavior occurs requires an investigation into the structure 

of HAAAA and how it interacts with water.  IRMPD spectroscopy was combined with 

theoretical modeling to determine the structure of HAAAA, and the resulting structures 

were modeled with water interacting at different sites in the peptide.  The bridged 

intermediates for the N-terminal protonated structure suggest that the exchange occurs at 

these five sites because they are the most energetically favorable locations for water to 
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interact with the peptide.  The structures representing exchange at the other sites, 

however, were less than 5 kJ/mol higher in energy, which does not explain why the 

exchange stops at five.  The modeling of water with the zwitterion and histidine 

protonated structures was inconclusive in terms of identifying a trend in the energetically 

favorable interactions with water.  These preliminary modeling studies, however, only 

identify potential intermediates that could form during exchange and may not provide a 

complete picture of what is occurring during exchange.   

Studies were also performed using an eighteen-crown-six ether complex, which 

only forms when the N-terminal amino group is protonated.  The exchange behavior for 

the complex was equivalent to the exchange for the unmodified peptide, and further 

IRMPD spectroscopy and modeling studies showed that the gas-phase structure had only 

two hydrogen bonds between the amino group and crown ether, rather than the expected 

three hydrogen bonds.  A more stable structure is formed when the amino group can help 

to solvate the rest of the peptide, rather than form all three hydrogen bonds to the crown 

ether.  Additional modeling with water also suggests that exchange can still occur at the 

amino group when the crown ether is present.   

While the peptide analogue studies provide a means to probe which hydrogens 

exchange, the investigations into the exchange mechanism for a model pentapeptide are 

more complex.  Through a combination of IRMPD spectroscopy and molecular 

modeling, however, a picture of the exchange does begin to appear.  The modeling results 

suggest that the energetics of the exchange is the driving force behind which hydrogens 

will exchange.  Further experimental studies should be performed to clarify how these 
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energetics come into play.  A comprehensive study was performed on AARAA to 

determine the exchange mechanism using extensive molecular dynamic simulations, 

potential energy surface calculations, ion mobility, and water of hydration studies.(78)  

The study showed that the addition of water can affect the protonation motif for the 

peptide, and other studies have also demonstrated this effect.(18)  As discussed 

previously, the addition of water to HAAAA could cause interconversion of the different 

protonated structures to an N-terminal or zwitterion structure, as shown for AARAA.  A 

more comprehensive modeling approach to understand the interaction between HAAAA 

and water should help to clarify the modeling results presented here and provide a more 

complete picture of the exchange behavior for HAAAA. 
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CHAPTER FIVE: ANALYSIS OF THE STRUCTURE OF THE b2
+ ION FROM 

HAAAA USING IRMPD SPECTROSCOPY, HYDROGEN/DEUTERIUM 

EXCHANGE, AND COMPUTATIONAL MODELING 

 

The following chapter presents an investigation into the structure of the b2
+ ion from the 

peptide HAAAA using a variety of techniques including infrared multiphoton 

dissociation (IRMPD), gas-phase hydrogen/deuterium (H/D) exchange, tandem mass 

spectrometry, and computational modeling.  Although the IRMPD spectrum matches best 

the theoretical spectrum for a diketopiperazine, a minor component matching an 

oxazolone structure was also identified.  H/D exchange results also show that the b2
+ 

population contains both diketopiperazine and oxazolone structures.  Fragmentation 

studies combined with H/D exchange indicate that the diketopiperazine does not appear 

to be converting to the oxazolone structure.  A comparison between the fragmentation 

products from various diketopiperazine and oxazolone structures suggests that the 

resulting fragments may not serve as diagnostic for the b2
+ structure.  Energy resolved 

CID fragmentation curves, however, were used to identify differences in the 

fragmentation behavior for cyclic HA and the HA b2
+ ion, indicating the presence of 

different ion populations.  IRMPD spectroscopy and computational modeling of the 

precursor HAAAA peptide identified two structures with different protonation sites 

which may lead to the two different b2
+ ion structures.   
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5.1  Introduction 

 

Investigations into the structures and conformations of amino acids, peptides, and 

peptide fragments have been a significant focus of mass spectrometry research.  Many 

peptides act as biologically functional components in larger biological systems, and the 

determination of structural features and interactions can be used to further inform studies 

of these systems.(108)  Gas-phase structural features also play an important role in 

understanding the fragmentation behavior of peptides.(67)   For example, the mobile 

proton model demonstrates that the numbers and locations of the ionizing proton affect 

which fragments appear in a tandem mass spectrum.(66, 109-113)  A better 

understanding of gas-phase structure can be used to predict peptide fragmentation and 

therefore can improve peptide sequencing algorithms which are often employed in 

proteomic applications.  An understanding of how these systems behave without the 

influence of solvent can also be improved by investigations into gas-phase structure 

features and fragmentation behavior. 

The formation and structure of b2
+ ions in particular is intriguing and has 

prompted numerous studies focused on the investigation of this fragment.  Two main 

structures have been proposed for the b2
+ ion (Scheme 5.1).  The N-terminal amino group 

can act as a nucleophile and attack the carbonyl carbon of the second amino acid residue, 

forming a six-membered diketopiperazine ring structure.  Alternatively, the carbonyl 

oxygen from the first residue can act as the nucleophile and attack at the same location, 

cyclizing and forming a five-membered oxazolone ring structure.  The factors that affect 
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the preferential formation of one structure over the other are not well understood, and 

studies have been performed to determine how and why the peptide sequence and 

structure affects b2
+ ion formation.  Statistical analysis of peptide fragmentation databases 

has shown that two sets of peptides were present, one of which showed a strong b2
+ ion 

peak.(114)  The authors suggest that this preference for b2
+ ion formation may be due to 

the trans- to cis-isomerization of the N-terminal peptide bond.  The presence of a class of 

peptides that preferentially fragment to form a b2
+ ion could be incorporated into peptide 

sequencing algorithms in order to improve the accuracy.   

Many studies have shown that the b2
+ structure is often formed as the oxazolone 

isomer.(115-122)  These studies, however, have focused on simple aliphatic residues 

such as alanine or glycine where the side chain is unlikely to be involved in the 

fragmentation mechanism.  Other studies have shown that some b2
+ ions do not form 

oxazolone structures; for example, Reid, et. al. conducted computational modeling of 

b2
+ ions containing arginine and lysine and found that cyclic structures formed through 

side chain reactions were more stable than the oxazolone structures.(123)  Fragmentation 

studies of  the peptide VPDPR also indicate that the VP b2
+ ion is most likely a 

diketopiperazine.(124)  The authors suggest that the gas phase structure of VPDPR or the 

intermediate that leads to a diketopiperazine b2
+ structure may be more energetically 

favorable than a structure that leads to an oxazolone structure.   
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Scheme 5.1  Formation of b2
+ ion from HAAAA.  a) The amino terminus attacks the 

carbonyl carbon and cyclizes to form a protonated diketopiperazine.  b)  The carbonyl 

oxygen from the N-terminal residue attacks the carbonyl carbon and cyclizes to form an 

protonated oxazolone. 
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A number of indirect techniques can be used to probe the structure of b2
+ ions and 

other peptide fragments.  Multi-stage tandem mass spectrometry has been applied to 

many systems to elucidate fragmentation pathways, which can shed light on the structure 

of the precursor ion.(115, 117, 121, 123-125)  Tandem mass spectrometry is often 

combined with quantum chemical calculations and computer modeling, providing a 

powerful technique for providing insights into potential structures, protonation sites, and 

conformations.  Paizs and coworkers have published several studies of fragmentation 

pathways and fragment ion formation using computational calculations and tandem MS 

techniques.  In their recent studies, they have also incorporated isotope labeling as an 

additional probe.  For example, they combined these techniques to examine the 

fragmentation pathway of protonated AGG.(122)  Among other things, they concluded 

that AGG would fragment to form an oxazolone structure, which has been confirmed by 

IRMPD spectroscopy experiments.(126)   

Gas-phase hydrogen/deuterium exchange (HDX) has also been used to probe gas-

phase structural features of fragment ions.(18, 127-130)  Recently, HDX was combined 

with sustained off-resonance excitation (SORI) -CID to probe the gas-phase fragments of 

leucine-enkephalin, G5R, Gramicidin S, and ubiquitin.  The extent of H/D exchange can 

be correlated to known structural features for the well-studied systems, indicating that 

H/D exchange may provide qualitative insights into the structure of fragment ions.(131)  

Care must be taken in interpreting H/D exchange results, however, as interactions with 

the deuterating reagent can cause changes in the gas-phase structure of the analyte.(18, 

78) 
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Recently, infrared multiple photon dissociation (IRMPD) spectroscopy combined 

with theoretical vibrational spectra have been used to probe the structure of ions.  IRMPD 

spectroscopy has been used to investigate the structure and site of protonation in amino 

acids and peptides,(20) to probe alkali-metal complexes of amino acids and peptides,(132) 

and to investigate the structure of the b4
+ ion from leu-enkephalin,(133) and c-type ions 

formed by electron capture dissociation.(134)  Recent experiments performed by the 

Wysocki group demonstrated that the AG b2
+ ion matches the theoretical vibrational 

spectrum of an oxazolone structure, and other research performed on the AA b2
+ ion also 

demonstrated an oxazolone structure.(126, 135)  In the research described in this chapter, 

IRMPD spectroscopy was performed on the b2
+ ion of HAAAA in order to determine 

whether the spectroscopy matches the theoretical results for a diketopiperazine structure 

or that of an oxazolone structure.  A commercial diketopiperazine, cyclo-His-Ala (cHA), 

was also studied by IRMPD spectroscopy in order to provide a comparison to a known 

structure. 

 

5.2 Investigation of the b2
+ fragment ion structure with IRMPD Spectroscopy 

 

The IRMPD spectrum of the b2
+ ion of HAAAA and protonated cHA along with 

the IR vibrational spectra for the lowest energy conformers of the diketopiperazine and 

oxazolone structures are shown in Figure 5.1.  The IRMPD spectrum represents the sum 

of the fragmentation efficiency for each of the fragment ions relative to the precursor ion 

plotted as a function of wavenumber.  Figure 5.2 shows the IRMPD fragmentation 



 156 

spectrum for the HA b2
+ ion and protonated cHA.  The major fragments produced by 

IRMPD appear at m/z 192 (loss of NH3) and m/z 181 (loss of CO).  Fragments also 

appear at m/z 164 (181-NH3), m/z 148 (192-CO2), and m/z 136 (181-NH3-CO).   
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Figure 5.1 IRMPD spectra of the b2
+ ions produced by fragmentation of HA4 and 

protonated cHA plotted as fragmentation efficiency for formation of the fragment ions vs 

wavenumber and calculated spectra for protonated diketopiperazine and oxazolone 

structures. 
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Figure 5.2 IRMPD fragmentation spectrum for a) the HA b2
+ ion and b) protonated cHA.  

The fragmentation pathway was determined by MS3 experiments performed in an LCQ 

ion trap.  Unlabeled peaks represent noise in the spectrum; the precursor ion was off-

scale due to the low level of fragmentation and is not shown in the spectrum. 
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Quantum chemical calculations provide means to determine the structures that 

compare best with experimental results.  Figure 5.3 shows the possible structures for the 

b2
+ ion of the peptide HAAAA.  Diketopiperazine, oxazolone, and acylium ion structures 

can be formed with varying protonation sites.  In addition to these common structures, the 

presence of the nucleophilic pi nitrogen in the imidazole ring allows for the formation of 

an 8-membered ring structure.  Calculations showed that the acylium ion and the 8-

membered ring structure are significantly higher in energy and therefore much less stable 

compared to the diketopiperazine and oxazolone structures and were therefore excluded 

from further consideration.  Table 5.1 summarizes the calculated energies for the 

diketopiperazine and oxazolone structures with different protonation sites.  The 

diketopiperazine structure with a proton bridged between the pi nitrogen and the adjacent 

carbonyl oxygen (Hisπ-O) corresponds to the lowest energy structure, followed by a 

structure with the proton bridged between the pi nitrogen and the adjacent ring nitrogen 

(Hisπ-N), shown in Figure 5.4a-b.  Among the oxazolone structures, the lowest energy 

structures have a proton bridged between the pi nitrogen and the ring nitrogen (Hisπ-

ringN) or between the pi nitrogen and the free N-terminal amino group (Hisπ-amino), as 

shown in Figure 5.4c-d.  Both are higher in energy by >85 kJ/mol compared to the most 

stable diketopiperazine structures.  The most pertinent spectra are compared with the 

experimental spectrum in Figure 5.1 
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Figure 5.3 Potential structures for the HA b2
+ ion with the pi and tau nitrogens labeled in 

the histidine side chain imidazole ring.   
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Table 5.1  Optimized energies for various diketopiperazine and oxazolone HA b2
+ 

structures at the 6-311++G** level. 

 ∆∆H298.15 (kJ/mol) ∆∆G298.15 (kJ/mol) 

diketopiperazine  Hisπ-O 0.0 0.0 

diketopiperazine Hisπ-N 34.4 33.9 

oxazolone Hisπ-ringN 86.2 85.4 

oxazolone Hisπ-amino 87.6 87.7 

oxazolone Hisπ-ringO 101.5 99.2 

8-membered ring 133.8  136.8  

acylium 264.0  259.3  
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(a) (b)

(d)(c)

 

 

Figure 5.4 Optimized structures for HA b2 ion structures. (a) Diketopiperazine with 

proton bridged between the pi nitrogen and the adjacent carbonyl oxygen. (b) 

Diketopiperazine with proton bridged between pi nitrogen and adjacent nitrogen.  (c)  

Oxazolone with proton bridged between pi nitrogen and ring nitrogen.  (d)  Oxazolone 

with proton bridged between pi nitrogen and the free amino group. 
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In comparing the theoretical spectra obtained by computational modeling to the 

experimental spectrum, the diketopiperazine vibrational spectrum shows good agreement 

to both the HA b2
+ ion and protonated cHA. The three major bands corresponding to 

carbonyl and ring stretching modes are present in the experimental spectrum. The 

experimental band at 1748 cm-1 corresponds to the unprotonated carbonyl amide 

stretching mode (amide I mode). The second carbonyl oxygen forms a hydrogen bond 

with the proton on the histidine ring, which causes simultaneous stretching at the 

carbonyl group and the protonated amine. This shifts the carbonyl amide stretching mode 

to lower wavenumbers (1683 cm-1). The third experimental band at 1619 cm-1 

corresponds to the ring breathing mode for the imidazole side chain.   

A second set of three bands is present in the 1200-1500 cm-1 range which 

represents vibrational movements within the diketopiperazine and histidine rings.  The 

doublet at 1400 cm-1 corresponds to the wagging motion of the carbonyl oxygens within 

the diketopiperazine ring (1408 cm-1) and the wagging motion of the protonated pi 

nitrogen (1401 cm-1).  The proton bridge between the pi nitrogen and carbonyl oxygens 

causes these two motions to be coupled, resulting in the doublet band.  The additional 

bands around 1322 cm-1 and 1275 cm-1 correspond to global wagging motions within 

both rings, and the tall band at 1123 cm-1 corresponds to the wagging motion of the tau 

nitrogen.   

Although the experimental spectra for the HA b2
+ ion and cHA show many 

similarities, the HA b2
+ spectrum does contain one key band that is not present in the 

cHA spectrum.  A peak near 1900 cm-1 is diagnostic for an oxazolone structure, 



 164 

representing the carbonyl stretch in the oxazolone ring.  The band at 1875 cm-1 shows 

excellent correlation with the band at 1876 cm-1 in the theoretical spectrum for the 

oxazolone species.  The presence of this band indicates a small contribution from a 

second oxazolone population, pointing to a mixture of diketopiperazine and oxazolone 

structures for the HA b2
+ ion.   

 

5.3  Gas-Phase Hydrogen/Deuterium Exchange 

 

IRMPD spectroscopy serves as one method for interrogating structure, and the 

results presented suggest that that the HA b2
+ ion is a diketopiperazine.  In order to 

prevent gas-phase rearrangements, however, only a small percentage of the fragment 

population is fragmented to obtain the spectrum.  Gas-phase hydrogen/deuterium (H/D) 

exchange serves as an additional technique for interrogating gas-phase structure, and can 

be used to interrogate the entire ion population.  Once the analyte of interest has entered 

the analyzer region, a deuterated reagent is pulsed into the instrument and allowed to 

interact.  When a less basic deuterating reagent such as D2O or CD3OD is used, the 

incorporation of deuterium into the analyte follows the ‘relay mechanism’ proposed by 

Beauchamp and coworkers.(72)  When the analyte of interest collides with a deuterating 

reagent, a bridged intermediate may form between two relay sites, allowing a deuterium 

atom to be incorporated into the analyte molecule.  The rate and extent of exchange 

depends on several factors, including the conformation of the analyte, the position of the 

ionizing proton, internal solvation patterns, and presence and extent of hydrogen bonding.  
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Molecular modeling can be used to elucidate potential interactions between the reagent 

and analyte, although the size of the analyte that can be interrogated by modeling is 

limited.   

 

5.3.1  Investigation of the H/D exchange behavior for diketopiperazine and oxazolone 

structures 

 

Figure 5.5 shows a diagram of the relay mechanism and the most stable optimized 

diketopiperazine and oxazolone bridged intermediates for the HAAAA b2
+ ion.  In the 

diketopiperazine structure, a bridge is formed between the pi nitrogen in the histidine side 

chain and the carbonyl in the ring.  Based on this and other intermediates, the 

diketopiperazine would most likely only exchange one hydrogen.  The oxazolone can 

form a bridged intermediate between the amino group and the pi nitrogen in the histidine 

side chain, allowing exchange of up to three hydrogens.  Although the most stable 

oxazolone structure has a proton bridge between the pi nitrogen and ring nitrogen, the 

structure with a bridge between the pi nitrogen and amino group is less than 2 kJ higher 

in energy.  When water was inserted into either structure, the structure optimized to water 

bridged between the pi nitrogen and amino group.  A higher energy structure was also 

observed with a three-way bridge between the amino group, pi nitrogen, and ring 

nitrogen. 
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Figure 5.5 Bridged intermediate for exchange with D2O for (a) diketopiperazine and (b) 

oxazolone.  Optimized bridged intermediate for exchange with D2O for (c) 

diketopiperazine and (d) oxazolone  
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Commercial diketopiperazine structures such as cyclo-HA can serve as a control 

for studying b2
+ ion structures.  H/D exchange was performed on several cyclic 

dipeptides to determine if the ‘one exchange’ signature holds true.  Table 5.2 shows the 

exchange behavior for a series of cyclic dipeptides, including cAG, cVP, cHP, and cHA.  

As expected based on the water-bridged structure, all the commercial diketopiperazine 

structures exchange one hydrogen, even at long exchange times.  The corresponding b2
+ 

ions were also interrogated by H/D exchange and compared to the commercial 

diketopiperazines.  Previous experiments using IRMPD showed that the AG b2
+ ion was 

an oxazolone structure, and as expected, H/D exchange showed three fast exchanges.  

The VP and HP b2
+ ions are expected to be diketopiperazine structures based on various 

fragmentation studies performed in the Wysocki group, and both ions exchange only one 

hydrogen, further suggesting that the diketopiperazine structure is correct.(124)   

 

5.3.2 H/D exchange behavior of the b2
+ fragment ion of HAAAA and protonated cHA 

 

The b2
+ ion from HAAAA was also subjected to H/D exchange after isolation, as 

shown in Figure 5.6b.  The exchange behavior of protonated cHA, a commercial 

diketopiperazine, is shown for comparison (Figure 5.6a).  At shorter time points, the 

exchange behavior of the b2
+ ion is similar to that of cHA; however, at longer exchange 

points, it appears that a second population incorporates up to three deuterium atoms.  

These results suggest that while the IRMPD spectrum matches that of a diketopiperazine, 

the HA b2
+ ion population contains a small percentage of oxazolone along with the 
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dominant diketopiperazine structure.  Although the slower exchanging population mimics 

the diketopiperazine behavior, the first population could also be an oxazolone with a 

different bridging conformation.  Molecular modeling was performed to determine if a 

stable bridged intermediate could be found for the oxazolone to explain the single 

exchange.  The closest bridged intermediate was more than 65 kJ/mol higher in energy 

compared to the diketopiperazine structure, indicating that a single exchange arises from 

the diketopiperazine.   

In order to determine if the oxazolone contribution arises from a rearrangement of 

the diketopiperazine structure, cHA was activated using QCID, SORI-CID, and IRMPD 

to the point of fragmentation, then subjected to H/D exchange.  Regardless of the 

activation method, only one exchange was observed for the cHA precursor ion.  The 

presence of the oxazolone in the b2
+ population most likely arises from the fragmentation 

of HAAAA into both diketopiperazine and oxazolone structures.   
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Table 5.2 Exchange behavior for different commercial diketopiperazine structures and b2
+ 

ions compared with the expected structures. 

Compound Expected Structure Exchange behavior Reference 

cAG diketopiperazine 1 exchange  

cVP diketopiperazine 1 exchange  

cHP diketopiperazine 1 exchange  

cHA diketopiperazine 1 exchange  

AG b2
+ ion oxazolone 3 exchanges (126) 

VP b2
+ ion diketopiperazine 1 exchange (124) 

HP b2
+ ion diketopiperazine 1 exchange  

 



 170 

209.1

210.1

HA4_440_QCID_10eV_HDX_50ms_5s_10_000003.d: +MS3(440.2->209.1)

0.00

0.25

0.50

0.75

1.00

1.25

7x10
Intens.

208 210 212 m/z

209.1

210.1
211.1

212.1

HA4_440_QCID_10eV_HDX_50ms_5s_40_000001.d: +MS2(440.2)

0.00

0.25

0.50

0.75

1.00

1.25

7x10

208 210 212 m/z

209.1

210.1
211.1

212.1

HA4_440_QCID_10eV_HDX_150ms_1s_30_000001.d: +MS2(440.2)

0

2

4

6

8

6x10

208 210 212 m/z

209.1

cHA_QCID_6eV_HDX_100ms_5s_10_newP_000001.d: +MS2(209.1)

0

1

2

3

4

7x10
Intens.

208 209 210 211 212 213 m/z

209.1

210.1

cHA_QCID_6eV_HDX_100ms_5s_40_newP_000001.d: +MS2(209.1)

0.0

0.2

0.4

0.6

0.8

1.0

1.2
7x10

208 209 210 211 212 213 m/z

207.9

209.1

210.1

211.5 213.4

cHA_QCID_6eV_HDX_100ms_5s_100_newP_000001.d: +MS2(209.1)

0.00

0.25

0.50

0.75

1.00

1.25

6x10

208 209 210 211 212 213 m/z

209.1

210.1

HA4_440_QCID_10eV_HDX_50ms_5s_10_000003.d: +MS3(440.2->209.1)

0.00

0.25

0.50

0.75

1.00

1.25

7x10
Intens.

208 210 212 m/z

209.1

210.1
211.1

212.1

HA4_440_QCID_10eV_HDX_50ms_5s_40_000001.d: +MS2(440.2)

0.00

0.25

0.50

0.75

1.00

1.25

7x10

208 210 212 m/z

209.1

210.1
211.1

212.1

HA4_440_QCID_10eV_HDX_150ms_1s_30_000001.d: +MS2(440.2)

0

2

4

6

8

6x10

208 210 212 m/z

209.1

cHA_QCID_6eV_HDX_100ms_5s_10_newP_000001.d: +MS2(209.1)

0

1

2

3

4

7x10
Intens.

208 209 210 211 212 213 m/z

209.1

210.1

cHA_QCID_6eV_HDX_100ms_5s_40_newP_000001.d: +MS2(209.1)

0.0

0.2

0.4

0.6

0.8

1.0

1.2
7x10

208 209 210 211 212 213 m/z

207.9

209.1

210.1

211.5 213.4

cHA_QCID_6eV_HDX_100ms_5s_100_newP_000001.d: +MS2(209.1)

0.00

0.25

0.50

0.75

1.00

1.25

6x10

208 209 210 211 212 213 m/z

(a) (b)
d0

d0

d0

d1

d1

d1

d1

d0

d0

d0

d1

d2

d3
d2

d3

a) b)
R

el
at

iv
e 

In
te

ns
ity

 

Figure 5.6 H/D exchange of cHA and HA b2
+ ion (a) Exchange of cHA with increasing 

exchange time (b) Exchange of HA b2
+ ion with increasing exchange time. 
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5.4 MS/MS Fragmentation 

 

While the IRMPD spectrum for the b2 ion from HAAAA clearly matches the 

theoretical spectrum for a diketopiperazine, the additional bands corresponding to an 

oxazolone species and the H/D exchange pattern suggests the presence of a small 

percentage of oxazolone.  In contrast, the fragmentation pattern seems more typical of an 

oxazolone structure.  Figure 5.2 shows the MS/MS spectrum of the b2 ion along with a 

fragmentation pathway based on MS3 fragmentation obtained with a Thermo LCQ ion 

trap.  Cyclo His-Ala was also fragmented for comparison; as shown in Figure 5.2b, the 

MS/MS spectrum is similar to that of the b2
+ ion.  

O’Hair and coworkers investigated the structure of the methyl esters of histidine 

and histidine-containing peptides using multi-stage fragmentation and ab initio 

calculations.  They compared the fragmentation of the b2 ions from HG-OMe, GH-OMe, 

HGG-OMe, and GHG-OMe with the Gly-His diketopiperazine and found the spectra to 

be very similar.  They concluded based on the fragmentation and ab initio calculations 

that the diketopiperazine structure was favored both kinetically and thermodynamically.  

They did not, however, reconcile the observed fragmentation pattern with the structure of 

the diketopiperazine.  While a diketopiperazine can lose the observed fragments, multiple 

rearrangements would be required.   
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In order to determine whether the fragmentation pattern is typical for b2
+ ions, 

regardless of their isomeric structure, other b2
+ ions and their commercial 

diketopiperazine counterparts were fragmented using IRMPD in a Bruker 9.4T FT-ICR.  

Table 5.3 shows the list of ions fragmented by IRMPD and the fragments observed for 

each ion.  The AG b2
+ ion is the only known oxazolone structure, and in comparing its 

fragments with other diketopiperazine structures, there does not appear to be a trend in 

the fragmentation patterns for diketopiperazines compared to oxazolones.  Three of the 

diketopiperazines lose ammonia, which would seem to be more diagnostic of a free 

amino group that cannot be present in a diketopiperazine structure, although N-containing 

ring structures are known to lose NH3.   The commercial diketopiperazines also show the 

same fragments as the corresponding b2
+ ions, even for AG b2

+ (an oxazolone) and cAG 

(a diketopiperazine).  The exception is the VP b2
+ ion, which did not show the same 

fragments as cVP; however, the ion was very resistant to fragmentation and only 

produced one fragment ion.  Similar fragmentation products were observed by Q-CID in 

the FTICR instrument.  CID fragmentation is performed by allowing the precursor ion to 

undergo many collisions with small projectiles (such as Ar or He), which results in a 

slower heating process and fragmentation through low energy channels.  Surface-induced 

dissociation (SID) provides an alternative fragmentation method to CID.  During SID, the 

precursor ion collides with a surface, resulting in a single collision event which activates 

the ion and provides energy deposition into the ion in a matter of picoseconds.(136, 137)  

The HA b2
+ ion and protonated cHA were fragmented by surface-induced dissociation 

(SID) in a modified Waters QTOF instrument.(62)  In the SID spectra the same 
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fragments were observed for the HA b2
+ ion and cHA, although the intensity of the lower 

m/z fragments were enhanced compared to the CID fragmentation spectra.  This may be 

due to the increased energy deposition that occurs when the ions collide with a 

surface.(62)   

 

Table 5.3 Fragment ions for cyclic dipeptides and b2
+ ions 

 
Ion -NH3 -H2O -CO -CO, -NH3 cross-

ring* 
-CO2 -CO, NH3, 

-CO 
imm. 
ion 

cHA X  X X  X X X 
HA b2

+ X  X X  X X X 
cVP X  X    X  

VP b2
+   X      

cHP  X  X X  X X 
HP b2

+  X  X X  X X 
cAG   X X   X  

AG b2
+   X X   X  

* Cross-ring cleavage at proline ring, m/z 166.06 
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Energy resolved fragmentation curves (ERFC) can be used to investigate the 

energetics of fragmentation and to compare the onset energies for different fragment ions.  

Figure 5.7 shows the energy resolved CID fragmentation curves for protonated cHA and 

the HA b2
+ ions at varying collision energies.  In order to best compare the two ions, both 

ions were subjected to the same source cone and extractor voltages relative to ground 

(used to produce the HA b2
+ ion fragment from HAAAA), isolated, and fragmented 

(MS3).  The fragmentation curves show that both ions are already starting to fragment at 

15 eV, but cHA has lower relative abundance for the precursor ion and a higher 

percentage of ammonia loss (m/z 192).  These fragments are no longer present for cHA 

by 30 eV, but the disappearance is more gradual for the HA b2
+ ion.  The HA b2

+ ion also 

shows a more gradual decrease for m/z 136 (-CO, -NH3, -CO) at 20-50 eV, while cHA 

shows a sharper increase at 15 eV, a peak at 25 eV, and then a sharper decrease by 35 eV.  

Protonated cHA also shows a sharper decrease in the immonium ion after 30 eV, while 

the HA b2
+ ion shows a more gradual increase and decrease of the immonium ion 

fragmentation from 30 eV to 60 eV.  The ion at m/z 82 most likely corresponds to a loss 

of CO from the histidine immonium ion, and while both show the appearance of this ion, 

protonated cHA shows a crossover point with the immonium ion at 60 eV, while the HA 

b2
+ ion has not reached that point at 60 eV.  The overall decrease in fragmentation for 

cHA may also indicate further fragmentation into small ions that were not observed in the 

mass range investigated here.  While some of these differences reflect to differences in 

the energetics of the precursor ion population, the overall difference in the two plots more 
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likely indicates the presence of different isomers or protonation sites for the HA b2
+ ion 

compared to protonated cHA. 
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Figure 5.7 Energy resolved fragmentation curves for a) protonated cHA and b) the HA 

b2
+ ion.  Fragmentation was performed by CID in a QTOF instrument at energies ranging 

from 15-60 volts 
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The results of the fragmentation studies indicate some differences in the 

fragmentation energetics of cHA and the HA b2
+ ion, but the comparison of fragments 

apparent in the spectrum for all the diketopiperazines and b2
+ ions does not show 

significant differences.  Williams and co-workers investigated the structure of ArgGly 

and GlyArg complexed with various alkali metals, and in addition to determining the 

structure of these dipeptides, they also monitored the loss of a neutral water molecule 

from the cationized dipeptides that adopt salt-bridge structures.(138)  The loss of a water 

molecule would involve a rearrangement from a charge-solvated intermediate, but they 

determined that a charge-solvated structure did not contribute to the IRMPD spectrum.  

They concluded that the spectra were indicative of the ground state structure, despite the 

absorption of photons used to cause fragmentation.  However, these results also show that 

determining the structure of an ion based on the fragmentation patterns or neutral losses 

may be misleading.  Regardless of the fragmentation method used on the cyclic 

diketopiperazines and b2
+ ions described above, the process of fragmentation appears to 

provide enough energy for significant rearrangements, and therefore fragmentation at a 

single energy may not be the best evidence for a specific precursor ion structure. 

 

5.5 Conclusions 

 

Several conclusions can be drawn from these results.  First, IRMPD spectroscopy 

clearly indicates that the HA b2
+ ion spectrum matches the theoretical spectrum for a 

diketopiperazine; however, the presence of additional bands corresponding to an 
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oxazolone species indicate the presence of a minor oxazolone component.  The exchange 

behavior, however, is markedly different between the protonated cHA (a diketopiperazine 

structure) and the HA b2
+ ion as indicated by the presence of a second exchanging 

population.  The exchange signature for the second population matches that of an 

oxazolone structure, as shown by the exchange patterns of other diketopiperazine and 

oxazolone structures.   

Based on activation studies of the commercial diketopiperazine, cHA, the 

diketopiperazine does not appear to be interconverting to form the oxazolone structure.   

The neutral losses observed for the HA b2
+ seem more typical of an oxazolone structure, 

and the production of these fragment ions would require some rearrangement for a 

diketopiperazine structure.  Comparisons with commercial diketopiperazines and other 

b2
+ ions, however, showed that the neutral losses are observed from diketopiperazines as 

well as oxazolones.  Further research is needed to map out the mechanism for these 

fragmentation products from a diketopiperazine structure.  Although the neutral losses are 

similar, energy resolved fragmentation curves for protonated cHA and the HA b2
+ ion 

showed significant differences, which further highlights the presence of two populations 

for the HA b2
+ ion compared to protonated cHA.   

These results suggest that the b2
+ ion population from HAAAA is a mixture of 

diketopiperazine and oxazolone structures.  An examination of the precursor HAAAA 

structure can provide some clues into why the HA b2
+ ion results in a mixture of 

structures.  As discussed in Chapter Four, the IRMPD spectroscopy of HAAAA may 

indicate the presence of a second population with the proton located at the histidine ring 
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rather than at the N-terminus of the peptide.  Modeling of the combined spectra suggests 

this histidine-protonated species may account for ~10% of the total population.  Figure 

5.8 shows the two HAAAA structures with the pertinent atoms for b2
+ ion formation 

labeled.  In the left structure (N-terminal protonated), the proton would have to be 

transferred from the N-terminus to the second carbonyl oxygen (O2).  At that point, the 

N-terminus might be well-situated to attack and form a diketopiperazine structure.  For 

the structure on the right, (His-ring protonated), the N-terminal amino group is oriented 

away from O2, and with the proton transfer originating from the histidine side-chain, O1 

may be more suitably oriented to attack the O2 carbonyl carbon and form an oxazolone 

structure. 
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Figure 5.8 a) HAAAA protonated at the N-terminus, as determined by IRMPD spectroscopy.  b)  HAAAA protonated at the pi 

nitrogen of the imidazole ring, as determined by IRMPD spectroscopy.  The N-terminus would attack the second carbonyl 

carbon to form a diketopiperazine, while O1 would attack to form an oxazolone
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The lowest energy structures may not represent the structure of HAAAA upon 

activation, and without further modeling to examine the fragmenting structure, it is 

difficult to confirm the hypothesis that two fragmenting structures exist.  Other studies 

have shown, however, that different conformations or protonation motifs can lead to 

different fragmentation behavior.  Fragmentation studies of N-linked glycopeptides 

showed that when the protonation motif is changed by adding a sodium ion, the 

fragmentation changes as well.(139)  Gas-phase H/D exchange was used to separate two 

different exchanging populations of bradykinin, and the populations also showed 

different fragmentation patterns once they were separated.(9)  The presence of two 

differently protonated structures based on IRMPD spectroscopy, therefore, suggests that 

the fragmentation behavior for these two structures might produce two different b2
+ ions.   
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CHAPTER SIX: INVESTIGATION INTO THE BINDING INTERFACE BETWEEN 

LEXA AND RECA IN ESCHERICHIA COLI USING CHEMICAL CROSS-LINKING 

 

This chapter presents the results of cross-linking experiments between a LexA mutant, 

K156A, and activated RecA.  Three cross-links were identified using EDC as a cross-

linker between RecA K245 and LexA E152, RecA K8 and LexA E152, and RecA K232 

and LexA E152.  One BS2G cross-link was identified between RecA K297 and LexA 

K135.  An examination of the crystal structures of the RecA helix and LexA dimer 

suggest that the cross-links at RecA K8/LexA E152 and RecA K297/LexA K135 may be 

caused by a LexA dimer binding across the RecA helical groove.  The two EDC cross-

link sites on RecA were found on opposite sides of the protein (based on the crystal 

structure), yet were linked to the same residue on LexA.  These results, along with 

previous mutational work, suggest the possibility of redundant binding sites on RecA.  

Docking studies were also performed by the Tama group at the University of Arizona 

using the identified cross-links as constraints.  The docking studies identified a structure 

where the LexA dimer was nestled inside the groove of the RecA helix.  The cross-

linking and docking results will be used to inform future mutational studies on LexA and 

RecA to further identify the binding interaction between the proteins.  Previous solution-

phase hydrogen/deuterium exchange of LexA K156A identified a region that showed a 

difference in exchange upon the addition of RecA.  No cross-linking sites were identified 

within that region, however, suggesting that the hydrogen/deuterium exchange may have 

detected a conformational change, rather than a binding interaction. 
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6.1  Introduction 

 

The SOS response in Escherichia coli plays an important role in dealing with 

conditions where DNA is damaged or replication is inhibited.(140-144)  Figure 6.1 shows 

the process of activation for the SOS response.  Under normal cell conditions, the LexA 

dimer binds to the SOS genes and prevents expression of the gene products.  When DNA 

is damaged, single stranded DNA (ssDNA) is formed in the cell and a second protein, 

RecA, can bind to it.  Once RecA has been activated through the binding interaction with 

the ssDNA, RecA binds to LexA and promote autocleavage.  Cleavage of LexA results in 

derepression of the SOS genes, which allows the gene products to be expressed.   

The SOS response represents a system that is heavily regulated by protein-protein 

interactions.  Protein-protein interactions are often important in regulating cells; when 

this regulation is interrupted, cellular processes can be affected and the cell can 

malfunction, die or become cancerous.  A better understanding of protein-protein 

interactions could help improve our understanding of how this regulation occurs.  The 

SOS response system also represents a possible drug target for addressing antibiotic 

resistance in bacteria.  Although the response system deals with DNA damage and repair, 

the repair that occurs can be very error prone.  When bacteria are under attack by 

antibiotics, the SOS response system can be activated, leading to an increased rate of 

mutation.  The mutations can result in bacterial strains that are antibiotic resistant, 
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leading to so-called ‘super bugs’.  Research has shown that blocking the SOS response 

system can lead to improved antibiotic activity.(145)   

Despite extensive mutagenic studies focused on determining the interface of the 

LexA/RecA interaction, the LexA/RecA binding site remains unclear.(146-152)  Mass 

spectrometric studies such as solution-phase hydrogen/deuterium (H/D) exchange and 

chemical cross-linking can be used to further understand and identify the binding 

interface between these two proteins.(81, 153)   
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Figure 6.1 Mechanism of LexA derepression for the SOS gene response system; 1. LexA 

dimer binds to SOS genes and causes repression of gene expression; 2. RecA 

oligomerizes around single stranded DNA; 3. Activated RecA can now interact with 

LexA; 4. Interaction with RecA causes LexA to autocleave, leading to derepression of the 

SOS genes. 
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6.2  Structure and Sequence Information for RecA and LexA 

 

RecA is made up of three domains: the central domain, which is involved in DNA 

and ATP binding, the amino domain, which is involved in filament formation, and the 

carboxy domain, which may be involved in interactions between different RecA 

filaments.(154, 155)  The DNA binding domain in the central region has binding sites for 

single stranded and double stranded DNA, reflecting its multifaceted role within the cell.  

RecA oligomerizes around single stranded DNA through interactions between the amino 

domain of one monomer and the central domain of the next monomer with a helical 

formation of six monomers per turn.(156, 157)  Mutations in the carboxy region lead to 

an increase in the efficiency of DNA binding, suggesting that the formation of 

interfilamental bundles may have a regulatory function in preventing binding to incorrect 

targets.(158)   

The crystal structure for RecA bound to a non-hydrolyzable ATP analogue and an 

oligonucleotide strand has been solved recently.(159)  The structure shows ATP and 

ssDNA binding allosterically to the RecA monomers, providing an explanation for the 

ATP-dependency of DNA binding.  This cooperative action induces a conformational 

change in the RecA-RecA binding interface.   

Wild-type LexA contains two main domains, an N-terminal DNA-binding domain 

which interacts with the SOS genes, and a second domain which contains the cleavage 

site and dimerization regions.  While it was originally thought that RecA acted as a 

protease to cleave LexA, studies have shown that the LexA protein itself functions as the 
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protease, leading to autocleavage.(84, 160, 161)  The key amino acids involved in the 

cleavage are Ser119 and Lys156, which function as a serine nucleophile and a general 

base.(84)  This Ser-Lys dyad catalyzes the bond cleavage between Ala84 and Gly85, 

which results in the separation of the dimerization region from the DNA-binding region.  

Little and coworkers solved the structures of several LexA mutants, and they determined 

that LexA was found in two different conformations.(162)  In one conformation, the 

catalytic residues were located approximately 20 Å from the cleavage site, shown in 

Figure 6.2, while in the other conformation, the catalytic residues and cleavage site were 

close to each other.  These results suggested that under conditions where cleavage is 

undesirable, the non-cleavable form is present, but when cleavage is required, LexA 

undergoes a conformational change to the cleavable form.  Because LexA undergoes 

autocleavage at physiological pH only when activated RecA is present, RecA may play a 

role in stabilizing the cleavable formation.  In order to study the interactions between 

LexA and RecA without the complication of autocleavage, the LexA K156A mutant was 

used, as shown in Figure 6.3.  K156A also binds RecA more tightly, as shown by its 

ability to inhibit the CI repressor (another protein that binds to RecA).  The mutant 

protein was also truncated to remove the N-terminal DNA-binding domain.   
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Figure 6.2 Crystal structures for the LexA protein; the conformation on the left shows the 

non-cleavable form (distance from active site to cleavage site is 20Å); the conformation 

on the right shows the cleavable form (distance from the active site to the cleavage site is 

2.6Å). 

 

 
Figure 6.3 Diagram of structure and function relationship in LexA and the general 

sequence information for mutant K156A 
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6.3 Solution-phase Hydrogen/Deuterium Exchange of LexA K156A and RecA 

 

Solution phase H/D exchange, which can be monitored by mass spectrometry, has 

been used to examine interactions between proteins.  In a typical experiment, the protein 

is allowed to equilibrate with H2O, then labeled in D2O buffer for a given amount of time.  

The labeling is quenched by lowering the pH and temperature, then the protein is 

digested and analyzed by mass spectrometry. 

By comparing H/D exchange between the individual proteins and the bound 

complex, information about the binding site can be extracted from the data.  H/D 

exchange experiments were performed by Charles Cheng comparing the H/D exchange 

of unbound K156A and K156A bound to activated RecA.  The results indicated a large 

change in exchange behavior at residues 69-89, which contains the cleavage site.  The 

difference in exchange may indicate the location of the binding interaction, where RecA 

has blocked exchange through contact with K156A.  The existence of two forms of LexA 

(cleavable and non-cleavable), however, provides an alternative interpretation of the data:  

in this view, the change in H/D exchange reflects the conformational change from non-

cleavable to cleavable upon binding to RecA.  The nature of H/D exchange experiments 

does not allow for differentiation between binding and conformational changes; 

therefore, cross-linking experiments were undertaken to determine the binding site 

between LexA and RecA. 
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6.4 Cross-linking of LexA and RecA 

 

6.4.1 Choice of Cross-linkers and Initial Results 

 

Although H/D exchange can reveal regions that may be affected by the binding 

event, it does not necessarily pinpoint the actual binding site.  Cross-linking offers an 

additional tool for probing the binding site by covalently attaching the proteins at the site 

of interaction.  Once the proteins have been covalently attached, the complex can be 

digested and analyzed by mass spectrometry.  Cross-linked peptides containing 

sequences from both proteins should reveal the location of the binding site on both 

proteins.   

Care must be taken in choosing an appropriate cross-linker for protein-protein 

interaction studies.  While many different types of cross-linkers have been developed 

with numerous different characteristics, the length of the cross-linker is especially 

important for identifying meaningful chemical interactions.  If a cross-linker is too long, 

non-specific interactions or non-biologically relevant contacts between proteins can be 

captured, particularly between floppy or flexible portions of the proteins.  In addition to 

the length, cross-linkers with different reactive groups can provide better coverage of the 

interaction site between the two proteins. 

In light of these considerations, two cross-linkers were chosen to probe the 

binding between LexA and RecA, shown in Figure 6.4.  The ‘zero-length’ cross-linker 

ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) reacts with a 
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carboxylic acid on one side and a primary amine on the other side to form an isopeptide 

bond between the two side chains.(163)  The overall change in the protein will be the loss 

of a water molecule; the EDC cross-linker is eliminated, leading to the term ‘zero-

length’.  When multiple protein interactions can occur (Protein A:Protein A, Protein 

B:Protein B, Protein A:Protein B, etc.), EDC can also be used in a two-step coupling 

procedure to target or maximize the desired protein interaction (in this case, LexA:RecA).  

EDC is reacted with the first protein and then quenched to eliminate the unreacted EDC 

in solution, followed by addition of the second protein.  At this point, EDC cross-links 

cannot be formed between two units of the second protein because the only ‘free’ EDC is 

already attached to the first protein.  This procedure is useful in the case of RecA, which 

will cross-link with itself in an oligomeric state.   

The amine-reactive, isotope-labeled (d0/d4) cross-linker 

bis[sulfosuccinimidyl]glutarate (BS2G) has a length of 7Å, and while it is longer than 

EDC, it has several useful characteristics.(164, 165)  First, both ends of the cross-linker 

are amine-reactive, which can provide increased coverage of the binding site when 

combined with EDC results.  More importantly, the cross-linker comes in two forms, the 

unlabeled d0 form and the labeled d4 form.  This isotopic label provides a ‘tag’ that can be 

used in identifying cross-linked peptides by mass spectrometry.  This characteristic is 

especially important when the amount and intensity of cross-linked peptides is 

considered.  The cross-linked species is typically 5-10% of the total protein mixture, and 

cross-linked peptides can be difficult to extract from in-gel digestion due to their size.  

Cross-links at the primary amines also block typical ionization sites, which can lead to 
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decreased MS signal.  The d4-labeled cross-linked peptide will show up at a mass shift of 

four units from the unlabeled cross-linked peptide, which provides a way to identify 

cross-linked peptides that may be in low abundance.  These peptides can then be targeted 

and identified in subsequent MS/MS scans. 

 

6.4.2 Initial Results of Cross-linking Experiments 

 

Figure 6.5 shows a typical cross-linking procedure for in-gel digestion.  LexA is 

combined with activated RecA to form the complex, then cross-linker is added to the 

mixture.  For EDC, the two step procedure is performed by combining LexA with EDC, 

followed by quenching and then addition of activated RecA.  The cross-linked mixture is 

separated by  SDS-PAGE, the cross-linked bands are cut out and digested using trypsin 

or Glu-C, and the digested material is analyzed by LC-MS/MS or MALDI-TOF MS/MS.   

Figure 6.6 shows the silver stained gel of the EDC cross-linking reactions.  

Several controls were run, including LexA+EDC, activated RecA+EDC, and 

LexA+RecA without EDC present.  Lanes 1 and 5 contain molecular weight markers.  

Lane 2 contains the results of the two-step coupling procedure, where LexA is reacted 

with EDC, quenched, and then combined with activated RecA.  As expected, very few 

high molecular weight species are observed, indicating that the two-step coupling 

procedure was successful in limiting RecA/RecA cross-links.  Lane 3 contains a RecA 

control, where buffer is used in place of LexA in the two-step coupling procedure.  Lane 

4 contains a LexA control, where buffer is used in place of RecA in the two-step coupling 
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procedure.  The dimer form of LexA is also biologically active, and when EDC is added 

to LexA, the cross-linker should capture some dimeric species, as is observed.(92)  A 

control sample with LexA, activated RecA and no EDC showed only LexA monomer and 

RecA monomer with no cross-linking products (data not shown).  The presence of several 

higher molecular weight species in Lane 2 that are not present in any of the control bands 

indicates that the cross-linking reaction was most likely successful in capturing 

LexA/RecA interactions. 

Figure 6.7 shows the silver-stained gel for the BS2G cross-linking reaction.  Lanes 

1-2 show the results of the control experiments.  Similar to the EDC reaction, both LexA 

monomers and dimers are formed.  Cross-linking of activated RecA results in a number 

of higher molecular weight species which are not seen in the EDC reaction; these are 

formed because activated RecA is a helical filament and the cross-linker can produce 

RecA-RecA cross-links.  Lane 3 shows the results of a 60 minute cross-linking reaction 

with BS2G.  Longer time points showed more higher molecular weight species, but 

because the 1:1 LexA/RecA band was of primary interest, the reaction was quenched at 

60 minutes.  A control sample with LexA, activated RecA and no BS2G showed only 

LexA monomer and RecA monomer with no cross-linking products (data not shown).   
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Figure 6.4 Different cross-linkers used in analysis; EDC is a zero-length cross-linker that 

reacts with primary amines and carboxylic acids; BS2G-d0/d4 is a 7.4 Å cross-linker that 

reacts with primary amines  
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Figure 6.5 General protocol for in-gel digestion cross-linking analysis using the 

LexA/RecA system.  LexA and activated RecA are reacted with a cross-linker to form 

LexA/RecA cross-linked products.  The solution is run on an SDS-PAGE gel, the bands 

are cut and subjected to in-gel digestion, and the resulting peptides are analyzed by LC-

MS or MALDI-TOF MS to determine the presence of cross-linked peptides.  The 

peptides can also be analyzed using tandem mass spectrometry to determine the identity 

of the peptides and the location of the cross-link. 
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Figure 6.6 Silver stained SDS-PAGE gel (4-20%) of EDC cross-linking reaction.  Lanes 

1 and 5 contain molecular weight markers.  Lane 2 contains the results of the two-step 

coupling procedure, where LexA (16 kD) is reacted with EDC, quenched, and then 

combined with activated RecA (38 kD).  Lane 3 contains a RecA control, where buffer is 

used in place of LexA in the two-step coupling procedure.  Lane 4 contains a LexA 

control, where buffer is used in place of RecA in the two-step coupling procedure.  A 

control sample with LexA, activated RecA and no EDC showed no cross-linking 

products (data not shown).    
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Figure 6.7 Silver-stained SDS gel (4-20%) of BS2G cross-linking reaction.  Lane 1 

contains LexA and buffer (in place of RecA) reacted with BS2G.  Lane 2 contains 

activated RecA and buffer (in place of LexA) reacted with BS2G.  Lane 3 contains LexA 

and activated RecA reacted with BS2G. 
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6.4.3 Isolation of the Cross-linked Species 

 

While in-gel digestion can be used to isolate and analyze the cross-linked band of 

interest, there can be some difficulties associated with extracting large cross-linked 

peptides from the gels.  For this reason, some effort was expended in trying to isolate the 

cross-linked species from the monomer species, particularly from the large amount of 

RecA monomer, in order to perform in-solution digestion.  LexA K156A contains a his-

tag at the N-terminus which allows for purification through the use of a nickel column.  

Purification of the cross-linked mixture with a nickel column would theoretically separate 

any RecA-only species from the LexA monomers, dimers, and LexA/RecA cross-linked 

species.  All attempts at purification of the cross-linked mixture resulted in isolation of 

LexA monomers, dimers, and some tetramer species, as seen by Western blotting (data 

not shown).  No RecA species were observed in the fractions eluted from the column, 

indicating a failure to capture any LexA/RecA species.  The LexA/RecA cross-linking 

may block the his-tag in some way, so additional purifications were attempted in 

denaturing conditions.  No fractions were isolated with LexA/RecA species, even under 

denaturing conditions.  Cross-linking results in a large component of high molecular 

weight species; under denaturing conditions, these large cross-linked species may not be 

able to enter the bed of the column, although the bed should not be acting as a size-

exclusion column.  The smaller LexA monomers and dimers may have also competed for 

the binding sites, as the His-tag would be more accessible in the smaller proteins.  The 

His-tag may also be obstructed in the larger cross-linked species, which would prevent 
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efficient binding to the Ni-column.  The solution above the column was removed and 

analyzed, but no LexA/RecA species were identified.   

 

6.4.4 In-gel Digestion of the Cross-linked Bands 

 

Based on the lack of success in isolating the cross-linked species, the cross-

linking conditions were optimized to maximize the cross-linked 1:1 LexA/RecA band, 

and in-gel digestion was performed for the EDC and BS2G cross-linking reactions.  The 

samples were desalted and analyzed using MALDI-TOF MS.  Many peaks were 

identified from the MS spectrum of the EDC sample that matched the theoretical mass of 

cross-linked peptides, but low signal/noise prevented the use of MS/MS to positively 

identify the peptides.  Figure 6.8 shows the MS spectrum for the BS2G sample with LexA 

and RecA peptides identified.  The BS2G sample contains both d0 and d4 labeled peptides, 

allowing the MS to be searched for shifts of 4 mass units.  Figure 6.8b shows the 

spectrum of one peptide which matched the spectral pattern.  The mass of the peptide 

matches the mass for a cross-link between RecA 283-291 and LexA 118-129.  Three 

additional peptides were identified based on the doublet pattern that matched the mass of 

cross-linked peptides.  These corresponded to RecA 316-319 and RecA 275-282 each 

cross-linked to an N-terminal peptide of LexA, as well as RecA 209-218 cross-linked to 

LexA 118-129.  The N-terminus of LexA K156A contains a His-tag made up of six 

histidine residues which are not present in the wild-type protein.  With the flexible nature 

of the non-natural His-tag, in addition to a 7Å cross-linker, the cross-links to the N-
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terminal amino group are most likely due to non-specific cross-linking.  Although the 

mass and spectral appearance of these peptides match cross-linked peptides, the signal 

was too low to perform MS/MS.   

When the in-gel digestion is analyzed using a single MALDI spot, the number of 

peptides that can be analyzed is limited.  The intensity of the lower abundance species 

will be repressed by other species that ionize better, and some lower abundance species 

may not even be observable.  The complex mixture can be simplified using an LC step to 

separate the peptides into many different samples.  This analysis is most easily performed 

using an HPLC coupled to a robotic spotter, however, manual spotting can be performed 

as well.  Several BS2G cross-linked samples were analyzed using a 96-spot MALDI plate 

by LC-MALDI-MS/MS.  Peptides from both LexA and RecA were identified in various 

spots on the plates, and several peptides were identified that contained the BS2G doublet 

signature.  The mass of the peptides matched several potential cross-linked peptides, so 

spectral analysis of the tandem mass spectrum was performed to determine the identity of 

the cross-linked peptide.  Although the quality of the spectrum was reasonable, the 

fragments did not match to any of the theoretical fragments for any of the peptides.  
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Figure 6.8 a) MALDI spectrum for trypin/Glu-C in-gel digestion of BS2G cross-linked 

LexA/RecA.  The labeled peptides were identified only by mass; in most cases, the 

MS/MS spectrum did not have sufficient fragment ions to identify the peptides 

conclusively.  b)  A set of peaks matching the d0/d4 pattern typical of the BS2G cross-

linker.  The MS/MS spectrum did not have sufficient signal to identify the peptide(s). 
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6.4.5 Application of the Popitam Variable Modification Algorithm Pipeline 

 

While in-gel digestion of cross-linked proteins followed by MS analysis has been 

utilized in cross-linking applications, a new analysis pipeline has been developed by 

Singh, et. al.(83)  This pipeline utilizes several key steps which address difficulties in 

cross-linking analysis.  First, the analysis is run on an in-solution digest of the cross-

linked proteins.  This eliminates potential loss of peptides through poor extraction from 

the gel materials.  Second, the MS/MS runs are targeted towards high charge state species 

(+4 m/z and above).  The in-solution digest with trypsin will result in a large number of 

unmodified peptides, but the smaller size of these peptides will typically produce +2 and 

+3 m/z charge states.  The high charge state-driven MS/MS run targets larger, potentially 

cross-linked peptides.  The use of trypsin as the protease also results in an arginine or 

lysine residue at the C-terminus of the peptide; when two peptides are cross-linked, the 

presence of two N-terminal amino groups and two C-terminal tryptic residues results in a 

minimum of four basic charge sites.  If other basic residues are present in the peptides, or 

if a cleavage is missed, then even higher charge states can result.  Third, high mass 

accuracy acquisition of both the precursor and fragment ions allows for the use of an 

open variable modification program to search the data for cross-linked peptides. 

The Popitam search algorithm functions by combining a spectrum graph of the 

tandem mass spectrum with a suffix tree for the candidate peptides.(166)  A structured 

representation of the MS/MS spectrum (similar to a spectrum graph) is created by taking 

filtered peaks in the spectrum and labeling them as a ‘node’.  If the difference between 
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the nodes corresponds the mass of an amino acid, the nodes are connected by an 

‘edge.’(167, 168)  A suffix tree is created by taking every incidence of an amino acid 

within the target peptide and creating branches for each string of amino acids that follow 

the chosen amino acid.  A list of possible peptide tags are produced by simultaneously 

parsing the sequence graph and the suffix tree, and then scored using an optimized 

scoring function.  In the case of chemical cross-linking, the cross-linked peptides can be 

identified by identifying the correct tag mass that matches the mass of the cross-linker 

plus the cross-linked peptide.  Additionally, the cross-link must occur between two 

peptides with correct functionality, i.e. a carboxylic acid (for EDC) in the LexA peptide 

and a lysine in the RecA peptide.   

The analysis pipeline was applied to BS2G and EDC cross-linked proteins, both 

from an in-solution digestion and in-gel digestions of the cross-linked band.  Table 6.1 

shows the results from the Popitam search algorithm.  All identifications were confirmed 

by manual comparison of the MS/MS spectrum with a theoretical fragment peak list for 

the cross-linked peptides.  The location of the cross-link was also confirmed during the 

manual analysis of the spectra.  Several BS2G peptides were identified that were cross-

linked to the N-terminal amino group of the LexA K156A mutant protein; however, these 

were not included in the analysis due to the presence of the non-natural His-tag as 

discussed earlier.  Any cross-links identified there would not have any relevant biological 

meaning due to the wide range that the flexible, unstructured N-terminal end can sample.   
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Table 6.1 Output from the Popitam variable modification search algorithm. 

Measured 
precursor mass 

Peptide / Sequence Tag Amino acid 
coord. 

Peptide / Sequence Tag Amino acid 
coord. 

Error 
(ppm) 

CL Source 

2338.302 IDDEVTVAR 

-DD*VTVar 

149-157 
LexA 

QKALAAALGQIEK 7-19 
RecA 

10.0 EDC In-gel 
(1st XL band) 

2338.302 QKALAAALGQIEK  

******AL----- 

7-19 
RecA 

IDDEVTVAR 

 

149-157 
LexA 

10.1 EDC In-gel 
(1st XL band) 

1569.93 
 

IDDEVTVAR 

****VTVar 

149-157 
LexA 

VKVVK 244-248 
RecA 

17.6 EDC In-gel 
(1st XL band) 

2609.472 
 

VKVVKNK 

****Knk 

244-250 
RecA 

IDDEVTVARLKKQGNK 

 

149-163 
LexA 

360 EDC In-gel 
(1st XL band) 

2798.47 
 

IDDEVTVAR 

****VT--- 

149-157 
LexA 

RIGAVKEGENVVGSETR 

 

227-243 
RecA 

9.1 EDC In-soln 

3006.563 DIGIMDGDLLAVHKTQDVR 

---imD************* 
122-140 

LexA 
GEKIGQGK 295-302 

RecA 
7.0 BS2G In-soln 

 

Legend:  (-) information for this residue was not found by the Popitam algorithm; (*) residue was identified as a possible site 

for modification.  If the amino acid is identified (upper or lower case), the amino acid was identified as present and unmodified 

by the Popitam algorithm.  The upper or lower case denotes information about the spectrum graph used in the algorithm; upper 

case letters correspond to one amino acid edges and lower case letters correspond to two amino acid edges.  
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The first column in the table represents the mass of the peptide that was identified 

and analyzed using the Popitam algorithm.  The second column shows the output for the 

Popitam identification.  The algorithm will determine the identity of the peptide by 

identifying sequence tags in the spectrum and matching them (along with the mass) to the 

corresponding peptide from a database of theoretical peptides.  If the algorithm has 

identified a series of b- or y-ion peaks that indicate the amino acid is present and 

unmodified, the amino acids will be indicated by the single-letter codes in the output (the 

upper and lower cases refer to the number of ‘edges’ from the spectrum graph).  The 

output will also indicate if the spectrum analysis identified the possible location of the 

mass tag (in these experiments, the cross-linked peptide) using a series of asterisks.  The 

best case scenario would have the asterisk in one location in the output to indicate the 

cross-link (as in the first identification), however, the algorithm will usually identify a 

series of amino acids that could contain the cross-link.  If the algorithm does not find a 

modified or unmodified b- or y-ion series to certain amino acids in the theoretical 

peptide, a series of dashes will be shown in the output.  Once the output has been 

obtained, the mass tag is manually compared to a list of theoretical peptides to determine 

the identity of the second peptide involved in the cross-link.  The fourth column indicates 

the second cross-linked peptide, either from LexA or RecA, as identified by mass and by 

spectral analysis of the tandem mass spectrum.   

Ideally, the Popitam algorithm would identify both peptides involved in the cross-

link, as is the case for the first two peptides.  The output was identified for the same 

tandem mass spectrum, indicating a very high confidence in the assignment.  The rest of 
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the assignments only had one of the two peptides identified by Popitam; however, the 

tandem mass spectra contained fragment ions from both peptides involved in the cross-

link.  The high mass error for the fourth EDC cross-link would typically eliminate it as a 

possible identification, but the identification of an identical cross-link between smaller 

peptides and the presence of fragment ions for the two peptides increases the confidence 

for that assignment.   

For cross-links containing BS2G, the assignment can be further verified by 

monitoring which fragment peaks contain the deuterated signature from the cross-link.  

An example is shown in Figure 6.9 of the MS and MS/MS spectra for a BS2G cross-

linked peptide; the MS spectrum in Figure 6.9a shows the expected pattern for the d0/d4 

cross-linker (the charge state of +4 means the d4 isotope should be shifted by 1 m/z).  The 

MS/MS isolation window is four mass units, which means both the d0 and d4 cross-linked 

peptides will be fragmented.  The fragments that contain the cross-link, therefore, should 

also show an isotopic pattern, which is shown in the inset in Figure 6.9b. 
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Figure 6.9 a) MS spectrum for BS2G cross-linked peptide (+4 charge state), showing the isotopic d0/d4 distribution. 

b) MS/MS spectrum of m/z 602, with b- and y-ions labeled from the cross-linked peptides.  The inset shows the isotopic d0/d4 

distribution of the b3β peptide, which contains the BS2G cross-link
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6.5 Crystal Structure Mapping the Cross-linking Results and Mutational Studies 

 

As mentioned in the introduction, crystal structures have been solved for an 

activated RecA filament and for wild-type and mutant forms of LexA.  Although these 

crystal structures may not represent the dynamic structure of these proteins in solution or 

the interacting structures, they are useful for a first analysis of the location of the cross-

linked structures.  The cross-linked amino acids from RecA were mapped onto the 3CMU 

crystal structure from the Protein Database (www.pdb.org).  Figure 6.10 shows two of the 

RecA subunits in green and cyan, with the location of the cross-links shown in red.  RecA 

K232 and K245 are located within the cleft formed by two adjacent RecA subunits, while 

RecA K8 and K297 are located on the exterior of the protein.  RecA K8 is located on the 

N-terminal arm, while RecA 297 is located at the opposite end of the RecA monomer on 

the outer face.   
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Figure 6.10 RecA crystal structure of two monomers (green and cyan) with residues found in cross-links to LexA K156A 

highlighted in red.  
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The cross-link at RecA K245 will be considered first.  The amino acid is located 

in a cleft, and earlier mutational studies indicate a possible binding site for LexA near 

that location.  The cross-linked residue (red), shown in Figure 6.11, is very close to the 

mutated residues T242 and R243, shown in blue.  P67, which is shown in magenta, is 

slightly removed from the cross-linked residue and also buried a little deeper within the 

cleft.  Mutations to the Pro67 residue affected the ability to cleave both LexA and UmuD, 

another SOS-inducible protein that is also known to be cleaved in a RecA-mediated 

reaction.(169)  The results, however, were not consistent as to the effect on LexA and 

UmuD.  The P67W mutant showed wild-type cleavage for both, but P67E and P67D 

mutants showed wild-type cleavage for LexA and no cleavage for UmuD, while a P67R 

mutant decreased cleavage for UmuD and eliminated cleavage for LexA.  Pro67 is buried 

more deeply in the cleft, and the mutational studies suggest that perhaps the residue plays 

an indirect role in LexA binding.  A double mutant at RecA T242A-R243A showed no 

cleavage for UmuD; however, the double mutant showed a rate of cleavage for LexA that 

was similar to wild-type RecA.(152)  Scanning electron transmission microscopy also 

suggested that LexA may bind near R243.(170)   
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Figure 6.11 Crystal structure of two RecA monomers centered on the cleft region.  K245 (red) was found cross-linked to LexA 

E152.  A double mutant at T242A-R243A showed slightly deficient cleavage for LexA, and mutations at P67 affected LexA 

cleavage as well.  All are located within the cleft region, indicating a possible location for LexA binding.
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Another cross-link was identified within the cleft at K232, as shown in Figure 

6.12 (cross-linked residue in red).  Mutational studies have been performed at this residue 

and at neighboring residues.(152)  These mutations show some differences between the 

cleavage rates for LexA and λ CI, another cleavable substrate of RecA.  A double mutant 

at K232A-E235A showed deficient cleavage for CI repressor, but only slightly deficient 

cleavage for LexA.  A second double mutant at E233A-N236A, however, showed wild-

type cleavage for λ CI while maintaining slightly deficient cleavage for LexA.  While 

these mutations may inform CI repressor binding, it is difficult to say whether these 

results suggest a binding site for LexA.  The mutations at E233, E235, and N236 are all 

located near the interface between the two RecA subunits; this may affect the binding of 

λ CI more than the binding with LexA, especially if LexA binds farther into the cleft near 

K245.   
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Figure 6.12 Crystal structure of two RecA monomers centered on the cleft region.  K232 (red) was found cross-linked to LexA 

E152.  Double mutants at K232A-E235A and E233A-N236A showed slightly deficient cleavage for LexA.
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Another cross-link was identified at RecA K8 (in red), as shown in Figure 6.13.  

The mutational work at this location is somewhat less consistent in terms of LexA 

cleavage.  A double mutant at RecA E4A-K8A (in blue) showed no significant decrease 

in LexA cleavage in vivo but was deficient for λ CI cleavage.  The final cross-link, also 

shown in Figure 6.13, is located at RecA K297 (in red), where the double mutant RecA 

E296A-K297A (in blue) showed slightly deficient cleavage in vivo for LexA compared 

to wild-type RecA.(152) 
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Figure 6.13 Crystal structure of two RecA monomers viewed from the exterior of the filament.  RecA K8 (red) was found 

cross-linked to LexA E152, while RecA K297 (red) was found cross-linked to LexA K135.  RecA double mutants at E4K8 and 

E296K297 showed wild-type cleavage for LexA.  
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The cross-links to LexA were mapped onto the crystal structure 1JHH 

(www.pdb.org).  1JHH contains a mutation at S119, which is one of the two residues 

involved in catalysis of the cleavage reaction.  The crystal structure showed two different 

forms of LexA, a non-cleavable one where the cleavage site is distant from the active 

site, and a cleavable form where the cleavage site and active site are close.  These two 

forms are shown in Figure 6.14.  The active site is shown in yellow (SA119 and K156), 

which shows little change between the two structures.  The cleavage site at A84G85 is 

shown in red.  Although LexA E152 (cyan) does not change position much between the 

non-cleavable and cleavable forms, it is close to the active site, which would be expected 

if RecA facilitates cleavage by stabilizing the cleavable form.  For LexA K135 

(magenta), no mutational studies have targeted this lysine, although it is located on the 

exterior of the protein according to the crystal structure. 
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Figure 6.14 Crystal structures for LexA in the non-cleavable and cleavable form.  The active site (AS) is shown in yellow 

(SA119 and K156), and the cleavage site (CS) at A84G85 is shown in red.  LexA E152 (cyan) was found cross-linked to both 

RecA K245 and K8, while LexA K135 was found cross-linked to RecA K297.  Dashed red line indicates residues 87-93, 

which are missing in the crystal structure.



 218 

6.6 Analysis of the Cross-linking Results 

 

Although these cross-linking results do correlate with some of the mutational 

work that has been performed, it is important to recognize that the cross-links may have 

resulted from non-biologically relevant interactions.  Certain steps can be taken through 

the experimental process to minimize non-specific protein interactions, such as 

maintaining a low concentration of the two proteins and using protocols such as the two-

step coupling procedure for EDC.  The BS2G results did show a large series of higher 

molecular weight species, and because an in-solution digestion is performed, these cross-

links may have resulted from interactions between larger complexes and may not reflect 

the initial binding of LexA to RecA.     

If these results are biologically relevant, however, then several seemingly 

inconsistent results must be addressed.  Table 6.2 shows a summary of the cross-linking 

results.  The first contradictory result is the presence of cross-links to the same residue on 

LexA, but at different residues (and locations) on RecA.  LexA E152 cannot bind to both 

RecA K245, K232 and K8 at the same time because these lysines are at different 

locations on the RecA filament.  The cross-link at RecA K245 has the most mutational 

and experimental data to support a binding site with LexA.  The cleft is more clearly 

visible in Figure 6.15, and the possible orientation shown for LexA suggests that it could 

fit into the cleft and cross-link with RecA K245.  The mutant RecA T242A-R243A only 

showed slightly defective cleavage for LexA, but this could simply indicate that the 

mutated residues are indirectly involved in LexA binding. 
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Table 6.2:  Cross-linking sites on LexA and RecA 

RecA Cross-link LexA Cross-link Cross-linker 

K245 E152 EDC 

K8 E152 EDC 

K232 E152 EDC 

K297 K135 BS2G 

RecA K245

E152

AS

CS

K135

 

Figure 6.15 Crystal structure of two RecA monomers oriented to show the cleft location.  

RecA K245 (red) was found cross-linked to LexA E152 (cyan).  The orientation of the 

LexA crystal structure and the RecA cleft suggests that RecA could accommodate LexA 

binding in the cleft and form a cross-link between RecA K245 and LexA E152. 
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There is less mutational evidence to suggest an interaction that results in a cross-

link between RecA K8 and LexA E152 and between RecA K232 and LexA E152.  The 

mutational data for RecA E4A-K8A, K232A-E235A, and E233A-N236A does show 

defective cleavage for λ CI repressor in vivo, but the cleavage for both LexA and UmuD 

in vivo were comparable with wild-type RecA.(152)   

The final cross-link was found between RecA K297 and LexA K135 using BS2G, 

which is a longer cross-linker compared to EDC.  If RecA K297 were within 7Å of either 

of the EDC cross-link sites, it could provide evidence for one or the other as a binding 

interaction.  However, RecA K297 is not located close enough to either RecA K245 or 

RecA K8 to corroborate any potential binding interactions.  Furthermore, the mutation at 

K297 only showed slightly defective cleavage for LexA and wild-type cleavage for both 

λ CI and UmuD.(152) 

One speculative possible explanation for the presence of these two cross-links is 

the following.  Electron microscopy and three-dimensional reconstructions of activated 

RecA and λ CI repressor showed a density across the groove of the RecA helix close to 

two different subunits of RecA.(171)  Although the LexA monomer is not large enough 

to span the distance across the groove, previous research has shown that LexA is also 

cleaved in the dimer form under physiological conditions.(92)  An extended RecA helix 

is shown in Figure 6.16.  The residues that form cross-links are located on either side of 

the groove, and the measured distance between them is approximately 36Å.  The LexA 

crystal structure shows two monomers in the cleavable conformation (E152 is mutated to 

alanine), and the distance between K135 on one monomer and E152A on the other 
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monomer is approximately 42Å.  The distances, while not exact, suggest that LexA and 

RecA could form the observed cross-links under these binding conditions.   

These results, however, do not account for the third cross-link identified between 

LexA E152 and RecA K232.  In light of the possible interaction between the LexA dimer 

and the RecA helical filament across the groove, it may be possible to find a second 

location across the groove that would accommodate the final cross-link.  A more rigorous 

method for identifiying these sites, however, would be to computationally model the 

LexA dimer and the RecA helical filament together, using the cross-links as distance 

constraints to screen the potential final structures.  A docking experiment was performed 

by the Tama group at the University of Arizona, and the preliminary results are shown in 

Figure 6.17, 6.18, and 6.19.  The cross-links on RecA at K8, K245, and K297 were 

identified through the first cross-linking experiment, so these three cross-links were used 

as the distance constraints during the docking experiment.  While the docking experiment 

was running, the fourth cross-link between RecA K232 and LexA E152.  It is expected 

that the best structure would match the distance constraints defined by the first three 

cross-links.  It is encouraging, therefore, to find that the structure also matches the cross-

link found between RecA K232 and LexA E152.  
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Figure 6.16 Crystal structure of RecA monomers forming the helical filament.  Two of the residues involved in LexA cross-

linking are shown in red (K8 and K297); the distance between them is 36.8Å.  The crystal structure of a LexA dimer is shown 

for comparison.  An EDC cross-link was found between LexA E152 and RecA K8, while a BS2G cross-link was identified 

between LexA K135 and RecA K297.  The distance between LexA E152 on one monomer and K135 on the second monomer 

is 42.0Å.



6 

 
Figure 6.17 Full view of extended RecA helical filament docked with LexA dimer.   

Individual RecA subunits are colored green, cyan, orange, and magenta to distinguish 

them.  The LexA dimer is shown in blue (spacefilled).  Cross-links on LexA are shown in 

red, and cross-links on RecA are shown in yellow. 



 224 

E152

K135

K8

K297

 

 

Figure 6.18 Close-up view of extended RecA helical filament docked with LexA dimer.   

Individual RecA subunits are colored green, cyan, orange, and magenta to distinguish 

them.  The LexA dimer is shown in blue (spacefilled).  Cross-links on LexA (E152 and 

K135) are shown in red, and cross-links on RecA are shown in yellow (K8 and K297). 
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Figure 6.19 Close-up view of extended RecA helical filament docked with LexA dimer.   

Individual RecA subunits are colored green, cyan, orange, and magenta to distinguish 

them.  The LexA dimer is shown in blue (spacefilled).  Cross-links on LexA (E152) are 

shown in red, and cross-links on RecA are shown in yellow (K232 and K245). 
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6.7 Conclusions 

 

Although extensive mutagenesis experiments have been performed on RecA and 

on LexA, the absence of mutants with significant cleavage deficiencies for LexA 

prevented the conclusive identification of the RecA/LexA binding interaction on either 

protein.(147, 149, 172, 173)  The purpose of the present cross-linking studies was not to 

identify the binding interface, but to inform future mutagenesis studies.  The 

identification of the cross-linking sites does provide some suggestions of how LexA 

might be interacting.  LexA could bind within the cleft of RecA, and the cross-linking 

along with current mutational studies supports this hypothesis.  In light of the electron 

micrography data, the additional cross-links suggest another possible binding interaction 

across the groove of the RecA helix.  Docking studies using these current cross-linking 

results show the LexA dimer binding within the groove of the RecA helix. 

Of course, the problems related to determining whether the cross-links are 

biologically relevant are still present, and the possible connection between these two 

potential binding sites remains unclear.  A multitude of other factors would need to be 

explained such as the interplay between LexA monomers and dimers, whether one or 

both binding interactions result in LexA cleavage, and whether RecA catalyzes cleavage 

by stabilizing the cleavable conformation in both cases.  The presence of a redundant 

binding site on RecA that interacts with LexA E152 for a specific interaction has not 

been observed in the literature, but it does provide an intriguing solution to the absence of 

a RecA mutant with cleavage deficiencies for LexA.  If one binding site is disabled 
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through mutations to RecA, perhaps LexA can bind to the other site and still undergo 

cleavage.  The two-binding site hypothesis could be tested through a double mutant at 

RecA K245K8 or K245K297.  If the double mutant showed deficient LexA cleavage, this 

would provide additional biological support for the two-binding site hypothesis. 

The cross-linking results also shed some light on the solution phase H/D exchange 

data that was performed previously on the LexA K156A mutant.  The data indicated a 

substantial change in the exchange behavior in the region from residues 69-104, which 

contains the cleavage site for LexA between A84 and G85.  The crystal structures show 

that the loop containing the cleavage site shifts towards the active site when LexA 

converts from the non-cleavable form to the cleavable form. Although the H/D exchange 

was observed in residues 69-104, no cross-linked sites were identified in that region.  

These results suggest that the H/D exchange data may be reflective of the change in 

conformation which occurs when LexA converts from the non-cleavable form to the 

cleavable form.  If the binding interaction between LexA and RecA is transient or the 

solvent can still access the interaction site, the H/D exchange data may not reflect the 

interaction of the two proteins.  The cross-linked sites on LexA were located in the peptic 

peptide 131-146, which showed a slight change in exchange behavior, and in 147-154, 

which showed even less change.  Although H/D exchange has been applied to study 

protein-protein interfaces, these results show that in some cases, the difference in 

exchange may not be sufficient to identify the binding site of two proteins.(174, 175) 
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CHAPTER SEVEN: CONCLUSIONS AND FUTURE DIRECTIONS 

 

7.1 Asparagine, Glutamine and Their Methyl Esters:  The H/D Exchange Mechanism 

 

Chapter Three presents an investigation into the mechanism of H/D exchange  in 

the gas-phase using the amino acid model system of asparagine, glutamine, and their 

methyl esters.  H/D exchange of asparagine showed one fast exchange, three slow 

exchanges, and one very slow exchange.  Computational modeling showed that the fast 

exchange occurs through the flip-flop mechanism at the C-terminal carboxyl group 

through a virtually barrier-less reaction, which results in the fast rate of exchange.  The 

three slow exchanges occur through a less energetically favorable reaction where the 

proton is transferred from the amino group to the amide group, which then forms a bridge 

with water to the C-terminal carbonyl oxygen.  The three protons at the amide group are 

indistinguishable, resulting in same rate of exchange for all three, and the 

computationally determined high energy barrier would explain the significantly slower 

rate compared to the first exchange.  The same exchange mechanism is most likely 

occurring for asparagine methyl ester as well, although calculations could not confirm 

that.  The final exchange was not identified through computational modeling, but 

probably occurs through a protonated carbonyl oxygen bridged to another carbonyl 

oxygen.  Although these groups are the same basicity, a higher energy barrier for proton 

transfer from the amino group to the carbonyl oxygen may inhibit exchange and result in 

the observed very slow rate of exchange.   
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The H/D exchange of glutamine showed only one fast exchange and glutamine 

methyl ester showed no exchanges.  The previous results suggest that the fast exchange 

for glutamine occurs at the C-terminal carboxyl group, although initial modeling 

experiments were unsuccessful.  The lack of further exchange also suggests that the 

addition of a methylene linker in the side chain has a significant affect, most likely 

through added instability in the bridged intermediates.  Future experiments should focus 

on both molecular dynamic simulations to determine the stability of the bridged 

structures and computational modeling of the possible mechanisms for exchange with 

glutamine and glutamine methyl ester, as well as the identification of the final slow 

exchange for asparagine and asparagine methyl ester.   

The results of this study indicate that gas-phase basicity plays an important role in 

the rate and extent of exchange, but even a model system such as asparagine contains 

several different functional groups that could be contributing to the behavior.  A simpler 

model system could be used to eliminate potential influences within the model system 

and focus on the interaction between two functional groups.  For example, H/D exchange 

studies and molecular modeling can be performed on a series of compounds containing 

an amide and amino functional group separated by increasing methylene linkers.  These 

studies should also be performed using amide and carboxylic acid functionalities, as well 

as other carbonyl-containing functional groups.  These studies should provide more 

specific information about the possible interactions that occur during H/D exchange, as 

well as the influence of distance between the two functional groups.   
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7.2 H/D Exchange and Structural Features of HAAAA 

 

Chapter Four presents the results of a study into the gas-phase structure and H/D 

exchange behavior of a histidine model peptide, HAAAA.  A series of model histidine 

peptides was examined, and HAAAA was selected for further studies.  The HAAAA 

peptide exhibits five fast exchanges and one slow exchange upon interactions with D2O 

and CD3OD, despite the presence of nine exchangeable hydrogens.  Peptide analogues 

were synthesized and studied to probe the contributions of different functional groups 

within the peptide to the H/D exchange behavior, including modifications to the histidine 

imidazole ring, the backbone, and the C-terminal carboxylic group.  Theses studies 

indicated that the amino group and imidazole nitrogen are vital for exchange and are most 

likely responsible for three of the exchanges.  Beta-alanine residues introduce flexibility 

into the chain, and while the addition of one to three beta-alanine residues still allowed 

for the five exchanges, replacement of all four alanines with beta-alanine lead to full 

exchange of all hydrogens.  N-methyl alanine residues block exchange at the backbone 

nitrogens by replacing the amide hydrogen with a methyl group, and studies on a series of 

peptides that incorporated this residue indicated that the fourth and fifth exchanges are 

taking place at the second and fifth amide nitrogens.  When the methyl ester is formed at 

the C-terminal carboxylic group, the sixth slowly exchanging hydrogen does not appear.  

The sixth exchange, therefore, is most likely occurring at the C-terminal carboxyl 

hydrogen.   
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IRMPD spectroscopy was used to gain insight into the three-dimensional structure 

of HAAAA along with certain analogues in order to better understand why the observed 

H/D exchange behavior occurs.  The computational modeling for HAAAA indicated the 

possible presence of one major structure, protonated at the N-terminal amino group, and 

one to two minor structures protonated at the pi imidazole nitrogen or as a zwitterion.  

Additional modeling with water indicated that the first five exchanges are probably most 

energetically favorable at the indicated residues, but did not explain why the rest of the 

hydrogens do not exchange.  A crown ether complex was also investigated to probe the 

involvement of the N-terminal amino group, but the modeling results showed atypical 

behavior for the interaction between the protonated amino group and the crown ether.  

Eighteen-crown-six (18C6) ether usually forms three hydrogen bonds to a protonated 

amino group, but the structure found by IRMPD spectroscopy showed only two hydrogen 

bonds from the amino group to the crown ether and one to the fourth carbonyl oxygen.  

The conformation may be more stable due to the internal solvation from the more 

compact structure, despite the decrease in hydrogen bonds to the crown ether.  

Furthermore, when water was inserted into the structure, a stable intermediate was found 

with a water bridged between the amino group and the fourth carbonyl oxygen, indicating 

that exchange may still be possible at an amino group complexed to 18C6.   

In conclusion, the peptide analogue studies along with IRMPD spectroscopy and 

computational modeling indicate that the five fast exchanges occur at the protonated 

amino terminus and at the second and fifth amide nitrogens.  The computational 

modeling indicates that these are the most energetically favorable exchange locations, but 
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additional modeling studies are needed to understand why exchange does not occur at the 

other sites as well.   

Future directions for this project could focus on several different aspects.  First, 

additional studies into the other peptide analogues could shed more light on the factors 

that affect exchange.  IRMPD spectra have been obtained for HAANANA and HAAAA-

OMe, but the modeling results were inconclusive as to the structure of these analogues.  

Further modeling should be performed to identify these structures and examine the 

structure with water inserted to see if the same kinds of interactions are observed.   

Additional modeling could also be done to examine the exchange at the C-terminal 

carboxyl hydrogen, which may exchange through the flip-flop mechanism.  Although the 

N-methyl alanine analogues suggest that exchange occurs at the second and fifth residue, 

the modifications could affect the peptide structure.  The same H/D exchange behavior 

was also observed for HAAAAA, which has an additional alanine residue.  IRMPD 

spectroscopy and modeling with water should be performed in the same manner to 

identify whether it is the fifth alanine residue or the C-terminal residue that exchanges. 

Although the interaction with water has been modeled using computational 

methods, experimental methods also exist for examining these interactions.  Experiments 

that focus on understanding the energy of hydration could be used to gain a better 

understanding of the energetics involved in the formation of the exchange complex.  Of 

course, if an IRMPD spectrum could be obtained for HAAAA complexed to water, that 

would also provide a better picture of how the structure might change upon interaction 

with water and confirm the modeling that has been performed.  Further modifications to 
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the instrument used to perform IRMPD spectroscopy would be needed to allow for the 

formation and isolation of a peptide/water complex.   

Finally, gas-phase ion molecule reactions can be used as additional tools to probe 

gas-phase structure.  The results for the 18-crown-6 ether complex suggest that initial 

studies using small molecules, amino acids, and small peptides may not take into account 

the possible contributions of solvation for larger peptides.  Additional studies are needed 

to better understand how 18-crown-6 ether interacts with larger peptides in order to 

improve its utility for probing N-terminal amino group involvement in gas-phase H/D 

exchange. 

 

7.3 An Investigation Into b2
+ Ion Structure 

 

Chapter Five presents a study of the structure and characteristics of the b2
+ ion 

from HAAAA and protonated cyclo-His-Ala (cHA), a commercial diketopiperazine.  

IRMPD spectroscopy combined with computational modeling of the theoretical 

vibrational spectra showed that both the HA b2
+ ion and cHA matched a diketopiperazine 

structure protonated at the pi imidazole nitrogen, but the HA b2
+ spectrum also contained 

a small band at 1875 cm-1 indicative of an oxazolone species.  H/D exchange experiments 

on the b2
+ further indicated the presence of at least two different ion populations, with 

one population exchanging a single hydrogen and the second population exchanging 

three hydrogens.  Computational modeling suggested that an oxazolone structure could 

exchange three hydrogens, and additional H/D exchange studies with other b2
+ ions and 
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cyclic diketopiperazines also showed that diketopiperazines typically exchange one 

hydrogen while oxazolones exchange three hydrogens. 

Additional studies were performed to gain more insight into the fragmentation 

behavior of oxazolones compared with diketopiperazines.  A comparison of the 

fragmentation products did not suggest significant differences between the two structures, 

but energy resolved fragmentation curves (ERMS) of the HA b2
+ ion and protonated cHA 

showed significant differences.  The presence of specific ions or neutral losses may not 

be a useful diagnostic for differentiating between oxazolones and diketopiperazines, but 

the behavior of these fragment ions (through ERMS) can be used to identify differences 

in the ion populations.   

Fragmentation studies were performed to determine if the oxazolone population 

results from an interconversion of the diketopiperazine structure, but the results suggested 

that the oxazolone population resulted from the protonated HAAAA population.  An 

IRMPD study of the precursor HAAAA structure showed the possibility of two different 

structures protonated at the N-terminal amino group and the pi imidazole nitrogen.  These 

differently protonated precursor ions could fragment differently to produce the 

diketopiperazine and oxazolone structures.   

These results open up a multitude of future studies relating to the HA b2
+ ion, the 

use of H/D exchange as a diagnostic, and the investigation of other b2
+ ion structures.  

Although IRMPD spectroscopy of the precursor peptide suggests a reason for the 

presence of two different b2
+ ion structures, additional studies should be performed using 

the HAAAA analogues to further identify the factors that produce a mixture of structures.  
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For example, the pi-methyl histidine analogue contains a methyl group at the pi nitrogen, 

preventing protonation at that site.  2-Pyridylalanine-AAAA changes the ring size, bond 

angles, and the basicity of the ‘pi’ nitrogen in the ring, which could also affect the b2
+ 

population.  The beta-alanine analogues introduce additional flexibility into the 

backbone, while the N-methyl alanine analogue HANAAA introduces additional bulk at 

the amide nitrogen and removes a hydrogen bond donor.  All these peptides should be 

fragmented and studied using H/D exchange to screen them for the presence or absence 

of two b2
+ populations.   

Isotopic labeling using N15 could be used to try and track the fragmentation 

mechanism of the HA b2
+ ion and further understand the fragmentation of the b2

+ ion 

population, similar to the work done by Paisz, et. al.(122)  Another method for 

interrogating the b2
+ population would be to find a gas-phase reagent that would react 

with primary amino groups.  The oxazolone population should react selectively with this 

reagent, resulting in a shift in the ion population that matches the mass of the reagent.  

The diketopiperazine and oxazolone structures could thus be isolated and interrogated by 

additional means separately, such as fragmentation or H/D exchange.   

The characterization of H/D exchange as a technique for interrogating b2
+ 

structures should also be further investigated.  A larger body of known diketopiperazine 

and oxazolone structures should be analyzed to determine whether the signature 

exchanges for diketopiperazine (1 exchange) and oxazolone (3 exchanges) hold true.  A 

larger survey of b2
+ ions may also result in additional peptides that produce a mixture of 

structures.  Further analysis of those peptides may provide more information about the 
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factors that result in two structures.  Finally, H/D exchange is a much more accessible 

technique compared to tunable wavelength IRMPD spectroscopy.  H/D exchange can be 

used to screen b2
+ ion libraries to provide a preliminary identification of the b2

+ ion 

structure(s).  These results can be used to characterize the peptide sequences that result in 

oxazolone or diketopiperazine structure.   

 

7.4 A Cross-linking Study of the Interaction Between LexA and RecA 

 

Chapter Six presents the results of a series of cross-linking experiments targeting 

two proteins involved in the SOS response, LexA and RecA.  The interaction between 

these two proteins represents an elegant example of gene expression regulation through 

protein-protein interactions as well as a possible target for improving the activity of 

antibiotics against bacteria.  Although extensive mutagenesis experiments have been 

performed, the interaction between LexA and RecA that initiates autocleavage is unclear.  

Solution-phase hydrogen/deuterium exchange experiments identified a region of LexA 

K156A that exhibits differential exchange upon binding to RecA, but this may reflect a 

conformation change in LexA that occurs upon conversion from the non-cleavable to 

cleavable form and does not necessarily indicate a binding interface. 

The goal of the cross-linking experiments was to identify residues that may be 

present in the binding interface that can be targeted for future mutagenesis experiments 

and to provide some insight into the H/D exchange results.  Four different cross-links 

were identified between LexA and RecA using two cross-linkers.  Three cross-links were 
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identified using EDC, a zero-length cross-linker, between RecA K8/LexA E152, RecA 

K245/LexA E152, and RecA K232/LexA E152.  A fourth cross-link was identified using 

BS2G, a seven angstrom cross-linker, between RecA K297/LexA K135.  If these cross-

links represent biologically relevant interactions, they suggest the possibility of redundant 

binding sites for LexA on RecA.  Furthermore, preliminary docking studies using these 

cross-links as distance constraints has produced a possible structure showing the LexA 

dimer binding within the RecA helical groove.  The position of these cross-links and the 

docking studies will be used to identify potential mutants of LexA and RecA.  The most 

pertinent mutant would be a RecA double mutant at K245K297, which would provide 

insight into the redundant binding hypothesis.  Other future mutagenesis experiments 

should also target LexA K135, perhaps in tandem with the RecA double mutant E4K8.  

Further docking studies using the RecA and LexA crystal structures are also ongoing.  

The cross-linking results will be used to guide the results of the docking experiments, 

which in turn will be used to identify other possible mutagenesis sites.    

Future cross-linking experiments could include cross-linking the full-length wild-

type LexA with activated RecA.  The rate of cross-linking should be sufficient to capture 

some of the LexA/RecA complexes, and even if cleavage should occur, the fragments 

would remain cross-linked.  Cross-linking could also be performed using some of the 

existing RecA mutants; the level of cross-linking (if any occurs) and the possibility of 

additional cross-links could be informative.  Other cross-linkers with different reactive 

groups may provide addition coverage of the interaction site and can now be chosen 

based on the identity of the neighboring residues of the current cross-linkers. 
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These experiments could also be extended to UmuD and λ CI repressor, two 

proteins that are similar to LexA in their interactions with RecA and their ability to 

autocleave.  Although the mutagenesis studies are not as ambiguous for these proteins 

compared with LexA, if LexA is found to have redundant binding sites on RecA, these 

similar proteins may also bind at or near the same locations.  Cross-linking studies could 

be performed on these proteins to determine whether they form cross-links at the same 

residues on RecA that were identified for LexA.   

Finally, native mass spectrometry offers an additional technique that can be used 

to probe protein-protein interactions.  Initial experiments have been performed on the 

RecA protein, and peaks were identified that correspond to the monomer all the way up 

to a 13-mer.  Attempts to obtain the LexA/RecA complex were complicated by the 

presence of Mg+2 (for ATP activation) and the oligonucletide, both of which are likely 

lost during the buffer exchange.  One experiment, however, showed a large population of 

higher molecular weight species which may represent LexA/RecA complexes.  

Optimization of the experimental conditions could provide enough signal to allow for 

isolation and fragmentation of the higher molecular weight species.  These studies could 

provide some insight into the stoichiometry of the LexA/RecA interaction.   

 

7.5 The Future of Mass Spectrometric Techniques for Probing Gas-Phase Structure and 

Protein-Protein Interactions 
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The work presented in this dissertation has been used to examine specific projects 

relating to gas-phase structure and protein-protein interactions.  These studies have 

demonstrated the utility of using gas-phase H/D exchange, IRMPD spectroscopy, and 

theoretical modeling to gain a more complete picture of the structure of amino acids, 

peptides, and fragment structures.  The gas-phase is a fundamental component of mass 

spectrometric techniques, and as more studies are needed to probe how the gas-phase 

structure affects other investigations, these techniques will need to be further refined and 

understood.  Studies should be continued to probe the mechanism of H/D exchange, even 

as it is applied to study other fragment ion structures in more qualitative applications.  

Features of IRMPD spectroscopy and its application to gas-phase structural 

characterization must also be more well understand.  For example, why is there no 

IRMPD evidence of the oxazolone structure for the b2
+ ion from HAAAA?  In the future, 

additional gas-phase techniques should be coupled to IRMPD spectroscopy (such as H/D 

exchange), which may help to obtain a more complete picture. 

Even with the vast and myriad number of proteins that exist to be studied and 

characterized, the interaction of these proteins and the existence of biologically relevant 

and active higher order structures results in even more complicated systems to be studied.  

Chemical cross-linking is poised to become a valuable tool in the arsenal of techniques to 

probe protein-protein interactions.  The ability to covalently capture a potential 

interaction between two proteins can be applied to fast binding interactions that may not 

be identifiable by more traditional methods such as solution H/D exchange.  With the 

development of more stream-lined approaches and better ways to analyze the data, cross-
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linking could provide a fast and efficient method for targeting further protein studies, and 

perhaps will reach a point where it can be used to identify binding interactions directly.   
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APPENDIX A: CARTESIAN COORDINATES FOR MOLECULAR MODELING 

 

Structures from Chapter 3: 

Asparagine: 

1 1 

 N                 -0.33656400    1.63650500   -0.18119800 

 H                 -0.72284500    2.20578100   -0.93646200 

 H                 -0.83004200    1.90163500    0.67946800 

 H                  0.72278300    1.77280200   -0.10969600 

 C                 -0.51749700    0.16405300   -0.43820700 

 H                 -0.40361800    0.00086500   -1.51126900 

 C                 -1.93816600   -0.20571700   -0.00209800 

 O                 -2.62159100    0.54107200    0.64729000 

 C                  0.54477200   -0.64629800    0.33433000 

 H                  0.36166700   -0.57380600    1.41292700 

 H                  0.43426900   -1.69610800    0.05981100 

 C                  1.96554400   -0.13500500    0.07755300 

 O                  2.16882200    1.07352800   -0.09703100 

 N                  2.95203000   -1.03526300    0.09056600 

 H                  2.79048000   -2.02101100    0.22763200 

 H                  3.90591100   -0.71398900   -0.01410100 

 O                 -2.26396400   -1.42675800   -0.41206300 

 H                 -3.16092400   -1.64979700   -0.10892700 

 

Asparagine + H2O: 

1 1 

 N                  1.29252100    0.33659900    0.59918200 

 H                  2.22231200    0.02179600    0.25633600 

 H                  0.84326400   -0.40850600    1.19251700 

 C                  0.31789600    0.59312100   -0.51411900 

 H                  0.86522000    1.03374700   -1.35168200 

 C                 -0.63909900    1.68038900   -0.00336900 

 O                 -0.37921800    2.36678800    0.94930100 

 C                 -0.35253200   -0.70833000   -0.98819500 

 H                 -1.07828100   -0.45724100   -1.76186800 

 H                  0.40336100   -1.35010200   -1.45307400 

 C                 -0.98722200   -1.49972200    0.15655300 

 O                 -0.47423800   -1.48734200    1.27989300 

 N                 -2.07968200   -2.22016100   -0.13075300 

 H                 -2.51234600   -2.21520100   -1.04093800 

 H                 -2.48628500   -2.79638000    0.59405900 

 O                 -1.72665400    1.78074100   -0.76556900 

 H                 -2.27864600    2.51360600   -0.44389000 

 O                  3.76396700   -0.57175000   -0.39025800 
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 H                  4.18006000   -1.39819300   -0.11682900 

 H                  4.46155000   -0.05092200   -0.80573700 

 H                  1.38480000    1.19209300    1.15995600 

 

Asparagine Methyl Ester: 

1 1 

 N                  0.37581600    1.79151900   -0.20455800 

 H                  0.11592600    2.40925000   -0.97526100 

 H                 -0.08901400    2.14898400    0.63964500 

 H                  1.43761300    1.74027900   -0.10960700 

 C                 -0.06898400    0.37262000   -0.44863700 

 H                  0.00912300    0.18079800   -1.51963400 

 C                 -1.53319000    0.27545500    0.00201400 

 O                 -2.04145200    1.14020300    0.67408300 

 C                  0.83000000   -0.60746500    0.33285800 

 H                  0.66076100   -0.49258400    1.41006300 

 H                  0.53074700   -1.62207200    0.06727400 

 C                  2.32036700   -0.36571200    0.07980000 

 O                  2.74441300    0.78491300   -0.08582500 

 N                  3.12449400   -1.43342800    0.08560700 

 H                  2.78376500   -2.37295200    0.21776000 

 H                  4.12129600   -1.29260300   -0.01581900 

 O                 -2.08824100   -0.84292800   -0.41570900 

 C                 -3.48041000   -1.07966200   -0.03326600 

 H                 -4.10611100   -0.28484600   -0.43567100 

 H                 -3.73103500   -2.03886300   -0.47527900 

 H                 -3.55970700   -1.11094800    1.05218900 

 

Asparagine Methyl Ester + H2O: 

1 1 

 N                 -1.31853400   -0.81870100    0.59134500 

 H                 -2.26297200   -1.03886400    0.21954900 

 H                 -1.33967800    0.06160400    1.16600000 

 C                 -0.30568500   -0.56579500   -0.48917600 

 H                 -0.52960100   -1.23428000   -1.32442000 

 C                  1.04817000   -1.02235100    0.08466000 

 O                  1.11036300   -1.75076800    1.04514900 

 C                 -0.36156900    0.88748600   -0.98826500 

 H                  0.42567000    1.02230000   -1.73009800 

 H                 -1.31642400    1.05541100   -1.49816000 

 C                 -0.26094400    1.91154800    0.14263600 

 O                 -0.75013400    1.66855700    1.24986700 

 N                  0.33851800    3.07707100   -0.14064300 

 H                  0.75167700    3.27281900   -1.03858500 

 H                  0.36519200    3.79509800    0.57079600 

 O                  2.06356500   -0.56465900   -0.62411000 

 O                 -3.87717500   -1.36025700   -0.46634600 

 H                 -4.66419600   -0.84418600   -0.25452100 
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 H                 -4.19851400   -2.18794100   -0.84307100 

 H                 -0.97131900   -1.58640100    1.18046300 

 C                  3.39696900   -1.00532100   -0.22080100 

 H                  3.45592400   -2.09065400   -0.28433300 

 H                  4.07342700   -0.53367700   -0.92699100 

 H                  3.59631000   -0.67620600    0.79765000 

 

Mechanism 4 Intermediate 1: 

1 1 

 N                 -0.89970900    2.01286900   -0.14365600 

 H                 -1.52381900    1.45222500   -0.80210200 

 C                 -0.33176400    0.99202700    0.80992600 

 H                 -0.08984000    1.49357800    1.74988700 

 C                  1.01001300    0.55606700    0.18537800 

 O                  1.52136800    1.22024700   -0.68945600 

 C                 -1.33204500   -0.14409700    1.08352200 

 H                 -0.82486800   -0.90000700    1.68319600 

 H                 -2.16487100    0.23756000    1.68422400 

 C                 -1.92777200   -0.73458800   -0.19413400 

 O                 -2.13790500   -0.00892900   -1.17500400 

 N                 -2.24348900   -2.03391300   -0.18225200 

 H                 -2.69316800   -2.43348500   -0.99539800 

 H                 -2.05414100   -2.63225300    0.60644600 

 O                  1.48769200   -0.53107100    0.73574500 

 H                  2.38620800   -0.76201600    0.34328200 

 H                 -0.10864700    2.40570500   -0.67736600 

 H                 -1.42646400    2.75379100    0.31790900 

 O                  3.79405100   -1.09582200   -0.35567000 

 H                  4.16121400   -0.49569600   -1.01475400 

 H                  4.50854200   -1.66395100   -0.04703400 

 

Mechanism 4 Transition State: 

1 1 

 N                 -0.47129100    2.02426700   -0.18613100 

 H                 -1.12573700    1.55119400   -0.88235100 

 C                 -0.16506200    0.95314400    0.83323000 

 H                  0.10934600    1.44272100    1.77050000 

 C                  1.09453500    0.20952600    0.34350400 

 O                  1.81701500    0.82980800   -0.49434700 

 C                 -1.37412000    0.03549200    1.06916300 

 H                 -1.04580500   -0.77626100    1.71864000 

 H                 -2.16077800    0.58195200    1.60058900 

 C                 -1.97942100   -0.49124500   -0.23139800 

 O                 -1.97606300    0.21203200   -1.25116800 

 N                 -2.53895300   -1.70531300   -0.20164000 

 H                 -2.99281300   -2.05351600   -1.03563800 

 H                 -2.51266700   -2.29492000    0.61538400 

 O                  1.32741100   -0.91961800    0.82724000 
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 H                  2.61920700   -1.32095100    0.15830500 

 H                  0.41353300    2.27054700   -0.65211700 

 H                 -0.90921900    2.85333800    0.21498900 

 O                  3.33839700   -1.06910300   -0.57020700 

 H                  2.92290400   -0.10308100   -0.74555700 

 H                  4.24405700   -1.05015700   -0.22748100 

 

Mechanism 4 Intermediate 2: 

1 1 

 N                 -0.44611000    1.97586200   -0.30645100 

 H                 -1.01322600    1.44602800   -1.04428300 

 C                 -0.28413600    0.97328500    0.81615400 

 H                 -0.06404000    1.52579900    1.73270700 

 C                  0.94251900    0.08200200    0.53465700 

 O                  1.83611000    0.70991700   -0.21707000 

 C                 -1.56645200    0.14933700    0.99614700 

 H                 -1.36705800   -0.60813400    1.75426200 

 H                 -2.37432200    0.78563100    1.37314700 

 C                 -2.03820800   -0.47743500   -0.31580300 

 O                 -1.86802700    0.12280600   -1.38768700 

 N                 -2.66443400   -1.65473100   -0.24719100 

 H                 -3.02099800   -2.06808500   -1.09866100 

 H                 -2.75586000   -2.17053800    0.61408300 

 O                  1.03811100   -1.02171600    1.00029900 

 H                  3.92409300   -1.69311700   -0.11558700 

 H                  0.47462700    2.23379500   -0.67522100 

 H                 -0.94832100    2.81539500   -0.01504000 

 O                  3.89043100   -0.85353300   -0.58819100 

 H                  2.65019800    0.13518100   -0.36729600 

 H                  4.77337400   -0.67279700   -0.92835900 

 

Mechanism 5 Intermediate: 

1 1 

 N                  0.69345400    0.36686500    1.74940600 

 H                  1.36857900    1.82478400   -0.25467600 

 C                  0.56397800   -0.82603500    0.92794000 

 H                  0.93230700   -1.74348100    1.41043100 

 C                  1.43416700   -0.67851800   -0.32263000 

 O                  2.00193700    0.34239900   -0.66587800 

 C                 -0.91125000   -1.12260000    0.58858600 

 H                 -0.96056900   -2.04526500    0.00398000 

 H                 -1.43002500   -1.33571000    1.52980500 

 C                 -1.72862800   -0.05821500   -0.13991500 

 O                 -1.34172100    1.08847200   -0.43423000 

 N                 -2.96722300   -0.43033400   -0.47425600 

 H                 -3.57095000    0.23516100   -0.93829900 

 H                 -3.33100200   -1.34955000   -0.27447600 

 O                  1.53351400   -1.81912700   -0.99464100 
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 H                  2.11128900   -1.69678500   -1.76668000 

 H                  1.62736800    0.45376000    2.13882000 

 H                  0.04598800    0.34966800    2.53034100 

 O                  0.62784500    2.50142500   -0.20865300 

 H                  0.66089000    3.08437500   -0.98259100 

 H                 -0.25969900    1.87417300   -0.21938800 

 

Mechanism 6 Proton Transfer: 

1 1 

 N                  0.61682900    1.79293500   -0.40224100 

 H                  1.46591200    1.91392700   -0.95056900 

 H                  0.45436300    2.68513300    0.06100100 

 C                  0.77861800    0.72180100    0.61493300 

 H                  1.44466600    1.01877000    1.42794100 

 C                  1.36491700   -0.51081100   -0.08360900 

 O                  0.71444600   -1.19385400   -0.84305800 

 C                 -0.59635700    0.36669900    1.21711100 

 H                 -0.49402100   -0.33492700    2.04702600 

 H                 -1.04691100    1.27674100    1.63561400 

 C                 -1.62191100   -0.22904700    0.28133200 

 O                 -2.47165800   -1.00771100    0.52804500 

 N                 -1.58041600    0.33401700   -1.16940400 

 H                 -0.84714200    1.09733300   -1.21549600 

 H                 -2.51328200    0.64814100   -1.44893600 

 O                  2.63779100   -0.71650500    0.22547800 

 H                  2.96874900   -1.50351000   -0.24175300 

 H                 -1.28346900   -0.43756200   -1.77563000 

 

Mechanism 6 Proton Transfer + H2O 

1 1 

 N                 -0.37407400   -1.84129300    0.00974000 

 H                 -1.02716500   -2.17958300   -0.69633800 

 H                 -0.14129700   -2.61598500    0.62344600 

 C                 -0.98814500   -0.72901700    0.75541700 

 H                 -1.43516700   -1.06014200    1.69735100 

 C                 -2.11659400   -0.13039800   -0.09235700 

 O                 -2.37557600   -0.50599300   -1.20599400 

 C                  0.06893300    0.35837200    1.13295200 

 H                 -0.40177800    1.16873000    1.68731700 

 H                  0.82629700   -0.10910900    1.77227500 

 C                  0.75557300    0.95387300   -0.06714100 

 O                  0.76025100    2.07689500   -0.44514400 

 N                  1.49762500   -0.09330300   -0.88539400 

 H                  0.93675900   -1.00204700   -0.77729900 

 H                  2.46712200   -0.22727800   -0.50484600 

 O                 -2.74807200    0.84674900    0.56243600 

 H                 -3.45749600    1.20468400    0.00321700 

 H                  1.56612300    0.22115200   -1.85619900 
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 O                  4.02513700   -0.38406600    0.23107700 

 H                  4.63771600    0.34660400    0.38030500 

 H                  4.55150000   -1.19051800    0.28812400 

 

Mechanism 6 Intermediate 1: 

1 1 

 N                 -1.87966900   -1.63978100   -0.06944600 

 H                 -2.88736400   -1.54140900   -0.07636900 

 H                 -1.53502500   -1.70908900   -1.02040500 

 C                 -1.21938400   -0.59509700    0.68294900 

 H                 -1.74502500   -0.50187600    1.64199400 

 C                 -1.31902600    0.81850500    0.07899000 

 O                 -0.42628100    1.66880300    0.02756300 

 C                  0.23219800   -0.97939800    1.01512000 

 H                  0.64742700   -0.32883300    1.79037500 

 H                  0.20627200   -1.99190500    1.43131800 

 C                  1.13744100   -0.99648900   -0.20182700 

 O                  0.75134200   -1.09704200   -1.33727700 

 N                  2.51749400   -0.73843400    0.06491300 

 H                  3.10775400   -1.03470700   -0.71101200 

 H                  2.86404400   -1.09830500    0.95117200 

 O                 -2.52609800    1.09058000   -0.36368900 

 H                 -2.56057200    1.99548900   -0.71852800 

 H                  2.42463200    0.90349900    0.08034900 

 O                  2.02859700    1.85700600   -0.00520300 

 H                  2.43406400    2.51382000    0.57902100 

 H                  0.97116500    1.80090600    0.06127700 

 

Mechanism 6 Transition State: 

1 1 

 N                 -1.77924700   -1.71678200   -0.03607600 

 H                 -2.79063500   -1.67346000   -0.02708800 

 H                 -1.44311600   -1.78100200   -0.99044600 

 C                 -1.15827400   -0.63456100    0.69420000 

 H                 -1.67787900   -0.54808900    1.65776400 

 C                 -1.34479500    0.76080600    0.07179300 

 O                 -0.51572600    1.68327800    0.00234000 

 C                  0.31117200   -0.95022700    1.01199700 

 H                  0.71071800   -0.27392800    1.77389700 

 H                  0.33211800   -1.95591700    1.44337600 

 C                  1.19678300   -0.94057800   -0.22333300 

 O                  0.76644500   -0.97699000   -1.35135300 

 N                  2.56913800   -0.73345300    0.02190400 

 H                  3.15143700   -0.98326100   -0.77412800 

 H                  2.93296700   -1.09984200    0.89663100 

 O                 -2.56159600    0.96028100   -0.36509500 

 H                 -2.65268800    1.85701000   -0.73238100 

 H                  2.38430400    1.06390900    0.09891500 
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 O                  1.87379500    1.92608100    0.05377600 

 H                  2.24736200    2.61946200    0.61449700 

 H                  0.74351800    1.77291900    0.09288200 

 

Mechanism 6 Intermediate 2: 

1 1 

 N                  0.82627900   -1.97478400    1.19234300 

 H                  0.31245200   -2.83319800    1.35178400 

 H                  1.47383200   -2.12443300    0.42579700 

 C                 -0.02673000   -0.83140300    0.99787800 

 H                 -0.75843600   -0.80969000    1.81464900 

 C                 -0.87843100   -0.87253200   -0.28565300 

 O                 -1.83398900   -0.06002100   -0.56524000 

 C                  0.79034800    0.47263800    1.03784600 

 H                  0.15821300    1.33863200    1.25647900 

 H                  1.53397400    0.39109100    1.83123200 

 C                  1.39932600    0.68129500   -0.33980200 

 O                  0.81508000    0.17804900   -1.30585800 

 N                  2.50834400    1.42041000   -0.45560400 

 H                  2.90374600    1.57972800   -1.37217800 

 H                  2.99384500    1.78724800    0.34810100 

 O                 -0.87038800   -1.98748500   -0.94216200 

 H                 -1.49051500   -1.95899400   -1.69198000 

 H                 -2.04259600    3.03291800   -0.12974800 

 O                 -2.05068400    2.30115200    0.50078400 

 H                 -2.75300400    2.49715400    1.13415000 

 H                 -1.86110100    0.82660400   -0.08726900 

 

Glutamine: 

1 1 

 N                  0.66957000    1.77870700    0.31689100 

 H                  0.77455800    2.50054700    1.01989000 

 H                  1.19856000    2.02858000   -0.51987700 

 H                 -0.37198900    1.67292300    0.06045000 

 C                  1.14224400    0.42207700    0.80465300 

 H                  1.87557300    0.58180400    1.58390500 

 C                  1.85468700   -0.20856000   -0.37324200 

 O                  2.12570100    0.39175400   -1.37825200 

 C                  0.00498100   -0.45344000    1.37228000 

 H                  0.49848200   -1.27614200    1.87012400 

 H                 -0.52583500    0.11112200    2.12851700 

 C                 -0.99259900   -1.05720700    0.36173100 

 H                 -0.46291400   -1.51165100   -0.46881600 

 H                 -1.52931000   -1.85498500    0.85962000 

 C                 -1.99359400   -0.05619300   -0.18168800 

 O                 -1.74265600    1.15995900   -0.20992400 

 N                 -3.13554000   -0.53958400   -0.64163400 

 H                 -3.36992800   -1.50881200   -0.61413900 
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 H                 -3.80548100    0.09315100   -1.03280000 

 O                  2.14430600   -1.48483800   -0.12448800 

 H                  2.66695200   -1.92546200   -0.81475800 

 

Glutamine + H2O 

1 1 

 N                 -0.95441900   -0.95561100    1.00067700 

 H                 -0.98704200   -1.28369200    1.95885500 

 H                 -1.85264800   -1.24295900    0.51861500 

 H                 -0.12213100   -1.39557200    0.53295900 

 C                 -0.71613100    0.53112200    0.97011200 

 H                 -1.37591300    0.98908500    1.69511100 

 C                 -1.12145300    1.05211300   -0.38818200 

 O                 -1.66441900    0.42348300   -1.25648900 

 C                  0.74335600    0.90269400    1.33603600 

 H                  0.71931300    1.93713000    1.64762300 

 H                  1.04109900    0.31328400    2.19469000 

 C                  1.80690500    0.79348100    0.22442600 

 H                  1.49736700    1.37150400   -0.63881800 

 H                  2.71660900    1.25147800    0.59368700 

 C                  2.12226200   -0.62073700   -0.22357300 

 O                  1.34058500   -1.56099700   -0.04008200 

 N                  3.28152500   -0.78736600   -0.85152500 

 H                  3.93480900   -0.04845800   -0.99695700 

 H                  3.51906000   -1.69747000   -1.19197000 

 O                 -0.80241100    2.34976700   -0.48188400 

 H                 -1.09406200    2.77487400   -1.30458100 

 O                 -3.16885900   -1.61274400   -0.24895000 

 H                 -3.77636300   -2.36158900   -0.24710800 

 H                 -3.15864300   -1.15489200   -1.09984000 

 

Glutamine Methyl Ester: 

1 1 

 N                  0.00000000    0.00000000    0.00000000 

 H                  0.00000000    0.00000000    1.01305630 

 H                  0.95993889    0.00000000   -0.34780016 

 H                 -0.50886096    0.87882935   -0.36127122 

 C                 -0.72768191   -1.19866572   -0.57918647 

 H                 -0.69656330   -1.99605341    0.15137654 

 C                  0.09531664   -1.63726054   -1.77209161 

 O                  1.18945250   -1.20323870   -2.01367458 

 C                 -2.20309438   -0.90833694   -0.92698644 

 H                 -2.64794845   -1.87497627   -1.11657481 

 H                 -2.69190260   -0.49240549   -0.05494410 

 C                 -2.47650834   -0.02442444   -2.16183592 

 H                 -1.88518182   -0.36021794   -3.00709891 

 H                 -3.51486616   -0.15333192   -2.44039972 

 C                 -2.20965591    1.45005651   -1.92941402 
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 O                 -1.41390566    1.83412209   -1.05644895 

 N                 -2.84715473    2.30527662   -2.71136776 

 H                 -3.50468267    2.02494491   -3.40718942 

 H                 -2.67081543    3.28455996   -2.60139524 

 O                 -0.55020639   -2.56377706   -2.47885211 

 C                  0.19658478   -3.11563966   -3.56634952 

 H                  1.08619628   -3.57641819   -3.19061753 

 H                 -0.39787207   -3.84754646   -4.07214937 

 H                  0.46021771   -2.33588627   -4.25000318 

 

Glutamine Methyl Ester + H2O 

1 1 

 N                  0.00000000    0.00000000    0.00000000 

 H                  0.00000000    0.00000000    1.01305630 

 H                  0.95993889    0.00000000   -0.34780016 

 H                 -0.50886096    0.87882935   -0.36127122 

 C                 -0.72768191   -1.19866572   -0.57918647 

 H                 -0.69656330   -1.99605341    0.15137654 

 C                  0.09531664   -1.63726054   -1.77209161 

 O                  1.18945250   -1.20323870   -2.01367458 

 C                 -2.20309438   -0.90833694   -0.92698644 

 H                 -2.64794845   -1.87497627   -1.11657481 

 H                 -2.69190260   -0.49240549   -0.05494410 

 C                 -2.47650834   -0.02442444   -2.16183592 

 H                 -1.88518182   -0.36021794   -3.00709891 

 H                 -3.51486616   -0.15333192   -2.44039972 

 C                 -2.20965591    1.45005651   -1.92941402 

 O                 -1.41390566    1.83412209   -1.05644895 

 N                 -2.84715473    2.30527662   -2.71136776 

 H                 -3.50468267    2.02494491   -3.40718942 

 H                 -2.67081543    3.28455996   -2.60139524 

 O                 -0.55020639   -2.56377706   -2.47885211 

 C                  0.19658478   -3.11563966   -3.56634952 

 H                  1.08619628   -3.57641819   -3.19061753 

 H                 -0.39787207   -3.84754646   -4.07214937 

 H                  0.46021771   -2.33588627   -4.25000318 

 O                  1.48758670    0.76569203    1.09122176 

 H                  2.30221982    0.49223084    1.51923094 

 H                  1.30850721    1.68525529    1.30082599 

 

Structure from Chapter 4:   

Nterm_12: 

H                  1.35080300    0.82346800    1.36224000 

 C                  2.00106100   -0.77398200    0.15138400 

 C                  0.65221800   -1.51183700    0.08543000 

 O                 -0.03299000   -1.64086100    1.10429100 
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 C                  3.20730000   -1.74142700    0.12023900 

 C                  4.52068700   -1.01973500    0.23585200 

 N                  4.68739400   -0.02261400    1.18263700 

 C                  5.68493300   -1.18042900   -0.47161700 

 C                  5.92534300    0.41194300    1.04814900 

 N                  6.56684100   -0.26556000    0.06316700 

 H                  2.07651400   -0.04520600   -0.66040300 

 H                  3.09331400   -2.47139100    0.93407700 

 H                  3.17255000   -2.30985600   -0.81272200 

 H                  5.95943400   -1.84124400   -1.27860400 

 H                  6.38963100    1.19765200    1.62567300 

 H                  7.52183300   -0.11962100   -0.23130600 

 H                  0.77181700   -1.60903000   -1.92383300 

 N                  0.32528800   -2.03189000   -1.11953000 

 C                 -0.96300800   -2.70386400   -1.36007200 

 C                 -2.10512600   -1.68711700   -1.13336000 

 O                 -2.06708900   -0.57923700   -1.68249300 

 C                 -1.06839100   -4.03890800   -0.61818500 

 H                 -0.98530600   -2.90197600   -2.43657800 

 H                 -1.98005300   -4.56858000   -0.91148200 

 H                 -0.22302900   -4.67497400   -0.88993700 

 H                 -1.05633300   -3.90101800    0.46490700 

 H                 -3.16689400   -2.93213200    0.10604000 

 N                 -3.13696900   -2.02401200   -0.33418700 

 C                 -4.23454900   -1.07621700   -0.10519300 

 C                 -3.70975200    0.27352100    0.42201200 

 O                 -4.24331400    1.32539000    0.07591300 

 C                 -5.27479000   -1.68043900    0.84082700 

 H                 -4.69642300   -0.83191800   -1.06570000 

 H                 -6.08255100   -0.96266400    0.99776200 

 H                 -5.70856500   -2.58844600    0.41123300 

 H                 -4.83735600   -1.92068200    1.81510000 

 H                 -2.15125900   -0.63298600    1.41604400 

 N                 -2.68158600    0.22475600    1.31245400 

 C                 -2.06412800    1.45417000    1.81395100 

 C                 -1.02620400    1.97424200    0.79227200 

 O                  0.19727900    1.96036700    1.01409800 

 C                 -1.45134100    1.22771200    3.19106600 

 H                 -2.86723600    2.19480600    1.87379900 

 H                 -0.96111400    2.13575300    3.54785500 

 H                 -2.23183600    0.94661400    3.90149200 

 H                 -0.70622100    0.42749100    3.16162300 

 H                 -2.54025100    2.40192700   -0.48457200 

 N                 -1.52835200    2.42636700   -0.37080800 

 C                 -0.68637400    2.99072100   -1.43798200 

 C                  0.50558300    2.06321200   -1.76026500 

 O                  1.64944800    2.44148500   -1.82790500 

 C                 -0.21416400    4.40986600   -1.12223200 

 H                 -0.73580900    0.51019600   -1.92645000 

 O                  0.21199700    0.76955100   -2.01516200 

 H                 -1.31937600    3.00244000   -2.33359900 

 H                  0.37256600    4.80256300   -1.95476400 

 H                 -1.07574500    5.06123700   -0.95646100 

 H                  0.41698300    4.40952300   -0.23212500 
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 H                  3.00022500    0.28260200    1.63166200 

 N                  2.00229800    0.00111900    1.43344200 

 H                  1.63683900   -0.60384600    2.17521800 

 

Hisprot_27: 

H                 -4.99427500    1.69465800    0.20911400 

 N                 -4.38750600    1.20497400    0.86485600 

 C                 -3.35880100    0.42670000    0.18262500 

 C                 -2.27509900    1.38942000   -0.33548900 

 O                 -1.80998900    1.31537700   -1.48700900 

 C                 -3.84335400   -0.51183500   -0.96160500 

 C                 -2.86830300   -1.60740200   -1.27438000 

 N                 -1.56233000   -1.37386000   -1.67956900 

 C                 -2.98190800   -2.96698900   -1.16372800 

 C                 -0.89903100   -2.51848600   -1.79589500 

 N                 -1.75251200   -3.50558100   -1.50185300 

 H                 -2.87636600   -0.18689400    0.95334600 

 H                 -4.77914700   -0.98223100   -0.64444100 

 H                 -4.05340200    0.07652000   -1.86214800 

 H                 -3.81595800   -3.58485000   -0.87193300 

 H                  0.14256400   -2.61048700   -2.05568100 

 H                 -1.51320100   -4.48855700   -1.48517500 

 H                 -1.16482000   -0.43438400   -1.80853100 

 H                 -2.31499700    2.34637500    1.44424600 

 N                 -1.83303000    2.29357500    0.55343600 

 C                 -0.78991300    3.26308500    0.22214600 

 C                  0.53439100    2.53541400   -0.12157400 

 O                  1.24559400    2.02647100    0.74784000 

 C                 -0.57621000    4.22060000    1.39400500 

 H                 -1.11433600    3.82676500   -0.66103400 

 H                  0.15551900    4.98850200    1.12774300 

 H                 -1.51487400    4.72116200    1.65231300 

 H                 -0.20042700    3.67943800    2.26671000 

 H                  0.09558100    2.67387400   -2.07973100 

 N                  0.86920500    2.55824200   -1.43723200 

 C                  2.07484400    1.90411600   -1.95140000 

 C                  2.07372600    0.41157900   -1.54757600 

 O                  1.10970400   -0.31155100   -1.81262300 

 C                  3.33499100    2.70689800   -1.60534300 

 H                  1.95908900    1.89102300   -3.04043300 

 H                  4.22413600    2.26656200   -2.06989600 

 H                  3.23256200    3.72395100   -1.99273400 

 H                  3.48058100    2.77464700   -0.52325800 

 H                  3.92342000    0.55979700   -0.67125000 

 N                  3.17297300   -0.06977300   -0.91849300 

 C                  3.25839600   -1.46117400   -0.49474600 

 C                  2.23258000   -1.81787600    0.59275200 

 O                  1.85363100   -2.99812100    0.69675000 

 C                  4.67494900   -1.78818300   -0.00652900 

 H                  3.01057200   -2.10007300   -1.34713900 

 H                  4.72343500   -2.83403500    0.30613800 
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 H                  5.40107900   -1.63388700   -0.81088400 

 H                  4.95342000   -1.16226800    0.84898600 

 H                  1.97811700    0.13406700    1.18475300 

 N                  1.84538900   -0.84422600    1.43848200 

 C                  1.00219200   -1.11087500    2.61634300 

 C                 -0.45571500   -1.35769300    2.17134100 

 O                 -1.37588700   -0.62113900    2.45442700 

 C                  1.11007900    0.03797100    3.61150200 

 H                  0.24354500   -2.88553200    1.24544100 

 O                 -0.64021500   -2.45587200    1.42100100 

 H                  1.37126200   -2.04246700    3.06250100 

 H                  0.47172200   -0.15631500    4.47656600 

 H                  2.14389300    0.14259900    3.95391500 

 H                  0.78848100    0.97550900    3.15091100 

 H                 -4.97208800    0.61013100    1.44638500 

 

 

Nterm_3: 

 H                  1.22633100    1.38292400    0.40551800 

 C                  2.23783500    0.45002300   -1.20933400 

 C                  1.28571100   -0.70078200   -0.83795100 

 O                  0.86147700   -0.84824700    0.30576400 

 C                  3.72500800    0.02056100   -1.30408900 

 C                  4.37697800   -0.26490600    0.01607600 

 N                  4.33339400    0.69030400    1.01756200 

 C                  5.10786600   -1.34564700    0.44037500 

 C                  5.01898600    0.19546700    2.02862900 

 N                  5.51037300   -1.03303700    1.72203500 

 H                  1.92028100    0.85336400   -2.17196800 

 H                  3.78815200   -0.85229600   -1.95971000 

 H                  4.26733000    0.82939100   -1.80953000 

 H                  5.38213700   -2.27204500   -0.03905100 

 H                  5.18655000    0.67801800    2.98040200 

 H                  6.08555300   -1.60768900    2.32086000 

 H                  1.16637500   -1.21120800   -2.80412800 

 N                  0.97528800   -1.53169100   -1.86561400 

 C                 -0.01196200   -2.60604500   -1.71989500 

 C                 -1.35885500   -2.00315800   -1.24884600 

 O                 -1.75670300   -0.92072400   -1.68778500 

 C                  0.53506200   -3.77723600   -0.89482200 

 H                 -0.20859400   -2.96151900   -2.73767900 

 H                 -0.14250700   -4.63618700   -0.93173600 

 H                  1.48663000   -4.10544300   -1.31886700 

 H                  0.70322500   -3.48709400    0.14426100 

 H                 -1.78175100   -3.61633800   -0.04709600 

 N                 -2.10318200   -2.71808600   -0.37630200 

 C                 -3.42493900   -2.24046700    0.04315800 

 C                 -3.34533400   -0.87583300    0.75094200 

 O                 -4.28451200   -0.08533100    0.66878600 

 C                 -4.11108900   -3.27998100    0.93317200 

 H                 -4.02952600   -2.05250800   -0.84839200 

 H                 -5.09123500   -2.90647500    1.23593900 
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 H                 -4.25747600   -4.21870900    0.39064900 

 H                 -3.52630800   -3.47721800    1.83750300 

 H                 -1.41062100   -1.20429800    1.35023300 

 N                 -2.23525400   -0.63512300    1.49692100 

 C                 -2.03353900    0.65720300    2.15730800 

 C                 -1.47842100    1.66449400    1.12818000 

 O                 -0.30593700    2.06035000    1.15646800 

 C                 -1.10842000    0.51200900    3.35952000 

 H                 -3.02470800    0.99771400    2.47100600 

 H                 -0.97402200    1.47660100    3.85362600 

 H                 -1.53858800   -0.19191800    4.07581000 

 H                 -0.12197500    0.15600000    3.05102200 

 H                 -3.28551100    1.66457300    0.18820000 

 N                 -2.34315200    2.04998800    0.16197300 

 C                 -1.97586600    3.03149500   -0.86741000 

 C                 -0.61174500    2.66499800   -1.47779200 

 O                  0.31907200    3.44053600   -1.57404400 

 C                 -1.98841000    4.46970700   -0.34977500 

 H                 -1.19861000    0.78122400   -1.77879000 

 O                 -0.46510000    1.41513300   -1.94677200 

 H                 -2.71613200    2.91793800   -1.66883000 

 H                 -1.74098400    5.16385500   -1.15556500 

 H                 -2.98070100    4.71494900    0.03606700 

 H                 -1.25140500    4.59227000    0.44559100 

 H                  1.85328400    2.44434700   -0.67946400 

 N                  2.05376800    1.55229100   -0.20268100 

 H                  2.89659400    1.60011700    0.42283600 

 

Zwitterion_68: 

H                 -1.26087500   -0.00983100   -0.30507000 

 C                 -2.25826900    1.82568600   -0.72687000 

 C                 -1.24868500    2.88191600   -0.23140900 

 O                 -1.18892900    3.97409500   -0.76557200 

 C                 -3.35223800    1.47618500    0.30286000 

 C                 -4.30765000    0.40213700   -0.12861000 

 N                 -4.06448000   -0.93396400    0.15138300 

 C                 -5.49493200    0.51155600   -0.81156300 

 C                 -5.08287300   -1.61087400   -0.34850400 

 N                 -5.97057200   -0.77499900   -0.94154500 

 H                 -2.69864400    2.23041500   -1.63894500 

 H                 -2.88515200    1.17323400    1.24445200 

 H                 -3.89434300    2.40753800    0.49857700 

 H                 -6.03575800    1.36544700   -1.19091500 

 H                 -5.21644300   -2.68229600   -0.30041500 

 H                 -6.84165000   -1.04608000   -1.37842300 

 H                 -2.82470800   -1.75329700    1.05333900 

 H                 -0.53444200    1.51269700    1.13021200 

 N                 -0.42775900    2.46411700    0.78611000 

 C                  0.93535000    2.97900300    0.84403800 

 C                  1.78341600    2.10663300   -0.12192500 

 O                  1.27392500    1.62018400   -1.14639900 
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 C                  1.43967500    3.06854400    2.28686000 

 H                  0.89797200    3.98133200    0.40364600 

 H                  2.40837600    3.57699700    2.34527800 

 H                  0.73345900    3.65672500    2.87806500 

 H                  1.53278300    2.07933200    2.74936400 

 H                  3.43935100    2.25983200    1.06259900 

 N                  3.08122900    1.91681200    0.18197800 

 C                  3.98341800    1.09668400   -0.64062100 

 C                  3.53525200   -0.38291000   -0.54672100 

 O                  3.79446600   -1.06518600    0.44512600 

 C                  5.42124100    1.25930500   -0.15569700 

 H                  3.89015400    1.44599700   -1.67391200 

 H                  6.10232200    0.70934000   -0.81098600 

 H                  5.71476200    2.31369600   -0.16669500 

 H                  5.53150000    0.85413400    0.85468100 

 H                  2.47807700   -0.09077400   -2.22515400 

 N                  2.84601000   -0.82267500   -1.63031600 

 C                  2.17818600   -2.13016000   -1.73377100 

 C                  0.98702200   -2.23073300   -0.75238300 

 O                 -0.17553200   -2.11706000   -1.16085600 

 C                  3.15892200   -3.30633400   -1.65820200 

 H                  1.70393100   -2.13369500   -2.71781100 

 H                  2.61624200   -4.24956100   -1.77675400 

 H                  3.88745700   -3.22522600   -2.47050500 

 H                  3.70275700   -3.32925900   -0.71253400 

 H                  2.25331200   -2.32021800    0.83981200 

 N                  1.28605300   -2.45235700    0.54851500 

 C                  0.25972500   -2.70796200    1.55495100 

 C                 -0.92845300   -1.76865300    1.35361500 

 O                 -2.08370300   -2.38355000    1.34402000 

 C                  0.84584500   -2.53190900    2.96093800 

 H                 -0.12029800   -3.72786900    1.43396000 

 H                  0.09399600   -2.76740900    3.71951100 

 H                  1.69323600   -3.20980200    3.10367600 

 H                  1.18661500   -1.50264800    3.10858200 

 H                 -0.50323100    0.89835600   -1.45910100 

 O                 -0.79700900   -0.54035000    1.25839700 

 N                 -1.44522300    0.60611800   -1.13022700 

 H                 -1.90302100    0.02777800   -1.83948300 

 

AlaCarbonyl_1: 

N                  0.08946300   -2.87213400   -1.10171600 

 H                  0.65725700   -2.07409900   -0.81526800 

 H                  0.71310400   -3.66513300   -1.22968400 

 C                 -0.94636000   -3.16792500   -0.10933500 

 H                 -1.39125700   -4.13313200   -0.38931800 

 C                 -0.49150300   -3.29282900    1.37115100 

 H                 -1.35987200   -3.57389300    1.97353100 

 H                  0.22073900   -4.12481700    1.43072000 

 C                  0.10669600   -2.04539900    1.94075700 

 N                  1.44642300   -1.71501200    1.85000400 
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 H                  2.16670800   -2.23045500    1.35584400 

 C                  1.60812800   -0.48154600    2.39717700 

 H                  2.57473500   -0.00127700    2.46124000 

 N                  0.46557500    0.01007400    2.84613600 

 C                 -0.46686600   -0.96920900    2.57745600 

 H                 -1.50239200   -0.87123500    2.86726100 

 C                 -2.07769600   -2.13257700   -0.25278800 

 O                 -2.80872900   -1.80662100    0.69410300 

 N                 -2.19951200   -1.61858600   -1.49885900 

 H                 -1.43747900   -1.87337300   -2.12629900 

 C                 -3.20319400   -0.64203200   -1.92316200 

 H                 -3.04843400   -0.49503100   -2.99407300 

 C                 -4.65594800   -1.09156900   -1.69247700 

 H                 -4.85819000   -1.27860900   -0.63716500 

 H                 -5.34699200   -0.32869800   -2.06526500 

 H                 -4.83147200   -2.01484000   -2.25140900 

 C                 -2.90524200    0.72377900   -1.30454500 

 O                 -2.72608000    1.69361800   -2.13919500 

 H                 -2.22645900    2.49984300   -1.71349700 

 N                 -2.84253900    0.86179700    0.00279200 

 H                 -2.92697200   -0.02173400    0.53732700 

 C                 -2.56500700    2.13132100    0.72317800 

 H                 -3.28560000    2.87077000    0.35593700 

 C                 -2.75594900    1.95456600    2.22536700 

 H                 -2.63045400    2.91998500    2.72331100 

 H                 -3.76936000    1.59883900    2.43470400 

 H                 -2.04402600    1.25001000    2.66048500 

 C                 -1.19536700    2.64216600    0.23572900 

 O                 -1.17358400    3.20634700   -0.88093100 

 N                 -0.09720600    2.44326300    0.96690500 

 H                 -0.12298200    1.82243200    1.78272800 

 C                  1.21672600    2.62734300    0.35453700 

 H                  1.09635800    3.40779700   -0.40340000 

 C                  2.23500500    3.09194500    1.40271600 

 H                  2.38455900    2.34579900    2.18800000 

 H                  3.20520700    3.32382600    0.95194300 

 H                  1.87458400    4.01094100    1.87285500 

 C                  1.56710800    1.32441000   -0.42340200 

 O                  0.70666400    0.49183400   -0.69382100 

 N                  2.86211400    1.20883200   -0.83262600 

 H                  3.54008300    1.91183000   -0.57138300 

 C                  3.33054100    0.08848200   -1.65292100 

 H                  2.43870000   -0.37165100   -2.07999700 

 C                  4.28342800    0.56264000   -2.75188800 

 H                  3.76504300    1.26408000   -3.41186300 

 H                  5.16688500    1.05394100   -2.33277500 

 H                  4.62628100   -0.28558800   -3.35260300 

 C                  3.95031700   -0.96192300   -0.72404400 

 O                  3.39215900   -1.97845700   -0.35613800 

 O                  5.17961200   -0.60938700   -0.31052200 

 H                  5.51224100   -1.31267000    0.28065400 
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Zwitterion_48: 

H                  0.93249100   -1.47635300    1.83183700 

 C                  0.95170900   -1.37234200   -0.26850500 

 C                 -0.42212700   -2.01072100   -0.53335500 

 O                 -0.83379000   -2.84730500    0.27592900 

 C                  2.04784500   -2.45440300   -0.33344800 

 C                  3.38726800   -2.08491200    0.23704100 

 N                  4.08207100   -0.93984900   -0.11765200 

 C                  4.14760700   -2.81836500    1.11578000 

 C                  5.23217400   -0.98586400    0.52887000 

 N                  5.31599700   -2.10817800    1.28442400 

 H                  1.15528800   -0.54698700   -0.94832700 

 H                  1.67521200   -3.34560200    0.18332900 

 H                  2.15020400   -2.72712700   -1.39193500 

 H                  3.97482200   -3.76670200    1.60192900 

 H                  6.01428200   -0.24138300    0.48423700 

 H                  6.10118800   -2.38006300    1.86093900 

 H                  3.52560500    0.44525200   -0.91874800 

 H                 -0.73491600   -0.69987400   -2.01558800 

 N                 -1.06182600   -1.58685700   -1.64413600 

 C                 -2.46966300   -1.90782500   -1.99492300 

 C                 -3.36644700   -1.05975700   -1.06628700 

 O                 -3.96617800   -0.07442700   -1.48850400 

 C                 -2.77285300   -3.40691200   -2.04156900 

 H                 -2.61911700   -1.48476300   -2.99014500 

 H                 -3.80209000   -3.54904100   -2.38525400 

 H                 -2.10456000   -3.89794600   -2.75576100 

 H                 -2.65613800   -3.89317000   -1.07247300 

 H                 -2.69744500   -2.15102300    0.52581500 

 N                 -3.34583700   -1.41608700    0.25116400 

 C                 -3.68987300   -0.42927200    1.27949400 

 C                 -2.56979500    0.63734200    1.27180900 

 O                 -1.50652700    0.46955200    1.89297200 

 C                 -3.82389700   -1.09469400    2.64472900 

 H                 -4.63621000    0.03216800    0.98685100 

 H                 -4.12623800   -0.36214600    3.39894000 

 H                 -4.58083400   -1.88288000    2.60286100 

 H                 -2.86966500   -1.52683200    2.96025300 

 H                 -3.59261600    1.62235700   -0.14595400 

 N                 -2.83282400    1.72742400    0.52090300 

 C                 -1.91154900    2.84294300    0.33198700 

 C                 -0.62833400    2.40645200   -0.41825800 

 O                 -0.51410000    1.30343300   -0.95997400 

 C                 -1.64566800    3.58192500    1.65783500 

 H                 -2.43050200    3.53249100   -0.34474900 

 H                 -1.15488000    4.54673700    1.49192600 

 H                 -2.60075300    3.79110800    2.14688500 

 H                 -1.03243900    2.97859900    2.32955700 

 H                  0.27409000    4.18616700    0.05378800 

 N                  0.34454900    3.34555500   -0.50138400 

 C                  1.60647500    3.08061500   -1.17687800 

 C                  2.32326200    1.89612800   -0.52037100 
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 O                  2.19068400    1.60670700    0.66466400 

 C                  2.49758600    4.32914700   -1.15696100 

 H                  1.39998100    2.79133000   -2.21164100 

 H                  3.43206100    4.12948600   -1.68725500 

 H                  1.99374100    5.16325200   -1.65512600 

 H                  2.73971400    4.62139900   -0.12898400 

 H                 -0.02191000   -0.23209900    1.26953900 

 O                  3.08590600    1.24238600   -1.37768600 

 N                  0.87564900   -0.75403000    1.10852500 

 H                  1.63689700   -0.05189500    1.20919100 

 

Nterm_3_H2O_3: 

H                  0.96442300    1.47013000    0.82262000 

 C                  2.14064200    0.76233700   -0.80313300 

 C                  1.29182200   -0.51280400   -0.74741600 

 O                  0.84973300   -0.96288700    0.30889800 

 C                  3.65122200    0.50280900   -1.02067100 

 C                  4.31604400   -0.24770000    0.09785400 

 N                  4.12463300    0.14116200    1.41353700 

 C                  5.18263500   -1.31127100    0.05265300 

 C                  4.85782400   -0.67151700    2.14656500 

 N                  5.51972600   -1.56544800    1.36592200 

 H                  1.77012900    1.38856500   -1.61742800 

 H                  3.77982400   -0.03641700   -1.96447800 

 H                  4.12373700    1.48474900   -1.15708800 

 H                  5.58975400   -1.88486200   -0.76608000 

 H                  4.94275600   -0.65348600    3.22394600 

 H                  6.16030800   -2.27779100    1.68858500 

 H                  1.28812200   -0.56237900   -2.78614500 

 N                  1.07792200   -1.09723500   -1.95423000 

 C                  0.21084600   -2.26887600   -2.10949300 

 C                 -1.17997700   -1.94929400   -1.51018600 

 O                 -1.72275500   -0.85966800   -1.71851700 

 C                  0.89263700   -3.55036300   -1.61382100 

 H                  0.03437400   -2.36181500   -3.18708700 

 H                  0.29814000   -4.43630000   -1.86324200 

 H                  1.85929800   -3.66294300   -2.11197200 

 H                  1.06613100   -3.51621500   -0.53491900 

 H                 -1.32931000   -3.79423500   -0.62383300 

 N                 -1.78970900   -2.90899500   -0.78157900 

 C                 -3.13199500   -2.70756300   -0.22815100 

 C                 -3.20441400   -1.47490500    0.69012600 

 O                 -4.26293100   -0.85324900    0.78843400 

 C                 -3.59841400   -3.96702200    0.50796000 

 H                 -3.81949900   -2.48086200   -1.04830100 

 H                 -4.59842000   -3.79848200    0.91495200 

 H                 -3.64871800   -4.82052900   -0.17655300 

 H                 -2.92773000   -4.21388200    1.33869100 

 H                 -1.19429200   -1.54455300    1.10861700 

 N                 -2.08811700   -1.15911100    1.39679700 

 C                 -2.03145800    0.05587800    2.21502400 
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 C                 -1.74851600    1.27426900    1.30720300 

 O                 -0.68885200    1.91603100    1.35593800 

 C                 -0.99016600   -0.08644000    3.31989900 

 H                 -3.03014400    0.18280700    2.64430700 

 H                 -0.94170400    0.82728700    3.91779300 

 H                 -1.25916600   -0.92049200    3.97414400 

 H                  0.00331100   -0.27076000    2.90026000 

 H                 -3.56886300    1.00398400    0.43808900 

 N                 -2.72260500    1.57327000    0.42067400 

 C                 -2.64131600    2.71905200   -0.49053000 

 C                 -1.24574200    2.80983700   -1.13404400 

 O                 -0.63058900    3.85612800   -1.20623700 

 C                 -3.03310200    4.03542200    0.18395600 

 H                 -1.30072000    0.88862100   -1.60760200 

 O                 -0.73808200    1.69791500   -1.68572100 

 H                 -3.34171900    2.50107800   -1.30742600 

 H                 -3.00374600    4.85656800   -0.53626400 

 H                 -4.04641400    3.95494900    0.58774200 

 H                 -2.34058000    4.26571200    0.99707900 

 H                  2.09522800    2.55746000    0.21063600 

 N                  1.93473700    1.54770900    0.45430200 

 H                  2.61213100    1.21168400    1.17461400 

 O                  2.11599400    3.91260400   -0.88138100 

 H                  2.38192200    4.79375700   -0.57796100 

 H                  1.17375600    4.00307300   -1.15773400 

 

Nterm_3_H2O_6: 

H                 -0.71505800   -1.49599300    1.54284800 

 C                 -1.95572500   -1.30278200   -0.16979800 

 C                 -1.32250700    0.07776600   -0.43032400 

 O                 -0.94192800    0.78320800    0.51002100 

 C                 -3.46720300   -1.36227300   -0.47988900 

 C                 -4.28894100   -0.39915800    0.33029200 

 N                 -4.05189400   -0.24089600    1.68724500 

 C                 -5.34358500    0.39373600   -0.04722000 

 C                 -4.94373700    0.62895300    2.11733300 

 N                 -5.74964000    1.03741300    1.10321500 

 H                 -1.43656200   -2.05738900   -0.76284900 

 H                 -3.59857400   -1.18453700   -1.55027400 

 H                 -3.80278600   -2.39475300   -0.30373600 

 H                 -5.83574800    0.54658100   -0.99558000 

 H                 -5.04426200    0.98759900    3.13193300 

 H                 -6.52162500    1.68557900    1.18102300 

 H                 -1.36517600   -0.30238700   -2.43632900 

 N                 -1.23776100    0.43020300   -1.72834400 

 C                 -0.61236900    1.68905800   -2.14532100 

 C                  0.83524100    1.75087900   -1.60503000 

 O                  1.60225300    0.78929500   -1.73558200 

 C                 -1.50390800    2.89918900   -1.84107300 

 H                 -0.49538000    1.60551500   -3.23166600 

 H                 -1.08406100    3.81661800   -2.26859400 
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 H                 -2.48574700    2.74835700   -2.29767400 

 H                 -1.64668200    3.02731700   -0.76446900 

 H                  0.62292000    3.66720100   -0.89890600 

 N                  1.25455000    2.88615700   -1.00727200 

 C                  2.62017600    2.99966000   -0.48439400 

 C                  2.93986200    1.87708200    0.52117000 

 O                  4.08339800    1.43012600    0.60270200 

 C                  2.83928600    4.38101800    0.13898800 

 H                  3.32572300    2.84452600   -1.30551700 

 H                  3.86084500    4.44852100    0.52147800 

 H                  2.70365600    5.16995500   -0.60854100 

 H                  2.15000800    4.55624600    0.97256700 

 H                  0.96454900    1.68097600    1.05657000 

 N                  1.92094100    1.46539600    1.32264300 

 C                  2.09207500    0.32533300    2.22572600 

 C                  1.93519100   -0.99416800    1.43510400 

 O                  0.96711600   -1.76043400    1.58021800 

 C                  1.12156800    0.41473200    3.39865900 

 H                  3.12428500    0.37280000    2.58571300 

 H                  1.23077700   -0.45309300    4.05458100 

 H                  1.32829700    1.31906000    3.97762900 

 H                  0.08578900    0.45542100    3.04843400 

 H                  3.67305000   -0.57827000    0.47719200 

 N                  2.91626400   -1.25783700    0.55077400 

 C                  2.98746200   -2.50266500   -0.22464200 

 C                  1.65484200   -2.83349800   -0.92463800 

 O                  1.15960900   -3.93240800   -0.93706700 

 C                  3.47559900   -3.68630100    0.61377400 

 H                  1.47381600   -0.93550600   -1.58550300 

 O                  1.06595600   -1.83771700   -1.63450000 

 H                  3.70627000   -2.30273400   -1.02966200 

 H                  3.56256700   -4.57942800   -0.00916000 

 H                  4.45432500   -3.45657300    1.04475200 

 H                  2.76817400   -3.89895300    1.41849100 

 H                 -1.95711200   -2.61071900    1.45616600 

 N                 -1.72304200   -1.62975300    1.27953900 

 H                 -2.37382600   -1.03564200    1.84718000 

 O                 -1.26495800   -1.97641200   -3.18206600 

 H                 -0.36972500   -2.21162900   -2.86466700 

 H                 -1.36015600   -2.37406400   -4.06012100 

 

Nterm_3_H2O_2: 

H                  1.47013500    1.30447100    0.30215000 

 C                  2.18458600    0.32969200   -1.43015500 

 C                  1.03175100   -0.65056600   -1.15815100 

 O                  0.64904200   -0.87972000   -0.01176200 

 C                  3.56478000   -0.36597000   -1.25004900 

 C                  3.86444200   -0.94971100    0.10114500 

 N                  4.28582900   -0.16171800    1.15992400 

 C                  3.82824400   -2.26399200    0.49883100 

 C                  4.49289900   -0.98139300    2.17072100 
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 N                  4.22644000   -2.26576200    1.81758600 

 H                  2.13158300    0.70135300   -2.45652200 

 H                  3.61938100   -1.15493900   -2.00788500 

 H                  4.33512800    0.37054900   -1.50560800 

 H                  3.57438500   -3.17333900   -0.02414200 

 H                  4.83802900   -0.70086900    3.15586600 

 H                  4.33424900   -3.07944600    2.40766300 

 H                  0.75742500   -0.91650500   -3.16214000 

 N                  0.54949900   -1.29670000   -2.24898600 

 C                 -0.50068400   -2.31774900   -2.16373500 

 C                 -1.73689400   -1.74411400   -1.42884000 

 O                 -2.15977100   -0.61237100   -1.68306100 

 C                  0.05140400   -3.64598600   -1.62947300 

 H                 -0.84111800   -2.47076700   -3.19400800 

 H                 -0.69482500   -4.44478300   -1.70216200 

 H                  0.90745000   -3.95390900   -2.23624100 

 H                  0.38146400   -3.54779200   -0.59136100 

 H                 -2.02786300   -3.46843000   -0.34854100 

 N                 -2.36778400   -2.53560800   -0.53470200 

 C                 -3.58286100   -2.07776400    0.14815300 

 C                 -3.33700400   -0.79973200    0.97189700 

 O                 -4.24891500    0.01032100    1.13107400 

 C                 -4.15193800   -3.19477800    1.02743000 

 H                 -4.31797800   -1.78496800   -0.60671500 

 H                 -5.05575000   -2.83685000    1.52660700 

 H                 -4.42027000   -4.06747400    0.42244200 

 H                 -3.43456500   -3.49981100    1.79768300 

 H                 -1.33707000   -1.20844800    1.17478900 

 N                 -2.10987700   -0.66290800    1.54109100 

 C                 -1.74745800    0.55354200    2.27494900 

 C                 -1.29891000    1.63767700    1.27007400 

 O                 -0.12856700    2.02644700    1.19265100 

 C                 -0.66444300    0.25917400    3.30666700 

 H                 -2.66324100    0.89652500    2.76570300 

 H                 -0.40830400    1.16784600    3.85778700 

 H                 -1.02238900   -0.49302100    4.01542200 

 H                  0.24599400   -0.10573900    2.82193300 

 H                 -3.21253100    1.72426100    0.56755300 

 N                 -2.27161600    2.09469300    0.44334700 

 C                 -2.02945900    3.13116400   -0.56858300 

 C                 -0.74792100    2.79809200   -1.35121400 

 O                  0.19236200    3.56142900   -1.47023200 

 C                 -1.97259100    4.54082600    0.02138400 

 H                 -1.40879100    0.96083700   -1.75376800 

 O                 -0.66601500    1.59108400   -1.93036500 

 H                 -2.86366900    3.05716100   -1.27735200 

 H                 -1.82311600    5.27911900   -0.77096000 

 H                 -2.91061300    4.76247600    0.53825800 

 H                 -1.14320500    4.62290900    0.72712000 

 H                  1.50139700    2.28040300   -1.02204000 

 N                  2.03007700    1.52547200   -0.54082300 

 H                  2.96353700    1.93292400   -0.24492500 

 O                  4.52516600    2.38336400    0.15397100 

 H                  4.67043000    1.59550700    0.73807700 
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 H                  4.66267400    3.17355300    0.69873400 

 

Nterm_3_H2O_12: 

H                 -1.18685400   -1.51858800    0.63675300 

 C                 -2.40155800   -0.84463500   -0.96853200 

 C                 -1.61319900    0.45746700   -0.75524500 

 O                 -1.19967700    0.78741300    0.35375900 

 C                 -3.92950700   -0.63418400   -1.10886100 

 C                 -4.60543500   -0.15045700    0.14100100 

 N                 -4.40833200   -0.82273700    1.33606600 

 C                 -5.48497600    0.88482200    0.33412800 

 C                 -5.14922100   -0.20389900    2.23294400 

 N                 -5.82243300    0.83332500    1.67070700 

 H                 -2.01920000   -1.34358500   -1.86041700 

 H                 -4.10336500    0.06645100   -1.93132800 

 H                 -4.36631700   -1.59255100   -1.42091500 

 H                 -5.90023000    1.62259300   -0.33531100 

 H                 -5.23185900   -0.46424100    3.27863700 

 H                 -6.47124800    1.44725400    2.14422600 

 H                 -1.55303000    0.74275700   -2.76775300 

 N                 -1.44184700    1.20514600   -1.87505600 

 C                 -0.63778200    2.43220300   -1.85861300 

 C                  0.78865500    2.11242000   -1.34313500 

 O                  1.40998800    1.13966800   -1.77411000 

 C                 -1.38038400    3.58275100   -1.16815200 

 H                 -0.49086800    2.69723100   -2.91157500 

 H                 -0.83692900    4.52694900   -1.28389200 

 H                 -2.35905700    3.71624900   -1.63711000 

 H                 -1.53582000    3.37659400   -0.10578100 

 H                  0.79921800    3.75457000   -0.11107600 

 N                  1.33529000    2.96595400   -0.44427600 

 C                  2.74037700    2.87075100   -0.04984100 

 C                  3.09848200    1.57042200    0.68869500 

 O                  4.28742600    1.24395200    0.73830300 

 C                  3.13775700    4.08716700    0.79407900 

 H                  3.35252100    2.83837700   -0.95695700 

 H                  4.18772000    3.99929100    1.08136300 

 H                  3.01355000    5.01216400    0.22143700 

 H                  2.53533200    4.15081700    1.70767000 

 H                  1.13841700    1.17489300    1.13263100 

 N                  2.09878700    0.88647500    1.29239300 

 C                  2.31025200   -0.41999100    1.92353000 

 C                  1.66296000   -1.48794000    1.01936300 

 O                  0.47601100   -1.81799200    1.17099200 

 C                  1.73284300   -0.46045600    3.33692300 

 H                  3.39173700   -0.56686100    1.94388200 

 H                  1.92368000   -1.43356200    3.80052400 

 H                  2.19802500    0.31574600    3.95077200 

 H                  0.65058400   -0.30498400    3.31779400 

 H                  3.43900200   -1.75373000   -0.00519600 

 N                  2.43024500   -1.98108100    0.02882700 
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 C                  1.93952400   -3.02490200   -0.87792300 

 C                  0.55902600   -2.64817600   -1.43747900 

 O                 -0.38572600   -3.41173400   -1.47641900 

 C                  1.92644700   -4.41573500   -0.24037300 

 H                  1.15486800   -0.78620400   -1.79951600 

 O                  0.41588300   -1.41471300   -1.95577500 

 H                  2.62915300   -3.01903900   -1.73202200 

 H                  1.59136700   -5.16254600   -0.96442200 

 H                  2.93447500   -4.67693200    0.09423100 

 H                  1.24806400   -4.43727200    0.61566400 

 H                 -1.98415300   -2.72114400   -0.15728500 

 N                 -2.09567700   -1.75971800    0.18619000 

 H                 -2.86137500   -1.68318000    0.90067900 

 O                  5.12082300   -1.23100400   -0.14459700 

 H                  5.04123800   -0.28804400    0.11718500 

 H                  5.83572700   -1.59149000    0.40088000 

 

Nterm_3_H2O_10: 

H                  1.25938100    1.41984300    0.48140800 

 C                  2.32205800    0.61287900   -1.18249000 

 C                  1.41823700   -0.59839100   -0.90168300 

 O                  1.18490200   -0.94022700    0.25849900 

 C                  3.82048600    0.24112900   -1.32618400 

 C                  4.49232000   -0.17902200   -0.05234600 

 N                  4.42544700    0.64098600    1.06180900 

 C                  5.26971400   -1.27465300    0.22635200 

 C                  5.14366600    0.05116400    1.99591700 

 N                  5.67717800   -1.10989800    1.53394400 

 H                  1.98822600    1.10202600   -2.09785000 

 H                  3.90296900   -0.54644800   -2.08199200 

 H                  4.33420100    1.12012700   -1.73811400 

 H                  5.57349500   -2.12296700   -0.36780000 

 H                  5.30742600    0.41847600    2.99914800 

 H                  6.28770100   -1.72995100    2.04872200 

 H                  1.02332600   -0.71074600   -2.87317400 

 N                  0.95646900   -1.22796800   -2.00636900 

 C                 -0.05086800   -2.30243900   -1.99215200 

 C                 -1.40161200   -1.73768700   -1.47655000 

 O                 -1.78722100   -0.62711800   -1.86063400 

 C                  0.46326300   -3.60556500   -1.37097700 

 H                 -0.24732800   -2.50052000   -3.05229000 

 H                 -0.23952300   -4.41933800   -1.57820000 

 H                  1.41741200   -3.87362600   -1.83326100 

 H                  0.60541900   -3.53307700   -0.29182500 

 H                 -1.75794700   -3.32861900   -0.24245200 

 N                 -2.16848000   -2.52296100   -0.69686800 

 C                 -3.50506300   -2.08376900   -0.26938100 

 C                 -3.46311400   -0.73872500    0.48478300 

 O                 -4.30265500    0.13319100    0.25105100 

 C                 -4.18032600   -3.18288600    0.55511000 

 H                 -4.09289200   -1.87280400   -1.16639700 
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 H                 -5.17495700   -2.85018700    0.86382800 

 H                 -4.29598300   -4.09536000   -0.03895000 

 H                 -3.60332500   -3.41886500    1.45618400 

 H                 -1.79220400   -1.34020800    1.55438000 

 N                 -2.47955100   -0.59724300    1.40483200 

 C                 -2.27516300    0.67071100    2.10633300 

 C                 -1.55116000    1.65346200    1.15682900 

 O                 -0.34104100    1.90293100    1.25367200 

 C                 -1.48702000    0.45630900    3.39392600 

 H                 -3.26525500    1.08070900    2.33070300 

 H                 -1.35000800    1.40465300    3.92011400 

 H                 -2.02814600   -0.23135100    4.05051600 

 H                 -0.49547800    0.04700400    3.18066800 

 H                 -3.28816200    1.85087100    0.12394900 

 N                 -2.33054000    2.19780500    0.19506300 

 C                 -1.85729400    3.23765800   -0.72574900 

 C                 -0.48808600    2.85725000   -1.30991300 

 O                  0.47734200    3.59749800   -1.30860000 

 C                 -1.82312700    4.62319500   -0.07838900 

 H                 -1.14900700    1.03495200   -1.78420000 

 O                 -0.37637100    1.64531100   -1.87634300 

 H                 -2.56414400    3.23803400   -1.56509700 

 H                 -1.50272600    5.37481400   -0.80429200 

 H                 -2.82063500    4.88480800    0.28543300 

 H                 -1.12122300    4.63449700    0.75885800 

 H                  1.96226400    2.55369500   -0.47284800 

 N                  2.11841700    1.61392500   -0.07311200 

 H                  2.93863700    1.58500600    0.58159100 

 O                 -0.41542000   -2.63707200    1.78274100 

 H                  0.27183100   -2.08896200    1.34967700 

 H                 -0.07367700   -2.84883700    2.66477100 

 

Nterm_3_H2O_1: 

H                  0.73597900    1.57893200    0.30249300 

 C                  1.63428000    0.96809100   -1.51756800 

 C                  0.91581300   -0.34411700   -1.15694900 

 O                  0.65145900   -0.64303500    0.00565300 

 C                  3.14409500    0.78731100   -1.82892700 

 C                  4.00142200    0.51722000   -0.62834100 

 N                  3.95987000    1.38758100    0.44717900 

 C                  4.93121600   -0.46488400   -0.38850300 

 C                  4.84447700    0.92985700    1.31544700 

 N                  5.45954300   -0.18457300    0.85134800 

 H                  1.13845100    1.39701900   -2.39007400 

 H                  3.24670700   -0.01765200   -2.56356400 

 H                  3.48501100    1.70587500   -2.32488600 

 H                  5.26675800   -1.30638300   -0.97558400 

 H                  5.06940200    1.37106800    2.27624300 

 H                  6.20597200   -0.71133900    1.32163700 

 H                  0.65801300   -0.71954700   -3.14103600 

 N                  0.61645200   -1.13407400   -2.21970200 
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 C                 -0.17891700   -2.35789600   -2.07807900 

 C                 -1.52684000   -2.01440000   -1.39438500 

 O                 -2.12960900   -0.97423300   -1.66891500 

 C                  0.63490100   -3.49669500   -1.44987600 

 H                 -0.44958900   -2.64814400   -3.09986700 

 H                  0.08786900   -4.44512100   -1.49348000 

 H                  1.55942100   -3.63650400   -2.01647400 

 H                  0.89842200   -3.27301800   -0.41309600 

 H                 -1.54868700   -3.77027300   -0.32191300 

 N                 -2.03916200   -2.90943200   -0.51933000 

 C                 -3.34582100   -2.68133200    0.10517600 

 C                 -3.36588900   -1.39552500    0.95162100 

 O                 -4.41518100   -0.76775400    1.09016700 

 C                 -3.75328100   -3.89360000    0.94802500 

 H                 -4.08457600   -2.50859900   -0.68256800 

 H                 -4.72657700   -3.70457300    1.40749600 

 H                 -3.83920400   -4.78918400    0.32352300 

 H                 -3.02883500   -4.08370300    1.74798100 

 H                 -1.33411100   -1.44786800    1.23312700 

 N                 -2.20455600   -1.04885400    1.56678400 

 C                 -2.09847200    0.18314800    2.35298900 

 C                 -1.85986100    1.37260200    1.39913900 

 O                 -0.77577400    1.96485700    1.33789300 

 C                 -0.98839500    0.06362300    3.39145900 

 H                 -3.06918200    0.31978800    2.83911900 

 H                 -0.91965300    0.98068600    3.98237800 

 H                 -1.19874500   -0.77293300    4.06381700 

 H                 -0.01954300   -0.09562300    2.90862100 

 H                 -3.76017800    1.15397100    0.69044500 

 N                 -2.90134500    1.69469600    0.59523400 

 C                 -2.84028500    2.82109700   -0.34560100 

 C                 -1.53438100    2.75009300   -1.15669300 

 O                 -0.75738700    3.67532600   -1.28103900 

 C                 -3.00485600    4.17972500    0.33640800 

 H                 -1.87093900    0.83553100   -1.58528900 

 O                 -1.26431200    1.58778300   -1.77764000 

 H                 -3.66016200    2.66122200   -1.05723400 

 H                 -2.98291900    4.98125200   -0.40647400 

 H                 -3.96154600    4.21402500    0.86533700 

 H                 -2.19354300    4.34932800    1.04761300 

 H                  1.02017500    2.82321400   -0.73521400 

 N                  1.42525200    1.93953400   -0.38793300 

 H                  2.33407700    2.08262700    0.12660600 

 O                  7.57384500   -1.68407400    2.01746600 

 H                  7.52162600   -2.18920000    2.84270100 

 H                  8.48814700   -1.36588600    1.97183200 

 

Nterm_3_H2O_4: 

H                  1.97743000    1.17073400    0.47059800 

 C                  2.37571700    0.06456400   -1.33051900 

 C                  1.32411300   -0.91370800   -0.77294500 
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 O                  0.87482000   -0.82486000    0.36304300 

 C                  3.80736600   -0.54294200   -1.41217800 

 C                  4.59564000   -0.48480400   -0.13898000 

 N                  4.92634400    0.74971800    0.39635300 

 C                  5.13166400   -1.48603400    0.63132400 

 C                  5.64378300    0.49644800    1.47165100 

 N                  5.79892000   -0.84267800    1.65186200 

 H                  2.06320200    0.35137100   -2.33701500 

 H                  3.72407000   -1.57439700   -1.76699800 

 H                  4.35323800    0.01280200   -2.18446800 

 H                  5.11334100   -2.56177300    0.54565000 

 H                  6.07329600    1.23162400    2.13768700 

 H                  6.32470500   -1.28721900    2.39200200 

 H                  1.19634100   -1.77843100   -2.62016100 

 N                  0.97339900   -1.90286000   -1.64194500 

 C                 -0.04824500   -2.89837700   -1.31541400 

 C                 -1.39998100   -2.19782800   -1.03336400 

 O                 -1.73502900   -1.18137800   -1.64715100 

 C                  0.43888600   -3.88595000   -0.24496400 

 H                 -0.21663600   -3.45594700   -2.24484300 

 H                 -0.24776100   -4.73368100   -0.14236300 

 H                  1.40480300   -4.29753100   -0.54988100 

 H                  0.56245500   -3.39445500    0.72264300 

 H                 -1.97437200   -3.64037300    0.31508500 

 N                 -2.23550300   -2.77633600   -0.13906600 

 C                 -3.60557000   -2.28062300    0.03024900 

 C                 -3.63876600   -0.82569000    0.52619800 

 O                 -4.55518200   -0.07917900    0.18389300 

 C                 -4.38967700   -3.19542100    0.97626200 

 H                 -4.09181900   -2.25027400   -0.94924500 

 H                 -5.40657900   -2.81222700    1.09209500 

 H                 -4.45405600   -4.21027900    0.56925000 

 H                 -3.92447600   -3.23718400    1.96742400 

 H                 -1.83126400   -1.02016200    1.48014600 

 N                 -2.66331800   -0.44826500    1.39377000 

 C                 -2.60719100    0.91340400    1.93181200 

 C                 -1.91356000    1.84369300    0.91357700 

 O                 -0.81466600    2.36946700    1.12394200 

 C                 -1.91176000    0.93235300    3.28935400 

 H                 -3.64705600    1.24029800    2.03191900 

 H                 -1.90528500    1.94695700    3.69662600 

 H                 -2.44593100    0.28168100    3.98730400 

 H                 -0.87239900    0.59647400    3.21377500 

 H                 -3.47292800    1.56819400   -0.37437400 

 N                 -2.56582500    2.01921300   -0.25994500 

 C                 -2.00806800    2.85209700   -1.33343800 

 C                 -0.56339800    2.40715100   -1.62527500 

 O                  0.39543900    3.15633100   -1.64712500 

 C                 -2.09427600    4.35164800   -1.04853300 

 H                 -1.13160600    0.50086500   -1.77322000 

 O                 -0.36685300    1.11086000   -1.90389300 

 H                 -2.59367500    2.61201600   -2.22961400 

 H                 -1.69734200    4.91954300   -1.89420800 

 H                 -3.13850500    4.63660100   -0.89204300 
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 H                 -1.51265900    4.60596300   -0.16064000 

 H                  1.78533800    2.05544800   -0.96049400 

 N                  2.35975100    1.31638700   -0.50616100 

 H                  3.33098600    1.64274600   -0.33818200 

 O                  1.57872400    1.57087700    2.14162500 

 H                  2.00945800    2.34003100    2.54583200 

 H                  0.65121600    1.85750200    1.98205200 

 

Zwit_48_H2O_5: 

H                  1.00120300   -1.60809200    1.60921000 

 C                  0.95299400   -1.17460000   -0.45651800 

 C                 -0.39794700   -1.82242600   -0.80152000 

 O                 -0.79700600   -2.79762000   -0.14185900 

 C                  2.10712700   -2.16739400   -0.72730500 

 C                  3.42911900   -1.81433700   -0.11096700 

 N                  4.12119100   -0.64769700   -0.39505500 

 C                  4.16799300   -2.57753300    0.75916900 

 C                  5.25184600   -0.71175000    0.28285000 

 N                  5.32381700   -1.86542900    0.99276000 

 H                  1.09239300   -0.25447600   -1.02064700 

 H                  1.81468800   -3.15664500   -0.36600500 

 H                  2.20561500   -2.24041000   -1.81765400 

 H                  3.97121300   -3.53577600    1.21465500 

 H                  6.02864300    0.03950000    0.29221200 

 H                  6.09473000   -2.15540200    1.57922500 

 H                  3.49510300    0.78186100   -1.03435700 

 H                 -0.76464500   -0.31781300   -2.06392600 

 N                 -1.05871500   -1.26265300   -1.83105400 

 C                 -2.44948100   -1.57711300   -2.24862900 

 C                 -3.38321100   -0.87304300   -1.23881700 

 O                 -4.01567400    0.13131200   -1.55020300 

 C                 -2.71572700   -3.06459600   -2.48932600 

 H                 -2.59322200   -1.03600100   -3.18578800 

 H                 -3.73058700   -3.18039900   -2.88197700 

 H                 -2.01574000   -3.45171700   -3.23624800 

 H                 -2.61887600   -3.66452200   -1.58428900 

 H                 -2.69022600   -2.12207000    0.22030900 

 N                 -3.35759300   -1.37897300    0.02992800 

 C                 -3.72183500   -0.52143900    1.16293800 

 C                 -2.62124000    0.56017000    1.28087700 

 O                 -1.55604800    0.33798700    1.87718800 

 C                 -3.84474600   -1.33963000    2.44327400 

 H                 -4.67720900   -0.04974400    0.92064300 

 H                 -4.17207900   -0.70556900    3.27245100 

 H                 -4.57749200   -2.14014200    2.30762300 

 H                 -2.87852900   -1.77428500    2.71712700 

 H                 -3.66945200    1.68542500   -0.00906500 

 N                 -2.90949000    1.72674100    0.66388900 

 C                 -2.00568600    2.87007000    0.59184700 

 C                 -0.74201400    2.55079800   -0.24750000 

 O                 -0.63764500    1.52951300   -0.93194400 
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 C                 -1.70410700    3.44081400    1.99088900 

 H                 -2.55309400    3.63243100    0.02451200 

 H                 -1.24021100    4.43091100    1.93055900 

 H                 -2.64339100    3.56348200    2.53676300 

 H                 -1.05347600    2.77333100    2.55835600 

 H                  0.16143300    4.25935100    0.43139100 

 N                  0.21663400    3.50748200   -0.24052200 

 C                  1.46274800    3.34619200   -0.97616000 

 C                  2.23499600    2.12645400   -0.45961300 

 O                  2.12778900    1.70411000    0.68612100 

 C                  2.31795000    4.61461800   -0.86583600 

 H                  1.22684200    3.15098000   -2.02632200 

 H                  3.23891100    4.49448700   -1.44168600 

 H                  1.77390000    5.47612000   -1.26513300 

 H                  2.58812200    4.81643600    0.17698800 

 H                  0.01091200   -0.28779400    1.23489000 

 O                  3.01106800    1.60592000   -1.39335100 

 N                  0.90683900   -0.76647000    0.99402900 

 H                  1.65476100   -0.06918500    1.15773800 

 O                  0.87892400   -3.33683100    2.03628500 

 H                  0.17047000   -3.47838500    1.37251600 

 H                  0.52657500   -3.65354600    2.88229400 

 

Zwit_48_H2O_3: 

H                  0.40923100   -2.15430000    1.70990300 

 C                  0.78155800   -1.47938600   -0.21035200 

 C                 -0.58400000   -2.05226400   -0.63158500 

 O                 -1.05045700   -2.97096700    0.05310800 

 C                  1.90285600   -2.48084900   -0.54924100 

 C                  3.27268500   -2.11891100   -0.05487700 

 N                  3.90120400   -0.92679700   -0.37738900 

 C                  4.11541500   -2.87667500    0.71917200 

 C                  5.09157400   -0.96841200    0.19168700 

 N                  5.26641600   -2.13347200    0.85922000 

 H                  0.96960300   -0.50404300   -0.65541500 

 H                  1.62291500   -3.46609700   -0.15955100 

 H                  1.91156800   -2.57154600   -1.64335600 

 H                  4.00862600   -3.85915500    1.15335300 

 H                  5.84327000   -0.19344100    0.14562000 

 H                  6.09172200   -2.40415400    1.37656200 

 H                  3.25839800    0.42994400   -1.13592400 

 H                 -0.79668600   -0.57056600   -1.95451700 

 N                 -1.16404400   -1.48574000   -1.70860100 

 C                 -2.57920800   -1.68900800   -2.11419900 

 C                 -3.44775300   -0.88452900   -1.11911700 

 O                 -3.99772600    0.16083600   -1.45633900 

 C                 -2.96980600   -3.15506800   -2.31496400 

 H                 -2.68347400   -1.16123300   -3.06411100 

 H                 -3.99613000   -3.19930000   -2.69234300 

 H                 -2.31281300   -3.61468300   -3.05988600 

 H                 -2.90616200   -3.73788700   -1.39581800 
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 H                 -2.86842900   -2.15446800    0.37457700 

 N                 -3.46062100   -1.35524000    0.16247900 

 C                 -3.78228700   -0.45659800    1.27592900 

 C                 -2.63039900    0.57372500    1.38110700 

 O                 -1.58286600    0.32029400    1.99648100 

 C                 -3.95602000   -1.24187400    2.57118900 

 H                 -4.71107900    0.06020200    1.02116000 

 H                 -4.24742100   -0.57334600    3.38659600 

 H                 -4.73505100   -1.99954000    2.44811800 

 H                 -3.02032600   -1.73121800    2.85790400 

 H                 -3.62297400    1.69235500    0.05371100 

 N                 -2.86881800    1.73748100    0.73434900 

 C                 -1.90367900    2.81855000    0.56962400 

 C                 -0.73898000    2.39774300   -0.35836200 

 O                 -0.63531200    1.26072500   -0.82469600 

 C                 -1.42134000    3.38007000    1.92094700 

 H                 -2.44765600    3.61426900    0.04694500 

 H                 -0.84746400    4.30220200    1.78443800 

 H                 -2.28938200    3.62072900    2.54068400 

 H                 -0.80361600    2.65295900    2.44888900 

 H                  0.11011500    4.25890300   -0.18012500 

 N                  0.15374800    3.37032400   -0.65971000 

 C                  1.33854900    3.07877900   -1.45832700 

 C                  2.18590200    2.00651100   -0.76072700 

 O                  2.31320100    1.97195600    0.45843300 

 C                  2.16298400    4.35270500   -1.67472800 

 H                  1.02198800    2.66929400   -2.42131100 

 H                  3.03511900    4.13403900   -2.29663400 

 H                  1.56310600    5.11248500   -2.18537000 

 H                  2.51477700    4.75642100   -0.71882600 

 H                 -0.13592300   -0.60685300    1.48195900 

 O                  2.74695700    1.17450500   -1.61612800 

 N                  0.65559500   -1.25877700    1.27367100 

 H                  1.52763800   -0.84809100    1.71709900 

 O                  2.79301900    0.06749100    2.36894800 

 H                  2.84145900    0.78137300    1.69017200 

 H                  2.58785800    0.52451600    3.19984000 

 

Zwit_48_H2O_4: 

H                  0.60886900   -1.22279400    1.57260700 

 C                  1.14448100   -1.41164500   -0.52540400 

 C                 -0.21586300   -2.05104200   -0.86831600 

 O                 -0.65705200   -2.93695400   -0.13577000 

 C                  2.23097800   -2.48002800   -0.36267400 

 C                  3.54668300   -1.96666800    0.15401500 

 N                  4.08411400   -0.74208300   -0.21649900 

 C                  4.42545700   -2.60906500    0.99100600 

 C                  5.25937800   -0.65650900    0.38147100 

 N                  5.50843000   -1.76632800    1.11730800 

 H                  1.43819400   -0.66988200   -1.26928600 

 H                  1.85091700   -3.26964400    0.29350600 
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 H                  2.36755200   -2.93773300   -1.35201700 

 H                  4.38264800   -3.56992400    1.48089100 

 H                  5.94401900    0.17703100    0.31596400 

 H                  6.34221400   -1.94502100    1.66080800 

 H                  3.41288100    0.65494400   -0.99918000 

 H                 -0.48458600   -0.65526300   -2.29373100 

 N                 -0.84836900   -1.53608100   -1.94837700 

 C                 -2.26615900   -1.79098100   -2.30079000 

 C                 -3.16091400   -1.00670100   -1.31411000 

 O                 -3.80228100   -0.02497700   -1.68966000 

 C                 -2.61050600   -3.27489500   -2.46029100 

 H                 -2.41688300   -1.29043000   -3.25927000 

 H                 -3.64587600   -3.36313300   -2.80399800 

 H                 -1.96054000   -3.72595300   -3.21640300 

 H                 -2.49765500   -3.83418000   -1.53129900 

 H                 -2.48880500   -2.17535500    0.23006000 

 N                 -3.13227100   -1.42709100   -0.02022900 

 C                 -3.67636500   -0.59784500    1.06027800 

 C                 -2.70461300    0.58943800    1.27122100 

 O                 -1.75228000    0.54713400    2.06617400 

 C                 -3.87716600   -1.42478200    2.32593800 

 H                 -4.63611300   -0.20550800    0.71279600 

 H                 -4.28239300   -0.80111900    3.12826000 

 H                 -4.58457700   -2.23512400    2.12825300 

 H                 -2.93556300   -1.86025000    2.67328100 

 H                 -3.57650000    1.46222900   -0.30588500 

 N                 -2.96056500    1.65884500    0.48264200 

 C                 -2.08267700    2.81699600    0.36009800 

 C                 -0.74694200    2.43510800   -0.32632000 

 O                 -0.52335600    1.29144900   -0.75056500 

 C                 -1.90094500    3.56578500    1.69403700 

 H                 -2.59510800    3.49099100   -0.33746000 

 H                 -1.42554900    4.54029000    1.54098500 

 H                 -2.88388000    3.75066900    2.13554700 

 H                 -1.30399700    2.98339800    2.39651100 

 H                 -0.03643800    4.33865400   -0.08298100 

 N                  0.14800300    3.43122200   -0.48794900 

 C                  1.41822900    3.23694800   -1.18362600 

 C                  2.21237300    2.09191400   -0.54325700 

 O                  2.19321100    1.84313500    0.65314700 

 C                  2.23767300    4.53298500   -1.15416200 

 H                  1.21712000    2.94887000   -2.22026500 

 H                  3.17406600    4.39423400   -1.70056400 

 H                  1.68477100    5.34752800   -1.63344800 

 H                  2.47616300    4.81819300   -0.12395000 

 H                  0.18710700    0.06643700    0.58309800 

 O                  2.92085800    1.42352600   -1.44494100 

 N                  0.92302100   -0.64238300    0.75072400 

 H                  1.75752700   -0.08553600    0.99493500 

 O                 -0.32609100   -1.58711200    2.99325100 

 H                 -0.96596200   -0.84286500    2.90470900 

 H                 -0.00283600   -1.56016100    3.90640500 
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Zwit_48_H2O_6: 

H                 -0.81204800   -1.46351800   -2.09353400 

 C                 -0.93440800   -1.56101100   -0.00303900 

 C                  0.43254500   -2.23601200    0.19439100 

 O                  0.91273400   -2.83599600   -0.77802800 

 C                 -2.05967700   -2.60639800   -0.05758800 

 C                 -3.41100900   -2.09952900   -0.47438700 

 N                 -3.99093300   -0.95699700    0.05495200 

 C                 -4.29187800   -2.68595100   -1.34990500 

 C                 -5.19165400   -0.86244600   -0.48791300 

 N                 -5.41694500   -1.89047200   -1.34073400 

 H                 -1.11768300   -0.81473200    0.76892800 

 H                 -1.75258100   -3.41698200   -0.72873600 

 H                 -2.11700800   -3.04454200    0.94776000 

 H                 -4.22706100   -3.58475100   -1.94428800 

 H                 -5.91209500   -0.07916900   -0.29984600 

 H                 -6.26344800   -2.04902600   -1.87092600 

 H                 -3.32144800    0.35493000    0.86836900 

 H                  0.48315700   -1.45945900    2.05999000 

 N                  0.99514200   -2.05608500    1.39812300 

 C                  2.41608700   -2.32464800    1.72553100 

 C                  3.26266100   -1.25967100    0.98587500 

 O                  3.77722600   -0.31835800    1.58051300 

 C                  2.84243800   -3.77888600    1.50559100 

 H                  2.51714100   -2.07391800    2.78289700 

 H                  3.88824700   -3.89877800    1.80545700 

 H                  2.23118800   -4.44119600    2.12657700 

 H                  2.73702200   -4.09099800    0.46543900 

 H                  2.72306800   -2.10490600   -0.79951400 

 N                  3.32471500   -1.40424500   -0.37177500 

 C                  3.72672000   -0.27603300   -1.20534400 

 C                  2.61524100    0.79618800   -1.15751100 

 O                  1.54267000    0.65880200   -1.76899200 

 C                  3.97493100   -0.73072500   -2.64268200 

 H                  4.64429600    0.13675200   -0.77834800 

 H                  4.32599800    0.10497000   -3.25569700 

 H                  4.73609100   -1.51584100   -2.65803000 

 H                  3.05324800   -1.11497200   -3.09004400 

 H                  3.65040600    1.78183400    0.25512000 

 N                  2.90515900    1.89198500   -0.42369100 

 C                  1.99906100    3.02532200   -0.26661100 

 C                  0.68305000    2.59412200    0.41932800 

 O                  0.60880800    1.54770200    1.06803700 

 C                  1.81702800    3.78893200   -1.59017200 

 H                  2.49172900    3.69371500    0.45019000 

 H                  1.33053300    4.75765900   -1.43215200 

 H                  2.79953900    3.99571600   -2.02232200 

 H                  1.23655800    3.20300800   -2.30580400 

 H                 -0.31674000    4.23336600   -0.30484400 

 N                 -0.35464700    3.46089000    0.34445900 

 C                 -1.62990600    3.16532100    0.98335200 

 C                 -2.22722600    1.87669800    0.40651400 
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 O                 -2.11379300    1.56756300   -0.77306600 

 C                 -2.60726700    4.33181500    0.78956000 

 H                 -1.46072100    3.00195800    2.05176800 

 H                 -3.55284500    4.11699000    1.29430600 

 H                 -2.19285500    5.24900900    1.21915100 

 H                 -2.81313400    4.49543900   -0.27394200 

 H                  0.07701200   -0.26281500   -1.37257400 

 O                 -2.89022800    1.17089000    1.31213200 

 N                 -0.81794500   -0.80698200   -1.30763600 

 H                 -1.58362700   -0.11076200   -1.38495000 

 O                 -0.46021900   -0.15053900    2.96061100 

 H                 -0.11212700    0.62887300    2.48155000 

 H                 -1.39963600    0.04242400    3.10257500 

 

Zwit_48_H2O_1: 

H                  1.07279200   -1.34222300    1.50910400 

 C                  0.79424600   -1.10204300   -0.56089900 

 C                 -0.47096400   -1.95880600   -0.72518900 

 O                 -0.63334000   -2.90380900    0.05328700 

 C                  2.04717000   -1.95696400   -0.84022700 

 C                  3.35269600   -1.39662600   -0.35386700 

 N                  3.79652600   -0.11938800   -0.65089300 

 C                  4.31567400   -2.04248800    0.38619700 

 C                  4.99660500   -0.01092000   -0.10223900 

 N                  5.35222300   -1.15076500    0.53076000 

 H                  0.76532000   -0.20977500   -1.18387500 

 H                  1.89303700   -2.94183800   -0.38576700 

 H                  2.07793000   -2.11432000   -1.92634200 

 H                  4.35767400   -3.04328200    0.78954200 

 H                  5.62704200    0.86610600   -0.13771000 

 H                  6.24473300   -1.31530800    1.01493500 

 H                  2.94966700    1.15732800   -1.27359000 

 H                 -1.18813700   -0.63353600   -2.04462700 

 N                 -1.30572000   -1.58906300   -1.72049600 

 C                 -2.66947000   -2.13667900   -1.93678500 

 C                 -3.57853300   -1.52014400   -0.85063400 

 O                 -4.39718400   -0.64685400   -1.12718600 

 C                 -2.71416100   -3.66097100   -2.06624700 

 H                 -3.01151800   -1.69115000   -2.87293800 

 H                 -3.73791700   -3.96647100   -2.30343700 

 H                 -2.06407000   -3.98191300   -2.88613300 

 H                 -2.39624300   -4.17116000   -1.15654200 

 H                 -2.52746300   -2.54953900    0.56601400 

 N                 -3.32351700   -1.93068800    0.42586700 

 C                 -3.69965600   -1.07897800    1.55860500 

 C                 -2.80196900    0.17988900    1.49609400 

 O                 -1.65954900    0.19420900    1.98461900 

 C                 -3.53000000   -1.82642000    2.87645800 

 H                 -4.74389800   -0.78895400    1.41776500 

 H                 -3.85771300   -1.20368900    3.71408000 

 H                 -4.13006200   -2.74071700    2.86735600 
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 H                 -2.48014700   -2.08576900    3.04223200 

 H                 -4.15020000    1.00746800    0.26191200 

 N                 -3.34932300    1.22929300    0.84746600 

 C                 -2.67334000    2.50274400    0.62312000 

 C                 -1.42425000    2.33791600   -0.27927900 

 O                 -1.19641900    1.30783100   -0.91907700 

 C                 -2.40017600    3.23441500    1.95119300 

 H                 -3.38106800    3.10460300    0.04037500 

 H                 -2.12586200    4.28172500    1.78619100 

 H                 -3.31336600    3.23737900    2.55222100 

 H                 -1.60885300    2.73988400    2.51754200 

 H                 -0.76580800    4.20188500    0.25923600 

 N                 -0.63159700    3.43225500   -0.38049200 

 C                  0.58212200    3.42655400   -1.18480300 

 C                  1.55406200    2.35502700   -0.67786900 

 O                  1.58179900    1.98492200    0.49288000 

 C                  1.24473400    4.80971700   -1.16267900 

 H                  0.32238300    3.15844500   -2.21304500 

 H                  2.14095300    4.80425200   -1.78810500 

 H                  0.55838700    5.56693900   -1.55415700 

 H                  1.53798600    5.08728500   -0.14381700 

 H                 -0.16042300   -0.26860900    1.17276700 

 O                  2.33250200    1.89584700   -1.63677500 

 N                  0.78655400   -0.59996700    0.86497300 

 H                  1.41437100    0.22828800    0.93670800 

 O                  7.86974500   -1.44227900    1.77748500 

 H                  8.05383600   -1.45120800    2.72860600 

 H                  8.62145700   -1.89415600    1.36564300 

 

Zwit_48_H2O_10: 

H                 -1.45954800   -0.99986000   -1.63808600 

 C                 -1.12801800   -1.35582200    0.41003800 

 C                  0.21983600   -1.93415300    0.89449200 

 O                  0.64769900   -2.96521000    0.36987900 

 C                 -2.13553100   -2.50298600    0.18753500 

 C                 -3.35100700   -2.12885400   -0.60817500 

 N                 -4.27589200   -1.19281700   -0.17380600 

 C                 -3.74838300   -2.62591200   -1.82876000 

 C                 -5.20927900   -1.13602000   -1.10250500 

 N                 -4.93354900   -1.98719000   -2.12415900 

 H                 -1.53670400   -0.62902900    1.11248800 

 H                 -1.60799800   -3.32533200   -0.30524000 

 H                 -2.42889200   -2.86291100    1.18062300 

 H                 -3.32648000   -3.38368100   -2.47217600 

 H                 -6.08612600   -0.50408000   -1.08328100 

 H                 -5.50598000   -2.14016200   -2.94365800 

 H                 -2.98341400    1.61432000    1.97214500 

 H                  0.51515100   -0.28204300    2.00337700 

 N                  0.83784000   -1.23519400    1.87208600 

 C                  2.21869400   -1.48370700    2.35989200 

 C                  3.21426400   -1.00992400    1.27618200 
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 O                  3.90353700   -0.00629000    1.43738600 

 C                  2.43809000   -2.90992700    2.87369600 

 H                  2.35772400   -0.78400400    3.18607900 

 H                  3.44739400   -2.98685500    3.28985900 

 H                  1.72173000   -3.13110000    3.67097700 

 H                  2.32328900   -3.65943400    2.08988900 

 H                  2.49659700   -2.45998200    0.02936500 

 N                  3.20374200   -1.73248600    0.11789200 

 C                  3.68842400   -1.13293100   -1.12783900 

 C                  2.70177000    0.00196500   -1.48309300 

 O                  1.61736900   -0.23121500   -2.04337800 

 C                  3.76749800   -2.17861700   -2.23511700 

 H                  4.67791800   -0.71214200   -0.93125400 

 H                  4.17063400   -1.73606900   -3.15092400 

 H                  4.42285300   -2.99858200   -1.92808800 

 H                  2.77396300   -2.57678200   -2.46146800 

 H                  3.84165500    1.23717500   -0.40377400 

 N                  3.10417100    1.23500800   -1.10370200 

 C                  2.28230000    2.43658200   -1.18751300 

 C                  1.09614700    2.37810800   -0.19045200 

 O                  0.90228700    1.42191900    0.56256600 

 C                  1.86366200    2.75759100   -2.63439800 

 H                  2.92860000    3.25033100   -0.83627800 

 H                  1.40102500    3.74725100   -2.70509300 

 H                  2.75209800    2.76490600   -3.27175800 

 H                  1.16657400    2.01180800   -3.01764300 

 H                  0.49639700    4.24228900   -0.80387700 

 N                  0.30453200    3.47798200   -0.17156900 

 C                 -0.73866500    3.67179800    0.82570600 

 C                 -1.75571400    2.52702800    0.80528100 

 O                 -1.98890700    1.82072400   -0.17185600 

 C                 -1.44880700    5.01315300    0.59434300 

 H                 -0.28951300    3.66553200    1.82515000 

 H                 -2.21210900    5.16736100    1.36040200 

 H                 -0.73278400    5.83932800    0.65779300 

 H                 -1.93166400    5.03509800   -0.38865600 

 H                  0.11094600   -0.58301800   -1.21833900 

 O                 -2.37490800    2.42664200    1.96119100 

 N                 -0.88346000   -0.59954800   -0.88859900 

 H                 -1.18805300    0.38954500   -0.75836200 

 O                 -3.62992900    0.15199300    2.14581200 

 H                 -4.27877800    0.01987700    2.85338100 

 H                 -4.00704300   -0.26276800    1.32076700 

 

Zwit_48_H2O_9: 

H                  0.77466300   -1.57543000    1.81773600 

 C                  0.76379300   -1.60183600   -0.28104400 

 C                 -0.65928200   -2.16703500   -0.43342200 

 O                 -1.06807600   -2.92356600    0.45420400 

 C                  1.77880900   -2.76357200   -0.31526500 

 C                  3.15194000   -2.48603100    0.22669000 
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 N                  3.93982300   -1.42154000   -0.18005700 

 C                  3.85954300   -3.25032200    1.12311900 

 C                  5.09242300   -1.54451300    0.45210100 

 N                  5.08858200   -2.64074300    1.24895400 

 H                  0.98558400   -0.83791600   -1.02459100 

 H                  1.34744700   -3.60265400    0.24100000 

 H                  1.84481900   -3.08358500   -1.36326500 

 H                  3.61211500   -4.16110400    1.64729100 

 H                  5.93661800   -0.87525100    0.36675800 

 H                  5.85714600   -2.96154900    1.82284700 

 H                  3.46584300   -0.07354000   -1.03774900 

 H                 -0.99533000   -0.92403000   -1.96865900 

 N                 -1.33933600   -1.77482800   -1.52973700 

 C                 -2.77781700   -2.05223900   -1.78244400 

 C                 -3.58374400   -1.09060400   -0.88114200 

 O                 -4.19047500   -0.13468700   -1.35644100 

 C                 -3.15296400   -3.53314000   -1.68998200 

 H                 -2.96210500   -1.70205600   -2.79980300 

 H                 -4.20344700   -3.64885100   -1.97398000 

 H                 -2.54498900   -4.11460400   -2.39003800 

 H                 -3.01143200   -3.94221900   -0.68938000 

 H                 -2.84139500   -2.05840200    0.75731400 

 N                 -3.46645500   -1.31204300    0.46141900 

 C                 -3.65997200   -0.20760600    1.40809600 

 C                 -2.50411400    0.79536100    1.17430500 

 O                 -1.39838400    0.67039300    1.73357400 

 C                 -3.68212100   -0.72264300    2.84249100 

 H                 -4.61100600    0.27215900    1.16342600 

 H                 -3.86913000    0.09879900    3.54021200 

 H                 -4.47475300   -1.46682300    2.96044300 

 H                 -2.72169800   -1.17474000    3.10785300 

 H                 -3.61348400    1.63054400   -0.27297500 

 N                 -2.78166000    1.77238900    0.29325200 

 C                 -1.84664700    2.82012900   -0.11188400 

 C                 -0.56088000    2.23275700   -0.74181300 

 O                 -0.53835200    1.11565800   -1.27306000 

 C                 -1.62748000    3.84070400    1.01791900 

 H                 -2.34336300    3.33455500   -0.94381200 

 H                 -1.13755700    4.74498000    0.64562600 

 H                 -2.60018800    4.13823900    1.41862500 

 H                 -1.02115200    3.42500600    1.82487300 

 H                  0.59462500    3.80065900   -0.08389900 

 N                  0.50255900    3.07208200   -0.78755200 

 C                  1.72808600    2.67412500   -1.46456000 

 C                  2.40646600    1.51352400   -0.73527000 

 O                  2.34614200    1.34805600    0.48886800 

 C                  2.68628000    3.86737700   -1.59591800 

 H                  1.46480400    2.30014300   -2.45719400 

 H                  3.60451400    3.55987100   -2.10382900 

 H                  2.21290700    4.65704700   -2.18640900 

 H                  2.93651000    4.26788200   -0.60926200 

 H                 -0.05380200   -0.26805300    1.19269200 

 O                  3.05242600    0.71030900   -1.55115000 

 N                  0.78424400   -0.89274600    1.05428800 
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 H                  1.61670100   -0.27567500    1.11141600 

 O                  1.66359200    3.91476900    1.65981000 

 H                  1.99147200    3.00246100    1.54871900 

 H                  2.25586300    4.34206400    2.29573700 

 

Zwit_48_H2O_7: 

H                  0.71596300   -1.56288700    1.65960900 

 C                  0.84247900   -1.42448100   -0.44105300 

 C                 -0.58157700   -1.89525300   -0.81546400 

 O                 -1.02982700   -2.88578500   -0.23293300 

 C                  1.80298200   -2.62919800   -0.48059800 

 C                  3.13056600   -2.47080300    0.20225000 

 N                  4.03706500   -1.46867900   -0.10214700 

 C                  3.68115400   -3.30067100    1.14948000 

 C                  5.10478500   -1.69048500    0.64107300 

 N                  4.93442200   -2.79233700    1.41228900 

 H                  1.18103600   -0.61180700   -1.08152600 

 H                  1.27849100   -3.48402900   -0.04185100 

 H                  1.95369500   -2.86851400   -1.54132700 

 H                  3.31289100   -4.19731900    1.62477400 

 H                  6.00255300   -1.08905000    0.65619700 

 H                  5.61278500   -3.17950200    2.05462100 

 H                  3.74651400   -0.02133100   -0.89169900 

 H                 -0.75498100   -0.27231200   -1.97567300 

 N                 -1.18944200   -1.17002800   -1.77478200 

 C                 -2.62164400   -1.21914200   -2.17224400 

 C                 -3.32292400   -0.19067500   -1.25571400 

 O                 -3.48678100    0.96227800   -1.65779800 

 C                 -3.23189400   -2.61714900   -2.25160700 

 H                 -2.64980200   -0.76702700   -3.16615300 

 H                 -4.21824600   -2.53412000   -2.71903700 

 H                 -2.61321400   -3.26677600   -2.87780000 

 H                 -3.34877800   -3.08744900   -1.27658700 

 H                 -3.46854000   -1.53863000    0.34233700 

 N                 -3.56623100   -0.57000500    0.02395100 

 C                 -3.73116700    0.46061100    1.05039900 

 C                 -2.36788000    1.17940700    1.18604500 

 O                 -1.41991900    0.66088500    1.79881300 

 C                 -4.16895900   -0.14617000    2.38084900 

 H                 -4.48224100    1.17527700    0.70071600 

 H                 -4.30796700    0.64314400    3.12591400 

 H                 -5.11855000   -0.67404900    2.25552900 

 H                 -3.42199400   -0.85080000    2.75286500 

 H                 -3.01325600    2.53367000   -0.13246000 

 N                 -2.30915600    2.38824100    0.58486700 

 C                 -1.13118100    3.24448100    0.54391200 

 C                  0.00669700    2.62319400   -0.30168200 

 O                 -0.08593100    1.52687600   -0.86027400 

 C                 -0.67588800    3.65397200    1.95892500 

 H                 -1.44954000    4.15023600    0.01408200 

 H                  0.07601600    4.44888400    1.92414400 
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 H                 -1.53520700    4.04137600    2.51284200 

 H                 -0.26375800    2.80141500    2.50032900 

 H                  1.19891900    4.23176300    0.13543500 

 N                  1.11765000    3.39006600   -0.41754800 

 C                  2.30990200    2.90851300   -1.09864500 

 C                  2.78187100    1.59125300   -0.47257400 

 O                  2.54544200    1.27654700    0.69037500 

 C                  3.42140000    3.96438400   -1.04680100 

 H                  2.06179700    2.68899400   -2.14172900 

 H                  4.30386600    3.60351500   -1.58067600 

 H                  3.08789900    4.89055500   -1.52521600 

 H                  3.70845500    4.18175100   -0.01178000 

 H                 -0.06427300   -0.20116900    1.09233600 

 O                  3.46103800    0.85568600   -1.33186500 

 N                  0.76799000   -0.82808900    0.94830300 

 H                  1.60655900   -0.22818900    1.10038500 

 O                 -3.32971600   -3.20387900    1.24581300 

 H                 -3.91836200   -3.96145900    1.10992500 

 H                 -2.49161600   -3.42994400    0.80058300 

 

Hisprot_27_H2O_1: 

H                  5.37247800    0.46470500    0.04682900 

 N                  4.64974400    0.59386600    0.75338800 

 C                  3.35624200    0.90820000    0.15161200 

 C                  2.78525100   -0.38756900   -0.46211800 

 O                  2.39857400   -0.47568300   -1.64097800 

 C                  3.34595700    2.08013100   -0.87296300 

 C                  1.96743800    2.60359400   -1.13962100 

 N                  1.00421600    1.84482200   -1.78705900 

 C                  1.33062600    3.75271400   -0.74954600 

 C                 -0.16277100    2.48293000   -1.77811400 

 N                  0.01601200    3.65305200   -1.16597300 

 H                  2.68949100    1.17209700    0.98123100 

 H                  3.94485300    2.89528100   -0.45520700 

 H                  3.82329600    1.76322400   -1.80737200 

 H                  1.69623900    4.60813700   -0.20454300 

 H                 -1.09283700    2.10299100   -2.16175500 

 H                 -0.80051000    4.22782100   -0.92137000 

 H                  1.17009100    0.87666800   -2.07947500 

 H                  3.08956600   -1.30762400    1.31837200 

 N                  2.71145100   -1.42918900    0.38599400 

 C                  2.19044200   -2.73055700   -0.02302400 

 C                  0.67143200   -2.63403600   -0.30016500 

 O                 -0.15342300   -2.52506600    0.61185900 

 C                  2.46481200   -3.77121500    1.06262100 

 H                  2.69718900   -3.02023000   -0.95051700 

 H                  2.12595700   -4.75889800    0.73712500 

 H                  3.53815700   -3.82935200    1.26811300 

 H                  1.93274300   -3.51535400    1.98328100 

 H                  1.03992500   -2.48675300   -2.27641400 

 N                  0.31940700   -2.72845000   -1.60728500 
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 C                 -1.07548500   -2.63239300   -2.04958600 

 C                 -1.66330300   -1.28310500   -1.57778900 

 O                 -1.08792500   -0.22986500   -1.84857900 

 C                 -1.87012400   -3.89424300   -1.69400700 

 H                 -1.03167800   -2.54424600   -3.14021300 

 H                 -2.88409700   -3.84804200   -2.10670900 

 H                 -1.37837500   -4.76719600   -2.13123700 

 H                 -1.91980800   -4.04505300   -0.61199300 

 H                 -3.25245000   -2.18356600   -0.63160400 

 N                 -2.82580400   -1.30004800   -0.87390700 

 C                 -3.41433200   -0.07239200   -0.35704300 

 C                 -2.61602100    0.52959300    0.81110100 

 O                 -2.75106600    1.74334800    1.08895000 

 C                 -4.86657400   -0.31087800    0.07863800 

 H                 -3.38883600    0.68059700   -1.14980700 

 H                 -5.29418800    0.61543800    0.46971100 

 H                 -5.46833700   -0.63879700   -0.77421800 

 H                 -4.92363300   -1.07074600    0.86643900 

 H                 -1.58919900   -1.20370400    1.17070600 

 N                 -1.85567400   -0.29234800    1.54558900 

 C                 -1.15784200    0.13991800    2.77062400 

 C                  0.09877200    0.95065500    2.38565300 

 O                  1.23086700    0.58331800    2.60623800 

 C                 -0.82238600   -1.06538200    3.64007100 

 H                 -1.12858400    2.21496300    1.62775200 

 O                 -0.15172800    2.11240400    1.75755000 

 H                 -1.84047700    0.81730300    3.29720900 

 H                 -0.29256100   -0.73890500    4.53808300 

 H                 -1.74012400   -1.57889600    3.94179200 

 H                 -0.18153500   -1.76347700    3.09630000 

 H                  4.95320600    1.34225200    1.37173300 

 O                 -2.63129000    3.95235700   -0.67357600 

 H                 -2.85811500    3.24393100   -0.03466200 

 H                 -3.34818900    4.60121900   -0.62259000 

 

Hisprot_27_H2O_3: 

H                  2.94462200   -2.83772700    1.81597900 

 N                  2.26795900   -2.09264700    1.66787900 

 C                  2.01008000   -1.84662200    0.25670600 

 C                  0.78799900   -2.62089000   -0.26310400 

 O                  0.49529700   -2.64229800   -1.46659200 

 C                  3.22473700   -1.94894200   -0.71299600 

 C                  3.92057300   -0.63208900   -0.84704600 

 N                  3.28858300    0.44163100   -1.45905300 

 C                  5.11655500   -0.15963300   -0.38348700 

 C                  4.04668500    1.52576400   -1.35918100 

 N                  5.17197200    1.18295200   -0.72010400 

 H                  1.64004100   -0.81669400    0.20515700 

 H                  3.93138200   -2.70385300   -0.35317200 

 H                  2.86962200   -2.28082300   -1.69462000 

 H                  5.91616600   -0.64876600    0.14933900 
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 H                  3.79852500    2.51213300   -1.71652800 

 H                  5.92460100    1.81990800   -0.49371600 

 H                  2.31869500    0.37231400   -1.89347500 

 H                  0.30101400   -2.92956500    1.64748100 

 N                 -0.00678500   -3.13201900    0.69841000 

 C                 -1.41335400   -3.38918400    0.42953700 

 C                 -2.12261800   -2.03919500    0.18072200 

 O                 -1.96931400   -1.08594700    0.95172000 

 C                 -2.06152900   -4.11127700    1.61461400 

 H                 -1.47261800   -4.00945200   -0.46991800 

 H                 -3.11160100   -4.33312000    1.40187200 

 H                 -1.54263700   -5.05387900    1.81161800 

 H                 -2.02042000   -3.48628500    2.51287000 

 H                 -2.89121500   -2.72845400   -1.57746100 

 N                 -2.93799300   -1.98316000   -0.89662000 

 C                 -3.72889800   -0.79458700   -1.22412400 

 C                 -2.80331200    0.44573700   -1.25695400 

 O                 -1.78887800    0.44301100   -1.95114900 

 C                 -4.98036200   -0.69748200   -0.34159500 

 H                 -4.04007000   -0.92134400   -2.26654000 

 H                 -5.61687200    0.14112800   -0.64467900 

 H                 -5.57326900   -1.61007900   -0.44775600 

 H                 -4.71350000   -0.59270200    0.71464400 

 H                 -4.00932000    1.47287600    0.04656800 

 N                 -3.19034400    1.53118800   -0.54186400 

 C                 -2.47379900    2.79765000   -0.59487100 

 C                 -1.23144800    2.86312100    0.30613800 

 O                 -0.55057300    3.90468900    0.29223800 

 C                 -3.41599600    3.96422300   -0.27105700 

 H                 -2.09126200    2.91015600   -1.61457000 

 H                 -2.86129200    4.90334600   -0.30674300 

 H                 -4.23100700    4.00449700   -0.99944300 

 H                 -3.84521900    3.86005200    0.73283300 

 H                 -1.43300400    0.93169000    1.00699500 

 N                 -0.91614100    1.80808500    1.08110500 

 C                  0.16050800    1.88848900    2.08456300 

 C                  1.55288200    1.83358400    1.40944900 

 O                  2.37293900    0.96016300    1.62663900 

 C                 -0.01301800    0.80151800    3.13876600 

 H                  1.02047000    3.42886400    0.47690300 

 O                  1.81986500    2.82494700    0.55731100 

 H                  0.08269200    2.88051700    2.54873800 

 H                  0.79060700    0.86693200    3.87590000 

 H                 -0.97006200    0.92980500    3.65284600 

 H                  0.01126900   -0.19477200    2.68981900 

 H                  2.59927400   -1.24074400    2.11431200 

 O                  0.90743800   -0.09077700   -2.51353100 

 H                  0.75006900   -1.04858500   -2.35447300 

 H                  0.03522600    0.31899600   -2.34863400 

 

Hisprot_27_H2O_10: 
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H                  5.50503300   -0.59323300   -0.50308900 

 N                  5.18262300    0.00612900    0.25448200 

 C                  3.81846100    0.45255300    0.00180600 

 C                  2.97673000   -0.83505800   -0.01470400 

 O                  3.01616400   -1.58071700   -1.00608600 

 C                  3.64546500    1.24803400   -1.32917400 

 C                  2.32460000    1.93429000   -1.45938800 

 N                  1.14989100    1.28737200   -1.82146500 

 C                  1.95737100    3.22424700   -1.17605900 

 C                  0.12167200    2.13353900   -1.75747800 

 N                  0.59413200    3.32081300   -1.38024600 

 H                  3.51003100    1.09042800    0.83835700 

 H                  4.43105000    2.00893600   -1.37367600 

 H                  3.80495000    0.55666400   -2.16353800 

 H                  2.54832300    4.06319700   -0.84496900 

 H                 -0.90680600    1.88356500   -1.95443200 

 H                 -0.02660800    4.07881300   -1.09032500 

 H                  1.00186900    0.30154500   -2.04937300 

 H                  2.12159800   -0.39959300    1.80089400 

 N                  2.28965700   -1.12320600    1.10742400 

 C                  1.65421000   -2.42637900    1.33886600 

 C                  0.31685500   -2.50751200    0.56974500 

 O                 -0.77771300   -2.27093400    1.09425700 

 C                  1.46047500   -2.66215000    2.83324300 

 H                  2.32966200   -3.17995500    0.92070500 

 H                  1.01388900   -3.64543900    3.00521600 

 H                  2.42723100   -2.62591500    3.34383100 

 H                  0.79823900   -1.90491200    3.25866200 

 H                  1.39472800   -2.79072700   -1.11705600 

 N                  0.45295700   -2.86212100   -0.73208600 

 C                 -0.68891300   -2.93521900   -1.64589600 

 C                 -1.39161300   -1.56387400   -1.66739700 

 O                 -0.79060600   -0.56659400   -2.08747800 

 C                 -1.57423800   -4.15407200   -1.36167400 

 H                 -0.26220200   -3.03465300   -2.64883300 

 H                 -2.40896600   -4.20733900   -2.06903800 

 H                 -0.98079400   -5.06493900   -1.47693500 

 H                 -1.96087200   -4.13874400   -0.33838500 

 H                 -3.08381800   -2.29841900   -0.79618500 

 N                 -2.66147600   -1.48159400   -1.21613700 

 C                 -3.38023100   -0.21655600   -1.17345300 

 C                 -2.81529200    0.80079900   -0.16055300 

 O                 -3.04436700    2.00442000   -0.37768000 

 C                 -4.86638200   -0.45929900   -0.87703400 

 H                 -3.27976900    0.26723800   -2.14869100 

 H                 -5.39939600    0.49404300   -0.85747900 

 H                 -5.30923600   -1.08780300   -1.65560200 

 H                 -5.00204300   -0.95001100    0.09370000 

 H                 -1.90606000   -0.65415600    0.97184700 

 N                 -2.18503200    0.32988500    0.93126700 

 C                 -1.82844600    1.15996300    2.09167900 

 C                 -0.30585200    1.43128900    2.09177500 

 O                  0.48755900    0.61606500    2.51624100 

 C                 -2.24562600    0.45635800    3.38442300 
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 H                 -0.60905100    3.18459000    1.26346800 

 O                  0.12009500    2.58997600    1.58113700 

 H                 -2.37117500    2.10123100    1.97801700 

 H                 -1.98218300    1.06625400    4.25399600 

 H                 -3.32678400    0.29125000    3.38860100 

 H                 -1.73289700   -0.50481900    3.47389400 

 H                  5.82315000    0.79274100    0.33331700 

 O                 -1.59210100    4.16568100    0.21575700 

 H                 -2.07805500    4.93741300    0.54701600 

 H                 -2.27001400    3.47292100   -0.00813400 

 

Hisprot_27_H2O_7: 

H                 -4.89240600    1.88560000    0.79807900 

 N                 -4.17109200    1.39367600    1.32299200 

 C                 -3.30243500    0.60614100    0.45318700 

 C                 -2.29903300    1.55131500   -0.23240600 

 O                 -1.97748000    1.42192000   -1.42870500 

 C                 -4.01553300   -0.29146800   -0.60233000 

 C                 -3.17957200   -1.44529100   -1.06940000 

 N                 -1.91612400   -1.30088600   -1.62177500 

 C                 -3.39346200   -2.79420500   -0.98615300 

 C                 -1.36579000   -2.48845100   -1.84587800 

 N                 -2.25871000   -3.41523300   -1.48008600 

 H                 -2.71094500   -0.03439200    1.12014500 

 H                 -4.91730200   -0.70620700   -0.14139900 

 H                 -4.33044400    0.31943100   -1.45641600 

 H                 -4.23576100   -3.35432300   -0.61299300 

 H                 -0.36691100   -2.65391700   -2.21381300 

 H                 -2.10080800   -4.41367300   -1.52344900 

 H                 -1.45812000   -0.39592400   -1.78012000 

 H                 -2.16142000    2.57383400    1.49514900 

 N                 -1.77087300    2.49604700    0.56100600 

 C                 -0.79526300    3.48191500    0.08777500 

 C                  0.56119400    2.78996800   -0.22068400 

 O                  1.41039900    2.64559600    0.66360200 

 C                 -0.61504000    4.57885100    1.13328600 

 H                 -1.18132200    3.91169300   -0.84368100 

 H                  0.05948800    5.35294900    0.75747300 

 H                 -1.57789600    5.04606600    1.36248800 

 H                 -0.17987700    4.16849600    2.04850700 

 H                 -0.17475200    2.33279500   -2.01644600 

 N                  0.70542600    2.42673500   -1.51720900 

 C                  1.84834500    1.71377600   -2.10180100 

 C                  1.78487800    0.21124400   -1.73336900 

 O                  0.77225700   -0.44137000   -2.01133200 

 C                  3.18310400    2.43863300   -1.90092500 

 H                  1.64007700    1.70943300   -3.17774000 

 H                  3.96350400    1.94992200   -2.49284600 

 H                  3.08864600    3.46811000   -2.25757900 

 H                  3.49945400    2.47150200   -0.85758600 

 H                  3.58419100    0.24208900   -0.75472500 
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 N                  2.87753400   -0.35373600   -1.17272700 

 C                  2.90991800   -1.77785500   -0.84456100 

 C                  1.90724600   -2.15925700    0.25978200 

 O                  1.21307000   -3.18753900    0.13340300 

 C                  4.33480000   -2.20208000   -0.46922900 

 H                  2.57840000   -2.33247000   -1.72563200 

 H                  4.35507400   -3.26755500   -0.22357800 

 H                  5.01417200   -2.02993900   -1.30961000 

 H                  4.69992900   -1.64137500    0.39772300 

 H                  2.45046100   -0.52499500    1.38252600 

 N                  1.85801900   -1.36329700    1.34122900 

 C                  1.03702600   -1.65892000    2.52773400 

 C                 -0.45952600   -1.46023000    2.19041100 

 O                 -1.14059100   -0.56966400    2.65143500 

 C                  1.47048300   -0.77883500    3.69404800 

 H                 -0.21617900   -2.90308500    0.95325500 

 O                 -0.96440200   -2.35405500    1.32723700 

 H                  1.18002300   -2.71908800    2.77522100 

 H                  0.86978200   -1.00572300    4.57777800 

 H                  2.52343900   -0.95721800    3.93242100 

 H                  1.32676000    0.27863200    3.45526300 

 H                 -4.63114200    0.80463200    2.01214800 

 O                  3.50440800    1.02078200    1.30104300 

 H                  4.02804300    1.38119000    2.03293000 

 H                  2.79525700    1.68350400    1.12208900 

 

Hisprot_27_H2O_4: 

H                 -4.90306100    1.15479300   -0.49551000 

 N                 -4.44242000    0.58750400    0.21560800 

 C                 -3.22847000   -0.05333900   -0.30918400 

 C                 -2.22561000    1.02033600   -0.79674200 

 O                 -1.72144000    0.94422600   -1.93610100 

 C                 -3.47452100   -1.09920000   -1.43405800 

 C                 -2.35215100   -2.08271300   -1.56613200 

 N                 -1.04611800   -1.71453500   -1.85214900 

 C                 -2.31803300   -3.43561100   -1.36146600 

 C                 -0.24461400   -2.77379900   -1.81328500 

 N                 -1.00421200   -3.83757200   -1.52981000 

 H                 -2.76533100   -0.56884000    0.54059600 

 H                 -4.37868100   -1.66605900   -1.18962700 

 H                 -3.64518100   -0.58663500   -2.38649900 

 H                 -3.10120100   -4.13174500   -1.10721800 

 H                  0.82214700   -2.75101400   -1.96196300 

 H                 -0.65592400   -4.78119100   -1.41835100 

 H                 -0.74673600   -0.74739100   -2.02277000 

 H                 -2.30505800    1.98550300    1.02753600 

 N                 -1.91821100    1.99825200    0.06356200 

 C                 -0.98716400    3.06219400   -0.31255400 

 C                  0.43835300    2.48762000   -0.46305000 

 O                  1.12062400    2.16306300    0.51383000 

 C                 -1.00672200    4.17375300    0.73719800 
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 H                 -1.30594400    3.46149400   -1.28195900 

 H                 -0.35670700    4.99748000    0.42751800 

 H                 -2.02249400    4.56072600    0.85774300 

 H                 -0.65431000    3.80059000    1.70205900 

 H                  0.17469100    2.37445800   -2.45669500 

 N                  0.88939400    2.40054700   -1.74014900 

 C                  2.20390300    1.84382500   -2.06875700 

 C                  2.32358300    0.42431500   -1.47222000 

 O                  1.49475900   -0.44571600   -1.75769500 

 C                  3.33040100    2.82741800   -1.73060900 

 H                  2.19381400    1.68236100   -3.15178100 

 H                  4.30379300    2.43634300   -2.04650400 

 H                  3.16288400    3.76583600   -2.26563000 

 H                  3.35486600    3.05399100   -0.66058400 

 H                  3.98989200    0.91923000   -0.38658900 

 N                  3.36780000    0.16791400   -0.65036100 

 C                  3.55208600   -1.14049300   -0.03782500 

 C                  2.43427300   -1.51087200    0.94955200 

 O                  2.20318100   -2.71536200    1.16246900 

 C                  4.91294800   -1.21643300    0.66586000 

 H                  3.50519200   -1.90080700   -0.82257100 

 H                  5.04053900   -2.20452200    1.11435400 

 H                  5.72263300   -1.05548600   -0.05276200 

 H                  4.98947500   -0.46649500    1.46146700 

 H                  1.84793500    0.43925700    1.25588800 

 N                  1.80149700   -0.51927800    1.60411800 

 C                  0.88608300   -0.77667300    2.72978900 

 C                 -0.46267800   -1.32826600    2.21668500 

 O                 -1.53158300   -0.77358100    2.39296800 

 C                  0.71448800    0.48506600    3.56753900 

 H                  0.56661000   -2.77187100    1.48769300 

 O                 -0.39096000   -2.48021900    1.54630300 

 H                  1.34332900   -1.57366300    3.33023700 

 H                  0.03442700    0.29290400    4.40073500 

 H                  1.68097700    0.79850600    3.97264000 

 H                  0.30379300    1.29941600    2.96502400 

 H                 -5.11260900   -0.12209600    0.50901800 

 O                 -3.07004800    1.68773900    2.57560100 

 H                 -2.59618400    0.87776200    2.84042300 

 H                 -3.83486500    1.36336300    2.05489800 

 

Hisprot_27_H2O_8: 

H                 -5.15626500    0.08054700    0.85871100 

 N                 -4.35454300   -0.30170600    1.35730200 

 C                 -3.23892200   -0.59258500    0.46407900 

 C                 -2.54357700    0.73017500    0.09681900 

 O                 -2.25588300    1.00737300   -1.08637500 

 C                 -3.56859100   -1.40500700   -0.82263600 

 C                 -2.36840000   -2.07873400   -1.41960000 

 N                 -1.21848800   -1.40556700   -1.80994500 

 C                 -2.10318900   -3.40572500   -1.62410700 
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 C                 -0.29067100   -2.26530100   -2.21605200 

 N                 -0.81688400   -3.49127100   -2.12683600 

 H                 -2.51729500   -1.16728300    1.05761600 

 H                 -4.28525800   -2.18787700   -0.55609000 

 H                 -4.04594600   -0.75370100   -1.56359000 

 H                 -2.70690200   -4.28110800   -1.44605900 

 H                  0.70326300   -2.00016800   -2.53616300 

 H                 -0.32326900   -4.34706500   -2.34572900 

 H                 -1.09382200   -0.38898200   -1.74997800 

 H                 -2.54448500    1.23970500    2.04330200 

 N                 -2.23516700    1.53205100    1.12254000 

 C                 -1.45519700    2.76336500    0.97103200 

 C                 -0.01677400    2.42066000    0.51260900 

 O                  0.73535800    1.74432000    1.22563100 

 C                 -1.42154100    3.51750600    2.30079600 

 H                 -1.93543900    3.37505700    0.20106400 

 H                 -0.88895900    4.46566000    2.18363800 

 H                 -2.43730400    3.73728000    2.64462300 

 H                 -0.90138200    2.92650400    3.06067600 

 H                 -0.38789600    3.32692700   -1.28737200 

 N                  0.33896300    2.93067500   -0.68162500 

 C                  1.64163900    2.66806800   -1.28846700 

 C                  1.91567200    1.14561900   -1.29800100 

 O                  1.08809800    0.34878300   -1.74749700 

 C                  2.73784100    3.55221700   -0.67770900 

 H                  1.52671700    2.93026200   -2.34621600 

 H                  3.69113200    3.43211000   -1.20487000 

 H                  2.44645000    4.60189200   -0.76955900 

 H                  2.87516700    3.33563000    0.38640900 

 H                  3.75535800    1.40414400   -0.42505200 

 N                  3.11948300    0.73115800   -0.82868800 

 C                  3.48710100   -0.67643000   -0.79919700 

 C                  2.66135900   -1.49850900    0.20299100 

 O                  2.57956600   -2.73026800    0.04091300 

 C                  4.98126700   -0.83540900   -0.48923200 

 H                  3.27325800   -1.11001600   -1.78037900 

 H                  5.24245900   -1.89607400   -0.47212500 

 H                  5.58443000   -0.34079300   -1.25696400 

 H                  5.22926800   -0.40634600    0.48842300 

 H                  1.97587700    0.15177300    1.21677200 

 N                  2.12505100   -0.85694700    1.25711800 

 C                  1.47453900   -1.57048200    2.36904800 

 C                  0.08502700   -2.07482700    1.92580200 

 O                 -0.95663500   -1.67244800    2.39855200 

 C                  1.39099300   -0.66870400    3.59451400 

 H                  1.04610400   -3.14092800    0.65294200 

 O                  0.10306100   -2.99465900    0.94801400 

 H                  2.09172100   -2.45240600    2.58047500 

 H                  0.90307900   -1.19891800    4.41585500 

 H                  2.39552600   -0.37510400    3.91349100 

 H                  0.80878900    0.22810700    3.36865100 

 H                 -4.65951800   -1.13885200    1.84690700 

 O                 -1.78175200    3.42338300   -2.45058900 

 H                 -2.15266000    2.57666800   -2.12926500 
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 H                 -2.52703800    4.03735600   -2.52453500 

 

Hisprot_27_H2O_5: 

H                  5.19279400   -0.61724200    0.33146100 

 N                  4.65696200   -0.25148000    1.12372400 

 C                  3.40710300    0.32873100    0.64547800 

 C                  2.52385600   -0.88122500    0.29249500 

 O                  2.66693400   -1.50129700   -0.78122300 

 C                  3.58358000    1.30137000   -0.56323000 

 C                  2.42958900    2.21418100   -0.81986600 

 N                  1.17862400    1.80585300   -1.26582300 

 C                  2.33009500    3.56884400   -0.64448600 

 C                  0.35218500    2.84756800   -1.34722000 

 N                  1.03930700    3.93307900   -0.98436200 

 H                  2.94012600    0.87304300    1.47441500 

 H                  4.45197400    1.93080900   -0.34625000 

 H                  3.83732900    0.72114200   -1.45603200 

 H                  3.06241400    4.28964000   -0.31769000 

 H                 -0.69174900    2.80368500   -1.61361500 

 H                  0.65539100    4.86822100   -0.93659600 

 H                  0.84271900    0.86035400   -1.48145400 

 H                  1.44974100   -0.66089600    2.02100600 

 N                  1.64990400   -1.27405900    1.23471500 

 C                  0.94409200   -2.56096400    1.18199000 

 C                 -0.29967900   -2.42122100    0.27806000 

 O                 -1.43257700   -2.21297000    0.72452800 

 C                  0.58922700   -3.02381600    2.59103400 

 H                  1.62854400   -3.27348800    0.71057400 

 H                  0.03575600   -3.96594200    2.55356400 

 H                  1.50337600   -3.17859800    3.17127000 

 H                 -0.03203000   -2.28337300    3.10137000 

 H                  0.94882400   -2.45546900   -1.31019200 

 N                 -0.03372000   -2.52642400   -1.04810300 

 C                 -1.05497400   -2.26493800   -2.06458300 

 C                 -1.60894100   -0.84414100   -1.84030700 

 O                 -0.83916800    0.12611700   -1.81803300 

 C                 -2.08691900   -3.39452100   -2.15477500 

 H                 -0.51730400   -2.20292400   -3.01672600 

 H                 -2.80272800   -3.20865300   -2.96339100 

 H                 -1.57476800   -4.33413400   -2.37766000 

 H                 -2.62206800   -3.52202600   -1.20978400 

 H                 -3.54024600   -1.48614200   -1.62596400 

 N                 -2.93619800   -0.67629400   -1.66407500 

 C                 -3.49686700    0.64281100   -1.37988900 

 C                 -2.92824400    1.25030000   -0.08335100 

 O                 -2.75584100    2.48112300   -0.01001500 

 C                 -5.02671600    0.57114400   -1.31506800 

 H                 -3.19477100    1.32861800   -2.17608000 

 H                 -5.43408700    1.56335900   -1.10469500 

 H                 -5.43356700    0.23083800   -2.27262100 

 H                 -5.36019100   -0.10955600   -0.52398600 



 285 

 H                 -2.60369300   -0.58518400    0.77383600 

 N                 -2.71017200    0.41415500    0.94943100 

 C                 -2.29166300    0.88452200    2.28166900 

 C                 -0.80312400    1.29528800    2.23072000 

 O                  0.09491200    0.68161400    2.76873700 

 C                 -2.57640000   -0.18245000    3.33126400 

 H                 -1.40675800    2.68648400    1.06715300 

 O                 -0.56165000    2.40237000    1.51210900 

 H                 -2.87288300    1.78969600    2.49341200 

 H                 -2.21115100    0.14487100    4.30778300 

 H                 -3.65390500   -0.35774700    3.40135600 

 H                 -2.08185600   -1.12209000    3.07357100 

 H                  5.21974400    0.44991200    1.59922200 

 O                  5.34061600   -1.18441700   -1.65143000 

 H                  4.43734000   -1.54023700   -1.53812500 

 H                  5.89172300   -1.94001500   -1.90467000 

 

Nterm2_18C6_12b: 

H                  0.50275300   -0.49800400    0.37023100 

 C                  0.55599300    1.55489900   -0.11287000 

 C                 -0.82224300    1.42751800   -0.76600800 

 O                 -1.14754700    0.43861300   -1.43196300 

 C                  1.44856900    2.51328200   -0.95468600 

 C                  1.35288600    3.94091300   -0.50847800 

 N                  1.76133900    4.29643500    0.76340600 

 C                  0.94043600    5.05620600   -1.20027800 

 C                  1.60424200    5.60024500    0.83715000 

 N                  1.10944800    6.11132400   -0.32687300 

 H                  0.46264200    1.93576800    0.90720400 

 H                  2.48449300    2.17633300   -0.85853700 

 H                  1.18921300    2.42371800   -2.01553400 

 H                  0.57807100    5.19813100   -2.20753100 

 H                  1.82615100    6.21867700    1.69628600 

 H                  0.92006800    7.08472900   -0.52173800 

 H                 -1.33657600    3.21496800    0.05208300 

 N                 -1.60876700    2.52091400   -0.63105200 

 C                 -2.93200600    2.64444200   -1.24895600 

 C                 -3.84533400    1.51218100   -0.72843000 

 O                 -3.93257800    1.28592200    0.48258700 

 C                 -2.84204100    2.80672900   -2.77140900 

 H                 -3.36420900    3.55765800   -0.82584300 

 H                 -3.82785800    3.00994700   -3.20432200 

 H                 -2.20101200    3.66049900   -3.00788700 

 H                 -2.41208900    1.91783300   -3.24119400 

 H                 -4.46141500    0.97386500   -2.61229900 

 N                 -4.55447100    0.79097900   -1.62322800 

 C                 -5.42389700   -0.30435300   -1.18225900 

 C                 -4.65282500   -1.33780400   -0.33778500 

 O                 -5.22186300   -1.92798100    0.57988000 

 C                 -6.10047100   -0.96513400   -2.38619200 

 H                 -6.18052800    0.09858900   -0.50312100 
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 H                 -6.74201100   -1.77924300   -2.03948500 

 H                 -6.72604900   -0.24545800   -2.92527900 

 H                 -5.36099100   -1.38441000   -3.07779800 

 H                 -2.88292100   -0.91437800   -1.29395100 

 N                 -3.36520500   -1.58050900   -0.69794400 

 C                 -2.50378300   -2.44298800    0.11552300 

 C                 -1.94239300   -1.62899000    1.30551200 

 O                 -0.74542200   -1.31707400    1.40505900 

 C                 -1.40431500   -3.06643700   -0.73624900 

 H                 -3.15539000   -3.22144400    0.52414800 

 H                 -0.74839300   -3.69259000   -0.12764000 

 H                 -1.85492100   -3.68398600   -1.51868900 

 H                 -0.77597700   -2.30815500   -1.20835200 

 H                 -3.82202600   -1.53527900    2.06389900 

 N                 -2.85583600   -1.25492800    2.22470600 

 C                 -2.52168500   -0.52352800    3.45363600 

 C                 -1.51631100    0.62142100    3.19335300 

 O                 -0.52256100    0.78691600    3.86045700 

 C                 -2.02957100   -1.45299500    4.56441900 

 H                 -2.67008100    1.29042200    1.73429500 

 O                 -1.83388400    1.49507800    2.21861900 

 H                 -3.45612400   -0.04204400    3.76977800 

 H                 -1.83233300   -0.88262200    5.47526500 

 H                 -2.78686200   -2.21346300    4.77752700 

 H                 -1.10191100   -1.94686200    4.26492300 

 H                  1.97273100    0.25626300    0.68757000 

 N                  1.18409000    0.20022200    0.00801000 

 H                  1.58198200   -0.13144900   -0.89075100 

 C                  1.65695700   -2.15724300   -4.07212100 

 H                  0.89110700   -2.31665500   -4.84339600 

 H                  2.63276000   -2.34065300   -4.54397700 

 C                  1.54515600   -0.71716800   -3.57825300 

 H                  0.54301100   -0.54832700   -3.17417700 

 H                  1.70893100   -0.01241100   -4.40777400 

 C                  3.76048300   -0.04248900   -2.86491900 

 H                  3.74724500    0.97622500   -3.27919000 

 H                  4.16413300   -0.71864300   -3.63123400 

 C                  4.66596000   -0.10358000   -1.64817800 

 H                  5.68903100    0.15755500   -1.96310000 

 H                  4.68241900   -1.12551400   -1.23966500 

 C                  5.02649700    0.91468900    0.48082000 

 H                  5.93752100    1.48444800    0.23734500 

 H                  5.33072700   -0.08521000    0.82442800 

 C                  4.23719700    1.62543500    1.57058900 

 H                  3.81617100    2.56514300    1.20023400 

 H                  4.89889500    1.86264700    2.41359400 

 C                  3.42413200    0.00315600    3.14578000 

 H                  3.36893800    0.60931600    4.06036100 

 H                  4.43559500   -0.41630900    3.06017900 

 C                  2.42832500   -1.13241000    3.21905200 

 H                  2.59290900   -1.67367600    4.16574500 

 H                  1.39987100   -0.74526700    3.22799100 

 C                  1.88253100   -3.17890800    2.16574600 

 H                  2.03329500   -3.68448700    3.13472200 



 287 

 H                  0.81586700   -2.94503600    2.06091300 

 C                  2.32356900   -4.12756500    1.07111200 

 H                  1.76903100   -5.07302900    1.19273000 

 H                  3.39680900   -4.35312000    1.18010300 

 C                  2.32209700   -4.46783900   -1.26146800 

 H                  1.46778600   -5.14945200   -1.39610200 

 H                  3.20962800   -5.08213700   -1.03956000 

 C                  2.60269000   -3.71552100   -2.54489400 

 H                  2.97034200   -4.43055200   -3.29923700 

 H                  3.39769400   -2.98305000   -2.35128700 

 O                  1.42612800   -3.07251900   -3.01411800 

 O                  2.43937900   -0.43277500   -2.49560700 

 O                  4.19182800    0.80359500   -0.66804700 

 O                  3.13561000    0.82970700    2.01271400 

 O                  2.65496300   -1.98857900    2.10780700 

 O                  2.07377400   -3.55563500   -0.20334200 

 

Nterm2_18C6_31b: 

H                  0.26245900   -0.99886800   -0.12158800 

 C                  0.63751600    1.03507100   -0.40980400 

 C                 -0.71957700    1.07404000   -1.14343900 

 O                 -1.32908800    0.02375900   -1.39789000 

 C                  1.76303600    1.92030800   -1.00295900 

 C                  1.79266200    3.31680400   -0.44865500 

 N                  0.74329700    4.20234700   -0.62101600 

 C                  2.78991000    3.92096400    0.27690400 

 C                  1.09717900    5.31609900   -0.01322400 

 N                  2.33269400    5.19528900    0.54077300 

 H                  0.43730800    1.33608200    0.62134800 

 H                  2.72210700    1.44647300   -0.78032000 

 H                  1.66746500    1.94376300   -2.09623000 

 H                  3.74167900    3.54899000    0.62316800 

 H                  0.50780100    6.21978700    0.05348600 

 H                  2.82476600    5.91009800    1.05825900 

 H                 -0.64218800    3.12926400   -1.14250200 

 N                 -1.19239300    2.29931500   -1.41870600 

 C                 -2.52272200    2.51024000   -1.97891400 

 C                 -3.57254500    1.81775900   -1.08073700 

 O                 -3.52231400    1.90094800    0.14956600 

 C                 -2.57856000    2.17170800   -3.47592400 

 H                 -2.72139300    3.58187600   -1.85772500 

 H                 -3.53607200    2.46756800   -3.92008100 

 H                 -1.79626400    2.72798500   -3.99961200 

 H                 -2.40819000    1.10471400   -3.64492800 

 H                 -4.60786100    1.07953800   -2.69640600 

 N                 -4.57733700    1.14474000   -1.68918900 

 C                 -5.63948700    0.51353500   -0.90633200 

 C                 -5.08812600   -0.50826200    0.10330900 

 O                 -5.68310900   -0.70082000    1.16411400 

 C                 -6.66607500   -0.14173200   -1.83543600 

 H                 -6.12689300    1.27578100   -0.29144500 
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 H                 -7.45388000   -0.60645900   -1.23741200 

 H                 -7.12966700    0.60449300   -2.48983200 

 H                 -6.20169200   -0.91837800   -2.45360500 

 H                 -3.38390700   -0.83464200   -0.99759500 

 N                 -3.98545000   -1.21174500   -0.27073100 

 C                 -3.36599700   -2.16223600    0.65618600 

 C                 -2.39249500   -1.40607900    1.59197800 

 O                 -1.16200500   -1.51254500    1.52479400 

 C                 -2.69164700   -3.30325400   -0.09280400 

 H                 -4.18454700   -2.54886800    1.27016200 

 H                 -2.32263800   -4.05042200    0.61708900 

 H                 -3.41758800   -3.78644800   -0.75384700 

 H                 -1.84074800   -2.94682200   -0.67739100 

 H                 -4.03557100   -0.55628800    2.43402800 

 N                 -3.01788900   -0.58587600    2.47192100 

 C                 -2.32320200    0.17820400    3.51054100 

 C                 -1.13000400    0.96187300    2.93015000 

 O                 -0.02254100    0.94445000    3.42156600 

 C                 -1.90728300   -0.68809100    4.70066700 

 H                 -2.27748500    1.67466700    1.47044800 

 O                 -1.37833700    1.74749000    1.86942700 

 H                 -3.04320900    0.93498900    3.84777600 

 H                 -1.42660800   -0.07503100    5.46705600 

 H                 -2.78893600   -1.17058500    5.13308100 

 H                 -1.19960200   -1.45763700    4.38377500 

 H                  1.79380900   -0.53458100    0.38974800 

 N                  1.06992300   -0.39693200   -0.34797900 

 H                  1.44720600   -0.73489200   -1.25181500 

 C                  0.89893500   -4.23243600   -0.97968300 

 H                  1.81710900   -4.52710800   -1.50680000 

 H                  0.13798200   -5.00937500   -1.15074800 

 C                  1.19120800   -4.12028600    0.50235500 

 H                  1.38025600   -5.12825000    0.90506500 

 H                  0.32043200   -3.69471100    1.01965600 

 C                  2.75503100   -3.14509800    2.02084600 

 H                  3.85079500   -3.11909900    2.01284500 

 H                  2.44065800   -4.00612200    2.62922600 

 C                  2.23780300   -1.86057200    2.65256600 

 H                  2.56539300   -1.82399100    3.70010100 

 H                  1.14262300   -1.80341500    2.63268600 

 C                  3.15805300    0.40784900    2.68702100 

 H                  3.14501000    0.17769800    3.75915400 

 H                  2.42991700    1.20779700    2.51718300 

 C                  4.55943100    0.83614000    2.29213000 

 H                  5.23875700   -0.01839400    2.40550400 

 H                  4.90165300    1.63564400    2.96684200 

 C                  5.67674800    0.90414700    0.15172300 

 H                  6.58581400    0.81190900    0.76260900 

 H                  5.84123000    1.69993800   -0.58222700 

 C                  5.42902300   -0.40086900   -0.59207600 

 H                  6.36113500   -0.68586600   -1.10607600 

 H                  5.15976300   -1.21106800    0.10158800 

 C                  4.39751400   -1.12562100   -2.61047900 

 H                  5.35634900   -1.06833700   -3.15202600 
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 H                  4.28267500   -2.15716100   -2.24101100 

 C                  3.26446600   -0.77076500   -3.56221600 

 H                  3.44431600   -1.22163300   -4.54677000 

 H                  3.23338300    0.31611700   -3.68618200 

 C                  1.58509400   -2.46797500   -3.52759600 

 H                  2.36819800   -3.20680500   -3.30449300 

 H                  1.43903000   -2.45283900   -4.61855200 

 C                  0.27987400   -2.84690100   -2.84750800 

 H                 -0.10944100   -3.77533500   -3.29113700 

 H                 -0.45443200   -2.05064300   -3.00167100 

 O                  0.42219800   -2.97301400   -1.43944800 

 O                  2.34118300   -3.29949100    0.66855600 

 O                  2.79347200   -0.75303000    1.92797600 

 O                  4.56942700    1.31315100    0.94718700 

 O                  4.38757300   -0.19702300   -1.53890300 

 O                  1.97819800   -1.17043000   -3.07806000 

 

Nterm2_18C6_31b_H2O: 

H                  0.73606500   -0.94915100    0.66454400 

 C                  0.86329000    0.99384300   -0.12124200 

 C                 -0.46679800    1.07247800   -0.87175100 

 O                 -1.12044400    0.08018100   -1.20262400 

 C                  1.96978400    1.86316600   -0.77978300 

 C                  2.06813700    3.23081000   -0.17745500 

 N                  0.99723500    4.12508700   -0.16698000 

 C                  3.13368200    3.81952200    0.41070800 

 C                  1.41597400    5.21592900    0.40999200 

 N                  2.71536800    5.08697600    0.78029200 

 H                  0.66520500    1.31541000    0.88956100 

 H                  2.92246300    1.36916800   -0.66864700 

 H                  1.77138700    1.94007300   -1.84196900 

 H                  4.10576300    3.43155200    0.59011600 

 H                  0.84299300    6.09507800    0.58162300 

 H                  3.27023500    5.77679600    1.23565200 

 H                 -0.34152700    3.11780600   -0.78957300 

 N                 -0.86489800    2.31778900   -1.14123600 

 C                 -2.03498800    2.56604100   -1.96231300 

 C                 -3.25854600    1.91344600   -1.32347500 

 O                 -3.45357300    1.93824400   -0.10518600 

 C                 -1.78416600    2.17497600   -3.42763200 

 H                 -2.22205700    3.63222500   -1.90774400 

 H                 -2.58776600    2.50336800   -4.07653600 

 H                 -0.87873400    2.66452900   -3.75905000 

 H                 -1.64919000    1.10584300   -3.50882300 

 H                 -4.00586400    1.31394400   -3.12130300 

 N                 -4.15771600    1.35089000   -2.13915800 

 C                 -5.43226200    0.86375000   -1.62468900 

 C                 -5.25318100   -0.11711700   -0.48216300 

 O                 -6.10511400   -0.17912200    0.40116400 

 C                 -6.21296200    0.16938500   -2.75285700 

 H                 -6.00894400    1.67904200   -1.21507700 
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 H                 -7.15628100   -0.19303000   -2.36753400 

 H                 -6.41659600    0.86594500   -3.55758700 

 H                 -5.64537500   -0.66931600   -3.13704000 

 H                 -3.39921400   -0.74619200   -1.09410200 

 N                 -4.19161900   -0.93876600   -0.51376500 

 C                 -4.03488100   -1.96223300    0.52432400 

 C                 -3.35586300   -1.34001300    1.74454300 

 O                 -2.31863000   -1.80554800    2.21626600 

 C                 -3.21201100   -3.13582500   -0.00185400 

 H                 -5.02787600   -2.27526500    0.81284000 

 H                 -3.15699000   -3.91146600    0.75013600 

 H                 -3.69020800   -3.54045600   -0.88493300 

 H                 -2.20262300   -2.82827000   -0.24022100 

 H                 -4.83257200    0.03448700    1.90754700 

 N                 -3.93280700   -0.24471100    2.25277500 

 C                 -3.29850400    0.50520600    3.33957500 

 C                 -1.85451200    0.81192200    2.93609800 

 O                 -0.90435400    0.60378100    3.65633000 

 C                 -3.34339100   -0.22275300    4.68237800 

 H                 -2.43905800    1.56624100    1.14181200 

 O                 -1.67333200    1.33688000    1.72690000 

 H                 -3.82514900    1.44969100    3.40474400 

 H                 -2.86840500    0.37603400    5.44693500 

 H                 -4.37224000   -0.40611300    4.96258300 

 H                 -2.81867800   -1.16151200    4.60078200 

 H                  2.26146700   -0.54208100    0.26274700 

 N                  1.29163400   -0.44711200   -0.05857300 

 H                  1.20338700   -0.90882300   -0.96719000 

 C                  0.69589200   -4.22619000   -0.75929000 

 H                  1.35447700   -4.57608100   -1.54188200 

 H                 -0.09956400   -4.94693900   -0.61604400 

 C                  1.50141900   -4.06819500    0.51097200 

 H                  1.78117500   -5.04591100    0.88829200 

 H                  0.92303500   -3.54241500    1.25144800 

 C                  3.68319700   -3.25839100    1.21391100 

 H                  4.62994600   -3.08478000    0.72862900 

 H                  3.72984200   -4.20545400    1.74156000 

 C                  3.41874900   -2.14268600    2.21008300 

 H                  4.11291000   -2.23785300    3.03702100 

 H                  2.40431100   -2.16399200    2.57059900 

 C                  3.87175400    0.28219700    2.36686400 

 H                  3.89603300   -0.00662700    3.40995800 

 H                  3.06577400    0.98428200    2.21686800 

 C                  5.19038400    0.92503500    1.98204900 

 H                  5.97842700    0.18374100    2.02267500 

 H                  5.42636400    1.72353100    2.67212800 

 C                  5.99040200    1.01800300   -0.35301600 

 H                  6.99940300    0.98275400    0.04197300 

 H                  5.94359300    1.74150200   -1.15063900 

 C                  5.60096400   -0.34378900   -0.89741500 

 H                  6.38853500   -0.69051700   -1.55930700 

 H                  5.46878500   -1.05196400   -0.09744300 

 C                  3.97993900   -1.33450800   -2.41557100 

 H                  4.83024000   -1.67738000   -2.99529500 
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 H                  3.63196000   -2.13047100   -1.77134900 

 C                  2.86026400   -0.87454700   -3.34871100 

 H                  2.95992100   -1.33088200   -4.32543300 

 H                  2.92642000    0.19572600   -3.45055600 

 C                  0.98006400   -2.41854000   -3.29648400 

 H                  1.70491000   -3.21930500   -3.22610600 

 H                  0.69364200   -2.30396400   -4.33513200 

 C                 -0.24300600   -2.71572900   -2.44991100 

 H                 -0.77734700   -3.57007700   -2.85091900 

 H                 -0.87532200   -1.84817200   -2.42796800 

 O                  0.13523600   -2.93698200   -1.07693900 

 O                  2.69309100   -3.31696600    0.17204200 

 O                  3.65571500   -0.87828300    1.52559500 

 O                  5.07571800    1.48815500    0.65777700 

 O                  4.37494700   -0.18506700   -1.63100700 

 O                  1.55054200   -1.18424300   -2.80925700 

 O                  0.27033800   -1.46522900    2.19756900 

 H                  0.22631100   -0.75070300    2.85697400 

 H                 -0.63184100   -1.84225600    2.15781000 

 

Structures from Chapter 5: 

diketopiperazine_His-pi-O: 

N                  1.79139200    1.32384200   -0.10091000 

 C                  0.33126200   -0.03324100    1.26503500 

 N                  0.88496700   -1.15149500    0.50908000 

 C                  2.81106800    0.26070700   -0.07189700 

 H                  0.84275700    0.07659600    2.23430900 

 H                  3.38636800    0.34416700    0.86119200 

 H                  0.54938600   -2.08414200    0.71701300 

 C                  2.15015600   -1.12658500   -0.03636400 

 O                  2.70811000   -2.12134600   -0.43914800 

 C                  0.59469300    1.26996600    0.49406300 

 O                 -0.23789800    2.18152200    0.43594200 

 C                 -1.15789500   -0.24644500    1.60347600 

 H                 -1.25293400   -1.17776800    2.16676600 

 H                 -1.45913500    0.55678000    2.28062800 

 C                 -2.11892300   -0.28934700    0.45519800 

 N                 -2.38156900    0.82528900   -0.32648500 

 C                 -2.94262900   -1.27481600   -0.00927500 

 C                 -3.30926000    0.54447800   -1.23383700 

 N                 -3.66784300   -0.73106300   -1.05512900 

 H                 -4.36626500   -1.21549500   -1.60372000 

 H                 -3.08240400   -2.29225800    0.31322400 

 H                 -3.70128700    1.21611800   -1.97954100 

 C                  3.76372900    0.40474800   -1.25392300 

 H                  2.00977200    2.18319500   -0.59165000 

 H                  4.49825400   -0.39848000   -1.22625400 

 H                  3.22362900    0.34024900   -2.20100700 

 H                  4.29121100    1.36031600   -1.20521100 
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 H                 -1.82288400    1.68650600   -0.20086200 

 

diketopiperazine_His-pi-N: 

N                  1.57704700    1.15518800   -0.78959600 

 C                  0.27035700    0.68572200    1.21486400 

 N                  0.86170400   -0.65858900    1.10026300 

 C                  2.66416300    0.28959900   -0.31699200 

 H                  0.76176700    1.25999100    2.01225700 

 H                  3.32228500    0.85860600    0.35722100 

 H                  0.73143800   -1.26229700    1.90792600 

 C                  2.12319500   -0.86043800    0.53543400 

 O                  2.74241400   -1.87907300    0.72793700 

 C                  0.46235300    1.47608200   -0.09126300 

 O                 -0.35888300    2.30346200   -0.44717700 

 C                 -1.22255100    0.59405500    1.57653000 

 H                 -1.32826300    0.02236300    2.50554100 

 H                 -1.59189500    1.59979400    1.77465500 

 C                 -2.08066100   -0.00971400    0.50930600 

 N                 -1.72486100   -1.15157800   -0.19695400 

 C                 -3.29653200    0.36390600    0.01573700 

 C                 -2.66833400   -1.46283900   -1.08648400 

 N                 -3.63462500   -0.55208700   -0.96377600 

 H                 -4.48235000   -0.53620800   -1.51619500 

 H                 -3.92644700    1.20142700    0.26040000 

 H                 -2.65348800   -2.29130400   -1.77480400 

 C                  3.49732100   -0.22011400   -1.49040100 

 H                  1.75053700    1.72023400   -1.61246200 

 H                  4.28737100   -0.87313800   -1.12267200 

 H                  2.87901000   -0.78473000   -2.19186500 

 H                  3.95793000    0.61729600   -2.01950100 

 H                 -0.82687800   -1.61523600   -0.07652800 

 

oxazolone_His-pi-ringN: 

H                  0.40541200   -2.11204200    1.85001000 

 H                 -1.05404200   -2.70631900    1.44322000 

 N                 -0.43446800   -1.91113000    1.31421400 

 C                 -0.11683400   -1.74041800   -0.10924100 

 C                  0.97136800   -0.69680300   -0.22496900 

 C                 -1.39409300   -1.41829000   -0.91958500 

 C                 -2.26166000   -0.31861900   -0.39153900 

 N                 -1.79520400    0.97080900   -0.20822500 

 C                 -3.58269800   -0.29732200   -0.04659000 

 C                 -2.77088900    1.75112100    0.24044600 

 N                  0.86803400    0.54047800   -0.52253200 

 C                  2.22184700    1.11572600   -0.47883000 

 H                  0.31050500   -2.64471300   -0.56689500 

 H                 -1.11124800   -1.19750900   -1.95349000 

 H                 -1.99921600   -2.32726900   -0.95635500 
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 H                 -4.32770600   -1.07403000   -0.04499400 

 H                  2.51101700    1.41858400   -1.49119900 

 C                  3.10364200   -0.05875600   -0.06805600 

 O                  4.26208000   -0.15428200    0.13655500 

 O                  2.21762400   -1.16614100    0.05630400 

 N                 -3.87241300    0.99914700    0.34089900 

 H                 -4.77355100    1.33464000    0.65405700 

 H                 -2.69638600    2.79797200    0.48278700 

 C                  2.35267000    2.31005800    0.46965600 

 H                  3.39258600    2.63858300    0.50147200 

 H                  1.73885400    3.13968100    0.11494300 

 H                  2.04201800    2.04392100    1.48215900 

 H                 -0.77762200    1.17657300   -0.35682600 

 

oxazolone_His-pi-amino: 

H                 -0.93488200    3.21277600    0.40358800 

 H                 -1.46189500    1.85880900   -0.52178900 

 N                 -0.64001100    2.32382800    0.00053300 

 C                 -0.18466300    1.33393400    1.05101500 

 C                  0.91134500    0.53067900    0.39756300 

 C                 -1.37136200    0.50042200    1.57741200 

 C                 -2.15722900   -0.16485300    0.48623600 

 N                 -2.49272500    0.55234500   -0.65186900 

 C                 -2.68987700   -1.42278500    0.40277900 

 C                 -3.21201500   -0.25487800   -1.40738800 

 N                  1.45659200    0.84324500   -0.70467200 

 C                  2.50501500   -0.15790300   -0.94710100 

 H                  0.25659800    1.89426400    1.87981200 

 H                 -0.97568100   -0.23794800    2.27631700 

 H                 -2.01949200    1.16611600    2.15873400 

 H                 -2.66089800   -2.26696000    1.07089400 

 H                  2.25104900   -0.72740700   -1.84735600 

 C                  2.40766100   -1.09936400    0.25348300 

 O                  2.99521800   -2.07076100    0.56853300 

 O                  1.35054700   -0.55978800    1.06848000 

 N                 -3.35782800   -1.45751600   -0.80290100 

 H                 -3.87644200   -2.24304500   -1.16932400 

 H                 -3.63432200   -0.01812800   -2.37098500 

 C                  3.90103100    0.45266200   -1.10615600 

 H                  4.63568200   -0.34287700   -1.23932200 

 H                  3.91960800    1.10230800   -1.98161300 

 H                  4.17589200    1.03864500   -0.22697100 

 H                  0.13703900    2.46702500   -0.66278900 

 

oxazolone_His-pi-ringO: 

H                 -1.47341600   -2.43594000    1.49858100 

 H                 -0.03917900   -2.04254600    2.16349300 

 N                 -0.71700400   -1.75815900    1.46205800 
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 C                 -0.10481600   -1.74395300    0.12828100 

 C                  1.10515100   -0.84546400    0.14859200 

 C                 -1.15977100   -1.32812700   -0.93814400 

 C                 -2.15331600   -0.28381200   -0.52146400 

 N                 -1.82038600    0.92861800    0.06131500 

 C                 -3.51344900   -0.27062400   -0.64795900 

 C                 -2.91225700    1.64975100    0.29088600 

 N                  2.31048200   -1.21069700    0.05869100 

 C                  3.14564400   -0.00808700    0.14735300 

 H                  0.29317400   -2.71544200   -0.18764500 

 H                 -0.64621800   -1.00969900   -1.85101100 

 H                 -1.73255900   -2.21726500   -1.21184200 

 H                 -4.19070600   -1.00269900   -1.05285800 

 H                  3.73769700   -0.06248300    1.06810000 

 C                  2.15740100    1.14208600    0.29239100 

 O                  2.27267600    2.31674700    0.38127000 

 O                  0.87449300    0.52463100    0.29625800 

 N                 -3.95664100    0.93803700   -0.13974600 

 H                 -4.91972200    1.24398900   -0.09640500 

 H                 -2.94957700    2.62602900    0.74497600 

 C                  4.08867200    0.16018600   -1.04855200 

 H                  4.66397300    1.08077100   -0.94005800 

 H                  4.77386000   -0.68653500   -1.09021300 

 H                  3.52967500    0.20231700   -1.98549000 

 H                 -0.85906100    1.17215300    0.31561400 

 

8-membered_ring: 

N                 -1.58987300    1.20386700    0.01686200 

 C                 -0.29559700    1.60663900    0.63195000 

 N                  1.55121900    0.09144200   -0.13407900 

 C                  1.14987300   -1.10406700    0.50630400 

 C                 -0.23832800   -1.45335100    0.94978000 

 C                 -1.30180100   -1.32243800   -0.17817600 

 C                 -0.36259700    3.09818500    0.94912700 

 H                 -0.17377400    1.04582900    1.55588900 

 C                  2.23759700   -1.92217900    0.41862200 

 H                 -0.20274600   -2.50898900    1.22516900 

 H                 -0.56384700   -0.92744400    1.85347300 

 H                 -0.77845800   -1.37816200   -1.14039700 

 N                 -2.35536100   -2.34329500   -0.20974700 

 H                 -2.23237300    1.96827300   -0.18135400 

 C                 -2.05935800    0.01337700   -0.24893900 

 O                 -3.27657900   -0.07208400   -0.66946100 

 C                  0.88710000    1.31458200   -0.32101100 

 O                  1.25319000    2.11735200   -1.13666800 

 H                 -2.59202900   -2.70162700    0.71142700 

 H                 -2.11980300   -3.12629000   -0.80924600 

 H                  0.55470900    3.40655900    1.45142000 

 H                 -0.45504300    3.68667100    0.03499100 

 H                 -1.20051200    3.30572500    1.61842400 

 C                  2.87103700   -0.12321600   -0.55111800 



 295 

 N                  3.29693900   -1.29778000   -0.21496500 

 H                  3.42307400    0.65363200   -1.05698500 

 H                  2.31928200   -2.94077800    0.76837700 

 H                 -3.43938900   -1.07037900   -0.72788800 

 

Diketo_H2O: 

N                  0.00000000    0.00000000    0.00000000 

 C                  0.00000000    0.00000000    2.45455500 

 N                  1.44640743    0.00000000    2.30123252 

 C                  1.38327891    0.48535195   -0.12418933 

 H                 -0.35032729    0.97362392    2.83110261 

 H                  1.35351972    1.56127834   -0.33771872 

 H                  2.00400397    0.02484126    3.14689593 

 C                  2.16304645    0.34513281    1.18090538 

 O                  3.35918312    0.52864053    1.21637128 

 C                 -0.70840645   -0.20596315    1.11004112 

 O                 -1.90357196   -0.53865536    1.06628458 

 C                 -0.38428153   -1.09632296    3.49023604 

 H                 -0.31917958   -2.07758699    3.01031667 

 H                  0.37049209   -1.08776903    4.27932385 

 C                 -1.71900218   -0.94549339    4.15500508 

 N                 -2.89460612   -0.80444492    3.43990610 

 C                 -2.07558454   -0.96802800    5.47420743 

 C                 -3.92902006   -0.73961373    4.26746341 

 N                 -3.45288569   -0.84200913    5.51443775 

 H                 -4.01995758   -0.82722425    6.35193872 

 H                 -1.48479186   -1.07088896    6.36819292 

 H                 -4.96397119   -0.62102356    3.99248331 

 C                  2.09765887   -0.22671054   -1.27410696 

 H                 -0.52169047   -0.12778314   -0.86080224 

 H                  3.11471410    0.15416441   -1.35562752 

 H                  2.13994812   -1.30392185   -1.09971794 

 H                  1.58036861   -0.03995524   -2.21844341 

 H                 -2.82972407   -0.71424660    2.39440257 

 O                 -3.40956641   -1.28065795    1.26486212 

 H                 -4.15795988   -1.73698721    0.87336394 

 H                 -2.67842951   -1.27190508    0.64279957 

 

Oxazolone_H2O: 

H                  0.31451200   -3.16467700   -0.03689200 

 H                  1.77511000   -2.31362700   -0.14781100 

 N                  0.71242900   -2.22937400   -0.13177300 

 C                  0.18671700   -1.31388500    0.95222900 

 C                 -1.03207100   -0.64707300    0.37345000 

 C                  1.24108600   -0.30678900    1.47468700 

 C                  1.72135900    0.72490600    0.49757900 

 N                  2.66734400    0.43605800   -0.47284800 

 C                  1.38097600    2.05152900    0.41931600 
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 C                  2.89011400    1.56209700   -1.11968400 

 N                 -1.42271400   -0.78872400   -0.82552600 

 C                 -2.62596400    0.04203500   -0.97112600 

 H                 -0.11469300   -1.94460100    1.79187100 

 H                  0.77856500    0.19091400    2.32941500 

 H                  2.08858300   -0.87785800    1.86251200 

 H                  0.70940100    2.65934600    1.00266900 

 H                 -2.42478400    0.83374100   -1.70040900 

 C                 -2.79940900    0.69219000    0.40139400 

 O                 -3.58256900    1.45696200    0.83911100 

 O                 -1.72548900    0.17155700    1.20185800 

 N                  2.13140900    2.56597000   -0.61371900 

 H                  2.13902400    3.52780100   -0.92129400 

 H                  3.58037100    1.69927000   -1.93722600 

 C                 -3.86136300   -0.75137200   -1.40898100 

 H                 -4.72498000   -0.08674100   -1.46167600 

 H                 -3.68784300   -1.18556400   -2.39402500 

 H                 -4.08177500   -1.55522300   -0.70390300 

 H                  0.37884000   -1.86562000   -1.03753300 

 O                  3.36837900   -2.16236200   -0.17908300 

 H                  3.43978100   -1.20345300   -0.41904800 

 H                  4.11937400   -2.65230700   -0.52785700 
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APPENDIX B:  PROTOCOLS 

 

Silver Staining Procedure 
 
1.  Fix:  Shake for 30 minutes in 50% methanol, 10% acetic acid 
2.  Wash:  Wash 3x10 minutes with water (minimum) 
3.  Sensitize:  Shake 90 sec (exactly) with 20 mg/100 mL Na2S2O3·5H2O 
4.  Rinse:  Wash 3x30 seconds with water (exactly) 
5.  Silver:  Shake for 30 minutes with 200 mg/100 mL AgNO3 (minimum) 
6.  Rinse:  Wash 3x60 seconds with water (maximum) 
8.  Develop:  Shake with developer (6g/100 mL Na2CO3, 50uL/100mL 37% 
formaldehyde, and 2 ml/100L of 20 mg/100 mL Na2S2O3·5H2O (from step 3).  Shake 
until bands appear. 
9.  Stop:  Shake with 6% acetic acid for 10 minutes. 
10.  Store in H2O. 
 
Yate’s Lab       
Mann Protocol for In-Gel Digestion 
 
1) Washing (2hr?) 
a) Before excising bands wash gels in ddH2O for 15 min. 
b) Excise bands, cut as close to the band as possible to minimize excess gel material and 

cut band into 1mm cubesŃ.  
i) * If bands are silver stained add 40 µl of 1:1 solution of 30 mM Potassium 

Ferricyanide and 100 mM Sodium Thiosulfate, incubate at room temperature for 5 
min.  Remove solution and wash with water until solution and bands are clear 
(cover bands with water, sit for 5 minutes, remove and repeat). 

c) Add 100uL ddH2O to each band and incubate for 15 min. 
d) Pull off ddH2O and add 40uL of 50/50 acetonitrile (ACN)/ddH2O and incubate for 

15 min. 
e) Pull off solution and add 40uL of ACN, incubate until gel pieces are white and sticky. 
f) Pull off solution and add 40uL of 100mM ammonium bicarbonate (Ambic) incubate 5 

min.  
g) Add 40 ul of ACN to make 1:1 solution, incubate 15 min. 
h) Pull off sol’n and dry samples in speed-vac for approx. 15 min. (Must be very dry!) 
 
2) Alkylation 
a) Remove samples from speed-vac and let cool. 
b) Add 40uL of 10mM DTT/100mM Ambic and incubate in water bath at 56°C for 45 

min. 
c) Remove samples from bath and cool. 
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d) Pull off solution and immediately add 40uL of 55mM iodoacetamide/100mM Ambic 
and incubate at room temperature for 30 min. in the dark. 

i) ** If alkylating solution samples do not remove any solutions, skip the following 
steps, e, f and g. See solution digest protocol for Trypsin concentrations. 

e) Pull off sol’n and wash with 40uL of 100mM Ambic, incubate 5 min. 
f) Add 40uL of ACN to make 1:1 sol’n and incubate for 15 min. 
g) Pull of sol’n and dry gel pieces in speed-vac for 15 min. or until very dry. 
 
3) Digestion (1hr, then overnight) 
a) Add 40uL (enough to cover pieces) of Trypsin digestion sol’n and incubate 45 min. 

on ice. Add more sol’n if pieces absorb all of sol’n. 
b) Pull off sol’n and discard, add 40-60uL of digestion buffer without Trypsin (enough 

to keep gel pieces covered overnight) and incubate overnight at 37°C. 
c) Acidify the digestion using 10ul of 2% TFA in Water, wait 1-2 minutes, remove the 

supernatant and save in clean microcentrifuge tube. 
d) Cover the gel slice (50 to 70uL for a single gel slice) with 0.1% TFA in water – place 

in a floating rack in a sonicating water bath and extract for 30 minutes with 
sonication. Combine supernatant with previous solution(s). 

e) Repeat step 3.d with 30% (ACN, 0.1% TFA ) + 70%( H2O, 0.1% TFA). 
f) Repeat step 3.d with 60% (ACN, 0.1% TFA)  + 40%( H2O, 0.1 % TFA). 
g) Speed-vac pooled supernatants to remove TFA/ACN (reduce solution to approx. 10 

ul), vortex, and store at -20°C until analysis. 
 
7/30/09 V.1..3 
 
Goodlett lab protocol for in-solution digestion and desalting 
 
Digestion 
 

Make a solution of 1mg/ml protein  in 25mM NH4HCO3 

1. Make protein solution to 6M urea (add 36 mg urea to 100ul solution)  
2. Add 4 ul of 100mM DTT ( 30mg in 1ml)and incubate 1hr, 37C (~4mM DTT)  
3. Add 40ul of 100mM iodoacetamide (IAM) (36 mg in 1 ml)– (do this in hood with 
lights off)  
5. Vortex – sit for 1hr, room temp, in dark. (Aluminium foil, cabinet) 
6. Add 40ul of 100mM (dithiolthreitol) (DTT)  
7. Vortex – sit for 1hr, room temp (this soaks up all excess IAM)  
8. Add 850ul of 25mM NH4HCO3  to dilute the urea  
[Add 100ul MeOH (HPLC grade) to each tube// makes the hydrophobic sites of the 
protein accessible to trypsin] “Optional” 
10. Add trypsin to protein at a ratio of 50 protein : 1 trypsin (2ug trypsin for 100ug 
protein. We recommend Promega Sequencing Grade modified Trypsin Cat # V5111).  
If samples are resistant to digestion, add a second aliquot after 1 hr. 
11. Incubate overnight at room temperature. 
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12. Divide in two parts and Speedvac to “near” dryness (to ~10ul, do not dry 
completely!) 
14. Store at -80C  

 
Desalting Protocol for MS  
Cartridge: UltraMicro Spin (www.nestgrp.com). Mini columns C18.  Part # SS18V  

Capacity: 50-300ug 
Dilute sample in 200ul of 5% ACN + 0.1% TFA in H2O. Check the pH. Add 1-10% TFA 
(depending on how much salt there is) to bring the pH to 2.5-4. 
 

 1. Wash the column once with 200ul of solvent A (80% ACN, 0.1% TFA). 
Centrifuge for 2 min at 3000 rpm. 

 2. Equilibrate column with 200 ul solvent B (5% ACN, 0.1% TFA). Centrifuge 2 
min at 3000 rpm (repeat three times)  

 3. Blot dry tip of column and change collecting tube.  
 4. Add the sample of protein digest to the column and spin. Reload the eluant 

twice.  
 5. Wash column three times with 200 ul solvent B (5% ACN, 0.1% TFA)  
 6. Change collecting tube and collect clean desalted sample with 200ul of solvent 

C (50% ACN, 0.1% TFA).  
 7. Speed Vac the samples to 10ul final volume in a glass tube. ??? 
 8. Resuspend in 5% ACN to final concentration of 1 ug/ul.  
 9. Further dilute it in 5% ACN and 0.1% formic acid as required to inject to the 

instrument. 
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