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Analogues of the 39-residue CNBr fragment of horse
cytochrome ¢ (66-104) have been prepared by total
chemical synthesis. Conformationally assisted ligation
of these peptides with the native cytochrome ¢ frag-
ment 1-65 (homoserine lactone form) occurred in high
yvield. Semisynthetic protein molecules of the expected
molecular weight were obtained that had folded struc-
tures similar to the native molecule as shown by spec-
tral properties and by cross-reactivity with a panel of
monoclonal antibodies sensitive to the three-dimen-
sional integrity of cytochrome c¢. Point mutations were
introduced into the horse sequence at three strongly
conserved sites: Tyr®’, Thr’8, and Ala®%. The contri-
butions of these 3 residues to the stability of the heme
crevice were estimated by titration of the 695 nm
absorption due to coordination of ferric iron by the
sixth ligand methionine sulfur. The roles of these res-
idues in catalysis of electron transfer and in establish-
ing the value of the redox potential of cytochrome ¢
were also investigated. The hydroxyl group of Tyr®”
modulates the spectral properties of the heme and has
a profound influence on its redox properties, but hy-
drogen bonding involving this phenolic hydroxyl does
not stabilize the heme crevice. In contrast, we find that
Thr”® is strongly stabilizing and that asparagine is not
an adequate substitute for this residue because of the
greater entropic cost of burying its side chain. The low
biological activity of analogues modified at this posi-
tion, despite normal redox potentials, imply a role for
Thr?® in the electron transfer mechanism. The replace-
ment of Ala®® by proline induces a similar phenomenon.
An involvement of this residue in the catalysis of elee-
tron transfer provides an explanation of the low reac-
tivity of plant mitochondrial cytochromes ¢ in mam-
malian redox systems.
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The functional roles undertaken by proteins in biological
systems are very numerous. The capacity for this diversity
lies in the variety of chemical groups available in the natural
set of amino acids and the potential for varied folding patterns
that can bring together novel combinations of these functional
groups. To fully understand and potentially manipulate those
biological activities we require a comprehensive view of the
principles of structure-function relations in proteins, which
may only be obtained by rational engineering of well under-
stood protein structures. For this purpose and to increase our
understanding of redox proteins, cytochrome ¢ should prove
a paradigm, as it has for studies of molecular evolution (Dick-
erson and Timkovitch, 1975), immunogenicity (Cooper et al.,
1987; Paterson, 1989), and electron transfer (Salemme, 1977),
because of the wealth of structural and functional information
already available and because the protein encapsulates a wide
range of characteristic functions.

Specific protein analogues for structure-function studies
can be engineered either by direct modification of the struc-
ture of the protein itself or of the gene that encodes it. The
two approaches are complementary, and the method of choice
will be dictated by the experimental objectives. In the case of
the cytochrome ¢ molecule, a wide range of “mutant” proteins
are available from natural sources (Dickerson and Timkov-
itch, 1975). Structure-function correlations can be drawn from
comparison of the properties of these variant molecules with
the amino acid sequence differences between them, although
that information is limited by the evolutionary pressure to
conserve optimal function. Both natural and site-directed
mutants of the yeast protein are now also being used for
mechanistic studies of cytochrome ¢ (Hampsey et al., 1986;
Pielak et al., 1985, 1986; Liang et al., 1987).

An alternative approach to the generation of structural
variants in proteins is semisynthesis (Offord, 1987). This
technique is of particular value if the experimental objectives
include the insertion of a site-specific reporter group (Busch
et al., 1985) or of a noncoded amino acid (Wallace and
Corthésy, 1986), or a radical reorganization of protein struc-
ture (Wallace, 1987). Semisynthesis consists in essence of the
limited fragmentation of a natural protein, the modification
of the structure of the fragment that contains the residue(s)
of interest, and the condensation of the modified peptide and
the unmodified fragments to give the correct sequence of the
target protein.

Cytochrome ¢ is undoubtedly the protein that has received
most attention from practitioners of semisynthesis (Barstow
et al., 1977; Koul et al., 1979; Ten Kortenaar et al., 1985;
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Wallace et al., 1986), because of the propensity to spontaneous
resynthesis exhibited by the noncovalent complex of CNBr
fragments 1-65 (homoserine lactone form) and 66-104 (ver-
tebrate species numerotation) (Corradin and Harbury, 1974).
The adoption by the complex of a near-native conformation
{Corradin and Harbury, 1971) catalyzes the aminolysis of the
C-terminal homoserine lactone at residue 65 by the a-amino
group of residue 66. The conformational requirements for this
type of reaction are stringent (Wallace et al., 1986; Proudfoot
et al., 1989), so a functional purification is achieved by a
selection of those molecules competent to assume the native
conformation.

Among the techniques that have been employed for frag-
ment modification prior to religation in the cytochrome ¢ 1-
65 plus 66-104 system are sequential degradation and resyn-
thesis (Wallace and Corthésy, 1986), treatment of fragments
with side chain-specific reagents (Wallace and Rose, 1983),
or use of a natural fragment from a homologous protein
(Wallace et al., 1986); but conceptually the simplest is replace-
ment of the 66-104 fragment by a totally synthetic peptide.
Due to methodology limitations, this approach had been of
only limited utility in the past. There has been only a single
report of the use of a fully synthetic fragment 66-104 prepared
by solid phase methods (Barstow et al, 1977), and most
workers have employed the condensation of smaller fragments
prepared by solution synthesis to create 66-104 (Koul et al.,
1979; Ten Kortenaar et al., 1985; Wallace et al., 1986). Resyn-
thesis yields of synthetic analogues have generally been low
relative to those achieved with naturally obtained peptide
fragments, presumably because of low purity of the synthetic
fragments. Recent developments in the field of solid phase
peptide synthesis (Kent, 1988) have made possible the routine
preparation of large synthetic fragments in good yield and
purity. This led us to suppose that the yield of semisynthetic
analogues of cytochrome ¢ could be improved using unequiv-
ocally synthesized 66-104 fragments.

We have used this chemical peptide synthesis-protein sem-
isynthesis approach to prepare analogues of horse cytochrome
¢ incorporating modifications at three strongly conserved
residues: Tyr®, Thr™®, and Ala®. Previous studies have im-
puted a functional role for each one (Takano and Dickerson,
1981b; Wallace and Boulter, 1988). In the case of Tyr® and
Thr™ we have substituted the naturally occurring amino acid
side chain with one that bears the same carbon skeleton but
lacks the hydrogen-bonding hydroxyl group. For example,
phenylalanine replaces tyrosine at 67, and a-aminobutyric
acid replaces threonine in position 78. Thr™ was also replaced
by asparagine, as found uniquely in Chlamydomonas cyto-
chrome ¢ (Amati et al., 1988). Ala®® was replaced by proline, a
substitution specific to, and universal in, plant cytochromes
¢. The question of additivity of the effects of individual point
mutations was examined by the preparation of a cytochrome
¢ double mutant, incorporating substitutions at both position
78 and 83 in the active site Q-loop (Wallace, 1987). As a
control for our synthetic procedures, we also synthesized the
fragment 66-104 of a natural animal mitochondrial sequence
and used this in the preparation of semisynthetic [Hse®)
cytochrome c.!

Here we report the preparation and characterization of

! The abbreviations used are: Hse, homoserine; DCC, dicyclohex-
ylcarbodiimide; DCM, dichloromethane; DMF, N,N-dimethylform-
amide; HOBt, 1-hydroxybenzotriazole; DIEA, N,N-diisopropyleth-
ylamine; Boe, t-butyloxycarbonyl; Z, benzyloxycarbonyl; Bzl, benzyl;
Tos, toluenesulfonyl; TFA, trifluoroacetic acid; Aba, L-a-aminobu-
tyric acid; HPLC, high pressure liquid chromatography. All other
amino acid abbreviations are in accord with standard IUPAC nomen-
clature.

Engineering by Semisynthesis of Five Analogues of Cytochrome ¢

these analogues of the cytochrome ¢ molecule, and the inves-
tigation of the effects of these changes on the physicochemi-
cal, biochemical, and biological properties of the mutant pro-
teins.

EXPERIMENTAL PROCEDURES AND RESULTS AND
DISCUSSION?

Design of Experiments—The nature of the association be-
tween the two fragments leads to an acceleration of the
reaction between the a-amino group of fragment 66-104 and
the lactone (internal ester) of C-terminal homoserine of 1-
65, that in many ways models enzyme catalysis (Proudfoot et
al., 1989). The high yield from equimolar mixtures at low
concentration, under mild conditions, makes the condensa-
tion process economical in materials and free of side reactions.
A further advantage of this conformationally directed religa-
tion over traditional methods of fragment condensation in
protein synthesis is the lack of a requirement for side chain
protection and subsequent deprotection. Thus for substitu-
tions in the 66-104 sector of the sequence the use of the
spontaneous resynthesis method is the method of choice. The
product proteins will differ from authentic natural cyto-
chrome ¢, apart from the desired replacements, in that they
will contain a homoserine residue at position 65, in place of
methionine. Position 65 is a highly variable site in mitochon-
drial cytochromes ¢, and a number of studies have shown that
[Hse®]cytochrome ¢ is functionally indistinguishable from
the parent protein (Corradin and Harbury, 1974; Boswell et
al., 1981; Wallace and Rose, 1983).

In the past, analogues of the segment 66-104 have usually
been prepared by chemical modification of the 39-residue
fragment prepared by cleavage of native cytochrome ¢ (e.g.
Wallace and Corthésy, 1986). Portions of the 66-104 sequence
have been prepared chemically and ligated to fragments pre-
pared from native cytochrome ¢ (Koul et al, 1979), but total
chemical synthesis has been used only rarely (Barstow et al.,
1977). Until recently, the chemical synthesis of a 39-residue
peptide in good yield and high purity was a major undertaking.
However, recent advances in stepwise solid phase synthesis
have made the unequivocal synthesis of peptides of this length
a more reasonable task. Simultaneous progress has occurred
in the technology of peptide purification by preparative re-
verse phase HPLC, and in the covalent characterization of
large synthetic peptides, especially by mass spectrometry.
This increased accessibility of large peptides was used to
advantage in the total chemical synthesis of cytochrome ¢
(66-104) according to the native horse sequence, and of a
series of analogues incorporating specific amino acid substi-
tutions (Fig. 1).

The analogues were designed to address the following ques-
tions. The crystallographic studies of Dickerson’s group (Tak-
ano and Dickerson, 1981a, 1981b) have implicated both Tyr®
and Thr” in a hydrogen bond network within the crevice at
the conventional left face of the porphyrin ring (Fig. 2). The
role of this network is unclear; it may be involved in closing
the crevice or in stabilizing the weak interaction of the sixth
ligand methionine sulfur with the ferric iron, or even involved
in the catalysis of electron transfer, as suggested by Takano
and Dickerson (1981b). The substitutions of phenylalanine at
position 67 and Aba at position 78 are intended to investigate

2 Portions of this paper (including “Experimental Procedures,” part
of “Results and Discussion,” Figs. 3-5, 7, 8, 10, and 11, and Tables I
and II) are presented in miniprint at the end of this paper. Miniprint
is easily read with the aid of a standard magnifying glass. Full size
photocopies are included in the microfilm edition of the Journal that
is available from Waverly Press.
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Native Glu66-Tyr-LeuAG]u-Asn70 -Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Th r-Lys-Melso -
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F1G. 1. The amino acid sequence of the 66—-104 fragment of
horse cytochrome ¢, showing in bold the sites of substitutions
and the replacements made.

FiG. 2. The network of hydrogen bonds formed by amino
acids at the methionine sulfur-ligated face of the heme in both
ferri- and ferrocytochrome c¢. Included in this structure are the
hydroxyl groups of both tyrosine 67 and threonine 78 and a buried
water molecule that links them (Takano and Dickerson, 1981b).

the consequences of the elimination of the hydrogen bonds
these side chains are involved in. Thr™ was thought to be
invariant, but the recent sequence analysis of the Chlamydo-
monas cytochrome ¢ gene has revealed that in this species
alone, asparagine is present (Amati et al., 1988). Since this
residue should also be competent to participate in hydrogen
bonding we set out to ascertain why this substitution did not
occur more frequently, by introducing it into the horse protein
and examining the effects on the properties on the mutant
cytochrome ¢ molecule produced. Residue 83 is part of the
hydrophobic stretch that lines the exposed heme edge in the
center of the active site. This sequence includes phenylalanine
82, proposed to participate as an intermediary in electron
transfer between heme centers (Wendeloski et al., 1987).
Residue 83 is alanine or valine in all animal species, glycine
in yeasts and Protista, and proline in all plants. This variation
has been proposed to account for the functional difference
between plant and animal mitochondrial cytochromes ¢ (Wal-
lace and Boulter, 1988). We wished to test this proposal by
the introduction of proline into an animal cytochrome.

Peptide Synthesis—The target sequences shown in Fig. 1
were prepared in side chain-protected form by stepwise solid
phase peptide synthesis (Merrifield, 1963). See Miniprint for
details.
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Religation and Characterization of Semisynthetic Proteins—
Gel filtration on Sephadex G-50 of the products of coupling
fragments 1-65 and synthetic 66-104 gave peaks eluting at
the volume expected of cytochrome c. Peak heights on the
elution profile were measured as a means of calculating cou-
pling yields, which are set out in Table I. The analytical data
obtained with samples of the synthetic fragments employed
in semisynthesis had shown them to be pure and composi-
tionally correct: the high quality of the peptides is further
attested to by the uniformly high yields obtained in the
conformation-dependent coupling, comparable in all but one
case to that seen with native fragments. The exception, when
using [Aba™]66-104, may be due to a lower stability of the
complex with fragment 1-65, since this will depend on the
same forces that stabilize the whole protein. Of the analogues
prepared, only [Aba™] is significantly less stable at pH 7 and
room temperature than the native protein.

Cation-exchange chromatography was employed for the
purification of the cytochrome ¢ peak from gel filtration. In
the oxidized state, crude products were resolved into one major
and, generally, a number of minor components (Fig. 4a). A
further minor component was eliminated by ion exchange of
the reduced protein (Fig. 4b). In every case the major com-
ponent eluted at the same point as the corresponding native
cytochrome ¢. None of the substitutions involve a charge
change. Most heme-containing fragments of the protein, and
even denatured protein with the normal covalent structure,
elute at different ionic strengths.

Confirmation that the desired covalent structure was
formed was also obtained through *2Cf plasma desorption
time-of-flight mass spectrometry. The molecular masses of
the analogue peaks are included in Table I. These values
represent the maxima of broad mass envelopes (Fig. 5) due to
natural isotopic heterogeneity as well as in-flight unimolecu-
lar decay, so that the experimental uncertainty is estimated
to be £0.2% or +25 mass units. Thus these data can give an
assurance of the purity of the products and that covalent
assembly of the complete sequence of cytochrome ¢ has been
achieved.

The semisynthetic proteins were also characterized by UV-
visible spectral properties. The maxima of the principal ab-
sorption bands, and the ratios of certain absorbances, at pH
7 are compared in Table II. These ratios are good criteria of
purity. For example, the ratio of Assy/Ase0 Will be high if non-
heme proteins or peptides are present. Close identity was
observed between semisynthetic and native cytochromes c.
The only significant differences from the value of Aggo/Asgo
for the native protein were in the case of the Phe®” protein,
where the ratio is low as a consequence of the elimination of
the contribution of Tyr® to absorbance at 280 nm, and in
[Aba®]cytochrome ¢, where the 360 nm band is shifted and
intensified.

Contamination by heme-containing peptides is revealed by
low ratios of the absorbance of reduced and oxidized forms at
550 nm: in the Phe® analogue the lower absorption of the
reduced form at 550 nm is a consequence of the shift of the
a-band from 550 to 553 nm. Contaminating heme-containing
peptides or proteins are not reduced by ascorbate, but are by
sodium dithionite, so that a comparison of the absorbances of
the «-band in the presence of the two reductants is a further
index of purity. By this criterion all ion-exchanged products
were 100% pure.

The identity or close similarity of visible spectra of the
semisynthetic proteins to that of native cytochrome c, partic-
ularly with respect to the very perturbation-sensitive 695 nm
band, indicate that in every case the religated polypeptide
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chain has assumed the native conformation. This inference is
supported by the normal redox potentials of two of the ana-
logues as well as the semisynthetic protein of native sequence.
Denaturation is inevitably attended by a drop in redox poten-
tial, though this is not the only structural factor that can
influence this parameter.

We have also tested four of the semisynthetic analogues
with a panel of monoclonal antibodies directed against regions
of the surface of cytochrome c¢. These have been shown to be
sensitive indicators of conformational integrity, capable of
detecting both localized changes in stereochemistry as a con-
sequence of side chain substitution, and long range pertur-
bations of conformation due to changes elsewhere in the
structure (Collawn et al., 1988). Fig. 6 sets out the results of
testing four analogues with this panel of antibodies. It is clear
from these data that no detectable modification occurs within
the epitopes of these antibodies, and that, therefore, no sig-
nificant change to the overall structure of the protein has
been induced. The failure of E8 to detect the side chain
substitution at Tyr®, which on the basis of the previous
mapping studies (Paterson, 1989) falls within its epitope, is
no doubt due to the buried nature of this side chain.

Physicochemical Properties of the Semisynthetic Proteins—
The UV-visible spectra of the analogues were examined for
any deviation, either in wavelength of maximum absorption
or height of the principal bands (Table II). Cytochromes c of
almost all species are characterized by strong bands in the
yellow and green regions of the spectrum (ferrocytochrome c:
a-band, 550 nm; 8-band, 520 nm; ferricytochrome c¢: a-band,
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528 nm), as well as the Soret band in the blue region common
to all heme proteins (ferrocytochrome ¢, 416 nm; ferricyto-
chrome ¢, 410 nm). The 3-nm red shift in the «- and 3-bands
of [Phe®]cytochrome c is the first example of such a spectral
perturbation evoked by a change in the polypeptide chain
enclosing the heme. Normally, such shifts are a consequence
of a change in the structure of the heme prosthetic group
itself (Dickerson and Timkovitch, 1975). A possible explana-
tion of this red shift is as follows. The tyrosine to phenylala-
nine substitution that we have made at residue 67 not only
abolishes hydrogen-bonding capability, but also changes the
polarity of the side chain. The crystallographic data (Takano
and Dickerson, 1981b) show that the hydroxyl group is in
close contact with the heme. The red shift in the principal
absorption bands seen on substitution of phenylalanine is
indicative of a modified heme electronic structure, which we
therefore propose to be due to a shift in the electron distri-
bution in the 7-cloud of the porphyrin ring (Shelnutt et al.,
1981), induced most probably by the localized and proximate
change in polarity.

One of the most informative absorption bands in the char-
acteristic spectrum is a weak charge-transfer band centered
at 695 nm due to the interaction of the ferric heme iron and
the sixth coordinating ligand, the thioether sulfur of methio-
nine 80 (Dickerson and Timkovitch, 1975). It is a most
sensitive indicator of perturbation of the protein structure
due to rising pH, temperature, or denaturant concentration.
Whether the loss of the band that accompanies the changing
conditions is a consequence of a ligand replacement reaction,
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or of a reorientation of the bond, is still the subject of
controversy (Dickerson and Timkovitch, 1975; Pettigrew et
al., 1976; Bosshard, 1981; Wallace, 1984; Gadsby et al., 1987;
Wallace and Corthésy, 1987).

Changes in heme crevice stability were investigated by pH
and thermal titrations. The change in 695 nm absorbance
with increasing pH for all analogues is plotted in Fig. 7.
Significant variations, both up and down, are seen in the pK
values derived from these plots (Table III). Fig. 8 shows curves
plotted for the thermal titrations of the band. The direction,
order and extent of variation of these from that of the native
protein mirror the results of the pH titration. Although it has
been suggested that the changes accompanying denaturation
differ between the two types of perturbation (MacDonald and
Phillips, 1973), our results suggest that the forces that oppose
denaturation do not.

The Arrhenius plots derived from the thermal data are
shown in Fig. 9, and the thermodynamic parameters calcu-
lated from the thermal and pH titrations are compiled in
Table II1. For the more stable analogues, there is a departure
from linearity in the Arrhenius plots at high temperatures
immediately prior to precipitation onset. The biphasic form
was noted for native cytochrome ¢ by Kaminsky et al. (1973),
who ascribed it to an acceleration of the loss of the iron-sulfur
band consequent on histidine ionization and the breaking of
the iron-imidazole nitrogen fifth co-ordination bond. Osheroff
et al. (1980) noted that they did not observe biphasicity but
we find that its onset occurs at temperatures higher than
employed in their titrations.

We report a transition temperature and thermodynamic
parameters for the horse protein at variance with the results
obtained by Osheroff et al. (1980) (55 °C, AG] = 1.5 versus
49 °C, AG§ = 1.2). Since titrations cannot be taken to com-
pletion, it is possible that such differences are due to different
assumptions of the value of the end point. We have assumed
a value equal to that at the alkaline extreme of the pH
titration, i.e. 0.1-0.2 of the initial value. The approach of
Kaminsky et al. (1973), used by Osheroff et al. (1980), would
result in a different value for AGS, for recalculation of our
data using a value of 0.3 for the end point results in differences
in the estimate of AG{ of up to 0.15 kcal mol™.

However, as is clear from the data in Table III, protein
concentration can also have a marked effect on the thermo-
dynamic parameters: because of the weakness of the 695 nm
band, previous studies have tended to employ high (>1000
uM) protein concentrations. We give data obtained at three
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different cytochrome c concentrations to demonstrate the
concentration effect and to permit effective comparison with
the results from our analogue samples. The comparisons
shown in Table III reveal a substantial variation in stability,
compounded of changes in both entropic and enthalpic con-
tribution of the interactions in which the modified groups
participate.

The parameters derived from these measurements can be
interpreted in terms of the amino acid substitutions at defined
positions in the sequence to produce informative data on the
role of specific residues and interactions that affect the sta-
bility of tertiary structure. Residue 67 is tyrosine in all known
mitochondrial cytochromes with the single exception of that
of Euglena. The involvement of this residue in an internal
hydrogen bonding network (Fig. 2) suggested a role in struc-
tural stabilization (Takano and Dickerson, 1981b). It is clear
from our data that Tyr®” makes no net contribution to protein
stability. The phenylalanine-containing analogue shows
greater resistance to denaturation than the native protein
(Figs. 7 and 8; Table III); the contribution to AG§ of AH{ of
hydrogen bond formation in the native protein is outweighed
at 37 °C by the entropic cost of burying the polar hydroxyl
group (Table III).

In contrast to native cytochrome ¢, and indeed to all the
other analogues presently described, the Phe® protein is
autoxidized relatively rapidly at neutral pH. The oxidation by
molecular oxygen of ferrocytochrome ¢ is thermodynamically
favorable, and it has been proposed that the native protein
structure provides a kinetic barrier to this process that is
overcome in general denaturation of the protein (Margoliash
and Schejter, 1966) or in functional but destabilized two-
fragment complexes of the protein (Wallace and Proudfoot,
1987). However, since the present data show that the Phe®’
substitution does not destabilize the heme crevice, but that
the analogue is rapidly oxidized, it may be that the hydroxyl
group of Tyr® plays a specific role in blocking access of
molecular oxygen to the ferrous iron atom in the native
protein.

The analogues modified at residue 78 show, under standard
conditions (pH 7, 25 °C), weakness in the 695 nm absorbance
band (Figs. 7 and 8). This result confirms a report (Ten
Kortenaar et al., 1985) that the Val™ analogue lacked this
band. In fact, the pH and thermal titrations show that any
weakness at pH 7 and 25 °C is a consequence of shifts in pK
and T, and that at lower temperature and pH the band can
be restored to its characteristic height. The weakening of the

TABLE III
Thermodynamic parameters for loss of the ferric heme iron-methionine sulfur coordination bond

AGq for the alkaline transition is calculated from the pK as described by Osheroff et al. (1980). AH{ and AGS
for the thermal transition are obtained from the Arrhenius plots in Fig. 9, as described, and AS; by using these

two values in the expression AGy = AHg — TASq.

Thermal® pH®
Cytochrome ¢

T AHg ASy AGY pK AGy

°C
Horse cytochrome ¢ (1000 uM) 55° 16.1 49 1.47
Horse cytochrome ¢ (170 uM) 64 20.6 61 2.36 9.25 3.0
Horse cytochrome ¢ (60 uM) 65 21.1 62 2.45
[Phe®]|Cytochrome ¢ (250 uM) 107 9.8 25 2.07 10.65 5.0
[Pro®)Cytochrome ¢ (50 uM) 53 21.1 65 1.77 8.95 2.7
[Asn™ Pro®]Cytochrome ¢ (50 uM) 48 19.9 62 1.38 8.25 1.7
[Asn™]Cytochrome ¢ (25 uM) 35 21.0 68 0.64 8.10 1.5
[Aba®]Cytochrome ¢ (50 uM) 12 14.7 52 —0.65 <7 <0

¢In 10 mM sodium cacodylate, 10 mM sodium chloride, pH 7.

* In 40 mM potassium phosphate.

¢ Osheroff et al. (1980) report 49 °C for an unspecified concentration.
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F1G. 9. Arrhenius plots of the equilibria between “cold”
(695 nm band present) and “hot” (lack of 695 nm band) forms
of eytochrome ¢ and analogues. The ratio of hot to cold forms
(K') is plotted against the reciprocal of absolute temperature. The
intercept at log K’ = 0.0 gives the T\, for 695 band loss, that at 25 °C
permits calculation of AGg, and AH{ can be calculated from the slopes
(Osheroff et al., 1980).

heme crevice structure in the Aba™ analogue (Table III)
illustrates how crucial to that region is the single hydrogen
bond provided by the threonine hydroxyl (Fig. 2). Our data
also show that asparagine is not an adequate substitute in
this role and suggest that the higher entropic cost of burying
the side chain of asparagine, compared to that of threonine,
might be the destabilizing factor. Why then is this substitu-
tion tolerated in Chlamydomonas (Amati et al., 1988)? Fig. 8
shows that at 37 °C this Asn™ analogue is more than 50% in
the unproductive state IV (Dickerson and Timkovitch, 1975)
in which the iron-sulfur co-ordination is lost, but that at 10 °C
it is >90% in the normal state III. Such a cytochrome would
be inefficient in animal species, at an elevated body temper-
ature, but much less so in Chlamydomonas, a unicellular alga
living in cold water. Alternatively, this organism might pos-
sess a change elsewhere in the sequence that can compensate
for the threonine to asparagine mutation. That this is feasible
is illustrated by the properties of the double, Asn™, Pro%,
mutant discussed under “Oxidation-Reduction Potential.”

Substitution of proline for alanine at position 83 of the
vertebrate cytochrome ¢ structure causes no spectroscopic
changes but does induce a modest change in AG; for the
temperature- or pH-induced loss of the 695 nm band, and in
AS{ for thermal denaturation (Table III). Since Ala® partic-
ipates in no obvious stabilizing interactions, this weakness is
suggestive of a localized conformation change in the heme
crevice due to the introduction of the imino acid.

Oxidation-Reduction Potential—In Fig. 10 are collected re-
sults of redox potential determinations at pH 7 of all five
semisynthetic analogues, and at pH 6 of [Aba”]cytochrome
c. In three cases substantial drops in potential are observed,
although that of the Aba™ analogue is partly restored by
lowering the pH to 6. In the native protein the potential is
pH-independent in the range 5-8 (Moore et al., 1984).

The potential of a redox center is profoundly influenced by
the protein coat that encloses it. Factors that have been
proposed to modulate the redox potential of cytochrome ¢ are
the nature and orientation of the axial ligands (Moore and
Williams, 1977), the hydrophobicity of the amino acid side
chains immediately packing the heme crevice (Kassner, 1972,
1973), the stability of, and hence solvent accessibility to, the
heme crevice (Stellwagen, 1978; Schlauder and Kassner, 1979;
Wallace and Proudfoot, 1987), generalized surface charge
(Rees, 1980) and special electrostatic interactions (Moore,
1983), as well as the electronic structure of the porphyrin ring
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as dictated by its substituents (Moore and Williams, 1977;
Moore, 1983). It is likely that all these factors play a role, but
their relative importance has been a matter of dispute for,
until now, it has not been possible to vary these parameters
independently within a single system.

In the case of the Phe®” analogue, for which we observed a
potential of 225 mV, compared with 260 mV for the native
protein, the axial ligands are unchanged, the heme crevice is
no less stable (Table III), and surface charge is unaltered. If
the Tyr—Phe transition had significantly increased the global
hydrophobicity of the heme pocket, the potential would have
risen, rather than fallen (Kassner, 1972, 1973). The remaining
possibility is a change in heme electronic structure, so we
attribute the variation of potential to the change in electron
distribution in the porphyrin induced by the presence or
absence of the phenolic hydroxyl group and signaled by the
red shift in major absorption bands as discussed above. The
potential drop of 35 mV would be sufficiently disruptive to a
concerted system of redox carriers like the mitochondrial
electron transfer system to be evolutionarily disfavored. For
Euglena cytochrome ¢, the natural Phe®-containing variant,
the redox potential is low, although only by about 20 mV
(Pettigrew, 1973), so the effect of the change in residue at
position 67 may be partially offset by the loss of the thioether
link to residue 14 that occurs in this protein. In Crithidia
cytochrome ¢, also with no thioether, but where residue 67 is
tyrosine, a raised potential is observed (Moore et al., 1984).
That Euglena may be tolerant of this substitution, and con-
sequent change in redox potential, might also be a conse-
quence of a reduced dependence on oxidative phosphorylation.
Although a ciliated protozoon, this organism is unusual in
possessing chloroplasts.

The analogue in which asparagine replaces threonine at
position 78 has a normal redox potential under standard
conditions, but the substitution of aminobutyric acid causes
a sharp drop (Fig. 10). The almost complete restoration of
normalcy in this analogue at pH 6, under which conditions
the 695 nm band, and thus the native conformation, is at a
maximum, demonstrates that it is the destabilization of the
heme crevice that causes the redox potential change, either
as a consequence of increased solvent accessibility, or the
change in ligation at the sixth coordination position.

The substitution of proline for alanine at position 83 does
not significantly affect the redox potential, yet the potential
of the double mutant, in which this change is combined with
the replacement of threonine by asparagine at position 78
illustrates an important point. That is, in the complex system
which constitutes a protein, induced changes are not simply
additive and great care must be taken in drawing conclusions
about structure-function relations in systems where more
than one important residue is affected. In this case, while
neither point mutation alone affects redox potential, the
combination causes a substantial drop from 260 to 235 mV.
Furthermore, the heme crevice of [Asn”, Pro**]cytochrome ¢
is more stable than that of the Asn™ protein, even though the
Ala® to Pro® change is in itself also destabilizing. In terms
of resistance to denaturation, the two changes are mutually
compensating and thus the synergism of double mutants can
operate in either a positive (as in the stabilization of the heme
crevice) or negative fashion (as in the establishment of redox
potential). These results also strongly support our conclusion
that these two properties are independent of one another
(Wallace and Corthésy, 1987), and that while the same sorts
of interactions stabilize methionine sulfur-iron ligation and
redox potential in cytochrome c, the set of interactions oper-
ative in each case differ.
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Fi16. 12. The relationship between biological activity and
oxidation-reduction potential of semisynthetic cytochromes c.
A set of analogues (vertical bars) of varying redox potential have been
found previously to show a linear relationship between potential and
the logarithm of specific activity. These analogues all involve changes
distant from the active site, as do others that obey the relationship.
Where residues known to participate in electron transfer are modified,
however, the relationship is not obeyed. Those analogues show a more
significant drop in biological activity than would be expected should
that residue’s contribution to maintaining redox potential be its sole
influence on electron transfer {(Wallace and Proudfoot, 1987). Of the
analogues presently tested (asterisks) only [Phe®’]cytochrome c falls
on the line, suggesting that both residues 78 and 83 have a direct role
in the electron transfer mechanism.

Biological Activities of the Analogues and Implications for
the Functional Roles of the Natural Residues at Positions 67,
78, and 83—Fig. 11 shows the oxygen uptake curves recorded
in the depleted mitochondria succinate oxidase assay. Only
the protein prepared by semisynthesis from the synthetic (66-
104) fragment of native sequence is as active as the natural
protein. The activities of the analogues are correlated with
their redox potentials in Fig. 12.

While the Phe®” protein is less active in the succinate
oxidase assay than the native protein, its activity is entirely
consistent with the diminished redox potential. The relation-
ship that links these two parameters is not obeyed by ana-
logues in which residues forming part of the catalytic site are
modified (Wallace and Proudfoot, 1987). Thus the behavior
of [Phe¥|cytochrome ¢ implies that the tyrosine residue is
not participating in the catalysis of electron transfer, a role
that had been suggested by Takano and Dickerson (1981b).

Both position 78 analogues have biological activities lower
than might be expected given their redox potentials. In the
Aba™ case, this could be explained by an inability of the state
IV form (the “hot” or “alkaline” form lacking a 695 nm band)
of the protein to accept electrons from reductase (Dickerson
and Timkovitch, 1975), despite the relatively high potential
observed for this analogue. This implies that the methionine
sulfur ligand has a more active role to play in electron transfer
than simply establishing the heme potential. In the Asn™
analogue, though, both coordination and redox potential are
normal. The reduced stability of the heme crevice means,
however, that the necessary coordination is less likely to
survive the deformation of the active site induced on binding
to physiological partners (Weber et al., 1987). Alternatively,
or additionally, Thr™ may itself play a direct role in electron
transfer.

Because oxidation-reduction potential is unaffected in
[Pro®]cytochrome c, the diminished electron transfer capacity
of the analogue shows Ala®® to be playing a functional role at
the active site of the cytochrome. The analogue thus mimics
the properties (normal redox potential but low biological
activity) of the higher plant cytochromes (Wallace and Boul-
ter, 1988), which are characterized by the consistent presence
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of proline at this site. One currently favored view of the
mechanism of electron transfer (Poulos and Kraut, 1980;
Wendoloski et al., 1987) invokes the movement of phenylal-
anine 82, on binding of cytochrome ¢ to a physiological
partner, to a position intermediary to the two redox centers,
where its w-electron cloud may provide a channel of high
conductance. The rotational restriction imposed, or confor-
mation change induced, by the imino acid at position 83 would
impede such a movement of Phe®” and result in the observed
reduced reactivity. However, our results provide no direct
support for this view, since the change that we have induced
could, by virtue of the increased bulk of the residue, equally
well inhibit any type of active or static matching of comple-
mentary surfaces prior to the act of electron transfer. The
low activity of the plant cytochromes with rat reductase, that
we propose to result at least in part from this same sequence
difference, implies that their mode of interaction with the
plant reductase differs from the vertebrate model.

Conclusions—The semisynthetic cytochrome ¢ prepared
with a fully synthetic fragment 66-104 of natural horse se-
quence is identical with the natural protein in every functional
parameter examined. These observations, coupled with the
analytical data and the high yields obtained in a stringent
conformationally directed religation system, demonstrate that
the routine synthesis, by means of highly optimized stepwise
solid phase methods, of large peptides of defined covalent
structure and high purity is now a practical reality.

We have shown that the natural residue at position 67,
tyrosine, is not evolutionarily conserved for a role in structural
stabilization. Our data indicate that the hydroxyl group has a
specific function in setting the redox potential, probably by
influencing electron distribution in the heme and may inhibit
autoxidation of ferrocytochrome ¢ by blocking access of oxy-
gen. Threonine 78 participates in an important stabilizing
interaction. The requirement is so specific that not even
asparagine can adequately replace it. The anomalously low
biological activity of the analogues prepared suggest that this
residue, or methionine 80, has a direct role in electron transfer
from physiological partners.

The reduced electron transfer competence of the Pro®
analogue mirrors that of the plant cytochromes c. Thus Ala®,
located in the active site of the protein, is of functional
significance and its consistent replacement in plant cyto-
chromes by proline implies that the nature of productive
interactions with physiological partners may differ between
plant and animal systems.

Semisynthesis of cytochrome ¢ using de novo synthetic 66—
104 is both practical and useful. Its particular value will be in
the insertion of noncoded amino acids such as in the very
revealing Aba™ analogue studied here, or isotopically labeled
amino acids at specific locations. This capacity will permit
the design of experiments that can help resolve outstanding
questions specific to cytochrome function and general to
proteins.
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SUPPLEMENTAL MATERIAL TQ:

SUBSTITUTIONS ENGINEERED BY CHEMICAL SYNTHESIS AT THREE
CONSERVED SITES IN MITOCHONDRIAL CYTOCHROME C: THERMODYNAMIC
AND FUNCTIONAL CONSEQUENCES.

Carmichael Wallace, Pacic Mascagni, Brian Chait, Jamas Coliawn, Yvonne Paterson,
Amanda Proudfoat and Stephen Kent

Materials

N®.Bac protectsd -L- aming acids were obtained from the Protein Research Foundation, Osaka.
Japan and were used as obtained. Denvatives used were {all N& -Boc-L-amino acids). Ala, Asn,
lla, Leu, Met, Phe, Pro - side chain unpratected; Lys (2Ct Z); Asp (OBz): Glu (OBz), Thr (Bz); Tyr
(Br2); Arg (NGTos), and No-Boc-Gly, Loaded copoly(styrene-divinylbenzene} Boc-L-Glu(OBz1)-
OCH2 Pam-Resin was obtained from Applied Biosystems, Foster City, California. All chemicals

used in peptide sy is (triflus jc acid, dicht , dithethylformamide,

i and 1-hyd and in the
quanmanve nmhydnn determination of uncoupled amine {Sarin, et al 1981} were obtained from
Applied : gen fluoride was o <

{iype §ii} was from Sigma. Al other chamicals wers AR grade or bai!er and wste thamed from
Aldrich Cherical Company, Milwaukae, Wisconsin,

Mathods .
Faptide  Synthesis

Peptides were prepared by stepwise solid phase synthesis (Merrifield, 1963; Kent, 1888) on a
peptide izor (Kent, et al., 1984; Kent, et al.,, 1985} moditied by the

ramoval of in-line filtars o the top and bottom of the reaction vessel. A 7 mi Teflon-Kel F reaction
vessel was used (designed by Srsvsn Clark, machined by Frank Ostrander, Biology Division,
Galifornia Instituts of T Rapid at Caftech {Kent et al.,
1988), were used. Synthesis was initiated from the carbcxy) terminal L-Glu (OBzi) rasidue

to divinyl } resin (loading: 1 mmol amine acid par gram of resia),
on a 0.1 mmole scala, The following steps were used for the addition of each amino acid residue to
the polypeptide chain:

1. Dagprotection: The NCBoc group was removed by a 4 minute treatment with neat {100%)
TFA. The buk of the TFA was removed by Siltration under nitrogen.

2. Naurrahzat«on Alter a single continuous fiow wash with DMF {45 sec.}, the salt of the
peptic was by tment with 10% v/iv DIEA in DMF {2x! min).

3. Peptide bond furmation: After a single prolonged continuous flow wash with DMF (30 sec.),
©xCess solvent was removed by filtration. The activated Bac-amino acid solution (0.5 mmol
symmetric anhydride; 1 mmole HOBt ester) was introduced in a minimal volume of DMF (3-
4mi total volume; 0.15-0.3 M activated aming acid). After 10 minutes reaction (20 minutes,
HOBT ssters), excess reag and werg bya flow wash
with DMF {1 minute}, and a sample {8mg) of peptide-rasin 1aken under instrument contrel
and dsposited in a fraction collector, for documentation of the sfficiancy of peplide bond
VQrmahon by means of the quantitative ninhydrin determination of residual amine (Sarin et

. 1981). Finally the excess DMF was removed (prior to the TFA removal of the N@BOC in
(he next cycla of synthesis) by filtration,

Activated Boc-aming acids were formed on the instrument immadiately prior to use, as previously
described (Kent et al., 1984, 1985; Kent 1988). Only a singls peptide bond - forming step was
performed 1or each residue. Protectad N®Boc-peptide resins were stored at 4°C.

§ 7 prior to dep i the N9Boc group was removed by TFA treatment and
the tralized peptide-rasin driad after washing with DCM. Peptides were cleaved
from the resin and the side-chain protecting groups removed at the same time, by treatment with
HF using a moditied $N2-SN1 protocal (Tam, et al., 1983), in a Kel F cleavage apparatus (Tojo.
Japan), as follows: after ramoval of the Boc group, the neutralized peptide - resin (300 mg) was
stirred in dimethylsulfide (6.5 mL) - p-cresol {0.8 mL) -p-thiocreso) {0.2 mL} for 3 min., then HF was
condensed as a liquid (2.5 mL} and the peplide-resin suspension was stirred for 90 mmures a1 0°C.
The parily-deprotectad peptide-resin was recovered by pouring the suspension through a PTFE
fiter on a nalgene funnel (Care: HF I8 an exiracrdinarily toxic and corrosive compound),
and was thoroughly washed with dichioromethane and dried under aspirater vacuum. The
ramaining protecting groups were remaved and the peptide cleaved from tha cesin by treatment
with HF (9 mLyp-cresol(0.4 mL)/p-thiocrasol (0.1 ml) for 1 hour at 0°C. After the second (nigh
concentration of HF, SN1} step, the bulk of the HF was removad under water-aspirator vacuur,
and the peptide products were precipitated by the addition of diathyl ether. Excess residual
suavenger(s) was removed by thorough trituration with sther, and the total crude peptide products
were dissolved in acetic acid-water (80:20, viv} and tyophilized.

icati by ive roverss phase HPLC on a Vydac C4 column (1 x
30 om S pamcls size}, using a gradxant of 0 - 60% CH3CN vs, 0.1% TFA, developedt over 300
minutes at a flow rate of 3.0 mimin (Clark-Lewis and Kent, 1989). Fractions containing purified
paptide were identified by rapid analytical HPLC of aliquots, and the appropriate fractions were
combined and lyophilized. The purified peptides were characterized by analytical reverse phase
HPLC (Vydac C4, 0.46 x 30 cm), by amino acid analysis, and by 2b2ct plasma desorption time-of-
tight mass spectrometry (Chait, 1987, 1988).

¥ of g ol

were i with the factona formt of CNBr fragment 1-85, by
explomng the spontanecus aminolysis of the factone, a miklly activated ester, by the free a-amino
group of 66-104, Natural 1-65 was prepared from cytochroma ¢ by CNBr cleavage and gel
filtration according 1o Corradin and Harbury {1970). This product was purified by cation-exchange
chromatography as described by Wallace and Proud!oo! (1987) whlch also resolves the lactons
and open-ring forms of the The were as

by Wallace and Rose {1083).

Sy

of oy < Gt

Cation- ge chr of ferti ¢ in nor ing conditions is effactive
in saparating coupled products from ImprI"QS principally deamidated forms and fragrmant
polymers (Wallace and Harris, 1984). n order to rid the products of any of these latter that might
fortuitously co-elute with i G, wa o phed the proteins a second time on
the same system, but in the reducsd form. The change in charge and molecuiar dimension on
reduction leads 10 & substantial shift in the siution posmnn The purity of the products was
checked by UV-visibl py and by 252C¢ pi; fime-ohfight mass
spactromsiry (Chait, 1987}

ot the ]

The absorbance spec«ra in the range 750-250nm were recardad on a Beckman modal 35

Lleig from the ce maxima and extinction
coafficients of the natwe protein can give information on both the structural and selectronic state of
he cytochrome.

Titration of the 885nm bend

pH titrations were parformed as described by Waltace (1984), and thermal titrations ware done in a
Du-8 equipped with a Tm module. The instrument was programmed

o gather absorbanca values at 2° intervals over the range 0-90°, Cytochrome analogue samples
wara in the sodium ly ium chloride butter of Osheroff et al (1980), Most
thermal titrations could not be taken 10 complation, due to protein precipitation. in these cases the
absorbance dus 10 neighboring bands &t 6§95 nm after compists slimination of that due 1o the Fe-S
bond was taken 10 be that observed in pH titrations, an assumption thal was sesn 1o be true in
those cases whare the thermal titration was completsd before pracipitation onset.

The end-point of the titration, gither determined or extrapolated, was used to caiculate fog K' for
the tvansmon Arrhenius plots of this value versus the reciprocat of absolule temperature allows

of the for the opening of the haem crevice.
Oxidati i p of the analogues
Redox ials at pH 7 were by the method of Wallace et al (1986). In one case a

potential was also determined at pH 6, after ad;uslmem of the redox bufler with concentrated HCI.
Wa use an adaption of the mathod of mixtures, in which the propartions of the components of the
ferrofferricyanide redox couple {of known Em, 430mV) in the cytechrome-containing buffer are
varied. A msasurement of Aggo. with reference 1o the absorptions of the fully oxidised and
raguced proeins, alows 1oithe p of the ot the
terrofferricytachrome ¢ coupls, of unknown Em. The togarithms of these twuo ratios are plotted as in
figure 10. A slope of unity is expected of a singla-electron transter and the mid-point patential for
the cytochrame can be calculatad, using the Nernst equation, from the proportions of ferre and
ferricyanitde corresponding to a ferro/ferricytochrome ratio of 1.

Biclogical  assays

nandr

ina

The efficiency of the analogues i restoring Og uptake 1o cy
succinate oxidase assay was gompared to that of the nafive protein (Wallacs and Proudfoot,
1987).

Radioil with ibodi to native cytochrome ¢

Anti-horse cylochrome ¢ antibodies C3, C7, E3 and £8 were produced ant purified as previously
described {Carbone and Paterson, 1985). Assays were performed on microtiter plates according
o Collawn ot al {1988} at various dilutions of affinity purified antibody solution. Tha undiluted
concentrations of antibodies in mg mi-! were 0.48 (C3), 1.43 (C7). 0.50 (E3) and 0.73 {EB).

Poptide  Synthesis

The target sequences shown in Figure 1 were prepared in side-chain protected torm by step wise
solid phase peptids synthesis (Merrifisld, 1963). All reactive side chain funclionalities wers
protected by groups stable to the 2 of chain . but by with
HF with minimal damage to the product peptide. The Boc group was usad to protect the a-amino
function of the activated aming acid during the formation of each peptide bond. Highly optimized
synthetic protocols were used in instrument-assisted chain assembly {Kent, 1988).

Key features of the improved symhenc protocols mcluded ms use of a loaded Boc-amino acyl- 4
{carboxamidomethyl) stable to the of chain prepared in &
form free of undesirad functional groups by an unambiguous route {Mitchelt et of,, 19?8} na
departure from previcus practice, dichloromathane, 8 poor solvent for the pepﬁde—(asiu‘ was
sliminated from the synthatic protocols. Thus, neat {100%) TFA was used to remove the NSBoc
group at each cycle of synthesis. Studies have shown this to rapidiy {< 4 minutes} sifect complete
removal of the N®Boc group at all stages of a synthesis (S.8.H. Kent, unpublished results).
Considarations of the nature of diffusion between the smaller peptide-resin matrix and surrounding
solvent leg us to adopt more efficient, rapid "flow washing” protocols throughout the chain
assembly. A single 30 sec. flow wash with dimethylformamide, a good solvent for peptide-rasins,
has been shown to be the equivalent of four 1 minute batchwise washes (8.B.H. Kent, unpublished
results). The peptide resin was fitered at only three points, 1o minimize the carry aver of residusl
solvent, in the extension of the resin-bound peptide by each amine acid. Formation of the peptide
bond was accomplished by reaction of the activated Boc-aming acid with the neutralized peptide-
resin in OMF. Only a minimai volume of solvent was used in the coupling reaction, resulting in
extremely tast reaction and high yields.

Synthetic protocals based on these principles were extremely rapid. The rate of synthesis was
approximately 22 minutes per amino acid, allowing the 39 rasidue peptide chains to sach be
assembiled overnight (14 hours) Average chain assembly yields were 99.6% per residuse. a5

by the o reaction, ponding to an 86% overall vield of the
target protected peptida sequence. The coupling of 11s95 was rep ibly poor in al sy
giving a yield of only 96%. The reasan for this is not known, but may be dus fo slawer reaction of
the P-substituted amino acid, perhaps combinad with sequence-dependent aggregation of the
(96-104) peptide resin (Live and Kent, 1984). Synthasis was started with 0.1 mmal Boc-Glu
(0Bz1) OCHp Pam-resin, and gave about 300 mg (0.04 mmol} Boc-(66-104)-resin product (yield
not corrected for 38 peptide-rasin samples taken during the synthesis).

Treatment with HF in the presence of scavengers was used to remove all sidechain prolecting
groups, and cleavs the peptide-resin bond 1o release the free peptide. The N®Boc group was first
removed with TFA, io prevent tert-butylation of the Mat8C side chain {Noble et al., 1376).

Deprotactionicleavage by a standard (“high") HF protocol (HF/p-cresolp-thiocresol; 90:5:5 viv,
1hr. 0°C) gave a large number of byproducts when the total crude matarial was examined by
analytical reverse-phase HPLC. These byproducts vluted later than the free peptide and showed
an enhanced OD254/214 nm ratio. Furthermore, under protonged heating at 80°C in aquecus
solution, these byproducts were partly converted to the target peptide. Together, these data
suggested that the byproducts arase from alkylation of et 80, TyrS7, Tyr/4 and TyrS7 by
reaclive aromatic species (benzy! carbonium fons} arising dunng ihe HF cleavage. The unusually
iarge amount of such byproducts was probably due to the very high content of Tyr (three residues}
and Lys {2CIZ) (eight residues) in the target sequence.

A modified versien of the SN2-SN1 HF deprotection procedure (Tam et al., 1983) was used to
overcame this problem. In this way, very high yialds of remarkably pure crude products were
obtained (Figure 3 {a)). Typically. the target peptide constituted about 80 mol % of the total crude
products whan analyzed by reverse phase HPLC. Cleavage of 300 mg of peptide-resin typicatly
gave 170 g of lyophilized product, Aming acid analyses after acid hydrolysis showed that this
crude product was about 70% by weight peptide, with the remaindar bemg associated salts and
water. Purification of 70 mg of crude rgverse phass HPLC
{Vydac C4, 1 x 30 cm) gave 15-25 mg of highly purified pepnda atter tyophitization of the feactions
identified by rapid analytical HPLC. These products were remarkably cloan when examinad by
analytical HPLC (Figure 3(b)).

Purified peptides were characterized by amino acid analysis after BN HCI hydrolysis and gave the
expected ratios, within experimental error {data not shown). A much more stringent analysis of the
covalent structures of same of the synthetic 39 residus peptides was perormed by 25201 plasma

1 mass y {Chatt, 1988} This technique gives mass spectra of
peptides with relatively intense peaks ¢ ponding to the p intact . Quite
accurate mass measurements are possible, and this accurate mass measurement $erves as a
rigorous check on the acouracy of the proposed cavalent structure of a synthetic peptide. A
typical mass spectrum is shown in Figure 3(c). Measured masses of the synthetic peptides are in
excellent agreement with the molacular masses calculated from the targset sequences, confirming
the covalent structures and demonstrating the absence of unexpected covalent modifications

The “pursified” product of the initial symhesls of the Asn78 {66-104} ssquence coupled poarly in
tha religation with 1-65 Hse lactons. mass speciral showad the
prasence of about 25 mol % of & peptide with an Asn deteted from the target sequence. Re-
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Figure 5. Plasma lime-ot-flight mass soecira of c
Figure 3. 2;2 2 izalion 9f 4 5 hatic 66:104 {Pheb7 by HPLC and Hustrated are the spectra obtgined in the M/Z range 3590-16450 for two semi-
-l ma synthetic products, of nalural sequence {upper figure} and the Phe67 anafogue
lower), In each case onh aks carrespanding to the tripely, doubly and singh
Panel A: HPLC analysis of crude product cleaved from the resin by the low-high HF {m)to de molecular \onsyovpfhe expemeﬁ’,"pmdgm are ubggrzed, Y i
method described in the text. Panet B: HPLC analysis of pooled tractions of major
peak from preparative HPLG purification of crude product. HPLC was performed as
described in the text. Panel C: Mass spectrum showing the singly and doubly
protonated molecular ions. The molecular mass determined for this peplide is 4557.7,
that calculated from the sequence is 4557.4, TABLE 1
P of oy £ at pH 7 and 25°
examination by analytical C18 roverse phase HPLC revealed the same impunty, which had ¢o- 9 PreS7] INTE P83 83 abva 78] Asn? 8]
chromatographed on the C4 HPLC separation.  Detailed enzyme digestion/mass spec. studies Nativa Horse (Phs®7] [N75,P53) [Pro®] [Apa’] thsn ™
showed that the contaminant was [des-Asn?03] (66-104) (B.Chait, unpublished results). Re-
of the data in the ic records showed no indication of a problem in
coupling at that position. The synthetic errar was therefore dua to a failure to remove about 20% 685 nm Pragent Prasant  Prasent Prosent Weak Not fully
of the N®Boc group from the preceading residus. is of the Asn?8 gave a high band dsvelopad
yigkd of the correct product. with a melecular mass of 4586.3 determined by timg-ot- fight mass
spactrometry. The calculated mass is 4586.4, There were no detectable modified or error Fetroo 850 553 550 550 550 550
sequences in this or any of the other synthetic products used for the studies reparted in this paper. band (nm)
Farro B 520 523 520 820 520 520
pand (nm}
Farri o 528 531 528 528 528 528
band {nm}
Coupling yields and axpadmamally detarmmed masses of semnsymhehc Ferro 5507 a4 20 as a4 35 16
d 1-65 and natural and symhstic 66-104. 585 am
360 nm Present  Present  Present Present 350 nm Present
band
Fragment Yield Motacular Waight Forri 280/ 082 073 082 082 078 082
Naturally obtained 66-104  up ta 60% Observed Expected 380 nm
Synthetic 66-104 of 58% 12335 12330
native saquence The 635 band is discussed in the text, the « and # bands arg ic of o-lype cy
[Pheb7) 66-104 56% 12313 12314 and are normally unvarying.
[Pro33] 66-104 3% 12381 12356
A58, ProB3] £6-104 §2% 10383 12369 0.032+
[Aba’8] 66-104 33% 12345 12314
0.028+
VYislds ware sstimated by companng peak heights of coupled products on the al-filtration elution
profite with those of weights were obtai 52C1 plasma 3,024
desarption time-of-flight mass spemfumelry Expected molacular weights wera calculated by
adjustment of the value for the native pmtem by the intraduced changas: ie. that Included in the
66-104 and the by ing at position 66 ag a 4.0204
conseqguence of the religation method, Tha valus for the native protein given in Margoliash - i { Phet? }
{1862) and propagated in the literature {and or the Sigma hottie) of 12,384 is in eror. The k4
correct value is 12,360, L 0.016
q .
Asn’®
0.0124 [ J
0.008+
B n Aba’®
! 0.004+ { !
= = 0.000 T 1 7
= 5 5 6 7 8 9 10 11 12 13
S 2
w B pH
< o3
=z % Figurs 7. Plots of the change in at 595 nm with i oH for ¢ and
is.analogues.
[ =]
g were in0.05 M buffer at 24° and the pH
<< ralsed by addition of 1 M KOH. The pKs far the alkaling transition of each analogue
determined from these curves are shown in table 3.
ELUTION VOLUME ELUTION VOLUME
Eigure 4. It rofi i inn exch rom; raph: Pheb7] gytpghrome ¢.

In {a) the product eluting at the cytochrome ¢ position on Saphadex G50 gel-filration
of couptmg mixiures is apphed in the famic formic 8 demx 10cm cotumn of Trisacryl

5P o in004 M buffer, pH 7.0 and
giuted with a Imsar qradlen\ formed from that buf{er and 0.2 M potasscum phosphate,
pH 7.0. in (b) the major peak from {a) is reappi ftar tod e
eluted with the same gradient.
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Plots of the change in absqrbance at 695 om with increasing temperature for

cytochrome ¢ and its analogues.

Sample solutions were made up in 10 mm scdium cacodylate, 10 mm sodium chloride,

pH 7. Absorbance measurements were made at 2° intervals over ali or part of the
range 0-90°. These data were used to construct the Arrhenius plots shown in Figure
5 from which the T1/2 and thermodynamic parameters shown in Table 3 were

calculated.
. r[Phed’] and [Aba’¢]
3.41 =225 mV
{Asn’5. Pross)
325=235mV
[Aba"®) at pHE
3.0 2.98 = 251 mV
*[Pro%3] ando[Asn’?]
274 =266 mv
2.0 2.0
.
Y p
e
a0 4

~2.0 —10 0.0
Log [ Ferrocytochrome ¢ ] / [ Ferricytochrome ¢ ] at pH7

Redox titrations of anal r H

Also included is a fitration of the Aba78 analogue at pH 6. Values for the midpoint
oxidation-reduction potentials are calculated from the ferrofferricyanide ratio
obtained by extrapolation tg the mid point of cytochrome reduction, as described by
Wallace et al. (1986). Values of 260 mV were obtained for native harse cytochrome ¢
and the semisynthetic product of natural sequence (data not shown)
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[ Pro®? ] [ Phet”

[Asn’®]

Natural Sequence

[ Asn’®, Pro8? |

[ Aba’®]

1 2 3
NMOLES CYTOCHROME ADDED

aclivity curves for cytochrome ¢ and its

additions of ¢y are made to the chamber of the 02 electrode.
The succinate oxidase activity of cytochrome ¢ - depleted mitrochondia is followed by
polarographic measurement of oxygen consumption (as % tota! dissolved O
consumed per minute). At limiting cytochrome ¢ concentrations the system assays
the specific activity of cyl € with the ") 1Il) (Wallace and
Proudfoot, 1987). For measurements of the specific activily of the protein of natural
sequence, bath native (8) and semisynthetic (o) proteins were used.






