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ABSTRACT

Methods were developed for the full characterization 
of cytochrome £ derived peptides prior to their use to form 
modified recombined cytochromes- These peptides included 
those obtained by limited cyanogen bromide cleavage of 
native cytochrome c as well as peptides derived from solid 
phase synthesis.

High performance liquid chromatography (HPLC) on 
octadecylsilane : (CDS) reverse phase columns was shown to be 
a powerful tool for the characterization of these peptides. 
Conditions were established for the separation of HP 1-65 
(heme peptide containing the first 65 amino acids of cyto
chrome c) from HP 1-80 and unreacted cytochrome c . Under 
these same conditions, HP 1-65 with a homoserine lactone at 
position 65 can be separated from the corresponding homo
serine derivative. This lactone is essential to the formation 
of the covalent bond between residues 65 and 66 in subsequent 
recombination experiments. HP 1-65 from tuna cytochrome c 
was shown to be retained more than twice as long as horse 
cytochrome c HP 1-65 when eluted under identical conditions. 
This difference can be explained by the lower positive 
charge of the tuna peptide or independent interaction of the 
individual amino acids with the column. The three non-heme
peptides produced by CNBr cleavage of cytochrome c, NHP

x



66-104, NHP 81-104, and NHP 66-80, were also easily .sepa
rated on an ODS column. The extremely high resolution of 
HPLC was shown with these peptides as NHP 66-104 with a 
homoserine substituted at position 80 could be separated 
from the normal Met 80 peptide. NHP 66-80 with the homo
serine in the lactone and open forms could also be easily 
separated. Comparison of the retention of the tuna and 
horse non-heme peptides showed that the more highly charged 
tuna peptides eluted first due to decreased hydrophobic 
interactions with the ODS groups on the packing material.

Unmodified horse, tuna, and bovine cytochromes c 
were compared with regard to the ionic strength dependence 
of their redox potentials,, ion binding properties, electron 
transfer kinetics with ascorbate, and biological activity 
assayed with. Keilin-Hartree particles.

The ionic strength dependence of the redox potential 
of horse cytochrome c showed no evidence of cacodylate 
binding and gave charges of +6 and +5 on the oxidized and 
reduced protein, respectively. The tuna and bovine proteins 
showed deviations from ideal behavior that may have been 
caused by cacodylate binding so the charges On the two forms 
could not be calculated. The ion binding properties of 
horse cytochrome c were further studied by measuring the 
effect of Cl , H^PO^ , and Fe(CN)^ on its redox potential. 
The results showed that all three ions bound to both redox 
states of this cytochrome.



Xll
The rate of reduction of the cytochromes by ascorbate 

at an ionic strength of 7 mM was measured by stopped-flow
techniques and the calculated second order rate constants

- 1 - 1  - 1 - 1  were: horse—  169 M s , bovine — 142 M s , and tuna —
72.8 M 1s 1. The similar rates for the horse and bovine
proteins correspond to their nearly identical sequences with
the slightly.smaller bovine rate being due to the loss of a
positive charge at position 60, None of the 18 sequence
differences between horse and tuna cytochromes c offer an
easy explanation for tuna cytochrome c 's significantly lower
rate.

The oxidase activities were measured polarographi- 
ca11y and all three cytochromes showed two binding sites.
The horse and bovine cytochromes showed nearly identical 
activities while the tuna protein was clearly more active.
The increased activity was due to an increased Vmax as the 
Km 's for the high affinity site were all approximately 
0.038 yM. This indicates that the difference in rate was 
not due to a difference in binding, but rather to a 
difference in the actual electron transfer step.



INTRODUCTION

Cytochrome c is a small, water soluble protein that 
is found in all eukaryotic organisms. Its biological func
tion is to transport electrons from its "reductase", a 
complex of cytochromes b and cl, to its "oxidase", the 
terminal member of the electron transport chain, which is a 
complex of cytochromes a,a^, and copper which reduces 
molecular oxygen to water (see Figure 1)„ Organisms use 
this entire electron transport chain to store energy as 
three molecules of adenosine triphosphate (ATP) which are 
produced during the electron transport process. The exact 
mechanism by which the ATP production is coupled to the 
electron transfer process is not known.

Cytochrome c is located on the outer surface of the 
inner mitochondrial membrane, while both its oxidase and 
reductase are membrane-bound. However, at least a portion of 
these enzymes may extend out of the membrane for their inter
actions with cytochrome c.

Because of its striking spectral properties, cyto
chrome c was first studied in 1887 by MacMunn. However, 
this work went relatively unnoticed until cytochrome c was 
purified by Keilin in 1930. Since then it has been one of 
the most widely studied proteins because of its ease of 
preparation, its relative stability, and its conveniently

1
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Figure 1. Mitochondrial electron transport chain.
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monitored optical properties (Dickerson and Timkovich, 1975?
Margoliash and Schejter, 1966).

Cytochromes c from at least 75 eukaryotic species 
have been studied and their amino acid sequences determined; 
there is a surprising amount of similarity among them 
(Thompson et al„, 1978).

The £-type cytochromes are characterized by having a 
protoporphyrin IX ring (see Figure 2) that is covalently 
attached to the protein through thioether linkages to the 
a carbon of the ring1s vinyl groups. The porphyrin also 
contains a central iron atom which is cycled between its +2 
and +3 states during the electron transfer process. Four of 
the iron's ligands are provided by the pyrrole nitrogens of 
the porphyrin ring arid the axial ligands are provided by 
amino acids from the 103-111 residue protein backbone. The 
primary sequence of horse-heart cytochrome c is shown in 
Figure 3 as it has been the most widely studied species to 
date. The heme group is attached to the protein by thio
ether linkages to the cysteines at 14 and 17. The e-nitrogen 
of His—18 and the thioether sulfur of Met-80 are the heme 
iron's fifth and sixth ligands. Out of 104 total amino % ; - 
acids, there are 24 basic amino acids, including 19. lysines, 
and only 12 acidic amino acids, making it a very basic 
protein with an isoelectric point of 9.7.

X-ray crystal structures have been reported for both 
oxidized and reduced forms of the horse (Dickerson et al.,
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Figure 2. Structure of protoporphyrin IX.
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Acetyl-Gly-Asp-Val-Glu-Lys-Gly-Lys-Lys-Ile-Phe-Val-
10

I HEME 1
Gln-Lys^Cys-Ala-Gln-Cys-His-Thr-Val-Glu-Lys-Gly-Gly-

20
Lys-His-Lys-Thr-Gly-Pro-Asn-Leu-His-Gly-Leu-Phe-Gly-

30
Arg—Lys-Thr-Gly-Gln-Ala-Pro-Gly-Phe-Thr-Tyr-Thr-Asp- 

40 50
Ala-Asn-Lys-Asn-Lys-Gly-Ile-Thr-Trp-Lys-Glu-Glu-Thr-
: 60 ■.
Leu-Met-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-'Lys-Tyr-Ile-Pro- 

' 70 '
/ *

Gly-Thr-Lys-Met-lle-Phe-Ala-Gly-Ile-Lys-Lys-Lys-Thr-
80

Glu-Arg-Glu-Asp-Leu-Ile-Ala-Tyr-Leu-Lys-Lys-Ala-Thr- 
90 100
Asn-GluCOOH

Figure 3„ Primary sequence of horse heart cytochrome c„



1971), tuna (Takano and Dickerson, 1980; Handel et al.,
1977), and bonito (Tanaka et al., 1975; Matsuura et al.,
1979) proteins and all three have very similar.structures.
The protein is wrapped tightly around the heme group with, 
most of the hydrophobic groups directed toward the heme and 
the.charged groups directed toward the surface. Because of 
the placement of the protein, only a portion of the edge of 
the porphyrin ring is exposed to the surface. However, this 
"heme crevice" has been shown to be the probable site of 
electron transfer with both small non-physiological reactants 
(Ahmed and Millet, 1981; McArdle, Yoocom, and Gray, 1977; 
Cusanovich, 1978) and its oxidase (Ferguson-Miller,
Brautigan, and Margoliash, 197 8; Smith et al., 1980) and 
reductase (Ahmed et al., 1978; Rieder and Bosshard, 198 0). 
Most of the lysines are positioned in the front part of the . 
molecule while most of the acidic groups are in the back.
This nonuniform placement of charged groups gives rise to a 
large dipole moment of 303 debye for horse heart ferri- 
cytochrome c (Koppenol, Vroonland, and Braams, 1978). This 
may play an important role in cytochrome c 1s biological func
tion as well as its ionic strength dependent behavior.

Much of the experimental work that has been done on 
cytochrome c in solution indicates that there are signifi
cant differences between the structures of the oxidized .and 
reduced forms. Studies of thermal stability (Butt and 
Keilin, 1962), proteolytic digestion (Nozaki et al., 1958),



and fragment exchange (Hantgan and Taniuchi, 1978) indicate 
that the reduced form has a more compact structure. The 
fact that the oxidized and reduced forms are immunologically 
distinct (Margoliash, Reichlin, and Nisonoff, 1967), NMR 
studies (Patel and Canuel, 1976; Moore and Williams, 1980), 
and deuterium exchange studies (Nabedryk-Viala et al., 1976) 
also point to different configurations. However, when the 
first structures were determined, they were indistinguishable 
(Mandel et al., 1977). The most recent tuna studies (Takano 
and Dickerson, 1981) do show small conformational differences 
centered around Asn-52 in the lower left part of the molecule 
below the heme. Recent differential chemical modification 
studies have also shown small differences in that part of the 
protein (Bosshard and Zurrer,19 80). These small changes are 
probably not large enough to account for the large differ
ences seen in the previously mentioned studies. One possible 
explanation is that the molecule is undergoing structural 
fluctuations in both the oxidized and reduced forms with the 
time averaged structures being the same. However, the 
fluctuations could be larger in the oxidized form. This 
approach is currently being tested by computer simulations 
on the atomic motions in tuna cytochrome c (Northrup et al., 
1980a,1980b).

The visible spectrum of cytochrome c is due to ir to 
ir* transitions in the porphyrin ring and is characteristic 
of hemochrome spectra in the low spin state due to its strong



field ligands. Spectra from the oxidized and reduced forms 
are shown in Figure 4„ The oxidized spectrum has a large 
absorbance centered at 410 nm, the Soret band, and a smaller 
broader band centered at 530 nm. In addition, there is a 
very weak charge transfer band at 695 nm due to the methi
onine sulfur-iron interaction (Schejter and Saludjian,
1967). Upon reduction, the Soret band shifts to 416 nm and 
increases in intensity. In addition, two fairly sharp bands 
appear at 550 nm and 520 nm, the a-band and the 6-band, 
-respectively. Because of these large spectral differences, 
the redox state of the protein can be conveniently monitored 
using visible spectroscopy..

The in vitro redox potential of cytochrome c at pH
.7.0 had been reported to be +260 ± 2 mV by a variety of
sources (Stotz, Sidwell, and Hogness, 1938; Henderson and 
Rawlinson, 1956; Margalit and Schejter,1973a). However, :. 
more recent investigations have indicated that it may be 
closer to +285 mV (Denis, Neau, and Blein, 1980a; Vanderkooi 
Erecinska, and Chance, 1973; Dutton, Wilson, and Lee, 1970). 
The in vivo potential was determined to be +235 mV (Dutton
et al., 1970) due to the binding of the protein to the mito
chondrial membrane. However, this measurement has also 
recently been questioned by Denis et al. (1980b) who report 
a value of +28 5 mV for the in vivo protein. A combination 
of at least three different effects is responsible for the



Figure 4 Visible spectra of oxidized and reduced 
cytochrome £„ -—  Inset is blowup of the "695" 
band. (— :— ) oxidized form, (----) reduced form.
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large positive redox potential of native cytochrome c 
compared to totally exposed protoheme IX (-50 to -150.mV).
These effects are: ligation from the Met-80 sulfur (Moore
and Williams, 1977; Ranweiler and Wilson, 1976), lack of 
exposure of the heme to the solvent (Stellwagen, 1978), and 
the nonpolar heme .environment provided, by the protein (Kassner) 
1973). The first effect is relatively small and the other 
two are interrelated and extremely difficult to separate.
The Variation of redox potential with ionic strength has 
been studied by Margalit and Schejter (1973a), but.there is 
some doubt about their results because of method used to 
measure the potential.

The binding of cations and anions to cytochrome c 
has been extensively studied (Barlow and Margoliash, 1966; 
Margoliash, Barlow, and Byers, 1970; Margalit and Schejter, 
1973a; Petermann and Morton, 1979; Andersson, Thulin, and 
Forsen, 1979) with anions having much higher binding 
constants. However, there is still considerable controversy 
about the specific details. For example, there is little 
argument about the fact that chloride binds to ferricyto- 
chrome c, but reported binding constants vary from 17 M --*-

4 _■)(Petermann and Morton, 1979) to 2.0 x 10 M (Margalit and 
Schejter, 1973b). - Several laboratories have reported that 
chloride ion does not bind to ferrocytochrome c (Margoliash 
et al., 1970; Margalit and Schejter, 1973a), while other 
groups report that it does (Petermann and Morton, 1979;
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Andersson et al., 1979). Undoubtedly results are affected 
by the procedure used to prepare the cytochrome for study and 
the exact conditions under which the measurements are made.
A survey of the literature indicates clearly that a more 
systematic approach to these questions is required (Table 1).

In spite of the large amount of work that has been 
done on cytochrome o, the exact mechanism by which it 
transfers electrons from its reductase to its oxidase is 
still not known. Two fundamentally different mechanisms have 
been proposed. In the first, the cytochrome e is seen as 
diffusing across the membrane surface between the membrane 
bound oxidase and reductase. In the second, the oxidase and 
reductase are seen as being much closer together so that the 
cytochrome c could bind simultaneously to both and function 
as an electron bridge. It is clear that the second mechanism 
would require different binding sites on the cytochrome c 
for the oxidase and reductase, while the first mechanism 
would require the cytochrome c to be rather mobile. The
experimental work has.centered on these two points and. ■ . ■ / ■ - ■
unfortunately, there is evidence supporting both mechanisms.

Recent experiments using chemically modified cyto
chromes at single lysine residues have enabled two groups to 
study the "interaction domains" of several physiological 
reactants with cytochrome £. Margoliash and coworkers made 
carboxydinitrophenol (CDNP) lysine derivatives of cytochrome 
c singly modified at positions 7, 8, 13,.25, 27, 39, 60, 72,



hTable 1. Ion binding to horse cytochrome c„

Margalita Petermann^ Andersson Stellwagen^
Fe3+e Fe2+£ Fi':2 * Fe3+ Fe2+ Fe3+ Fe2+

Cl 1.6-2.OxlO4 - . 
— 4

— 1 17 100 — . —
H2P04 1.0-4.3x10 - — • '-:3 / 400
Fe (CN) g~ - - 960(310)9 -
Fe(CN)3- - ,. - - 390(390)9

cl Margalit and Schejter (1973b), method: potential measurements and exclusion 
chromatography at 7 = 5 mM„

k Petermanh and Morton (1979), method: stopped-flow kinetics at u = 0.2 M.
c Andersson et al. (1979) , method: ^^Cl NMR at u = 0-0.6 M.
d  iStellwagen and Shdlman (1973), method: H NMR at u = .22 M.
e oxidized cytochrome c. 
f reduced cytochrome c.
^ Stellwagen and Cass (1975), method: equilibrium dialysis at u - 50 m M , the 

value in parenthesis is the constant for the second site.
h -1All values listed are in M
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73, 86, 87, and 99 (Brautigan, Ferguson-Miller, and 
Margoliash, 1978; Brautigan et al., 1978). They then used 
these derivatives to map the "interaction domains" of the 
oxidase (Ferguson-Miller et al„, 1978; Osheroff, Brautigan, 
and Margoliash, 1980), peroxidase (Kang et al., 1978), and 
the reductase (Speck et al., 1979; Konig et al., 1980) on 
cytochrome c by observing which derivative had the greatest 
effect on the electron transport properties of the protein.
In every study they found that those lysines on the upper 
front of the molecule near the heme crevice (13, 72, 86, 87, 
27, 73) had the greatest effect. They therefore concluded 
that the oxidase and reductase had very similar binding sites 
on cytochrome c. Millet and coworkers obtained very similar 
results and came to the same conclusion after studying tri- 
fluoroacetylated lysine derivatives at positions 8, 13, 22, 
25, 27, 55, 72, 79, 87, 88, 99, and 100 (Smith and Millet, 
1980; Ahmed et al., 1978; Smith et al., 1980).

Further evidence for a single binding site was 
obtained when Rieder and Bosshard looked at the differential 
reactivities of the lysine groups toward acetylation before 
and affer binding to the oxidase (1978) and the reductase 
(1980). They also concluded that the two binding sites were 
indistinguishable and on the upper front side of cytochrome 
£. Some photoaffinity results from arylazido labelled cyto
chrome c at lysines 13 and 22 have also indicated very



similar binding sites for the oxidase and reductase (Bisson 
et al„, 1978? Br.oger, Nalecz, and Azzi, 1980).

Photoaffinity results obtained by others (Erecinska, 
1977, 1980? Waring et al., 1980) seem to favor the less 
mobile two-site model. These studies showed that cytochrome 
c that had been immobilized on the mitochondrial membrane by 
photo-crdsslinking was still as active as free cytochrome, 
indicating that substantial translational motion is not 
required. In addition, certain derivatives of cytochrome c 
(methy1-4-azidobenzoimidate) always crosslinked to the 
reductase, reaffirming that there may be two different sites 
involved. The two-site model is also supported by the 
immunological results of Smith et al. (1973), where some 
antibodies against cytochrome c inhibited oxidase activity 
but not reductase activity. A chemical modification study 
by Meyer et al. (1980) also suggests different interaction 
domains for the oxidase and reductase as their chemically 
modified cytochromes reacted with the oxidase but not the 
reductase. However, their modifications were rather severe 
as they lowered the redox potential 50 to 90 mV and the 
reductase activity may have been lost because their 
potentials were below that of the reductase. The oxidase 
activity usually is not as affected by lowering the potential 
as this makes the reaction more thermodynamically feasible. 
Therefore, it is difficult to know how much support this work 
gives to the two site model.
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Above and beyond the question of how cytochrome c 

shuttles electrons between its reductase and oxidase, there 
is the even more basic question of exactly how the electron 
is transferred from one heme to another that needs to be 
answered. One of the earliest theories was the Winfield 
mechanism (Takano et al., 1971) which proposed that aromatic 
amino acid residues shuttled electrons from the heme to the 
surface of the protein. However, recent studies have 
indicated that electron transfer occurs at the exposed heme 
edge. . This could occur via an outer sphere mechanism with 
small non-physiological reactants, but because several other 
studies have indicated that the hemes come no closer than 10—

.O25 A (Vanderkooi et al., 1980; Gupta and Yonetani, 1973), 
tunneling of the electron probably occurs during physiological 
transfers. In fact, a recent set of experiments by Potasek 
and Hopfield (1977a, 1977b) indicate that electron tunneling 
may occur when ferrocytochrome c is oxidized by ferricyanide. 
However, a recent paper by Poulos and Kraut (1980) uses a 
hypothetical model to revive the idea that aromatic amino 
acids may provide an electron path between, the hemes. Some 
of these questions may be answered in the near future as 
Ozawa, Suzuki, and Tanaka (1980) reported the crystallization 
of a cytochrome c-cytochrome c oxidase complex which is 
presently being studied by x-ray diffraction.

Chemical modification of cytochrome c has been used 
extensively in studying structure-function relationships in
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electron transfer proteins. In addition to the singly 
modified cytochromes mentioned previously, more extensively 
modified cytochromes have provided valuable information about 
cytochrome c, Schejter, Zuckerman, and Aviram (1979) used 
horse heart cytochrome c that had all 19 lysines maleylated 
to study the relative contribution of electrostatic and 
hydrophobic interactions in determining the conformational 
stability of the protein.

Models for cytochrome c which have the spectral and 
redox properties of the native molecule can serve as an aid 
to understanding the nature of the heme environment. The 
recent study by Wilgus et al. (1978) examined the redox 
potential, biological activity, and spectral properties of 
non-covalent complexes between a variety of cytochrome c 
derived heme and non-heme peptides. A number of these 
complexes exhibited biological activity and had relatively 
high potentials, although extensive overlap of amino acid 
sequences was necessary for complex stabilization. In 
contrast, Hantgan and Taniuchi (1977) have demonstrated.some 
biological activity for non-covalent complexes containing 
the same number of residues as the native protein, using a 
peptide fragment containing the heme and amino acids 1-53 
(HP 1-53) and a non-heme peptide of amino acids 54-104 (NHP 
54-104), or fewer residues (HP 1-53:NHP 56-104). This 
observation suggests that conformation of the polypeptide 
chain in the region of residue 53 is less critical to the
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formation of a biologically, active complex than the region 
of residue 65 (the region studied by Wilgus et al.). A 
later study by Taniuchi and coworkers (Parr, Hantganand 
Taniuchi, 1978) demonstrated 46% biological activity for a 
complex that had amino acids 39-55 deleted. The idea that 
these residues are not necessary is supported by the x-ray 
structure of cytochrome c ^ f r o m  Pseudomonas aeruginosa in 
which a loop corresponding; to residues 38-57 of cytochrome c 
is deleted (Dickerson, TimkOvich, and Almassy, 1976). How
ever, the proper interpretation of these model studies is 
complicated by the fact that many of the biological activities 
were not measured with the mitochondrial cytochrome c 
oxidase, the true oxidase of cytochrome c .

Recent studies by Parr and Tanudchi (1979,1980a,1980b) 
have confirmed that peptide folding occurs before methionine 
ligation during the formation of the non-covalent complexes 

. of heme peptides HP 1-25, HP 1-3 8, and HP 1-53 with non-heme 
peptides NHP 39-104, NHP 54-104, and NHP 1-104. The initial 
stage of the peptide recombination was shown to be a second- 
order process resulting in the orientation of Trp-59 with 
the porphyrin ring and the formation of productive complexes 
between the various peptide fragments. The interaction of the 
heme iron by a first-order process with Met-8 0 takes place 
only if the preceding steps have occurred successfully. Thus, 
interactions involving the porphyrin moiety rather than the



18
iron atom itself appear to be of primary importance in the 
initial phase of complex formation.

Comparative studies with cytochrome c from different 
species can also yield information about its interaction with 
the oxidase and reductase, the exact mechanism of electron 
transfer, and structural parameters. Errede and Kamen (978) 
studied the reaction of several eukaryotic and prokaryotic 
cytochromes c with mitochondrial chytochrome £ oxidase. They 
found that the differences in reactivity were due to differ
ences in charge distribution and not merely the "net" charge 
on the surface. Those cytochromes with large numbers of 
lysines on the front part of the molecule had the fastest 
rates. Through their kinetic analysis of the results, they 
were able to show that the binding of cytochrome c to the 
oxidase was the most important factor in reactivity. However, 
similar studies by Ferguson-Miller et al. ■ (1978) showed that 
the structural characteristics important for the association 
of cytochrome c and its oxidase are also important for 
achieving normal rates of electron transfer within the complex 
once.it is formed. By performing these experiments at a low 
temperature (-49°C), they were able to obtain additional 
evidence that cytochrome £ does not need to make large trans
lational .or rotational movements to perform its biological 
function.

A more precise understanding of the exact role of 
specific areas and specific amino acids is hindered by the



large number of differences in the amino acid sequences of 
the cytochromes studied to date. .This limitation can be at 
least partially addressed by studying cytochromes with.fewer 
sequential differences and combining peptide fragments from 
different Species to form hybrid cytochromes. These could 
be non-covalent complexes formed from proteolytic enzyme - 
derived fragments using methods' similar to those described 
by Hantgan and Taniuchi (1977) or they could be covalent 
complexes of cyanogen bromide derived peptides. Corradin 
and Harbury (1970) reported a procedure for cleaving cyto
chrome with CNBr that relatively selectively cleaved the 
protein between Met-65 and Glu-66, yielding a heme peptide, 
HP1-65, and a non-heme peptide, NHP 66-104. Because the 
procedure forms a homo serine lactone at, position - 65, these 
two peptides can be rejoined with a covalent bond yielding a 
cytochrome c that is identical to the native molecule except 
for the substitution of a homoserine for the methionine at 
65 (Corradin and Harbury, 1971). Later studies have shown 
that this substituted cytochrome has the same redox potential, 
spectral properties, and biological activity as the native 
molecule (Wilgus et al., 1978). This same strategy has been 
applied in Harbury * s laboratory to form crossed covalent 
complexes or "hybrid cytochromes" from different eukaryotic 
cytochrome fragments. Some very brief kinetic measurements 
were made to determine antigenic recognition sites on the 
cytochrome c molecule. Similar hybrids have been made by
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Erecinska (1975) using CNBr fragments from horse cytochrome 
c and cytochrome Cg from Rhodospirillum rubrum.

Even using hybrid molecules there are some limitations 
on the amount of information one may obtain about the specific 

' contribution of any one amino acid. Using the proven CNBr 
approach and cytochromes from the possible species, there 
will be relatively few combinations which will give hybrids 
with only 1-5 substitutions. Although this situation could 
be improved by using a large number of smaller fragments 
derived from proteolytic digestion, a more severe limitation 
still remains.. Certain amino acid locations are invariant 
or practically invariant in all of the species studied to 
date (Dickerson and Timkovich, 1975). These amino acids may 
be the most important in determining the properties of the 
molecule and changes at these locations would probably yield 
the most information. Because these locations are invariant, 
work with totally native fragments cannot yield substitutions 
here. However, if a native fragment were combined with a 
synthetic peptide to form a semi-synthetic molecule, sub
stitutions at any.location would be possible. The 
semi-synthetic approach is more desirable than total synthesis 
because the problems associated with total synthesis become 

. technically more formidable as the peptide chain becomes 
longer. This semi-synthetic approach has been applied to 
other proteins (Offord and. DiBello, 1978) and recently 
Barstow et al. (1977) successfully prepared fully active
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semisynthetic cytochrome c by recombining synthetic NHP 
66-104 with native HP 1-65. Most recent.semi-synthetic 
studies of cytochrome c have centered on covalent complexes 
using a two or three fragment approach; however, Harris and 
Offord (1977) and Westerhuis, Tesser, and Nivard (1979) 
formed a non-covalent complex using HP 1-3 8 from a tryptic 
digest of cytochrome c and synthetic NHP 39-104. Other 
researchers have used HP 1-65 from a CNBr cleavage and either 
synthetic NHP 66-104 (Atherton, Woolley, and Sheppard, 1980), 
or a .combination of synthetic NHP 66-80 with native NHP 81- 
104 (Boon, Tesser, and Nivard, 1979; Boon et al., 1979; Nix 
and Warme, 1979): to form covalent semi-synthetic protein. It 
is appropriate that most of the synthetic effort has been 
concentrated in the 66-80 region as this encompasses the 
longest invariant segment of the polypeptide chain, 70-80 
(Nolan and Margoliash, 1968). The importance of this part 
of the molecule is reinforced by the fact that a synthetic 
peptide corresponding to the sequence of 70-80 has also been 
shown to inhibit the reaction of cytochrome c with its 
oxidase (Wolman, Schejter, and Sokolovsky, 1972) . However, 
the two fragment approach, which synthesizes the entire 
region from 66-104, provides more flexibility by also allowing 
for substitution in the 81-104 region.

There are, however, a number of inherent difficulties 
in synthesizing peptides by the solid phase method. These 
difficulties include the following: 1) incomplete removal
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of protecting groups on the a-amino group and the subsequent 
synthesis of incorrect fragments; 2) incomplete coupling of 
amino acid residues with resulting deletions in the 
sequence? 3) premature removal of blocking groups on side 
chains r resulting in branching; and 4) destruction of the 
peptide during cleavage from the resin and during removal of 
blocking groups. These problems become cumulative in the 
synthesis of long peptides, resulting in a final product 
which is heterogeneous and extremely difficult to purify with 
a reasonable yield. For example, bovine insulin g-chain (30 
residues) (Marglin and Merrifield, 1966), ACTH (39 residues) 
(Matsueda et al., 1975) and staphyloccocal nuclease T 6-47 
(42 residues) (Ontjes and Anfinsen, 1969) are a few of the 
long chain peptides which have been successfully synthesized, 
but in low yields, in part because of a final product which 
was heterogeneous. However, for meaningful studies of semi
synthetic proteins, very pure synthetic peptides are 
essential. The ability to ascribe small differences in 
properties between the native and singly substituted proteins 
to the amino acid substitution must not be diluted by the 
presence of impurities. Some studies in the past have relied 
on the specificity of the recombination step to purify the 
product (Bar stow et al., 1977), but this is clearly unrelih- 
able. If only unmodified NHP 66-104 recombined with HP 1-65,

ino amino acid substitutions would be possible.
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While previously applied separation techniques have 

not provided adequate resolution to establish the identity 
and homogeneity of these relatively large pdptides, some 
recent studies have indicated that peptides can be selectively 
purified and characterized by the high resolving .power of 
high performance liquid chromatography, HPLC. These studies 
have demonstrated the high resolution of the technique by 
separating the peptides resulting from the proteolytic 
digestion of proteins (Rubenstein et al.1 97 9) and the 
separation of diastereomers of dipeptides (Meyers et al.,
197 9). These studies have mainly dealt with the separation 
of smaller peptides (Krummen and Frei, 1977; Hancock et al., 
1979), but some separations on larger peptides and some 
proteins such as cytochrome c have been reported (0'Hare and 
Nice, 1979). HPLC has also been used to monitor the progress 
of a solid-phase peptide synthesis (Bakkum et al., 1977) and 
on a preparative scale for the purification of synthetic 
peptides (Gabriel, Michalewsky, and Meienhofer,. 1976) .

Proposed Research
Chemical modification has proven to be a valuable 

tood for the study of the structure function -relationships 
in cytochromes c . The technique has, however, been mostly 
limited to looking at the role of the more reactive amino 
acids such as lysine. Comparative studies with similar 
species of cytochrome c, formation of hybrid cytochromes



from peptide fragments of two different species, and the 
formation of semi-synthetic cytochromes hold the potential 
for providing much more information.

In order to learn more about the finer points of 
structure function relationships in general and specifically 
the mechanism of electron transfer, careful studies on very 
similar cytochromes are needed. Therefore, small differences 
in the properties of the molecule are to be expected and if 
the small differences are to be properly interpreted, one 
must be fully confident in the purity of the materials being 
studied. In the case of recombination techniques, one 
cannot rely on the recombination step.for purification or as 
a criterion for biological integrity. This study will 
develop methods for fully characterizing the peptides that 
will be used to form the hybrid and semi-synthetic cyto
chromes c. High pressure (performance) liquid chromatography 
(HPLC) has shown that it has the potential to help in the 
characterization and even purification of small peptides.
This study will utilize the potential and expand the
capabilities of HPLC in separating the native and synthetic-
peptides used for forming recombined cytochromes.

To fully understand the subtle differences in behavior 
expected from the hybrid and semi-synthetic cytochromes, the 
native molecules need to be carefully studied first. 
Comparative studies of different cytochromes whose amino
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acid composition is very similar will also yield valuable 
information when subjected to close scrutiny. Baseline 
information for comparison with hybrid and semi-synthetic 
cytochromes will then also be available. Horse, tuna, and 
bovine cytochromes were selected for closer study for the 
following reasons:

1. Horse heart cytochrome c has been, the most 
extensively studied cytochrome to date and there is . 
a large amount of data in the literature for 
comparison.

2. The best x-ray structure information is available on 
tuna cytochrome c and therefore it provides an 
excellent opportunity to correlate solution properties 
with a well "defined x-ray structure.

3. Bovine cytochrome c differs from horse in only three 
. positions and, therefore, provides a good test of
our experimental systems.. Its comparison with horse 
could point out some of the finer points of the 
electron transfer mechanism.
The general effect of ion binding on the properties 

of cytochromes and specifically its effect on the ionic 
strength dependence of the. potential of cytochrome c is 
clearly a matter that needs to be dealt with because of the 
many conflicting reports in the literature. Because ions 
are ubiquitous in in vivo and in vitro systems, this effect
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must be understood in better detail if the results from Other 
experiments are to be fully understood. This effect will be 
studied using direct spectroelectrochemical determination of 
the potentials.

The study of electron transfer properties of cyto
chromes with small non-physiological reactants is a widely 
used technique to gain insight on the basics of electron 
transfer. Because this system is less complex than physio
logical electron transfer, the results are often easier to 
interpret. Ascorbic acid was selected as the non- 
physiological reactant because it is essentially 
non-autooxidizable and its reaction with cytochrome c is 
slow enough to be measured with the high precision necessary 
for these comparative studies.

The study of the reaction between cytochrome c and 
its physiological reactants provides extra insight into the 
exact mechanism of electron transfer in biological systems : 
which may not be the same mechanism that is applicable to 
small molecules. The reaction with the oxidase has been 
selected for this study because of the relative ease and 
greater precision of the measurement of its activity compared 
to the reductase activity. The reaction of the cytochromes 
with the oxidase will be fully characterized in this study 
rather than the "one point" comparison method that has.been 
used in the past (Parr et al., 1978).



EXPERIMENTAL

Apparatus

Spectroelectrochemical Cell
The cell used for the determination of midpoint 

potentials, shown in Figure 5, was made entirely of glass to 
reduce the diffusion of oxygen into the solution during the 
course of the experiment. The cell, is made from a piece of 
1 cm x 1 cm square Trubore tubing (Ace Glass Inc., Vineland, 
New Jersey) approximately 4 cm long and has two $ 7/25 outer 
joints joined to the sides, one $ 10/18 outer joint joined 
at the top, and an outer Luer joint (Ace Glass Inc.) on the 
front. The reference and counter electrodes are Ag wires 
cemented with epoxy into an inner $ 7/25 joint which have 
been coated with AgCl as described by Wilson (1978). These 
wires are then inserted into sleeves containing a solution 
saturated with KC1 and AgCl and the sleeve-electrode ;• 
assembly is then inserted into the cell. The reference 
electrode sleeve is made, as shown in Figure 6, by joining 
inner and outer $ 7/25 joints and then drawing the tip to a 
curved point. The hole in the end of this sleeve is plugged 
with a polyacrylamide salt bridge to prevent leakage of the 
internal filling solution when the cell is evacuated during 
filling. The length of this sleeve oast the inner joint,

27
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A
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D

Figure 5. Spectroelectrochemical titration cell. —
A. Ag/AgCl counter electrode, B. Hamilton 
valve for deaeration and sample introduction,
C. Platinum flag working electrode,
D. Teflon coated spinfin, E. Ag/AgCl 
reference electrode.
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Figure 6. Reference and counter electrodes.
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length A as shown in Figure 6, was kept small so that the 
tip of the sleeve just makes contact with the solution in 
the cell. The counter electrode sleeve is also shown in 
Figure 6 and is made with an inner $ 10/18 joint and an 
outer $ 7/25 joint. This sleeve has a coarse glass frit 
sealed in the end but is additionally sealed by a poly
acrylamide salt bridge. In order to make contact with the 
reference electrode, the cell must be filled with 
approximately 3.5 ml of solution.

The working/indicating electrode was a platinum flag 
(5mm x 15mm) attached to a platinum wire which was sealed in 
an inner $ 7/25 joint. This electrode was inserted in one :: 
of the side arms and positioned parallel to the light path 
as close as possible to the edge of the cell to minimize its 
effect on the light beam.

A 0.8 cm x 1.0 cm "spin fin" (Markson Science, Inc., 
Del Mar, CA) was used for stirring in the cell and was 
inserted by way of the $ 10/18 joint at the top of the cell. 
The cell was filled through a Hamilton HV-1 valve (Reno, 
Nevada) which was attached to the Luer joint on the front of 
the cell. The other side of the valve was attached to a 
degassing chamber and associated nitrogen line, which has 
been previously described (Ranweiler, 1975).



Recombination Cell
The electrochemical cell used for the recombination 

experiments is shown in Figure 7. It consists of two outer 
compartments connected to a third main compartment with 
glass frits separating the chambers. The two outer chambers 
have $ 14/20 outer joints at the top and are used for the 
reference and counter electrodes. The counter electrode is 
a Pt flag sealed in a glass rod which is placed in a Teflon 
adapter to form a seal at the $ joint. The reference 
electrode is a Ag wire coated with AgCl that is placed in 
its own sleeve, that contains saturated KCl and AgCl, before 
the entire assembly is placed in the outer compartment. 
Electrical contact between the solution in the outer compart
ment and the electrode in the sleeve is made through a glass 
frit in the sleeve.

The top of the main compartment is a § inner joint 
which connects with the matching joint in the lid of the 
cell. The lid has two $ 10/18 outer joints for introducing 
the working electrode and the ^  line. It also has a $ 7/25 
outer joint for a "gas trap". The working electrode is a Pt 
gauze electrode sealed in a glass tube which also uses a 
Teflon adapter to seal at the $ joint. The line is a 
stream of purified nitrogen (Ranweiler, 1975) which passes 
through a water saturator before entering a glass tube and 
passing into the cell. Again, a seal is made between the



Figure 7„ Recombination cell. — A. Ag/AgCl reference 
electrode, B. $ 10/18 ground glass joints,
C. Platinum gause working electrode, D „ Coarse 
glass frits, E. Teflon coated spinfin,
F „ Platinum flag counter electrode, G. Teflon 
thermometer adapters, H. Nitrogen inlet,
J. Nitrogen exit port.
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tube and the $ joint using a Teflon adapter. The nitrogen 
exits the cell through the gas trap.

Miscellaneous
All optical spectra were obtained using a CARY 219 

spectrophotometer (Varian Associates, Palo Alto, CA) 
equipped with a water-jacketed cell holder and magnetic 
stirrer for both sample and reference sides. For ease of 
data acquisition, the CARY was interfaced to a Hewlett 
Packard (HP) 2100A computer. (For a more detailed descrip
tion of the hardware and software used, see Appendices A and
B.)

A Princeton Applied Research (Princeton, NJ) Model 
173 potentiostat with a Model 176 current to voltage 
converter was used to apply a constant potential for the 
electrochemical generation of the mediator titrants used in 
the midpoint potential measurements. And an HP 3460B 
digital voltage meter was used to measure the electrochemical 
potential of the solution.

Cytochrome c oxidase activity measurements were 
made using a Rank Brothers (Oxford, England) glass oxygen 
cell and potentiostat built "in-house" which has been 
described previously (Brown, 1981).

The temperature of the solutions for the activity 
and potential measurements was maintained at 25±0.2 C by 
means of a Haake (Berlin, West Germany) FJ constant
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temperature bath, a Neslab Cryocool (Portsmouth, NH) 
refrigeration unit, and the respective water jacketed cells„

An Altex model 331 high pressure liquid chromatograph 
(Beckman Instruments Inc., Berkeley, CA) was used for all 
high pressure liquid chromatography Of proteins, peptides, 
and amino acids. An Altex 153 detector was used with the 
appropriate filter to monitor the effluent at 254 or 280 nm 
while a Spectraphysics SP8400 (Santa Clara, CA) multiwave
length dfetector was used to monitor the effluent at 210 nm. 
Both of these detectors had a pathlength of 1 cm. A Perkin 
Elmer 204A (Norwalk, CT) spectrofluorometer equipped with a 
ultramicro flowcell was used as the detector for the 
derivatized amino acids. All. solutions and samples for HPLC 
were filtered through 0.45 ym filters prior to use (type FH 
for organic solvents and type HA for aqueous solutions) 
(Millipore Corp., Bedford, MA).

All stopped-flow measurements were made with a 
Durrum-Gibson D U O  stopped-flow (Durrum Instrument Co.,
Palo Alto, CA) which was interfaced to a NOVA 2 computer 
(Data General Corp., Westboro, MA).

Electrophoresis for the two-dimensional peptide 
mapping was done using a Buchler Universal Electrophoresis 
chamber (Fisher Scientific, Pittsburgh, PA) and an Ortec 
4100 (Oak Ridge, TN) power supply. Cooling was provided by 
a lucite water circulating plate and the Neslab refrigeration 
unit.
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Protein solutions were reconcentrated using Amicon 

(Lexington, MA.) pressure dialysis cells, models 5i2 and 402, 
and Amicon UM2 or PM10 membranes. Peptides were obtained 
in dry form using a Labconco (Kansas City, MO) model 75035 
freeze dryer„

An Instrument Specialties Company (ISCO) model 
UA-4 UV detector (Lincoln, NE) and an FC-80 microfrac- 
tionator (Gilson Medical Electronics, Middleton, WI) were 
used to monitor and collect the peptide fractions during 
exclusion chromatography.purification. A Buchler peristaltic 
pump (Fisher Scientific, Pittsburgh, PA) was used to maintain 
a constant flow rate during exclusion chromatography.

The amino acid analyses were done using a Beckman 
Model 120C amino acid analyzer.

Materials
All reagents and buffers used were reagent grade and 

were used without further purification unless otherwise 
specified. The water used for all experiments except HPLC 
was distilled and further purified by passing it through a 
mixed bed ion exchanger (Barnstead D8902, Sybron Corp., 
Boston, MA). Water for HPLC experiments was distilled a 
second time from an alkaline permanganate solution (2 g 
potassium hydroxide and 40 mg potassium permanganate per 
liter of water).
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Cyanogen bromide, sodium ascorbate, ninhydrin, Tween 

80, trypsin soybean inhibitor, chymotrypsin (40-50 units/mg), 
methyl viologen dichloride, N,N,H',N1-tetra-methylphenylene- 
diamine dihydrochloride (TMPD), o-phthalaldehyde, horse 
heart cytochrome c (type VI), beef heart cytochrome c (type 
v), and tuna heart cytochrome c (type XI) were purchased 
from Sigma Chemical Company (St. Louis, MO). The cytochromes 
were additionally purified as described in the Procedures 
section.

Cacodylic acid was obtained from both Sigma and 
Fisher Scientific and both had to be recrystallized from 
ethanol to remove trace amounts of chloride ion.

Pharmacia (Uppsala, Sweden) G-25, G-50, and G-75 
Sephadex was used for the gel filtration chromatography.
Altex Ultrasphere and Ultrasil columns were used for the 
HPLC separations, and the HPLC grade acetonitrile was 
obtained from Matheson, Coleman, and Bell (MCB, Cincinnati, 
OH). Kodak (Rochester, MY) 6064 cellulose thin layer plates 
were used for the peptide mapping experiments.

Ethanethiol and sodium dithionite were obtained from 
MCB. Formic acid and pyridine were obtained from Fisher and 
potassium ferri- and ferrocyanide were purchased from 
Mallinckrodt (St. Louis, MO). The spectrapor dialysis tubing 
(Spectrapor #1, 31.8 mm dia.) used for purification of the 
cytochromes was obtained from Spectrum Medical Industries,
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Inc. (Los Angeles, CA) and the quinhydrone was purchased 
from Eastman (Rochester, NY). '

All cytochrome peptide fragments were prepared by 
CNBr cleavage as described in the next section.

The bovine cytochrome c oxidase for the activity 
measurements was prepared by Dr. Michael Cusanovich, 
according to methods described earlier (Yonetani et al., 
1961). The submitochondrial particles used for the activity 
measurements were provided by Mel Schafer and were prepared 
using the method of King (1967).

Procedures
The cytochromes used for the preparation of peptide 

fragments were the purest forms commercially available and 
were used without further purification.

Preparation of Native Peptides

Heme Peptides. Heme peptides 1^65 were prepared by 
limited CNBr cleavage of the appropriate cytochromes c. The 
exact procedure used was a slight modification of that 
reported by Ranweiler (1975). The protein was dissolved in 
70% formic acid to a concentration of 15 mg/ml and a 50-fold 
molar excess of CNBr was’added. The solution was then 
placed in a glass-stoppered test tube with a minimum amount 
of air. The test tube was then covered with foil and kept 
at 4°C for 24 hours. The reaction was stopped by diluting
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the mixture 10-fold with water. The proteins were then 
concentrated by pressure dialysis through a UM2 membrane to 
a final volume of 2 ml. The entire sample was then applied 
to a Sephadex G-75 column, 4 cm x 75 cm, and eluted with a 
solvent of 40% acetic acid:10% formic acid:50% water (V:V:V). 
The.flow rate was adjusted to 0.5 ml/min using the peri
staltic pump and the peaks were collected using the fraction 
collector.

The heme containing fractions (see Figure 8) were
combined, diluted to reduce their, acid content to less than
5% (V/V), and concentrated by pressure dialysis through a
_UM2 membrane. This material was then subjected to a second
CNBr cleavage and a second run through the G-75 column. The
absorbance of the fractions was then measured at 275 nm and
the fractions corresponding to the last heme-containing
fraction were pooled, diluted to reduce their acid content
to less than 5%, and the protein concentrated by pressure
dialysis. The concentration of the heme was then determined
by the pyridine hemochrome method (Falk, 1964). One ml
pyridine^ 2.5 ml water, and 0.5 ml of 1 M NaOH were added to
a stoppered spectrophotometer cell and mixed thoroughly.
Then a small volume (5-100 yl) of the heme peptide was added
and a scan of the a-band taken. A few crystals of sodium
dithionite were then added and another scan taken. From the
change in the absorbance at 550 nm, the concentration was

3 -v -1calculated using a e of 20.7 x 10 cm M .
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Figure 8. Column chromatography of CNBr cleavage products.
—  Elution from a 4 cm x 75 cm Sephadex G7 5 
column. The solvent was formic acid/acetic acid/ 
water (10%/40%/50%) and the flowrate was 0.5 
ml/min. The sample (25Omg) was applied in 2.0 ml.
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Non-Heme Peptides. The non-heme peptides 66-8 0, 

81-104, and 66-104 were also prepared by limited CNBr 
cleavage of the appropriate cytochromes c using a modifica- 
tion of the procedure of Corradin and Harbury (1970)„ In 
the case of the peptides NHP 66-80 and HP 81-104, the ' 
initial CNBr cleavage and chromatography conditions were the 
same as those described for HP 1-65. However, in the case 
of NHP 66-104, a 3-fold molar excess of CNBr was used 
instead of 50. After the initial chromatography on the G-75 
column, the absorbance of the collected fractions was 
measured at 275 nm and the fractions corresponding to the 
desired peptide (see Figure 8) were pooled and lyophilized. 
The peptide was then dissolved in 1 ml of a 7% formic acid 
solvent and applied to a Sephadex G-50 column, 4 cm x 75 cm, 
and eluted at 0.5 ml/min with the same solvent. The material 
was then lyophilized and stored in the freezer.

Characterization of Peptides.
Standard amino acid analysis (Ranweiler,, 1975) was 

performed on all obtained peptides to verify their identies. 
In addition, two-dimensional peptide maps were made of some 
of the peptides using the method described by Brautigan 
et al. (1978). Chymotrypsin digests were prepared by dis
solving 1 mg of the desired peptide in 0.1 ml of a 0.1 M, 
pH 8.5 ammonium bicarbonate buffer and adding 5 pi of a 
10 mg/ml, pH 3.0 chymotrypsin stock solution. (In addition
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to having a low pH to prevent autodigestion, this stock 
solution also contained an amount of soybean trypsin 
inhibitor equal to 10% of the chymotrypsin [W/W] to inhibit 
residual trypsin activity.) The digestion was allowed to 
proceed for 10 hours at room temperature before the reaction 
was stopped by lyophilization. The dried products were 
redissolved in a small amount of water, relyophilized for 24 
hours to insure complete removal of the ammonium bicarbonate 
buffer, and then dissolved in 10 yi of the electrophoresis 
buffer, pyridine/acetic acid/water, 200:7:1800 (V/V/V), pH 
6.5. The cellulose TLC plates were sprayed with the 
electrophoresis buffer, placed on the cooling plate which 
was cooled to 10°C, subjected to electrophoresis for 30 
minutes at 20 v/cm (400v), spotted with 1 y1 of sample after 
first blotting the spotting area, and electrophoresed for 
60 minutes at 400 v. After the plates were removed and 
allowed to dry, they were developed in the second dimension 
by inserting them in a chromatography tank previously 
equilibrated with the solvent 1-butanol/pyridine/acetic acid/ 
water (60:40:12:48, V/V). Uniformity was enhanced by lining 
the tank with sheets of chromatography paper saturated with 
the same solvent. The plates were allowed to develop until 
the solvent front was 2 cm from the top of the plate. The 
plates were then removed and allowed to air dry before 
spraying with the ninhydrin solution (0.1% in acetone/acetic 
acid, 100:30, V/V). Color development of the spots was



enhanced by lightly heating the plates with a hot air gun. 
The identities of the spots were determined by comparison 
with the peptide map tbf Brautigan et al. (1978) .

The peptides were further characterized by high 
pressure liquid chromatography (HPLC) on Altex Ultrasphere 
ODS (4.6 mm i.d.x 250mm, 5 pm particles, octadecylsilane 
bonded on silica) or Ultrasil ODS (4.6 mm. i.d <; x 250 mm,
10 pm particles, octadecylsilane bonded on silica) columns. J 
Acetonitrile and 0.1 M pH 4.5 ammonium acetate or 0.1 M pH 
4.5 ammonium phosphate were used as the solvents and were 
filtered through 0.45 pm Millipore filters prior to use.
The exact flow rate and gradient conditions used for each 
separation are given on the individual chromatograms.

Recombination of Cytochrome c_
Recombination of an HP 1-65 fragment with a NHP 

66-104 fragment to form a covalent cytochrome c molecule was 
accomplished by incubating a 1:1 mixture of these peptides 
in the reduced state for 24 hours at 4°C (Ranweiler, 1975). 
Equal amounts of the two peptides were combined in 30 ml of 
a 0.1 M, pH 6.0 Tris-cacodylate buffer, that had just been 
purged with nitrogen to remove oxygen, and 8 mg of methyl 
viologen were added to bring the concentration to 2 mM.
This solution was then placed in the center compartment of 
the recombination cell (see Figure 7) along with the spin 
fin, a Pt gauze electrode, and a nitrogen line. The counter
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and reference compartments were then filled with the same 
buffer and the electrodes inserted. Oxygen was then removed 
from the cell by flowing over the solution after first 
passing through a saturator. A potential of -0.7V was then 
applied until the appearance of MV+» indicated that the 
peptides were reduced. The potential was then lowered to 
-0.5v and the solution was left stirring for at least 24 
hours at 4°C. At the end of this time, the solution was 
concentrated by pressure dialysis to a volume of 2 ml and 
then applied to. a Sephadex G-50 column (4 cm x 7 5 cm) and 
eluted with 7% formic acid. The flow rate was adjusted to 
0.5 ml/min with the peristaltic pump and the peaks were 
collected using the fraction collector. The fractions 
corresponding to the recombined cytochrome c (see Figure 9) 
were pooled, concentrated by pressure dialysis, and re- 
chromatographed on the same column. The fractions 
corresponding to the recombined material were again pooled 
and concentrated by pressure dialysis before they were 
treated to remove bound ions as described in the following 
section.

Pretreatment of Cytochromes
All cytochromes, native and recombined, were dialysed 

to remove the bound ions before any measurements were taken 
(Errede, Haight, and Kamen, 1976). The Spectrapor dialysis 
tubing had to be pretreated to hydrate it and remove any



Figure 9„ Column chromatography of recombination products.
—  Elution profile of the products of a horse / 
HP 1-65 NHP 66-104 recombination experiment from 
a 4 cm x 75 cm Sephadex G50F column using 7% 
formic acid as the solvent. The flow rate was 
0.5 ml/min and the sample was applied in 2.0 ml. 
Peaks: A. recombined cytochrome c, B . HP 1-65,
C. NHP 66-104.
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ions before it could be used. This was accomplished by 
simmering it for 3 0 minutes in 50% ethanol followed by 
simmering for 15 minutes in a bicarbonate EDTA solution (1.0 
g sodium bicarbonate, 0.1 g EDTA in 100 ml water). The 
tubing was then rinsed and stored wet at 4°C until use.

To remove the bound ions from the cytochromes, the 
protein solution was sealed in a short section (4 cm) of the 
dialysis tubing using clips and dialysed against three 
changes of 0.3 M Tris base for 12 hours, Polymeric forms of 
the cytochrome were then removed by applying it to a Sephadex 
G-75 column (2 cm x 60 cm) and eluting with 0.1 M, pH 7.0 
Tris-cacodylate buffer. The flow rate was adjusted to 0.5 
ml/min using the peristaltic pump and fractions were collected 
using the fraction collector. The fractions corresponding to 
the main heme containing peak, which eluted after the small 
polymer peak were pooled, concentrated by pressure dialysis 
through a UM2 membrane, and frozen in small aliquots until 
needed.

Determination of Chloride Concentration
Quantitative chloride ion determinations were made 

using the method of Iwasaki, Utsumi, and Ozawa (1952) which 
is based on the following reactions:



Hg(CNS) 2 + 2 Cl 

CNS“ + Fe3+ -

The chloride standards and samples (0-200 yg Cl ) 
were measured into 25 ml volumetric flasks and 2.00 ml of the 
Fe solution (0.25'M ferric ammonium sulfate in 9 M nitric 
acid) was added. This was followed by 2.00 ml of a saturated 
mercuric thiocyanate solution in 95% ethanol. The flasks 
were then diluted to volume, mixed, and allowed to sit for 
10 minutes before their absorbance was measured at 460 nm on 
the CARY 219. The absorbance of a blank was then subtracted 
from all the readings before a standard curve was drawn and 
the chloride determinations of the samples read from the line'. 
This method can detect as little as 1 yg chloride in 20 ml.

Stopped-flow Kinetic s
The rate of electron transfer from ascorbic acid to 

the various cytochromes c was studied using a Durrum D U O  
stopped-flow and the reaction was monitored at 550 nm. The 
reactions were run under pseudo first-order reaction condi
tions with the cytochrome concentration at 5 yM (after mixing) 
and ascorbate concentrations of 1.0-0.138 mM (after mixing). 
The ionic strength of all solutions was adjusted to 10 mM by 
adding appropriate amounts of a 0.1 M, pH 7.0 Tris-cacodylate 
buffer and the pH of all solutions was checked before and

46
 »  HgCl2 + 2CNS- (1)

c= Fe(CMS) 2+ (2)
X max 460 nm
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after running the experiments. All solutions were prepared 
immediately before use and deoxygenated by bubbling with 
argon for at least 10 minutes in septum covered bottles. A 
stream of argon was then allowed to flow over the solutions 
until they were actually loaded into the stopped-flow. To 
prevent possible denaturation of the cytochromes, they were ; 
added as a concentrated stock solution to the buffer only 
after it had been deoxygenated. The temperature was 
maintained at 25°C by means of a Haake water circulating bath. 
All reactions were performed in triplicate and averaged before 
going to the next ascorbate concentration. Data acquisition 
and first-order enzyme kinetic analyses were performed by the 
NOVA 2 computer which was directly interfaced to the stopped- 
flow. The second-order rate constants were obtained from the 
slope of a plot of the first-order rate constant versus the 
ascorbate concentration.

Activity Measurements
The activity of bovine cytochrome c oxidase using 

the various cytochromes as substrates was measured electro^ 
chemically with an oxygen electrode using a procedure similar 
to that described by Smith, Davies, and Nava (1979) and 
Ferguson-Miller, Brautigan, and Margoliash (1976). The 
reaction was performed on a freshly prepared 25 mM, pH 7.8 
Tris-cacodylate buffer which was also 7 mM in ascorbate and 
0.7 mM in TMPD. Under these conditions the reaction proceeds
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at a constant velocity which is equal to the initial velocity, 
V q , because the cytochrome is greater than 98% reduced by the 
ascorbate and TMPD (Smith et al., 1979). The rate of the 
reaction is monitored by the decrease in oxygen concentration 
as determined by an oxygen electrode, but because the buffer 
itself slowly reduces oxygen, an initial "background" rate 
must first be measured.

The experiments were performed by pipetting 2.00 ml 
of the buffer into the oxygen cell which was kept at 25°C by 
a water jacket and the Haake circulating water bath. A 
volume of the submitochondrial particles (SMP) or purified 
oxidase was added to bring the final cytochrome a3 
concentration to 0.01 yM. The lid was placed on the cell 
and the initial rate was monitored for 2 minutes. The lid 
was then carefully removed and enough cytochrome c was added 
to bring the final concentration to 0.009-3 yMi The lid was 
then replaced and the final rate was monitored for 2 minutes. 
The solution was then removed from the cell by aspiration 
and the cell and cap rinsed with a 0.1 M, pH 7.0 phosphate 
buffer to.remove any bound cytochrome. The cell and cap 
were then rinsed 4 times with water before filling the cell 
for the next run.

The oxygen electrode was calibrated by the method 
described by Misra and Fridovich (197 6). Small amounts 
(10-100 y1) of 10 mM phenylhydrazine were added to the oxygen
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cell filled with 2.00 ml of a 1.0 mM potassium ferricyanide, 
50 mM potassium phosphate buffer at pH 7.8. The ferri- 
cyanide oxidizes the phenylhydrazine to phenyIdiimide, which 
then rapidly reduces oxygen as shown in the following 
equations:

? . N=H-H , , ,^v
N-Nn + 2Fe (CN) g   /=< + 2Fe(CN) g + 2H ( '

'H b \ J

N=N-H OH
+ V 2 °2 — -  <Q> + N 2 (4)

From the known amounts of phenylhydrazine added and 
the stoichiometry of equations (3) and (4), the response of 
the electrode in volts/nM 0^ was calculated. Using this 
information, the corrected slopes were converted to nmoles 
02 consumed/min and Eadie Hofstee plots were made.

Potentiometric Titrations
The midpoint potential of the cytochromes under 

various solution conditions was determined by spectroelectro- 
chemistry using the cell described in the Apparatus section. 
The potential of the Ag/AgCl was checked against a large, 
saturated calomel electrode (SCE) which was used exclusively 
for this purpose. The exact potential of the SCE was deter
mined by comparison with a saturated quinhydfone half cell 
(with a platinum flag indicating electrode) at 25°C and pH 7 
and 10. Using the equation below, the exact potential of the
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quinhydrone half cell under the''specif led conditions was 
calculated using the following equation (Bates, 1964):

E(mV) = 699.4 - R/F * 2,303 * T (pH). (5)
where R is the ideal gas constant, F is Faraday's constant,
and T is the temperature in K,

The platinum electrode was used as both the working
and indicating electrode and was flamed to incandescence in..
a Bunsen burner approximately every 10 titrations to remove 
any. adsorbed protein. The solutions to be titrated were 
prepared immediately before use by pipetting enough con
centrated stock solutions into a volumetric flask to give the

"• •• . ■' 2+ ’ ■ ' 'following concentrations: cytochrome c — '20 yM, MV
0,2-2,0 mM, central mediator —  100 yM, ferrocyanide (if
u s e d ) —  0.1-1.0 mM, The ionic strength of the solution was
then adjusted to the desired value by an appropriate addition
of Tris-cacodylate or phosphate buffer. The solution was then
deoxygenated by three successive two minute ^/vacuum cycles,
using the degassing bulb and line described by Ranweiler
(1975), The cell was then filled by evacuating it and slowly
allowing the solution to flow from the degassing bulb to the
cell through the Hamilton valve. Before the valve was closed
and the cell removed, the internal pressure was brought to
3 psi over ambient with to inhibit 0^ diffusion into the
cell. The cell was then placed in the water circulating cell
holder in the CARY 219 which was. maintained at 25°C. A
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potential of -.65V was then applied to the working electrode 
until the appearance of MV+° indicated that the protein was 
fully reduced. The actual "titration" was then begun by 
applying either -0„6v or +0.3v to change the potential of the 
solution. After an appropriate length of time, the voltage 
applied by the potentiostat was turned off and the measured 
potential allowed to relax for 90 seconds. The spectrum and 
potential were then recorded with the stirring left on 
before proceeding to the next potential. Every titration was 
performed in both directions (oxidation and reduction) to 
check the reversibility of the system. If no ferrocyanide 
was used in a titration, then the spectrum of the fully 
oxidized protein was obtained by the addition of a small 
amount of potassium ferricyanide after all other points had 
been taken.

The spectra were then corrected for mediator absor
bance and Nernst plots made from the change in absorbance at 
550 nm (Ranweiler, 1975). The spectra were actually 
recorded, corrected, and analyzed by two Hewlett Packard 
2100A computers, one of which was interfaced directly to the 
CARY 219. For a complete description of the hardware and 
software used, see Appendices A and B.



RESULTS AND DISCUSSION

Preparation of Native Peptides

Heme Peptide 1-65
The HP 1-65 used in these studies was prepared using 

the CNBr cleavage method described in the Procedures section. 
The CNBr reaction, has been shown to be very specific for the 
splitting of the peptide bond in which methionine supplies 
the carboxyl group (Spande et al., 1970). During the 
cleavage reaction, methionine is converted to a homoserine 
lactone by the mechanism shown below:

H .. .. +
-N-CH-C-NH- --- c=» -NH-CH-C-NH----- c=» NH-CH-C=NH-

<!h 2° c h ,° c h ,
I 2 I 2 I 2CH, CH, H-C — 0I 'I 'I:S:--&CN,Br +S-CN 4I ^ I V  HCH-, CH- -N-CH— C + H0N

h 2o

/ T 3 

&

CH . 0\V
2

If this lactone remains intact, the peptide linkage can be 
reformed with the substitution of a homoserine for the 
methionine in the original protein. Since the opening of 
the lactone is catalyzed by base (Corradin and Harbury,

52
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1974a), it was essential to keep the pH low during the 
preparation of HP 1-65.

Corradin and Harbury (1970) showed that if a CNBr 
reaction was carried out on cytochrome c in 7 0% formic acid, 
the linkage between Met 65 and Glu 66 is preferentially 
cleaved. To ensure a complete reaction, a 50-fold, excess 
of CNBr is used and the reaction is allowed to proceed for 
24 hours. In this study the best results were obtained when 
the reaction was run in the absence of air (i.e. a completely 
full reaction vessel) in the dark, at room temperature.
Under these conditions, no evidence of the free heme fraction 
reported by Ranweiler (1975) was observed.

All of the lyophilization steps called for in earlier 
procedures (Ranweiler, 197 5; Wilgus, 1975) were replaced by 
pressure dialysis through UM2 membranes to protect against 
possible damage to a peptide of this size. However, since 
the membranes cannot tolerate more than 50% free acid, most 
of the samples had to be extensively diluted before dialysis. 
It should be noted that neutralization of the excess acid 
by base is not acceptable as even small, localized excesses 
of base can hydrolyze the lactone.

The separation conditions described by Ranweiler 
(1975) gave excellent separation of the heme and the non-heme 
peptides (see Figure 8) if_ the flow rate was slow enough.
For the column size used in the study, 4 cm x 75 cm, it was
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determined that the flow rate should not exceed 0„5 ml/min. 
Using the above method, HP 1-65 could be prepared in 
approximately 7 0% yield.

Non-heme Peptides
The same CNBr reaction described _ in the HP 1-65 

section was used to prepare the non-heme peptides, but 
because there were two methionines in the cytochromes studied
(at positions 65 and 80), three non-heme peptides are,

. ' ‘ 1 • .. produced. For horse cytochrome c they are NHP 66-80, NHP
81-104, and NHP 66-104, but since tuna cytochrome c has 
only 103 amino acids its peptides were NHP 66-80, NHP 81-103 
and NHP 66-103. Since preparation of the NHP 66-104 and 
NHP 66-103 peptides requires cleavage at Met-65 but not at 
. Met-80, less drastic reaction conditions must be used in its 
preparation. It was found that a three-fold excess of CNBr 
at room temperature for 24 hours gave adequate yields while 
still maintaining the integrity of the protein (see section 
on Characterization of Peptides). The Sephadex G-75 column 
produced near baseline separation of the three non-heme 
peptides as shown in Figure 8, when the flow rate was main
tained below 0.5 ml/min. However, when the peptides were 
lyophilized from the solvent used in the column (acetic acid/ 
formic acid/water, 40/10/50 vol%), they.were rather crusty 
and largely insoluble in aqueous buffers. If the peptides 
were dissolved in 7% formic acid and run through the Sephadex
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G-50 column, fluffy water-soluble samples were obtained in 
approximately 20% yield.

Characterization of Peptides

Amino Acid Analysis.
Standard amino acid analyses were performed on all 

native heme and non-heme peptides. Typical results for both 
horse and tuna peptides are shown in Table 2„ These results 
agree with the expected values within the experimental error 
of the technique. The basic amino acids were normalized to 
arginine and the rest were normalized to alanine, as these 
were thought to be the most stable amino acids on the 
respective AA columns,

High Pressure Liquid Chromatography
HPLC was used to quickly characterize the purity of 

the native heme and non-heme peptides as well as the 
synthetic peptides. The columns used for the separations 
were packed with 5 or 10 pm silica particles which had an 
octadecylsilane (CDS) covalently attached to the surface.
One of the columns. Ultrasphere, had the residual silanol 
groups "capped" with trimethylsilane in an attempt to reduce 
the activity of the surface toward basic functional groups on 
separating species. The solvents used for all of the 
separations were 0.1 M ammonium acetate, pH 4.5 and aceto- 
nitrile. This particular aqueous buffer was selected as an



Table 2. Amino acid analysis of peptides.

Horse Tuna
HP
1-65

NHP
66-104

NHP
81-104

NHP
66-80

HP
1-65

NHP
66-103

NHP
81-103

NHP
66-80

Lysine 12.3(11) 8.9(8) 5.2(5) 3.6(3) 8.8(9) 6.8(7) 4.6(4) 3.0(3
Histidine 3.0(3) P(0) 0(0) 0(0) 1.8(2) 0(0) 0(0) 0 (0
Arginine 1.0(1) 1.0(1) 1.0(1) 0(0) 1.0(1) 1.0(1) 1.0(1) *tr ( 0
Aspartic acid 5-3(5) 3.0(3) 2.0(2) 1.0(1) 7.7 (8) 2.2(2) 1.2(1) 1.2(1
Threonine 6.9(7) 2.8(3) 1.9(2) 1.0(1) 4.7(5) 1.9(2) 1.0(1) 1.0(1
Serine 0(0) 0(0) 0(0) : 0(0) 2.1(2) 1.7(2) 1.8(2) tr (0
Glutamic acid 7.6(7) 4.7(5) 3.0(0) 2.2(2) 4.0(5) 3.8(4) 2.1(2) 2.0(2
Proline 2.2(2) 1.8(2) 0(0) 1.9(2) 0.9(1) 2.0(2) tr(0) 1.9(2
Glycine 10.1(10) 2.1(2) 1.1(1) l . K D 9.3(10) 2.9(3) 2.4(2) 1.2(1
Alanine 3.0(3) 3.0(3) 3.0(3) 0(0) 4.0(4) 3.0(3) 3.0(3) tr (0
Cysteine 1.7(3) 0(0) 0(0) 0(0) 1.3(2) 0(0) 0(0) 0(0
Valine 2.7(3) 0(0) 0(0) 0(0) 5.1(5) 1.2(1) 1.1(1) 0(0
Methionine 0(0) 0,8(1) 0(0) 0(0) 0(0) 0.4(1) 0(0) 0(0
Isoleucine 1.9(2) 3.7(4) 0.9(1) 0.9(1) 0.8(1) 2.9(3) 1.8(2) 0.8(1
Leucine 3.2(3) 2.9(3) 1.0(1) 1.0(1) 2.8(3) 2.7(3) 2.0(2) 1.1(1
Tyrosine 1.1(1) 2.7 (3) 1.9(2) 1.9(2) 0.8(1) 2.8(3) 0.9(1) 1.6(2
Phenylalanine 2.9(3) 0.9(1) 0(0) 0(0) 3.0(3) 0.9(1) 1.0(1) 0(0

*trace <0.2
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additional measure to reduce the adsorption of the peptides 
to unreacted Si-OH groups. The large number of ammonium ions 
combined with the low pH helped to keep the large number of 
lysines in the peptide from being a problem. The acetate in 
the buffer kept the salt from precipitating at high aceto- 
nitrile concentrations.

When the initial separation conditions were being 
established, very slow gradients were run from 0% to 100% 
acetonitrile. The peptides eluted at fairly low concentra
tions of acetonitrile, approximately 25-35%, but there was 
always a large peak at 75% acetonitrile. Since this peak 
also eluted when no injections were made, it was determined 
to be impurities in one of the solvents and was ignored in 
subsequent experiments.

The native peptides used in this study seemed to be 
very sensitive to the acetonitrile concentration of the 
mobile phase. Changes as small as 5% could change a 
peptide1s behavior from essentially no movement on the column 
to little or no retention. For this reason, most of the 
separations were performed using gradient elution.

In general, the peptides eluted in the order of 
increasing molecular weight, which correlates with the 
number of possible hydrophobic interactions.
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Heme Peptides. The CNBr cleavage of cytochrome c 

leads to a variety of heme peptides, including HP 1-80,
unreacted cytochrome c, as well as the desired HP 1-65, It
would be desirable to have a method which would quickly yield 
information on the presence of these contaminants, In 
addition, it would also be desirable to have a method which
could quickly give information about the state of the
lactone formed by the CNBr cleavage, since this lactone must 
remain intact if a covalent peptide bond is to be reformed 
(Corradin and Harbury, 1974a),

A chromatogram of a mixture of all three heme peptides 
from horse cytochrome c is shown in Figure 10. Although the 
peaks show significant tailing, the obtained separation is 
very good considering the size of the peptides involved. The 
identities of the peaks were determined by separate injection 
of the individual components. HP 1-65 and HP 1-80 give two 
peaks each, corresponding to homoserine or its lactone as 
the c-terminal residue. These peptides would normally mainly 
be in the lactone form after the CNBr cleavage, but may be 
open, especially if catalyzed by base (Corradin arid Harbury, 
1974a). Peak A of Figure 10 was shown to be the non-lactone 
form of HP 1-65 by the injection of base treated HP 1-65. 
Figure 11 shows the chromatograms of HP 1-65 before and after 
the addition of NaOH. Peak B, the lactone form, disappears 
after the addition of base. It is surprising that this



Figure 10. HPLC of heme peptides. Separation of cytochrome 
c heme peptides on Ultrasil column (4.6 mm i.d. 
x 25 cm, 10 ym particles). Flowrate = 2 ml/min. 
Acetonitrile/ammonium acetate buffer gradient 
as shown. Peaks: A. HP 1-65, B . HP 1-65 with
homoserine lactone at position 65, C. HP 1-80,
D. HP 1-80 with homoserine lactone at position 
80, E. native cytochrome c.
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Figure 11. HP 1-65 lactone study„—  Separation of HP 1-65 
and HP 1-65 homoserine lactone. Column same 
as in Figure 10. Flowrate = 2 ml/min. Aceto- 
nitrole/ammonium acetate buffer gradient =
25-35% acetonitrile in 15 mintues. Chromatogram.
A. after adding NaOH (no lactone). Chromatogram
B. before adding NaOH; a. HP 1-65 homoserine, 
b. homoserine lactone.
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small change in one amino acid has such a drastic effect on 
the retention of this'65 amino acid peptide. The state of 
this one amino acid has nearly as much effect on the peptide 
retention as the additional fifteen amino acids of HP 1-80.
This large effect on the retention of the peptide may be due
to the fact that an additional negative charge is introduced 
when the lactone is hydrolyzed which reduces the overall 
positive on the peptide. The idea that a more highly 
charged peptide would elute after a very similar peptide is 
directly opposed to the theory that hydrophobic inter
actions are the determining factor in retention on an ODS 
column (Molinar and Horvath, 1977). This might indicate 
that there is some kind of specific interaction of the 
lactone with the ODS groups or unreacted Si-OH groups that
is lost when the lactone is opened.

Alternatively, the retention of the peptides may be 
due to the sum of retention contributions.of the individual 
amino acids which interact independently with the column as 
proposed by Meek (1980). This theory would predict that the 
peptide with the open form of homoserine would elute first 
regardless of overall charge, because the relatively small 
positive contribution of the homoserine lactone is replaced 
by the large negative contribution of the homoserine and 
charged carboxyl group upon hydrolysis.

In any case, the ability to quickly establish the 
integrity of the lactone at position 65 is very significant.
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because the lactone is essential for formation of a covalent 
bond between residues 65 and 66 in the recombination studies.

A comparison of the elution volume of the tuna and 
horse HP 1-65 peptides showed that the tuna peptide was 
retained more than twice as long. Using an elution program 
of a constant 28% acetonitrile for 15 minutes followed by a 
ramp to 3 5% in 3 5 minutes, the tuna peptide eluted at 8 6 ml 
while the horse peptide eluted at 38 ml. Because there are 
12 amino acid differences between these two cytochrome 
peptides (see Figure 12), it is difficult to say exactly 
what caused this drastic change in retention. However, as 
a result of those 12 differences the tuna peptide has a net 
positive charge that is two less than the horse peptide.
This would give it a much better opportunity to interact 
with the hydrophobic layer of the packing material such that 
the observed increased retention might result. Or, again, 
it might be explained by the independent contributions of the 
different amino acids.

Non-heme Peptides. A chromatogram of a mixture of the 
three non-heme peptides of horse heart cytochrome c is 
shown in Figure 13. The identity of the various peaks was 
established by separate injections of the various components 
as well as amino acid analysis of the eluted peaks. This 
chromatogram shows the excellent separation that is attain-. 
"able on peptides of this size using HPLC. Closer inspection



BOVINE Glu lie Lys Thr His Pro Ser Asn Thr 

HORSE Glu lie Lys Thr His Pro Thr Asn Thr 

TUNA Ala Thr Asn Val Trp Glu Ser Ser Val 

Residue Number 4 9 2 2 28 33 44 4 7 54 58 

BOVINE Gly G,lu Glu Gly Glu lie Lys Asn Glu 

HORSE Lys Glu Glu Thr Glu I le Lys Asn Glu 

TUNA Asn Asn Asp Gly Gin · Val Ser Ser 

Residue Number 60 61 62. 89 92 95 100 103 104 
I···~·~ ..... \ 

Figure 12. Sequence differences of horse, bovine, and tuna cytochromes ~· 



Figure 13. HPLC of non-heme peptides. —  Separation of
cytochrome c non-heme peptides on Ultrasphere 
ODS column (4.6 mm i.d. x 25 cm/ 5 ym particles). 
Flowrate = 2 ml/min. Acetonitrile/ammonium 
acetate buffer gradient as shown. Peaks:
A. NHP 66-80/ B. NHP 81-104, C. 66-104.
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Figure 13. HPLC of non-heme peptides.



of the individual peptides also yields some interesting 
information.

If NHP 66-80'is eluted at a lower acetonitrile con
centration, two peaks become observable as shown in Figure 
14A. This is due to the homoserine formed at residue 80 
during the CNBr cleavage which can be in the lactone or 
hydrolyzed form. Peak A was shown to be the hydrolyzed form 
by addition of base to open the lactone. Upon injecting 
this material, the chromatogram shown in Figure 14B was 
obtained.. This is . surprising as the lactone form of the 
peptide has a net charge of +2 while the hydrolyzed form has 

. a net charge of +1. Therefore, the more highly charged 
peptide is retained longer. This is exactly what was seen 
in the HP 1-65 lactone study and seems to indicate a specific 
interaction of the lactone with the column, probably with 
unreacted SiOH groups, that is lost when the lactone is 
opened, or the strong negative contribution of the homo
serine and carboxyl group. If NHP 66-104 is.prepared using 
the unfavorable conditions of a 50 fold excess of CNBr, part 
of the NHP 66-104 formed will have a homoserine substituted 
for the methionine at position 80 without amide bond cleavage 
by.the mechanism shown below (Corradin and Harbury, 1970):



Figure 14. NHP 66-8 0 lactone study. :—  Elution of NHP 66-80 
on same column as Figure 13. Flowrate = 1 ml/

: ■ V min.. Solvent: 13% acetonitrile, 87% 0. 1M
ammonium acetate buffer. Chromatogram A. before 
adding base. Chromatogram B. after adding NAOH. 
Peaks: a. NHP 66-80, b. NHP 66-80 with homo
serine lactone at 80.
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Figure 14. NHP 66-80 lactone study.
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9-NH-CH — C-NH- -NH-CH— b-NH-
CH 2 CH2 CH 2

CH2 CH2
:S:-c=CN7Br H-0: :S^CN OH

I y
CH3 CH3

The homoserine substituted NHP 66-104 can be separated from 
the native peptide as shown in Figure 15. The fact that one

the resolving power of HPLC.
A comparison of the retention volume of the horse 

derived peptides with the tuna derived peptides also demon
strates the resolution of the technique. Using the same 
elution conditions given in Figure 13, tuna NHP 81-103 had a 
retention volume of 8.6 ml compared to 12^7 ml for horse 
NHP 81-104. Under the same conditions tuna NHP 66-103 eluted 
at 24.0 ml while horse NHP 66-104 eluted at 26.2 ml. Since 
there are no differences in the 66-80 region (see Figure 12) 
these peptides eluted at the same volume. In the other cases 
cited above, the tuna peptides eluted first. This is 
probably partly due to the fact that the tuna peptides have 
one less amino acid. However, some of the difference must 
be due to the differences in amino acid composition. In

can separate two 3 9 residue peptides that differ only by the 
substitution of a homoserine for a methionine demonstrates



Figure 15,. Separation of homo serine substituted NHP 66-104.
—  Column same as in Figure 13. Flowrate =
2 ml/min. Acetonitrile/ammonium acetate buffer 
gradient as indicated. Peaks:. A. NHP 66-104 
with homoserine at position 80, B. NHP 66-104.
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Figure 15. Separation of homoserine substituted NHP 66-104.
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addition to a difference in the number of amino acids, there 

* are five substitutions. The net effect of the changes is to 
make the tuna peptides more positive by one charge« The 
shorter more highly charged peptides elute first which is in 
keeping with the idea that hydrophobic interactions usually 
are the determining factor in retention on ODS columns.
More detailed information about peptides interaction with the 
packing material could be obtained by comparing CNBr peptides 
from cytochromes with fewer and more subtle amino acid dif
ferences, and by looking at the peptides' behavior on 
different packing material. This could be different manu
facturers ODS columns with different surface coverage as 
material with totally different bonded phases.

Synthetic Peptides. The synthetic peptides were 
obtained from Dr. Leon Barstow's lab and were prepared using 
standard solid phase techniques (Stewart and Young, 1969) 
using two different a-amino protection strategies,
. t-butyloxycarbonyl (t-Boc) and 9-fluoromethyloxycarbonyl 
(Fmoc). The characteristic feature of solid phase synthesis 
methodology, which until recently has been unchanged, is the 
dependence on differential acidolysis for deblocking the 
a-amino group, for cleaving the peptide chain from the resin 
support, and for removal of side chain protection. The 
a-amino protecting group of choice has been t-Boc 
(Merrifield, 1963), which is stable under basic and neutral
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conditions, but is labile under mildly acidic conditions. 
Anhydrous, liquid HF has been used for removal of side chain 
from the resin support. The constant washing by mild acids 
in the a-amino deprotection step and cleavage with strong 
acids can have detrimental effects. To solve some of these 
problems, a number of researchers have recently used the 
base labile a-amino protecting group, F-moc (Chang and 
Meienhofer, 1978; Atherton et al., 1978). This group 
eliminates the necessity of; repetitive acid treatments and 
permits chain cleavage from the resin under the milder 
conditions of trichloroacetic acid. Therefore, initially 
purer peptides are expected.

When the t-Boc prepared synthetic peptide was 
subjected to HPLC using the same conditions as the native 
peptides, the eluted material did not have the desired 
retention time. Instead, a large, very broad peak eluted 
after the desired retention time (see Figure 16). The 
broadness and fine structure of the peak indicate that it 
is not the result of one component, but a large number of 
unresolved components, suggesting that some of the blocking 
groups used in the synthesis had not been totally removed. 
The presence of blocked amino acids was confirmed by total 
enzymatic hydrolysis followed by amino acid analysis (AAA). 
Standard AAA had indicated that the synthetic peptide had 
the correct ratios of amino acid residues. This disagree
ment between HPLC and standard AAA emphasizes the fact that



Figure 16. HPLC of t-Boc synthesized NHP 66-104. -—  Same 
column and conditions as in Figure 15. Arrow 
indicates the retention time of native NHP 

' 66-104.
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Figure 16. HPLC of t-Boc synthesized NHP 66-104.



AAA is useful for qualitative identification, but is not 
reliable as a criterion of purity. The very low recombina
tion efficiencies of previous studies (Barstow et al., 1977; 
Wallace, 1978) are undoubtedly due to the purity of the 
synthetic peptide used, because until recently there has been 
no adequate criterion for evaluating peptide purity. The 
heterogeneous peptide of Figure 16 does recombine with HP 
1-65 with a yield of about 2% (Barstow et al., 1977).
However, since none of the components present eluted at the 
retention volume of native NHP 66-104, it necessarily follows 
that non-native NHP 66-104 derivatives can recombine with 
HP 1-65. Therefore, we cannot rely on the recombination 
reaction to be a purification step or a definition of bio
logical activity.

As the conventional t-Boc synthesis yielded an 
apparent multiplicity of products, a new technique using 
Fmoc protected amino acids was attempted. The progress of 
the new synthesis, was monitored using HPLC by examining the 
peptide at several points along the synthesis. One sample 
was taken after the addition of isoleucine 95, and it showed 
only one major peak which eluted under the expected conditions 
for a peptide of that size. Another sample was taken after 
the addition of lie 81. When this synthetic NHP•81-104 was 
subjected to HPLC, the chromatogram shown in Figure 17 was 
obtained. The retention volume of peak B exactly matches



Figure 17. HPLC of Fmoc synthesized NHP 81-104. —  Column 
same as in Figure 13. Flowrate = 2 ml/min. 
Acetonitrile/ammonium acetate buffer gradient 
10-40% acetonitrile in 30 min. Peaks:
A. truncated peptide, B. NHP 81-104 (native NHP 
81-104 eluted at the same point).
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Figure 17. HPLC of Fmoc synthesized NHP 81-104.
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that of authentic NHP 81-104 while, peak A is a smaller 
truncated peptide. This truncation is due to a physical 
collapse of the polymer resin (Atherton et al„, 1980) which 
is used as the solid support for the synthesis. This 
collapse of the resin greatly inhibits chain elongation past 
Asp 93 and has so far precluded synthesis of the entire NHP 
66-104 in high yield.

Peptide Mapping
In addition to establishing homogeneity, it is 

necessary to verify the identity of the native and especially 
the synthetic peptides. Peptide mapping of chymotrypsin 
digests oh TLC plates can be used to detect single 'amino 
acid modifications (Brautigan et al., 1978). Chymotrypsin 
was selected as the digestive enzyme for producing peptide 
fragments because it also cleaves after methionine in addi
tion to its other cleavage points (see Figure 18). Therefore, 
peptide maps of the CNBr fragments would be more directly 
interpretable. The procedure described by Brautigan et al. 
(1978) worked satisfactorily; however, it is absolutely 
essential that all latent trypsin activity be inhibited, or 
"extra" fragments will be produced. This was accomplished 
by the addition of a small amount of soybean trypsin 
inhibitor (see Procedure section) to the chymotrypsin stock 
solution. An alternative method would be to use N a-p-tosyl- 
L-lysine chloromethyl ketone (TLCK) treated chymotrypsin.
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Figure 18. Chymotrypsin cleavage points. —  Fragments produced by chymotrypsin 
cleavage of horse cytochrome c. Cleavage points obtained from 
Brautigan et al. (1978).
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With the residual trypsin activity eliminated, the fragments 
corresponding to spots on our 2 dimensional maps were 
identified by comparison with the map of Brautigan et al. 
(1978). When maps of HP 1-65 and NHP 66-80 from horse cyto
chrome c were made, one spot on each map was in a different 
location because of the terminal homoserine instead of the 
original methionine (see Figure 19).

In the case of NHP 66-80, the location of the new 
spot is difficult to explain. The substitution of a homo
serine for methionine should not have changed the net charge 
on fragment 12, and yet the new spot is on the other side of 
the plate. If the lactone did not open during the enzymatic 
hydrolysis, this peptide would have twice the normal 
positive charge and may have migrated off. the TLC-plate 
during the electrophoresis. The new spot could then be a 
deamidated form of .fragment 11.

The new location of fragment 9 in the HP 1-65 map is 
probably due to the increased interaction of the homoserine, 
due to its OH, with the cellulose of the TLC plate. Because 
of this, it did not migrate as far when the plate was 
developed in the second dimension.



igure 19. Peptide maps. —  Maps of chymotrypsin peptide 
fragments produced by electrophoresis followed 
by TLC as described,in the Procedures section.
© marks the sample application spot. Peptide 
7a is the deamidated form of peptide 7 due to 
hydrolysis of Asn 52. Peptides 14a and 14b are 
peptide 14 missing 1 and 2 carboxy terminal 
lysines, respectively. For the HP 1-65 and 
NHP 66-80 maps, the location of the c-terminal 
peptide, fragment with a methionine is shown 
by an outline, while the location of the 
modified fragment with a homoserine is shown 
with a primed number.
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Recombination Studies 

Conditions were worked out for the efficient coupling 
of HP 1-65 and NHP 66-104 to form a recombined cytochrome c 
with a homoserine at position 65. The reaction is run in 
the reduced state because it has been shown to have an 
operationally tighter structure. The reaction mixture is 
conveniently kept in the reduced form by electrochemical 
generation of reduced methyl viologen. Oxygen initially in 
the buffer and recombination cell is removed by bubbling with 
purified nitrogen for 10 minutes, and any residual oxygen is 
reduced with electrogenerated methyl viologen cation radical 
(MV »). Once the solution is clearly blue due to excess 
MV •, the two peptides are added. Since sulfur is not a very 
good ligand and will not be able to compete with any nitro
genous ligand, the reaction is run at pH 6. At this pH all 
lysines will be in the protonated form and will be unable to 
ligate with iron in the heme. The reaction is then allowed 
to proceed for 24 hours before it is stopped and the products 
purified. Using this method, yields of about 75% were 
obtained. This is probably as high as one can get because 
some of the homoserine at position 6.5 is always in the 
"open" form and, therefore, unable to reform the covalent 
bond.
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Potential Measurements

Theory
• Direct measurement of the redox potential of an

electron transport protein is more desirable than the less
direct methods such as the method of mixtures (Wilson, 1978)„
But the direct measurement is usually complicated by the
fact that most proteins do not transfer electrons rapidly
with electrodes. Therefore, small organic molecules are
added to mediate electron transfer between the protein and
the electrode. In order to quickly change redox states of
the protein, at least three of these mediators are normally
used. The first of these would have a redox potential
greatly above that of the protein of interest and would be
used to oxidize the protein. Since the solution potential
need never approach this mediator's Ê ', it would be
essentially 100% in the reduced form at all times. The
second would have a potential greatly below that of the
protein and would be used to completely reduce the protein.
Since the solution potential need never approach this 

0mediator's E ', it will be essentially 100% in the oxidized 
form at all times. By applying appropriate potentials via 
electrodes, these mediators can be used to electrochemically 
oxidize or reduce the protein thus avoiding the addition of 
external titrants. But in order for a stable potential to 
be measured at an electrode, measurable quantities of both
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forms of a redox couple must be present. Therefore, a
third mediator, the.central mediator, is needed which has 

oan E 1 near that of the protein (± 60 mV) to establish the
potential that the electrode will actually measure. At this
point the redox potential of the protein can be determined
by varying the potential of the solution using the mediator
oxidant and reductant followed by measurement of some
physical or chemical property of the protein which changes
with potential. It is then a relatively simple process to
measure this property of the molecule in the fully oxidized
state, the fully reduced state, and several points in between.

0These data can then be used to calculate the E ’ of the 
protein (Ranweiler, 1975).

Since the visible spectrum of cytochrome c is 
drastically different in its oxidized and reduced forms, this 
property can be conveniently monitored for the potential 
determination. Unfortunately, most of the mediators that 
can be used also have visible spectra that change as a func
tion of potential. This spectral interference has been a 
continual problem with this method. One solution that has 
been tried is to use such low concentrations of the mediators 
that their interference becomes negligible (Heineman, Norris, 
and Goelz, 1975). However, this method can lead to unstable 
potentials. One can attempt to find mediators that do not 
absorb light in the region of interest, but this is not
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always possible. The other choice is to subtract out the 
mediator contribution to the absorbance.

Correction of Spectra
Since the absorbance at any wavelength, X, is merely 

the sum of the absorbance contributions of all the species 
present, the total absorbance due to n species can be 
calculated by the following equation:

'* *Am = b J a . c . (6)
1 .i=l 1 1

Where is the total absorbance at wavelength X, b is the
path!ength in cm, a. is the molar absorbtivity of the ith 
species, and c^ is the molar concentration of the ith species, 

For a solution of cytochrome c with the mediators, 
methyl viologen (MV), iron hexacyahide (IH), and any central 
mediator (CM) this equation becomes:

&T - b “ox + ^  + ao f  b = r  + abyt c=yt +

a ™  b »  + + a™ .  c™  + c™ dy

At this point, if the mediator contribution to the absorbance 
could be measured or calculated, the absorbance due to just 
the protein could be determined. This is theoretically 
possible using the total concentration of each mediator 
added, the measured potential of the solution, and a
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reference spectrum of both forms of each mediator. However, 
in this case, the equation quickly simplifies for the 
following reasons: at the potentials normally used for
determining the potential of c_ type cytochromes, c ^ ^  and
TTJcox are essentially 0, and over all regions of the visible 

spectrum a ^  and a ^ ^  are essentially 0. Therefore, the 
equation becomes:

' A - b <ao f  ° T  + « S S . + + ared cred^ <3»

We, therefore, only need to have reference spectra for both 
forms of the central mediator along with its total concentra
tion and the solution potential to calculate the protein 
contribution to the total absorbance. But, most central 
mediators have no visible spectrum in one of the forms.
N,N,N1,N1-tetramethylphenylenediamine (TMPD), for example,
is transparent,in the visible region in its reduced form.

TMPDTherefore, arecj is 0 and the equation reduces to:

A = b <a= r  ^  + ar £  C r S  + a= x = ™ >  , >

Therefore, all one needs to do is subtract the absorbance 
due to the oxidized TMPD from the total to get the protein's 
contribution to the absorbance. And from these "corrected" 
absorbance values and the solution potential, the potential 
of the protein can be calculated in a straightforward 
manner (Ranweiler, 197 5). If this were done by hand, it
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would be a very tedious process. However, if the data were 
taken by a computer, the spectra could be corrected quickly 
and easily.

For this study, the spectra were digitally recorded 
using a computer controlled CARY 219. The contribution to 
the total absorbance due to the mediator was subtracted out 
using the program EARLl. (For a complete description see 
Appendix A.) The spectrum of the fully reduced protein had 
no mediator interference as the mediators used were "trans
parent" at this potential. The spectra at the other o 
potentials were corrected to the isobestic point at 540 nm. 
Any increase in absorbance at this wavelength had to be due 
to the oxidized form of the central mediator. A spectrum 
of the oxidized form of the central mediator, which had been 
normalized to a value of one at 540 nm, was multiplied by 
the absolute increase in the absorbance at 540 nm. This 
"scaled" reference spectrum was then subtracted from the 
titration spectrum to yield the "corrected" spectrum.
Figure 20 shows some scans of a typical titration of horse 
heart cytochrome c with the< mediator TMPD. The protein's 
spectral changes are totally obscured by the presence of the 
mediator. Figure 21 shows the o-band region of the same 
spectra after computerized subtraction of the TMPD1s 
contribution. The cytochrome's redox changes are now clearly
visible. Nernst plots were then made from the corrected

0spectra (see Figure 22) and the E ' determined from the y



Figure 20. Uncorrected spectra of cytochrome c with TMPD 
Scans from a potentiometric titration of cyto 
chrome c with the mediator TMPD present. 
Solution conditions: cytochrome c 20 yM,
TMPD 100 yM, MV 2 mM, Fe(CN) 1 mM, 0.1 M 
phosphate buffer pH 7.0, 25 C.
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Figure 20. Uncorrected spectra of cytochrome c with TMPD.



Figure 21. Corrected spectra of cytochrome c. — The same 
scans shown in Figure 20 after computer sub
traction of TMPD contribution.
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Figure 22. Nernst plot. —  Typical Nernst plot made from
absorbance values at 550 nm (corrected spectra). 
(o) points taken from scans during protein 
oxidation. (A) points taken from scans during 
protein reduction. Potentials shown are versus 
SHE. Experiment was run at 25 C and pH 7.0.
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intercept. All titrations of cytochromes gave slopes that 
yielded n values of 1 ± .05 and the correlation coefficients 
were 0.98 or better.

Development of Method
All solutions were deoxygenated with purified nitrogen 

before every titration and the solution in the cell was 
initially reduced until the appearance of MV+ ° at 602 nm 
indicated that any residual oxygen had been reduced. Oxygen 
leakage into the cell could be reduced to 0.2 nmol/min by 
using a glass covered stir bar and a glass stopcock on the 
filling arm. However, better stirring was obtained using the 
Teflon covered spinfin. And by using a relatively high 
concentration of TMPD (100 yM) the oxygen leakage was not a 
problem at the potentials studied (+260 mV vs SHE). The 
leakage rate was determined by filling the cell with 1 mM MV 
and applying -0.6V until enough cation radical was produced 
to give an absorbance of 1 at 600 nm. The potentiostat was 
then turned off and the decrease in the absorbance monitored. 
By assuming 4 electrons per mole of and a molar absorb- 
tivity of 12,400 (Stankovitch, 1980), the rate of oxygen 
leakage could then be calculated.

Since the platinum flag electrode was being used as 
both the working and indicating electrodes, the potential 
had to be allowed to relax for at least 90 seconds after 
turning off the potentiostat before the solution potential
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could be read.' In the first experiments, the Pt electrode 
was flamed after every titration to remove any adsorbed 
protein. But the reduction points on the Nernst plots 
started to show a large negative deviation which was 
corrected when the flaming was reduced to once every ten 
titrations.

Some problems were encountered with the TMPD at high 
potentials, especially when obtaining the spectrum of the 
fully oxidized cytochrome. There appeared to be some 
degradation of the TMPD, as shown by a slight change in its 
spectrum, if the solution potential went over +420 mV vs 
SHE. For this reason the full^ oxidized spectrum was taken 
as quickly as possible after the addition of ferricyanide.

The possible interaction of the mediators with the 
cytochromes was tested by measuring the potential as a 
function of each mediator's concentration. In the case of 
every mediator except ferrocyanide, no effect was seen. The 
effect of ferrocyanide on the potential will be discussed in 
the next section

Ionic Strength Dependence of '
In the strictest thermodynamic sense, the electro

chemical potential of any redox couple. Ox and Red, is given 
by the following equation:



where R is the ideal gas constant, T is the temperature in
K, F is the Faraday constant, n is the number of electrons,
and a and a , are the activities of Ox and Red. ox red ,

If the Debye-Huckel expression for the activity
coefficient is substituted, equation 10 can be rearranged to
yield:

^  - -0 - S  2.303

where E°, is the E° calculated from concentrations, Z: andOJD s o x

Zred are charges on the oxidized and reduces species,
u is the ionic strength of the solution, A and B are constants

+7which are equal to 0.509 and 3.3 x 10 at 25°C in aqueous 
systems, and a is the ion size parameter or the distance of 
closest approach between the redox species and the ions in 
solution.

In the case of cytochrome c the a term has been 
taken to be 18.5 A which gives B-a = 6.1 (Margalit and 
Schejter, 1973a). However, if the radius of cytochrome c 
is taken to be 17 A (Koppenol et al., 1978) and the radius 
of the cacodylate ion is assumed to be 3 A (Cotton and 
Wilkinson, 1972), then B-a should be 6.9 and not 6.1.
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If this second value is substituted into equation 11 

and the appropriate numbers used for all constants, at 25°C 
it becomes:

Eobs ' E° - 0-0301 <ZoX - Zred>f(I> (12>

where f(I) = /u/(l + 6.9/u)

Therefore, a plot of f(I) vs E°^s should yield a
2straight line with a slope of -0.0301 (AZ ) and an intercept 

of E° at u = 0.
The potentials of bovine, horse, and tuna cytochromes 

2 were measured at pH = 7.0 at 25°C at various ionic 
strengths using the spectroelectrochemical method;described 
in the Procedures section. The ionic strength was varied 
from 3 mM to 100 mM by varying the concentration of the tris- 
cacodylate buffer. The cacodylic acid was recrystallized 
from ethanol to remove chloride impurities and the chloride 
counter ions to the MV and TMPD were exchanged for cacodylate 
by ion exchange on a DOWEX IX-8 column. Before .the effect of 
bound anions could be studied, any ions originally present oh 
the cytochromes had to be removed. Since simple dialysis 
against water has been shown to be ineffective (Barlow and 
Margoliash, 1966), dialysis against 0.3 M tris base was 
used. This technique was shown to be as effective as 
electrodialysis in removing bound ions by Errede et al.
(1976). In all of the potential determinations, except the
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f errocyanide binding studies, no ferrocyanide was added " v-. 
during the course of the experiment. Therefore, TMPD had to 
serve as both the oxidizing and central mediators. Because 
TMPD' s potential is fairly close to that of cytochrome c_, • 
it was impractical to get a scan of the fully oxidized cyto
chrome by the usual electrochemical oxidation. Therefore, 
after all potential measurements were made, a small amount 
of potassium ferricyanide was added to fully oxidize the 
solution. Since no potential measurements were taken after 
this, its binding to the protein did not affect the results.

All lines shown on plots and all slope and intercept 
values used for the calculations were obtained by linear 
least squares.

Horse Cytochrome c. The results for horse cytochrome
c are shown in Table 3 and Figure 23. The data approximate
a straight line fairly well over the entire range of ionic
strengths used. The slope of this line, -.339, gives a

2difference in the squares of the charges, AZ , of 11.3. If 
we assume that ferrocytochrome has one less charge than 
ferricytochrome due to the added electron, this gives a 
charge of 6.2 on the oxidized protein and 5.2 on the reduced. 
This is significantly different from the +9 and +8 which can 
be calculated from the amino acid sequence, but it matches 
very well the values of +6 and +5 which were determined by 
pH titration (Matthew et al., 1978; Bull and Breeze, 1966).
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Table 3. Ionic strength dependence of potential of horse

cytochrome c.

Tris--Cacodylate Buffer 1

y(mM) f (I)2 f(I) ,3 E 0 ' (mv) 4
4.90 0.049 0.047 284
9.48 0.062 0.058 280

16.4 0.072 0.068 277
30.2 0.085 0.079 275
50.5 0.096 0.088 273
94.8 0.108 0.099 266

Least squares of f(I)* vs. E®
Correlation coefficient 0.923
slope -.339
intercept 300 mV
1 Solution conditions: cytochrome c 20 yM

MV2+ 200 yM
TMPD 100 yM
tris-cacodylate 4-100 mM 
temperature 25°C
pH 7.0

2 f (I) =/y/(l + 6 . l/y )
3 f (I) ' = ViT/(l + 6.9/y)
4 Versus SHE



Figure 23. Ionic strength dependence of the redox
potential Of horse cytochrome, c. —  Solution 
conditions: cytochrome c 20 yM, MV 200 yM,
TMPD 100 yM, tris-cacodylate 4-100 mM, pH 7.0, 
25°C. f(I)' = /y/(l + 6.9/y).
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Comparison with the experimentally determined charges has to 
be more appropriate as these values take into account any 
shielding of an amino acid's charge due to its localized 
environment. The results of this experiment show that ionic 
strength does not have any intrinsic effect on the potential 
of horse cytochrome c, but that the change in potential is 
purely an activity effect.

The presence of other ions in the solution can alter 
this behavior as is shown in Table 4. In this experiment 
the ionic strength was varied by increasing the concentra
tion of sodium chloride. A small constant amount of 
tris-cacodylate buffer was used in these determinations to 
maintain the pH at 7.0. The slope of these data is -.283 
which yields a AZ^ of 9.4. This number is significantly 
different from the value of 11.3 obtained in the absence of
Nad; although the intercepts of both lines are very close,

2+300 and +301 mV. A AZ of 9.4 corresponds to charges of 
+5.2 and +4.2, if one assumes a charge difference of one. 
Since these values are one charge lower than the values 
without NaCl, the simplest explanation is the binding of one 
chloride ion to both forms of the cytochrome with similar 
binding constants. The preferential binding of chloride to 
one of the two redox states of cytochrome c would have 
resulted in a drastic change in the slope as the difference 
in charge would no longer have been one. For example, if 
one chloride bound to f err icytochrome c but not to
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Table 4. Ionic strength dependence of potential of horse

cytochrome c with chloride added.^

u (mM) f (I) f (I) ' E0' (mV)2

2.49 0.038 0.037 291
5.00 0.050 0.048 285
9.8 6 0.062 0.059 286

22.9 0.079 0.074 280
52.9 0.097 0.089 275

0Least squares of f(I)' vs E 1
correlation coefficient .'969 
slope -.283
intercept 301 mV

1 Solution conditions:
Cytochrome c 20
MV2+ 200
TMPD 100
Tris-cacodylate 1.2 mM 
NaCl 2.5-50 mM
temperature 25°C
pH 7 .0

Versus SHE
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ferrocytochrome c, the decrease in charge due to the
acceptance of the electron on reduction would be totally

2offset by the loss of the chloride ion, and the new AZ
would, therefore, be 0. If the preferential binding vpere in
the reverse direction, the change in charge would double and 

2the AZ and the slope would increase by a factor of 4. On
the other hand, if approximately the same number of ions
bind to the same form, the difference in charge between the

2two forms would remain approximately one, while the AZ would 
go down by a small amount• A complicating factor in the 
interpretation of these results is the fact that the ligand, 
i„e. chloride, concentration is varying simultaneously with 
the ionic strength. If the chloride binds to the two 
different forms with different affinities, a change in the 
chloride concentration at constant ionic strength would 
change the potential. For example, if chloride binds more 
strongly to the reduced form, then a positive potential 
shift with increasing concentration is expected. Therefore, 
under the experimental conditions indicated above, one would 
see the combined effect of increasing ionic strength and 
ligand concentration which might have opposite effects on 
the potential. It is, therefore, difficult to separate the 
two. One method of solving this problem is to hold the ionic 
strength constant and vary only the ligand concentration.
When the ionic strength was held at 5 mM and the chloride
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concentration varied from 0.2 mM to 4.4 inM, the potential 
remained constant at 286 mV. This could mean that the ligand 
binds with equal affinity to both forms in which case this 
approach will not see the binding. This could also mean 
that all binding sites were saturated at the lowest ligand 
concentration. Because the potential varied linearly with 
ionic strength, even when the ionic strength was varied by 
adding NaCl, and the slope indicated that one chloride might 
be bound to both forms, the results support the idea that 
chloride might be bound to both forms, the results support 
the idea that chloride binds to both forms with approximately 
equal affinities. However, this difficulty points out the 
need for independent binding, studies to verify any conclu
sions reached. The binding of chloride ion to ferricytochrome 
is a widely accepted fact (Barlow and Margoliash,,1966? 
Margoliash, Barlow, and Byers, 1970? Andersson et al., 1979) 
although the binding constant is still in doubt. The 
binding of chloride to ferrocytochrome c is still controver
sial with some reporting that it does (Petermann,and Morton, 
1979? Andersson et al., 1979) and others reporting that it 
does not (Margalit and Schejter, 1973a? Margoliash et al., 
1970). However, one of the works cited most often in support 
of it not binding, Margalit and Schejter (1973a), may be in 
error because of an artifact of the method used. They 
studies the effect of chloride on the potential of cytochrome
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c using the method of mixtures to determine the potential.
In their application of this technique, the equilibrium
between iron hexacyanides and cytochrome c was used as an
indirect measurement of the potential of the protein.
However, ferricyanide has been shown to bind to cytochrome
c (Petermann and Morton, 1979; Stellwagen and Cass, 1975;
Vorkink and Cusanovich, 1974). This binding would affect
the equilibrium and produce errors in the method of mixtures.
In addition, ferrocyanide has been shown to compete with
chloride for the same binding site on ferrocytochrome c
(Andersson et al., 1979). This interaction could definitely
produce artifacts in the method of mixtures. The combination
of these two effects could account for the positive slope 

2and negative AZ obtained by Margalit and Schejter (1973a)
2in their chloride study. To explain the - AZ , they 

proposed that two chlorides are bound by the ferricytochrome
c and are. released upon reduction. In a following paper

- ' ' - - . - ' ' 
(1973b), they measured the binding of chloride to ferri
cytochrome by exclusion chromatography, but neglected to 
check the binding to ferrocytochrome. Our data show that 
under the chloride concentrations used in this study, one 
chloride ion is probably bound to both oxidation states of 
horse cytochrome c.

A similar., set of experiments was run to. test, the 
effect of phosphate binding on the potential of cytochrome £



and the results are shown in Table 5, For these experiments
the pH of the tiis-cacodylate buffer was changed to 6.0 to
increase the fraction of phosphate present as HgPO^ from
0.61 to 0.94. The slope from this set of experiments is

2-.255 which yields a AZ of 8.5. This gives charges of +4.8 
and +3.8 on the oxidized and reduced forms. At a pH of 6.0, 
the charge on the oxidized protein, as determined by pH 
titration, is +7 (Matthew et al., 1978). Therefore, our 
results indicate that approximately two HgPO^ ions are 
bound to both oxidation states of the cytochrome c. Once 
again, the results could be affected by the simultaneous 
change in ligand concentration and ionic strength. When the 
ligand concentration effect was isolated by running a series 
of potential measurements with ionic strength at 15 mM and 
H^PO^ concentrations of 0.94 mM to 9.4 mM, the potential 
remained constant at 282 ± 2 mV. Once again, the results 
indicate binding to•both forms with equal affinities or 
ligand saturation. Because the initial study also suggested 
two anions bound to each form, this is probably the dominant 
effect. This conclusion is supported by the results of 
other researcher's (Margoliash et al. , 197 0; Osherhoff, 
Koppenol, and Margoliash, 1978) who have also reported the 
binding of phosphate to ferro- and ferricytochrome c at two 
different binding sites.

A final set of experiments was done with horse cyto
chrome c to test the effect of ferrocyanide on the ionic
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Table 5.. Ionic strength dependence of potential of horse

cytochrome c with phosphate added.^

y (mM) f (I) f (I) ' E°V (mV)2 .

4.60 0.048 0.046 282
13.6 0.069 0.065 277
20.7 0.083 0.072 275
50.5 0.096 0.088 271

Least squares of f(I)1 vs E^*
correlation coefficient .9995 
slope -.255
intercept 294 mV

Solution conditions:
cytochrome c 20 yM
MV2+ 240 yM
TMPD 100 yM
Tris-cacodylate 1.0 mM 
H2P04 1.9-40.4mM
pHi 6 . 0
Temperature 25°C

Versus SHE



strength dependence of the potential of the protein. The
results of this experiment are shown in Table 6 and Figure
24. The least squares slope of this line is -.059 which '

2gives a AZ of 2. The change in slope here is larger than
in the previous two cases, but because the ion charge is -4
the results are more difficult to understand. In this case,
single ion binding to both forms would yield charges of +2
and +1 on the ferri- and ferrocytochrome p. This would 

2yield a AZ of 3 and a slope of -.09. This is higher than 
the slope obtained from the data points. Preferential 
binding leads to even more variant predictions. If one ion
bound to ferrocytochrome c but not to the ferricytochrome

~  "  2 c , the change in charge would be -2 and the AZ would be -12
which yields a slope of +.361. This is clearly drastically 
different from the observed results. Preferential binding 
of one ion to ferrocytochrome c would give a change in 
charge of +5 and a AZ of 35 with a slope of -1.05. This is 
also substantially different from the observed slope. How
ever, because the scatter in these data is larger than in 
the previous experiments, the slope is more uncertain and it 
is difficult to say for certain what is happening. The 
intercept of the line is also much different from the pre
vious experiments as it is 20 mV lower than the intercept in 
the straight tris-cacodylate study. Therefore, while it is 
difficult to come to any quantitative conclusions from this
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Table 6. Ionic strength dependence of potential of horse
cytochrome c with ferrocyanide added.^

p  (mM) f  (I) f  ( D  ' E0 ' (mV.)2

3.78 0.045 0.043 276
10.2 0.063 0.060 277
16.0 0.072 0.068 272
21.3 0.078 0.073 275
50.8 0.096 0.088 273

0Least squares of f(I)1 vs E '
correlation coefficient .784 
slope -.059
intercept 279 mV

r "Solution conditions:
Cytochrome c 20 yM
MV2+ 200 yM
TMPD 100 yM
Tris-cacodylate 1.-51. mM
Fe(CN)g“ 100 pM
pH : 7.0
Temperature 25°C

2 Versus SHE



4-Figure 24. Effect of Fe(CN)g -on the redox potential of 
horse cytochrome, c> —  Solution conditions: 
cytochrome q 20 pM, MV 200 pM, TMPD 100 pM, 
Fe(CN)^-100 pM, tris-cacodylate 1-51 mM, pH 7. 
25 °C.
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Figure 24. Effect of Fe(CN)^ on the redox potential of horse cytochrome
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experiment, it is clear that ferrocyanide has a large effect 
on the potential of cytochrome c and should not be used when 
studying its potential changes.

Bovine and Tuna Cytochrome c. The ionic strength 
dependence of the potential was also measured with tuna and 
bovine cytochromes c and the results are given in Tables 7 
and 8 and are shown graphically in Figure 25. These clearly 
behave differently from the horse protein. The extent of 
the difference is surprising, especially in the case of 
bovine as there are only three amino acid differences between 
it and the horse protein. These data suggest that there is 
some interaction between the cacodylate and the tuna and 
bovine proteins which was not present with horse cytochrome c.

Ascorbate Reduction Kinetics
Ascorbate reduction kinetics were measured for 

horse, tuna, and bovine cytochromes c as described in the 
Procedure section. The reducing species has been shown to 
be the ascorbate dianion (Al-Ayash and Wilson, 1979) which 
accounts for the high sensitivity of the reaction to pH. 
Therefore, the pH of the solutions was checked before and 
after each experiment to make sure it had not changed. The 
pseudo, first order rate constants and the apparent second 
order rate constants are given in Table 9 and are shown 
graphically in Figure 25. The horse and bovine rates are
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Table 7. Ionic strength dependence of potential of tuna

cytochrome c.^

y (mM) f (I) f (I) ' E0 ' .(mV) 2

2.92 0.041 0.039 275
7.53 0.057 0.054 277

22.9 0.079 0.074 279
50.5 0.096 0.088 278
95.2 0.108 0.099 270

Solution conditions;
Cytochrome c 20 uM
MV2+ 300 yM
TMPD 121 uM
Tris-cacodylate 1.6-100 mM
pH 7.0
Temperature 25°C

Versus SHE
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Table 8. Ionic strength dependence of potential of bovine

cytochrome c.1

y (mM) f (I) f(I) ' . E0' . (mV)2 .

3.56 0.044 0.042 282
8.18 0.059 0.056 283

22.0 0.078 . 0.073 282
49.7 0.095 0.088 277
06.7 0.109 . 0.099 273

^ Solution conditions:
Cytochrome c 20 yM
MV + 3 00 yM
TMPD . 121 yM
Tris-cacodyiate 1.6-100 mM
pH 7.0
Temperature 25°C

2 Versus SHE



Figure 25. Ionic stre~gth dependence of the redox potential 
of tuna and bovine cytochromes c. -- Solution 
conditions: cytochrome c 20 ~M; MV 300 ~M, 
TMPD 121 ~M, tris-'cacodylate 1. 6-100 mM, pH 7. 0, 
2 5 ° C • ( •) tuna, ( e ) bovine . 
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Figure 25. Ionic strength dependence of the redox potential of tuna and bovine 
cytochromes c.
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TTable 9„ Ascorbate Kinetics.

Ascorbate
Concentration

Horse 
k2 (S™1)

Bovine 
Jc-jlS-1). .

Tuna 
. . k ^ s -1)

1.01 0.183 0.150 0.0808
0.760 0.140 0.113 0.0617
0.570 0.112 0.0838 0.0505
0.355 0.0704 0.0657 0.0355
0.222 0.0494 0.0439 0.0239
0.138 0.3061 0.0297 0.0157

k2 (M~1s~1) k2 (M~1s~1) k2 (M'̂ -s--1)

169 142 72.8

1 Solution conditions :
tris-cacodylate 7 mM
cytochrome c 10 pH
temperature c 25°C
pH 7.00



Figure 26. Ascorbate reduction kinetics, •—  Plot of pseudo 
first order rate constants (ki) versus ascorbate 
concentrations for horse (©) , bovine (O) , and 
tuna (A) cytochromes c . Solution conditions: 
cytochrome c 10 yM, tris-cacodylate 7 mM, pH 
7.00, 25 °C.
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fairly close which should be expected as there are only three 
amino acid differences between them. The apparent second 
order rate constant for the tuna cytochrome is less than 
half that of the horse protein.

The ascorbate reduction mechanism has been shown to 
be an outer sphere electron transfer between the heme edge 
and the ascorbate dianion (Al^-Ayash and Wilson, 1979) . The 
calculated enthalpy change for the reaction showed that 
significant conformational changes of the protein probably 
did not occur. Therefore, the charge and environment of the 
heme crevice would be the determining factors for the 
electron transfer rate although the overall charge on the 
protein may have a small effect. Our results correlate very 
well with these results in the case of the horse and bovine 
cytochromes. Of the three sequence differences between the 
bovine and horse proteins (see Figure 12), the one that 
affects the rate the most is probably residue 60. In horse 
it is a lysine while in bovine it is a glycine. The loss of 
this positive charge probably accounts for the small 
decrease in rate with the bovine cytochrome.

The difference in rates between the tuna cytochrome 
c and the other two proteins is much more difficult to 
explain. The net charge on the tuna protein is the same as 
the bovine cytochrome, so this cannot explain the difference. 
The different placement of the charged groups on the tuna
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protein produce a dipole that is 20% smaller than that of 
horse cytochrome c (Koppenol et al., 1978). But this cannot 
explain all of the difference unless the electron transfer 
rate is more than directly proportional to the magnitude of 
the dipole and this relationship is at present unknown.
None of the substitutions appear to greatly alter the 
environment of the heme crevice so it is difficult to ration
alize the tuna protein's lower rate. However, these results 
point out the need to study such reactions between more 
closely related proteins to elucidate the more subtle aspects 
of the mechanism. Hybrid and semi-synthetic approaches 
should be able to supply the necessary cytochromes.

Oxidase Activity Measurements
Cytochrome c oxidase activities were measured by the 

polarographic method described in the Procedures section 
using.horse, bovine, and tuna cytochromes c as the sub
strates . Both purified oxidase and submitochondrial 
particles (SMP) were tried, but much better results were 
obtained using SMP and they were, therefore, used for the 
rest of the experiments. The results of the SMP measurements 
are shown in Tables 10 and 11 and Figure 27. As had been 
reported earlier (Ferguson-Miller et al., 1976,1978), the 
results are biphasic indicating a high affinity site and a 
low affinity site.
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Table 10. Oxidase activities,

Horse Bovine Tuna'
[s] v0/[s] [S] v0/[s] [S.]. v0/[s]

0.0125 584 .0088 1043 .0124 1012
.0244 645 .0172 470 .0088 1243
.0466 363 .0329 400 .0242 919
.104 213 .0734 246 .0461 679
.203 130 .143 156 .0522 660
.388 74.1 .274 81 .103 390

1.04 31 .734 3 6 .201 226
2.03 19 1.43 23 .295 173
3.88 12 2.74 14 .385 104

.552 89

Solution conditions: 
ascorbate 
TMPD
tris-cacodylate 
cytochrome a^ 
cytochrome c- 
temperature 
pH

7 mM
0.7 mM
25 mM
O.OluM
0.009-3 uM
25°C
7.8



Table II. Michaelis Menten parameters.

Horse Bovine Tuna Horse"*"

KiV 0.0434 M 0.0392 M 0.0357 M 0.05 M
Vmax^ 32.4 nmol/min 27.4 nmol/min 55.0 nmol/min -

^ 2 0.743 M 0.474 M 0.174 M 0.35 M
VmaXg 54.5 nmol/min 43.3 nmol/min 77.0 nmol/min -

1 Values from Ferguson-Miller et al. (1976).

113



Figure 27. Oxidase activities.— Oxidase activities for
horse (0), bovine (□), and tuna (©) cytochromes 
c measured polarographically as described in the 
Procedures section. Conditions: ascorbate
7 mM, TMPD 0.7 xnM, tris-cacodylate 25 mM, 
pH 7.8, cytochrome ag 0.01 yM, cytochrome c 
0.009-3 yM.
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The for the high affinity site for all three

cytochromes are very similar and are probably the same 
within the precision of the method. This similarity is 
probably a reflection of the fact that none of the amino 
acid differences among these proteins is in the immediate 
vicinity of the heme crevice which has been shown to be the 
binding site for the oxidase on cytochrome c (Ferguson- 
Miller et al., 1978; Rieder and Bosshar, 1978? Smith et al., 
1980). The oxidase reaction is more sensitive to changes 
in charge around the heme crevice than the ascorbate reac
tion and changes in the back of the molecule have been shown 
to have very little effect (Ferguson-Miller et al., which 
partially explains the similarity of the bovine and the 
horse results even though there is a difference of one 
charge. The Vmax values for the high affinity site do show 
some differences, although the difference between the bovine 
and horse proteins is again on the border of being signifi
cant. The Vmax for tuna cytochrome c is clearly much higher 
than the other two. These results are in direct contrast to 
the results obtained by two other groups who did comparative 
studies on more widely divergent cytochromes (Errede and 
Kamen, 1978; Ferguson-Miller et al., 1976, 1978.) . Both of 
these groups saw a direct correlation between binding 
constant and total activity and concluded that binding was 
the dominant factor in reactivity and that the structural 
parameters which are important for binding are also important
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in determining electron transfer rates once the complex had 
formed. Our results show that with very similar proteins 
with similar binding behavior, there can be real, measureable 
differences in the actual electron transfer step. Thisy 
difference in results points to the need for careful study 
of more closely related cytochromes before the more subtle 
aspects of this mechanism can be understood. Hybrid and 
semi-synthetic cytochromes should shed some light on the 
specific reason for these different rates.

The data on the low affinity site seems to follow 
the general trend of the high affinity site which might mean . 
that the factors controlling the binding and electron trans
fer at the high affinity site are still important at the low 
affinity site. But, because of the fewer points in this 
region, it is difficult to make any specific conclusions.



SUMMARY AND CONCLUSIONS

The study has shown that HPLC is a very powerful 
technique for the study of peptides and proteins at least as 
large as cytochrome c . It provided excellent resolution of 
all the native peptides studied even in< -cases where the two 
peptides differed by as little as one amino acid out of 65. 
The charge on a peptide was shown to have a large effect on 
the retention of a peptide with the more highly charged 
peptide almost always eluting first. This, supports the idea 
that hydrophobic interactions are largely responsible for 
retention on CDS columns. But in the case of the homoserine 
lactone peptides, the open form, even though less charged, 
eluted first. This shows that the lactone has a specific 
interaction with the column, probably with unreacted Si-OH 
groups, and that interaction is lost on hydrolysis. This 
interaction could be lost because the charged "Open” homo- 
serine is no longer able, to effectively reach the surface 
through the uncharged ODS groups.

Alternatively, this retention behavior can be 
explained as the result of independent interaction of single 
amino acids with the column. In this case the peptide 
with the open homoserine would elute first regardless of 
overall charge, because the relatively small positive con
tribution of the homoserine lactone is replaced by the

117 " -
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large negative contribution of the homoserine and charged 
carboxyl group upon hydrolysis.

More information about the relative contributions of 
these two mechanisms might be obtained by investigating the 
retention behavior of the peptides on ODS columns from 
different manufacturers. Since they are prepared slightly 
differently and have different surface coverages, the 
peptides' retention behavior would be expected to change 
from column to column.

The comparison of CNBr derived peptides from differ
ent species proved to be a valuable technique for 
investigating the chromatographic process. This relatively 
easy source of closely related peptides could provide even 
more information in the future, especially if species were 
selectee with fewer and more subtle amino acid differences. 
Other fragmentation methods, such as enzymatic digestion, 
could be used to obtain fragments with single amino acid 
substitutions although initial purification of the peptides 
might then be a problem. However, enzymatic hydrolysis 
followed by HPLC has been used by others to produce peptide 
"maps". If such a procedure were developed for cytochrome 
c, it would greatly reduce the time required to characterize 
semi-synthetic and hybrid proteins. In this study, HPLC was 
also shown to be an extremely valuable technique for looking 
at synthetic peptides. In fact, it is probably the only
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technique available today which provides adequate resolution 
to check the purity of synthetic peptides. HPLC also 
proved to be valuable in monitoring the progress of a 
synthesis. Using this method, problems can be spotted before 
they ruin an . entire synthesis or a bad synthesis can be 
aborted without wasting unnecessary time. This technique 
should definitely be used more extensively in the future.

The computerized data collection, correction, and 
analysis system developed for determining the potential of 
the cytochromes proved to be a very fast and convenient 
method for the direct measurement of protein potentials.
The subtraction of the mediator absorbances permitted the 
use of relatively high concentrations of mediator which pro
vided for the rapid attainment of very stable potentials.
Use of this system also eliminates the temptation to settle

0for a mediator with a less than ideal E because of its 
desirable spectral window. The computerized acquisition of 
spectral data should prove useful in the future for careful 
comparison of the spectral properties of hybrid and semi
synthetic systems with the native molecules.

The actual measurement of the ionic strength depen
dence of the redox potential of horse- heart cytochrome c_ 
confirmed the.suspicion that the results reported earlier 
were in error because of interferences with the indirect 
method used to measure the potential. The results of the
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present study show that horse cytochrome £ has a charge of 
+6 and +5 in its oxidized and reduced forms, respectively.
It also showed little or no binding of cacodylate ions. The 
tuna and bovine results were drastically different and may be 
due to an interaction between the cacodylate and the 
proteins. Chloride, dihydrogen phosphate, and ferrocyanide 
were shown to.affect the ionic strength results of the 
horse protein by binding to it. One chloride ion appears to 
bind to both forms of the protein while two dihydrogen 
phosphate ions appear to bind to both forms. The ferro
cyanide results are more difficult to explain, but probably 
indicate binding to both forms. Even though these conclu
sions are supported by the results of other researchers, 
they must be viewed cautiously as the interactions in this 
system make interpretation difficult. One sees the combined 
effect of increasing ionic strength and increasing ligand 
concentration and it is difficult to separate the two. When 
the ionic strength jwas held constant and the ligand concen
tration varied, the potential changes also seemed to support 
the conclusion of ion binding to both forms, but independent 
measurements by a different technique are still needed to 
verify these results.

The three species also showed different ascorbate 
kinetics with the bovine and horse proteins being fairly 
similar but much faster than the tuna cytochrome c. The
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closeness of the results of the bovine and horse cytochromes 
was not surprising considering their nearly identical amino 
acid sequences. However, the much slower rate of the tuna 
protein is very difficult to explain. This does point to 
the need to study more closely related cytochromes to 
elucidate the finer more subtle points in this reduction 
mechanism.

The oxidase activity results also showed the
similarity of the horse and bovine proteins, but showed a
higher activity for the tuna protein. The results indicated
the presence of two active sites on the oxidase for all
three proteins. The differences in the high affinity site
reactivities were only in the maximal velocities, as all
three had essentially the same K . This indicates that them
difference in reaction rates is due to the actual electron 
transfer and not differences in binding of the cytochromes 
to the oxidase. This is in direct conflict with conclusions 
reached by other researchers, but this is probably due to 
the fact that they only studied widely variant cytochromes. 
This discrepancy points to the urgent need to carefully 
study more closely related proteins to learn more about the 
specifics of this mechanism of electron transfer.

The unresolved differences in the behavior of the 
cytochromes used in,.the study may be explained in the future 
using hybrid and semi-synthetic cytochromes. By careful
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selection of the cytochromes, the hybrid approach can yield 
recombined cytochromes with only one amino acid difference 
from the native protein. This protein could then very 
specifically test the effect of that one amino acid, The 
semi-synthetic approach would yield even greater flexibility 
in the location and identity of the substitution. Two types 
of substitutions that the results of this study suggest are:

1. More subtle substitutions in the area of the heme 
crevice are definitely needed such as a Gly for the 
Thr at 28 in horse cytochrome c. This substitution 
would not affect the charge in the molecule so that 
its binding with the oxidase probably would not be 
affected. : The effect of the substitution on the 
actual electron transfer with the oxidase could then 
be studied.

2. The effect of minor charge distribution changes on 
electron transfer kinetics could be studied by 
changing the placement of a lysine or other charged 
group while keeping the overall charge constant.
This would require simultaneous changes at two loca
tions, such as Ala for Lys at 27 and Lys for Ala at 
51 in horse cytochrome c. This would produce small 
changes in the dipole moment of the molecule while 
keeping the overall charge constant. The relation
ship between electron transfer rate and dipole moment
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could then be studied with a series of such 
substitutions.

The hybrid and semi-synthetic approaches definitely have the 
potential to produce the cytochromes with the proper subtle 
differences to probe the fine points of structure function 
relationships and should be extensively used in the future 
to answer some of the more difficult biochemical problems.



APPENDIX A

SOFTWARE

A set of four programs was developed to facilitate 
electrochemical potential measurements by spectr©electro
chemistry using the CARY 219„ However, these programs are 
sufficiently general that they can be used for many other 
applications of spectral data acquisition and manipulation. 
Two of the programs, CARY and EARLl, deal directly with data 
acquisition and manipulation, while the other two, DSEND and 
CARYR, are used to transfer the spectral data from the 
Hewlett Packard 210OA computer used to take the data, the 
"NSF" system, to the HP 2100A used for.the extensive data 
manipulation, the "NAVY" SystemV

The "NSF" computer system is equipped with 16K of 
core memory and a 9 track magnetic tape system and is 
directly interfaced to the CARY 219. The program CARY uses 
this interface to provide enough -computer control of the 
:CARY 219 so that the user can slew to any wavelength, turn 
the chart recorder on and off, and scan the instrument 
between any two wavelengths while taking absorbance versus 
wavelength data. In addition, the program provides some 
limited data manipulation functions such as multiplying and 
subtracting spectra. However, because of the limited

- 124. '
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amount of memory and the magnetic tape system environment? 
extensive manipulation is very cumbersome and should be 
delayed until the data has been transferred to the "NAVY” 
system. The program DSEND reads the data off magnetic tape 
and sends, them over a communication line to the "NAVY" 
system. This computer system, which has 32 K of core memory 
and a HP 7900A "hard" disk, receives the data through the 
program CARYR which must be run simultaneously with DSEND. 
CARYR stores the received data on the disk and it can then 
be extensively manipulated using the program EARLl.

Program CARY 
CARY is FORTRAN program which uses an assembly 

language subroutine to control the CARY 219 spectrophotometer. 
In order to provide any data manipulation within the confines 
of the sequential file access environment provided by the 
Magnetic Tap Operating System (MTS), an artificial disk 
environment with pseudo random access to files had to be y . 
simulated so that data files could be interactively recalled 
from magnetic tape. This necessitated making the program 
more complex than its limited functions would indicate.
Unless specifically stated otherwise, all user entries into 
program CARY should be followed by carriage return (CR) and 
line feed (LF).
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Program CARY is accessed by doing the following:

1. Load MTS magnetic tape that has CARY and DSEND on it.
2. Boot up MPS.
3. Tell MTS to run CARY by typing:

:PROG,CARY (CRLF)
4. MTS will then look for the-copy of CARY on the 

magnetic tape, load it into memory, and start it 
executing.

5. CARY starts by spacing to the scratch area of the 
tape. '

6. CARY then asks:
"NEW TAPE? . (1=YES,0=NO DIR ON MIT,-1=N0 DIR ON
PAPERTAPE)"

If it is a new tape with, no old data on it, the user 
enters 1, otherwise the user should enter 0. (See 
section on option 10. TERMINATE for information about 
when the user would enter -1.)

Once the directory information is established CARY 
types out the list of possible options, the menu, and the 
user is free to choose any of its ten options by entering the 
number of that option. Below is a list of the possible 
options and a description of each of them. Table A,1 
summarizes these options as well as giving a very brief 
description of each. For a more detailed description of the
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Table A.I. Possible options for program CARY.

1. LIST DIRECTORIES

2. UPDATE DIRECTORIES

3. TAKE A SPECTRUM

4. PLOT SPECTRA

5. MOVE TO A WAVELENGTH

6. PUNCH OUT DATA ON 
PAPER TAPE

7. SUBTRACT FILES

8. MULTIPLY BY A CONSTANT

9. LIST FILE ON THE CRT 

10. TERMINATE

:Lists files presently in memory 
and files stored on magnetic 
tape.
: Enables user: ter move- files- from 
tape to memory or memory to tape.
:Takes absorbance versus wave
length data from the CARY 219.
:Enables user to plot any spectrum 
currently in memory.
:Slews the CARY 219 to the wave
length entered by the user.
:Punches out any file in memory 
on paper tape as X,Y pairs 
(Format F6.1,1X,F8.4). .

:Subtracts any given file in 
memory from any other file in 
memory.
:Multiplies the Y values of any 
given file in memory by a 
constant.
:Lists the X,Y data pairs of any 
file in memory.
;Provides an orderly halt to the 
program.
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options, listings ;of the appropriate subroutines of program 
CARY should be consulted.

1. LIST DIRECTORIES.
This option erases the screen and then lists the 

contents of the memory directory and memory's copy of the 
tape directory, that is, any files which are currently in 
memory or currently on tape. The files are identified by a 
name of up to 6 characters and the first file on the tape is 
always the tape’s copy of the tape directory, DIRECT. For 
the files on tape, only the name of the file will be listed, 
but for files currently in memory the listing will include a 
20 character title, the relative memory location where the 
file starts, the number of data points, concentration of 
titrant used (if any), and the volume of titrant added (if 
any). The latter two locations may be used for the solution 
potential and accumulated charge (coulombs) in potentiometric 
titrations. There is room for a maximum of five files of 
1400 points in memory at one time and the tape directory has 
room for a maximum of 50 files. If, the listing is longer 
than will fit on the screen at one time, the "page" key will 
have to be pressed to see the rest of the listing. Once the 
user has finished looking at the listing, he should type LF 
to get back to a listing of the menu.
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2. UPDATE DIRECTORIES.

This option allows the user to move files from 
memory to magnetic tape, move files from magnetic tape to 
memory, delete files from memory, and delete files from 
magnetic tape. When files are moved from either tape or 
memory, they are duplicated at their destination and the 
original information is not automatically deleted. There 
is only room for 5 files or 1400 points in memory at once, 
so the user will have to delete files, with or without 
storing them on tape, before this limit is exceeded.
Because of the variable length of the files involved and 
the slowness of the magnetic tape medium, the user must be 
extremely careful when deleting files from tape as all 
files after the designated file will also be deleted.

The option starts by asking for a filename and the 
user should enter the desired file. If the selection of this 
option was an error, the user can exit the option at this 
time by typing /E instead of a filename. The options 
responds by typing the four possible update options (see 
Table A.2). Ths user then enters the number of the desired 
action. If the desired filename is found in the appropriate 
directory, the requested action will be taken. If not, an 
error message will be printed and the user can try again.
If the "DELETE-FROM-TAPE" option is selected, the user is 
questioned again about his desire to delete the selected
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CARY directory options.

1 - Delete file from memory.
2 - Move file from magnetic tape to memory.
3 - Move file from memory to magnetic tape.
4 - Delete file from magnetic tape.
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before the action is taken. Once the desired action has been 
completed with the first file, the user is asked for the 
next file name. If more files are to be moved, the' user 
enters the next name and the process continues. If the user 
is done, /E is entered, this option is exited and the menu 
relisted.

3. TAKE A SPECTRUM.
This option scans the CARY 219 between two given 

wavelengths and takes absorbance versus wavelength data.
Before this option is selected, the CARY 219 must be on with 
the digital wavelength module initialized (see Appendix B) ,. 
the mode select switch on the wavelength programmer set to 
"CPU", and the desired scan speed selected. The option 
begins by asking:

"LIMITS IN ANGS?"
The user enters the desired wavelength limits separated by a = 
comma, making sure that these are in angstroms not nanometers, 
The program will always scan the instrument from high to low 
wavelength, but the user can enter these limits in either 
order. The computer then responds with:

"DENSITY?"
And the user enters the number of angstroms he wants between 
data points. For example, a density of 20 would give a 
data point every 20 angstroms or every 2 nm. Once the 
density has been entered, the computer calculates if there
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is enough room left in memory for the requested spectrum.
If there is not, an error message is printed and the user 
is requested to enter another density. If no other density 
is acceptable, the user may exit this option by entering a 
density of 0, and then take appropriate measures to make 
more room in memory. Once an acceptable density has been 
received, the computer asks the user if he wants the chart 
on to record the scan; the user enters a 1 if he wants it on 
or a 0 if he does not. Immediately after receiving this 
response, the scan is started. As soon as it is done, the 
result is autoscaled and plotted on the terminal. The screen 
is automatically placed in the cursor mode so that the user 
can obtain coordinates of any point on the screen by pressing 
any key, except "S", after positioning the "cross hair". The 
coordinates are given in absorbance units and nm. Pressing 
"S" will exit the cursor mode and the computer will respond 
with :

"SAVE? (1=YES,0=NO)"
If the user wants to save the scan in memory, he enters 1, 
otherwise 0. The computer then asks:

"NAME?"
The user then enters any combination of up to 6 alphanumeric 
characters that will become the name of the file. The 
computer responds with:

"TITLE?"
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And the user can enter up to 20 characters to further 
identify this data. The computer then types:

"TITRATION? (1=YES)"
If the scan is part of a potentiometric or volumetric titra
tion, the user should enter a 1, otherwise 0. If a 0 is 
entered, the file is saved and the menu is listed again. If 
a 1 is entered, the computer asks:

"CONG. AND VOL.?"
In the case of a volumetric titration, the user enters the 
concentration of the titrant and the cumulative volume added 
so far in microliters. In the case of a potentiometric 
titration, the solution potential (in mV) is entered in the 
volume spot and the number of coulombs added can be entered 
into the concentration spot. Once this is entered, the data 
is saved and the menu relisted.

4. PLOT SPECTRA.
This option will plot any of the files which are 

currently in memory. The option starts by asking for a file
name and the user enters the name of any file currently in 
memory. If the file requested is not in memory, an error 
message is printed and the name is requested again. Once 
the - first filename is received properly, the program requests 
the next file name. If the user wants to have more than one 
file on this plot, he enters the names of the other files 
one at a time as the computer asks for a name. Once the
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user has entered the name(s) of the desired file(s), he 
enters /E to inform the computer to proceed with the plot.
The program then erases the screen and types;

"AUTO SCALE? (1=YES,0=NO)"
If auto scaling is selected, all the selected files will be 
plotted on a scale determined by the first file. If it is 
declined, the computer tells the user to enter the desired 
screen limits all on one line separated by commas. These 
must be in the following order; low x, high x, low y, high 
y. All the requested files are then plotted and the user 
is automatically given the opportunity to get coordinates 
with the "cross hair". Typing "S" exits this option and 
relists the menu.

5. MOVE TO A WAVELENGTH.
This option slews the CARY at 10 nm/sec to any given 

wavelength regardless of the selected scan rate. The 
computer starts by asking;

"DESIRED WAVELENGTH?"
And the user enters the wavelength in A, not nm. The 
computer then slews to that wavelength and relists the menu.

6. PUNCH OUT DATA ON PAPER TAPE.
This option dumps any file currently in memory out 

on paper tape for a permanent record. The computer asks for 
a name and the user enters the desired filename. The program
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then punches a leader, punches the data as x,y pairs, and 
finishes by punching a trailer before relisting the menu.

7. ’SUBTRACT FILES.
This option performs a point by point subtraction of

the absorbance values of any given file in memory from the
absorbance values of any other file currently in memory.
The option starts by sequentially asking for two filenames. 
The absorbance values of the first will be subtracted from
the absorbance values of the second of their wavelength
values match. After the computer checks to make sure that 
both files are in memory, it types out a message telling the 
user that the first file will be subtracted from the second 
file and the results will replace the values of the second 
file. If this is not acceptable, the user can enter a 0 at 
this time and abort the subtraction. If the user chooses 
not to abort, a one is entered and the subtraction is per
formed. The wavelength values of the files need not 
correspond exactly to perform the subtraction. The first 
may contain data for wavelengths not in the second file; 
however, if for any reason a wavelength value in the second 
file cannot be found in the first file, the subtraction is 
aborted immediately. Once the subtraction is successfully 
completed, the computer asks for a new title and the user 
enters up to 20 characters which will be used to identify 
that file. After receiving the new title, the menu is 
relisted.
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8. MULTIPLY FILE BY A CONSTANT.

This option simply multiplies the absorbance values 
of any file currently in memory by any factor given to it by 
the user and the results of the multiplication replace the 
original absorbance values. The computer starts by asking 
for a filename and the user enters the desired name. After 
checking to make sure that the file is in memory, the 
computer asks for the multiplication factor. The user enters 
the appropriate value and the multiplication is performed 
and the computer asks for a new title. The user then enters 
a title and the menu is relisted.

9. LIST A FILE ON THE CRT.
This option lists the absorbance and wavelength 

values of any file in memory on the terminal so that the 
user can verify that the desired points were taken. The 
computer simply asks for a filename and as soon as it is 
received it lists the values. When the listing is complete, 
the computer waits for a LF from the user before relisting 
the menu.

10. TERMINATE.
This option provides an orderly termination of the 

program and is extremely important. The main function of 
this option is to write the memory's copy of the tape 
directory onto the first file on the magnetic tape. If this 
tape directory is not written on the tape, the data will be
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on the tape, but the computer will have no way to find it 
when CARY or DSEND are subsequently run. If the program is 
halted for any reason before the option has been run, the 
user must use an alternative method to get the tape directory 
onto the magnetic tape.

To use the alternative method:
1. Punch a paper tape list of all the names of the data 

files.on the magnetic tape. This list must start 
with DIRECT and should have only one name per line. 
Terminate the list with /E.

2. Restart CARY.
3. Load the paper tape into the photo-reader.
4. When the computer asks:

"NEW-TAPE? (1=YES,0=NO DIR ON MT,-1=N0 DIR ON 
PT) "

Enter -1 and the computer will read the paper tape 
copy of the tape directory into memory.

5. Select option 10 to write the tape directory onto 
the magnetic tape.

Programs DSEND and CARYR 
DSEND is a FORTRAN program which reads spectral data

recorded by CARY off magnetic tape and sends it to the "NAVY"
computer by way of the high speed digital communication line 
connecting the two computers. The program CARYR, a FORTRAN 
program that receives the data from DSEND and stores it on
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disk, must be run simultaneously with DSEND to complete the 
transfer. Before either program, the user must do several 
things to get ready for the data transfer.

1. The user must create data files on the disk, using 
the DOS-M ST,B command, for storage of received data. 
The user must ensure that these files are large 
enough to accommodate the received data files.

2. The user must punch a paper tape list of the 
magnetic tape files to be transferred. These should 
be typed one filename per line and the list should 
be. terminated by /E.

3. The user must then punch a paper tape list of the 
disk filenames where the data are to be stored.
Again, these should be typed one name per line, but 
it is not necessary to end the list with /E.
However, it is the users responsibility to make sure 
that there is a sufficient number of names on this 
tape to handle the number of files being sent.

Once the paper tapes are ready, the data transfer can be 
started. This is done by:

A. "NAVY SIDE"
1. Load appropriate user disk into disk drive.
2. Boot up Disk Operating System (DOS-M)
3. LOG-IN and select user disk
4. Load paper tape of disk filenames.
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5. Turn on line printer and put it "ON LINE."
6. Start CARYR.
7. Enter appropriate date when CARYR requests it.
8. CARYR then types out the headings on the line 

printer and waits for the data.

B. "NSF SIDE"
9. If MTS is not already running, boot it up with 

CARY/DSEND magnetic tape loaded.
10. Start DSEND.
11. While MTS is spacing the mag tape, load the paper 

tape list of the mag tape files to be transferred 
into the photoreader.

Once DSEND finds the magnetic tape directory, it lists it on 
the terminal and reads the first name from the paper tape.
If the name is in the directory, it reads it off the mag 
tape, sends the file to CARYR, and then reads the next name. 
If the name is not found, DSEND writes an error message and 
reads the next name. This process continues until /E is 
read and at that time DSEND stops. When CARYR receives a 
file from DSEND, it reads a filename from its photoreader 
and stores the data in that file. It then gives a summary 
of the transaction on the line printer. The summary 
includes: the disk filename where the data is presently
stored, the old mag tape name, the title, the number of data 
points, the date, and the titration information. When all
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the files have been received, CARYR stops and transfers 
control back to DOS-M.

Program EARLl 
EARL1 is an extensively subroutined FORTRAN program 

for advanced manipulation of spectral data taken by the 
program CARY. Because of the fast access time provided by 
the disk environment and the larger main memory of the 
"NAVY" system, manipulations of the data which were cumber
some with CARY are very easy with EARLl. In addition,
EARLl performs a number of calculations not possible with 
CARY. The file structure of the disk data files used by 
EARLl is shown in Table A.3. This program could be used to 
analyze data not taken by CARY if it were placed in disk 
files with the same structure. To run EARLl:

1. Load appropriate user disk into disk drive.
2. Boot up DOS-M and LOG-IN.
3. Select user disk.
4. Start EARLl by typing:

:PROG,EARLl
EARLl starts by erasing the screen of the graphics 

terminal and requesting a filename. (All communication with 
EARLl is via the graphics terminal unless specified other
wise.) The user then enters the name of a data file. This 
file becomes the "current" file and EARLl reads it into 
memory. The menu of possible options is then listed along
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Table A.3. File structure of EARLl disk data files.

Sector 1: General information

Word(s) Contents........ Form

1 - Number of Data Pairs Binary
2-4 Previous Name of Pile (if any) ASCII
5-14 Title of File ASCII
15-18 Date Spectra Were Taken ASCII
19-20 Concentration of Titrant (if any) Binary
21 Volume of Titrant (if any) Binary
22-23 Type of File ASCII
.24 Wavelength of a Titration File Binary
25-26. Calculated Potential (if Nernst 

file)
Binary

27-28 Calculated Slope (if Nernst file) Binary
29-30 Correlation Coefficient (if Nernst 

file) Binary
31-128 .Not Used '

Sectors. 2-N : X Data Values
Stored as floating point binary numbers (2 words/ 
number). The number of the last X sector, N f can be 
calculated from the number of data points. Hum, using 
the following equation: N = (2"Num/128) +1.

Sectors N+L - 2N+2 : Y Data Values
Stored as floating point binary numbers (2 words/ 
number).
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with some information about the current file. This "sector 
1" information includes: previous mag tape name, date
taken, title, number of points, titration information, and 
type of file (see Table A,4), Once this information has 
been listed, the user is free to select any of the eleven 
options by entering the number of the option followed by 
CRLF. A list of the options and a short description of 
their operation is shown below. For a,more complete des
cription, listings of the programs may be consulted.

1. CHANGE FILE.
This option allows the user to change the current 

file. When this option is selected, EARL1 asks for a new 
name and the user responds by typing the desired filename.
If the file is found, the screen is erased, the current 
file's sector 1 information listed, and the menu relisted.
If the file cannot be found, an error is given and another 
name requested.

2. LIST FILE ON CRT OR LINE PRINTER.
This option lists the x and y values and the sector 

1 information of the current file on any list device 
designated by the user. This option starts by asking for 
the logical unit number (LUN) of the desired list device and 
the user enters a 6 for the line printer or a 1 for the 
system terminal. The computer then asks for a density



Table A.4. Types of Files

AVSW Absorbance Versus Wavelength 
EVSW Absorbtivity versus Wavelength 
EVSM Absorbtivity versus Moles Added 
NERN Nernst File
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factor and the user enters the desired number. A factor of 
2 will list every other point and etc.. Once the density 
factor has been received, the data are printed out and the 
menu relisted.

3. AVERAGE SPECTRA.
This option averages the y values of any number of 

files with values of the current file. The result of the 
averaging process is graphed and the user may choose to 
save the results. If saved, the results may be stored in an 
empty file or they may replace the values in any file. The 
program checks to make sure that the files given have the 
same number of data points and that they start at the same 
wavelength, but it is the user's responsibility to make sure 
that all the wavelengths correspond. The option starts by 
asking for a list of file names to be averaged with the 
current file. The user responds by entering the filenames, 
one name per line. If a file cannot be found, or if the 
starting wavelength of the number of points do not match, an 
error message is printed and the user tries again. When all 
the filenames have been entered, the user enters /E. The 
average is then calculated and the results are plotted. (For 
more details on options during plotting, see option 6.)
When the user exits from the plot routine, he is given the 
opportunity to save the results. To save the results, the 
user enters the name of the file where the results are to
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be stored. If the user does not wish to save the results, 
he should enter /E. If the results are stored, the computer 
will ask for a new title (up to 20 characters) and date (up 
to 8 characters) and the user should enter the appropriate 
information. The current file's sector 1 information and 
the menu will then be relisted.

4. MULTIPLY SPECTRUM BY A CONSTANT
This option multiplies the y values (normally 

absorbance) of the current file by a factor given to it by 
the user. This option starts by asking for the factor and 
the user should enter the desired number. The multiplica
tion is then performed and the computer asks where to store 
the results. The user may then enter any filename and the 
results will replace what was previously in that file. If 
the user does not wish to save the results, he can enter /E 
at this point. If the results are saved, new title informa
tion is requested by the computer. Once this title 
information is received, the menu and sector 1 information 
are relisted. ’•

5. SUBTRACT ANOTHER FILE FROM .'CURRENT FILE.
This option subtracts the absorbance values of any 

given file from the absorbance values of the current file at 
every point where the two files have matching wavelengths.
This option begins by requesting the name of the file the
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user wants subtracted from the current file. As usual, if 
the file cannot be found, an error message is printed and 
the user should try again. Once the file is found, the 
subtraction of every matching point is performed. The 
program then asks if the user wants to plot the results. If 
so the user enters 1 and if not, 0. Upon return from the 
plot routine, the program asks where to store the results. 
The user enters an appropriate filename or /E if the results 
are not to be saved. If the results are saved, a new title 
and date are requested and the user should enter appropriate 
information. The menu and sector 1 information are then 
relisted.

6. PLOT FILE.
This option provides an x,y plot of the current file 

complete with numbered and labeled axes and title. The file 
is automatically scaled so that it just fits in the screen 
and the data are plotted as a solid line. The user is then 
given the opportunity to extensively modify this standard 
plot. Because the plot will be displayed in the graphics 
terminal, all communication with this plotting subroutine 
will be on the system CRT. Once the standard plot has been 
made, the program types out the list of options for the 
plot routine. These options along with their functions are:
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1) Tickmarks - Enables the user to change the number of 

tickmarks on the x and y axis.
2) Labels - Enables the user to changes the labels on 

the x and y axis„
3) Scaling - Enables the user to change the ranges on 

the x and y axis. After requesting this option the 
user should enter the limits in the following form: 
low x, high x, low y, high y.

4) Plot other files - Enables the user to plot other 
data files on top of the plot already displayed.
This option first asks the user to enter the point 
style (see Table A.5) and density desired for the 
upcoming files. After receiving this information, 
the computer requests the filenames. These should 
be entered one file per line and the list should be 
terminated by /E„

5) Change point density and style - Enable the user to 
change the point style of the last file plotted to 
any of the styles listed in Table A.5. The density 
can also be changed from the standard value of 1 if 
the user does not wish to see every point.

6) Read screen coord. - Enables the user to obtain the 
x,y coordinates of any screen location by means of 
the joystick controlled "cross hair". After 
selecting this option, striking any key on the 
graphics terminal keyboard, except "S", will cause



Table A.5. Possible plotting styles.

1. Solid lines
2. Points
3. Triangles
4. Squares
5. Crosses •
6. Stars
7. Diamonds
8. Dashed lines
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the x,y coordinates of the current "cross hair" 
location to be printed on the system terminal. 
Pressing "S" will exit this plotting option.

7) Hard copy - Enables the user to get a hard copy of 
the plot currently on the screen. The hard copy is 
obtained by using the HP 7200A digital plotter or 
the Tektronics 4662 plotter by way of the DEC-10.
The computer asks:

"DEC-10 OR HP?"
If the user enters HP, the plot is stored in the 
disk file, PLOTF, and the user can get a paper tape

/ of this once EARL1 has been terminated by running the 
program HDCOP. If the user enters DEC-10, the 
computer immediately punches the data file onto paper 
tape. This tape can then be read into the DEC-10 
using the program PTREAD and the data plotted on the 
Tektronics plotter using standard PLOT-10 software.

8) Exit - Terminates the current plotting session.
The user can modify the plot as much as and as many times as 
desired using the above options, because control will not go 
back to the main program until option 8) is selected.

7. CREATE AN ABS. VS MOLE FILE.
This option enables the user to analyze volumetric 

titration files by creating a data file of absorbance versus 
moles added for any specified wavelength. The option begins
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by asking for the wavelength at which the absorbance values 
are to be taken. The program then asks for the LUN of the 
device where the filenames are to be read and the user 
should enter the desired value. The computer then requests 
the filenames which the user should enter, one name per 
line. Once the names have been entered, the list is 
terminated by entering /E. After receiving each name, the 
computer reads that file off the disk into memory, gets the 
absorbance value at the specified wavelength, and then 
calculates the moles of titrant added- from the concentration 
and volume. Once all the names have been read, the analyzed 
data are plotted and the program asks where to store the 
results. The user then enters the desired name or /E if the 
results are not to be stored. If the results are kept, a 
new title and date are requested from the user.

8. CREATE A NERNST FILE.
This option enables the user to calculate the mid

point potential of any absorbing from potentiometrie 
titration data files. The only information needed, other 
than the data filenames, is the wavelength at which the 
analysis is to be done, the absorbances of the fully oxidized 
and fully reduced species at the given wavelength, and a 
potential value for every spectrum. The method used to cal-_ 
culate the potential is based on a Nernst plot and has been 
described previously (Ranweiler, 1975). The option starts
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by asking for a wavelength and the user should enter the
desired wavelength in nm. This should be a wavelength at
which there is a large difference in absorbance between the
oxidized and reduced forms. The program then asks where
the list of filenames is going to be entered, and the user
should enter the LUN of the desired device. The program
then asks if the potentials are in sector 1. If all the
potentials were entered into the respective files1 titration
information at the time the data were taken with the program
CARY, the user should enter 1, otherwise 0. The program
then asks separately for the rest of the information and the
user should enter the appropriate values. The program then
asks for the list of file names and the user should enter
them one name per line and the list should be terminated with
/E. If the potentials are not in sector 1, each file's
potential will be requested immediately after the name has
been accepted and the user will have to enter these values
(in mV) manually. After all of the file names have been
read, the program calculates the log[ox]/ [red] values and a
plot of these values versus the potentials is drawn on the
graphics terminal. A linear least squares correlation is
also made on the data and this line is also shown on the
graph. When the graph is complete, the program lists the

01midpoint potential (E ), the standard deviation of the mid
point potential, the slope of the least squares line, the 
standard deviation of the slope, and the correlation
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coefficient. The program then asks for a filename, and if 
the user wishes to save the Nernst points, he should enter 
the name of the file where the results are to be stored, if 
not he should enter /E. If the results are saved, the 
program will request title and date information and the user 
should enter appropriate values. The user is then given a 
similar opportunity to save the calculated least squares 
data. The least squares information which was listed on the 
system terminal is automatically stored with the Nernst 
values and is automatically listed along with the sector 1 
information whenever option 2. is selected.

9. LIST SECTOR 1 INFORMATION.
This option lists on the sector 1 information of a 

given list of files on any specified output device. The 
option starts by asking for the LUN of the list device and 
the user should enter the desired number. The program then 
asks for the LUN of the input device and again the user 
should enter the desired number. The program then asks for 
the list of filenames, which the user should enter one name 
per line. When all the name have been entered, the list 
should be terminated by /E. After accepting each name, the 
program reads the file from disk into memory and. then lists 
the sector 1 information on the designated output device. 
When /E is read, the menu is relisted.
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10. ADD A CONSTANT. TO ALL Y VALUES.

This option adds any given constant to all of the y
values of the current file and is useful for correcting 
spectra for changes in baseline. This option merely asks i 
for the desired constant, which the user should enter, and 
then asks where the results are to be stored. The user then
enters the desired filename or /E. If. the results are
saved new title and date information will have to be 
entered. Once this information has been received, the menu 
is relisted.

11. TERMINATE.
This option stops the program and returns control to

DOS-M.

The above description of EARLl only accurately 
describes the version last modified in February of 1981.
Table A.6 contains a list of all:the relocatable files needed 
to load and run EARLl should it ever be necessary to alter 
it.



154
Table A.6. Files needed to load EARLl.

Source File Relocatable. Binary. File . Length in. .Sectors
SEARL REARL 10

- SCRBL 7
- LSPC 235

PLIBR 502
SDPLT RDPLT 10
SEPLO REPLO 5
SDECP RDECP 2
SGET RGET 2
STITR RTITR 9
SSUBF RSUBF 10
SFILE .RFILE 4
SASPE RASPE 10
SDLIS RDLIS 4
SPLT RPLT 2
SPPLT RPPLT 2
SCPLT RCPLT 4
SDAPL RDAPL 2
SEBEL REBEL 1
SLBLG RLBLG 3
SNERN RNERN 17
SADDR RADDR 5
SLNFT RLNFT 5



APPENDIX B

HARDWARE

The CARY 219 was interfaced to the. HP" 21.0OA 
computer through a Digital Interface Port (DIP) on the CARY 
and a HP Microcircuit Card (MC) on the computer. Detailed 
information about the DIP and its operation can be found in 
the "Digital Interface Port Accessory Operator's Manual" 
from Varian. The two interface boards were connected as 
shown in Figure B.l. The letters shown by the lines going 
into the MC are the Cannon plug pins which correspond to 
that line. J602 is the 25 pin connector on the DIP and the 
pin numbers for each of the lines to that connector are 
given at the right of the figure. Lines D q through D^ are 
the data lines from the computer to the DIP. The actual 
command word for the functions available are given in the 
Varian operator's manual listed above. Line I/O controls 
the direction of the data transfer.. If this line is high, 
the transfer will be from the DIP to the computer. Lines 
BCD 1-8 are the lines carrying data from the DIP to the 
computer. This is done in 18 groups of 4 bit "nibbles".
The actual format of the data in this buffer is given in the 
operator's manual. Line FIRST goes low when the first 
nibble is sent to verify proper synchronization. SMCL is the

.........  ' ' 155
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Figure B.l. Interface between CARY digital interface port 
and HP microcircuit card.
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motor clock output and gives 100 pulses per nm„ SMUD 
indicates the direction tile CARY is scanning. LCHG indicates 
when there is a lamp change from tungsten to deuterium when 
scanning from the visible into the UV.

In order for the DIP to work, it must get wavelength 
readings from, the CARY in a digital form. This was 
accomplished by constructing a "wavelength programmer" (WP) 
module which keeps track of the current wavelength position 
of the CARY and provides it to the DIP as four BCD digits 
(Figure B.2). The wavelength programmer also provides some 
convenience features to the user such as automatic scanning 
between two selected wavelengths and slewing to either of 
two selected wavelengths. The WP must be "initialized" 
every time the CARY is turned on by telling it what the 
current wavelength is. This is accomplished by:

1. Before turning the. CARY on, turn the dial on the WP
panel to "LOAD".

2. Turn on the CARY.
3. Enter the current wavelength (in A) into the thumb

wheel switches labeled "WAVELENGTH 1".
4. Press push button switch labeled "LOAD!1.

The WP display should then indicate the present wavelength 
and the WP is ready to be used under computer control of
manually. To use it under computer control, the dial on the
WP front panel should be turned to "CPU". To use it in the
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manual mode, the dial can be in the "Wl", "W2", or "SCAN" 
positions. When the dial is in the "Wl" or "W2" positions, 
the WP will slew the CARY to the wavelength entered in the 
corresponding thumbwheel switches when the "START" button is 
pressed. When the dial is in the "SCAN" position, the WP 
will scan the CARY from the wavelength entered in the 
switches labeled "WAVELENGTH 1" to the wavelength entered in 
the thumbwheel switches labeled "WAVELENGTH 2" when the 
"START" button is pressed. The WP will only scan from higher 
to lower wavelengths. After the scan is complete, the CARY 
can be reset to the starting wavelength by pressing the 
"RESET" button. To use the WP under computer control the 
program CARY can be used (see Appendix A) or the user can 
write his own program which uses the interface described 
here.
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