in which the longest decay component could be unambiguously
determined, these measurements represent an important check
on the validity of the conclusions drawn from the anti-DNS
studies. Furthermore, the measurements were carried out on
an antibody population with a different specificity. Thus, Fab
segmental flexibility is probably generally present in I1gG
molecules.
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Characterization of Guanidinated Cytochrome ¢ by 13C Nuclear

Magnetic Resonance Spectroscopy

Earle Stellwagen,* Lawrence M. Smith,* Robert Cass, Robin Ledger,’ and Harvey Wilgus

ABSTRACT: All 19 lysine residues in horse heart ferricyto-
chrome ¢ were guanidinated using 90% !3C-enriched O-
methylisourea. The guanido carbon resonances of the resultant
19 homoarginine residues are distributed over a range of about
1 ppm and include two discrete single guanido carbon reso-
nances. Distinct changes in the 13C NMR spectrum are ob-
served upon complexation of guanidinated ferricytochrome
¢ with ferrihexacyanide, upon conversion of the guanidinated
ferricytochrome c to its alkaline isomer, and upon reduction
to guanidinated ferrocytochrome c¢. Analysis of the changes
in the visible absorbance spectrum accompanying guanidi-
nation of ferricytochrome ¢ with O-methylisourea indicates
that 18 lysine residues are guanidinated about 3 times more
rapidly than the single remaining lysine residue, most likely
lysine-79. The guanido carbon of this residue was preferentially
enriched with !3C-enriched O-methylisourea. Analysis of the

Ferricytochrome ¢ is known to form discrete complexes
which facilitate electron exchange with electron acceptors such

t From the Department of Biochemistry, The University of Iowa, lowa
City, lowa 52242, Received February 14, 1977. This investigation was
supported by Public Health Research Grant No. GM-13215 from the
Institute of General Medical Sciences.

! Public Health Service Postdoctoral Fellow of the Institute of Arthritis,
Metabolism and Digestive Diseases, Grant No. AM-05115, Division of
Research Grants, National Institutes of Health, Bethesda, Md. Present
address: Oregon Graduate Center, Beaverton, Ore. 970085.

§ On leave from the Department of Physiology and Medical Biochem-
istry, University of Cape Town Medical School, Observatory, 7900, South
Africa.

3672 BIOCHEMISTRY, VOL. 16, NO. 16,

1977

13C-enriched guanido carbon spectrum of this derivative
provided assignment of the guanido carbon resonance of
homoarginine-79. This resonance is not shifted by complexa-
tion with ferrihexacyanide, indicating that lysine-79 does not
participate in the binding of iron hexacyanides as previously
proposed. Guanidination of all 19 lysine residues of cytochrome
¢ decreases the Ky but does not change the Vy,ax for transfer
of an electron from ferrocytochrome ¢ to peroxide catalyzed
by cytochrome ¢ peroxidase. The decrease in Ky does not
correlate with the extent of guanidination of lysine-79 indi-
cating that this residue is also not involved in functional com-
plexation with cytochrome ¢ peroxidase. These results taken
together suggest that the lower portion of the exposed heme
edge of cytochrome c¢ is not directly involved in electron ex-
change reactions.

as ferrohexacyanide (Stellwagen and Shulman, 1973; Miller
and Cusanovich, 1975) and cytochrome ¢ peroxidase (Orii et
al., 1962; Yonetani, 1962; Nicholls, 1964; Van Gelder and
Muijsers, 1966; Nicholls and Mochan, 1971; Mochan and
Nicholls, 1972; Gupta and Yonetani, 1973). The dependence
of the formation constant for complexation on ionic strength
and pH indicates that the interactions stabilizing complex
formation are principally electrostatic in which cytochrome
¢ is the cation and the electron acceptor is the anion. Since 19
of the 21 cationic groups on cytochrome ¢ at neutral pH, where
complexation occurs, are supplied by the e-amino groups of the
lysine residues, it is very likely that one or probably a cluster
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of lysine residues in cytochrome ¢ participate directly in elec-
trostatic complexation with the anionic electron acceptors.
Both arginine guanido groups, which provide the remaining
two positive charges, participate in intraprotein interactions
(Dickerson and Timkovich, 1975) and are unlikely to complex
with the electron acceptors. Since the a-amino group is acet-
ylated, it cannot provide a positive charge.

Specific guanidination of all 19 lysine residues of cyto-
chrome ¢ by reaction with O-methylisourea is known to pre-
serve the structure and function of the protein (Hettinger and
Harbury, 1964) since this modification, in contrast to other
lysine modification reactions, retains a positively charged
residue. In this report, we utilize guanidination with 2C- and
13C-enriched O-methylisourea to study the role of the lysine
residues of cytochrome ¢, particularly lysine-79, in the com-
plexation of cytochrome ¢ with, and electron transfer to,
electron acceptor molecules.

Experimental Procedures

Matzerials. Type 111 horse heart cytochrome ¢ and 99.8%
D»0 were purchased from the Sigma Chemical Co. O-Meth-
ylisourea was purchased from the Aldrich Chemical Co. and
the reagent containing the guanido carbon 90% enriched in '3C
was obtained from Koch Isotopes, Inc. 14C-Enriched sodium
ferrohexacyanide having a specific activity of 21.8 mCi/mmol
was obtained from Schwarz BioResearch, Inc. Cytochrome
¢ peroxidase was purified from bakers’ yeast using the proce-
dure of Yonetani and Ray (1965). Cytochrome ¢ hemepeptide
1-65 was purified from a cyanogen bromide digest by the
procedure of Corradin and Harbury (1970). Guanidinate cy-
tochrome ¢ was routinely prepared by reacting the protein at
a concentration between 50 and 100 mg/mL with 0.5 M O-
methylisourea at pH 11.0 and 25 °C. Reaction for 10, 40, and
400 min under these conditions resulted in the guanidination
of approximately 20, 50, and 98% of the lysine residues, re-
spectively. The reaction was terminated by exclusion chro-
matography using Sephadex G-25 equilibrated with 50 mM
phosphate buffer (pH 7.0). The eluent fractions containing
protein were pooled, dialyzed against water, and lyophi-
lized.

Methods. Samples for 13C NMR! measurements were
routinely dissolved in D>O containing the desired buffer, fil-
tered through a 0.20- or 0.45-um Metricel filter, and placed
in NMR tubes having a 10 mm o.d. The reference compound,
dioxane, was placed in 1-mm o.d. capillaries inserted in the
center of NMR tubes. All 13C NMR spectra were obtained at
25 °C using a Bruker Model HX90E Fourier transform
spectrometer operated at 22.63 MHz using a deuterium lock
and broad band proton decoupling. Either 500- or 1000-Hz
spectra were typically obtained having a digital resolution of
about 1 data point every 0.25 Hz. The sample was pulsed for
7-15 us every 2.1 s using a flip angle of 45°. The resolution of
some spectra was enhanced by multiplying the free induction
decay by an increasing exponential to remove two-thirds of the
observed line width and then subjecting it to two successive
fifth-order Wertheim smoothing functions based on a Lo-
rentzian line function which is two-thirds of the observed line
width (Pearson, 1977). Data for T| measurements were ob-
tained by partially relaxed Fourier transformed spectroscopy
using a 180° pulse for 3.3 us, a 90° pulse for 11.6 us, and 7
values of 0.10 to 6 s.

! Abbreviations used are: NMR, nuclear magnetic resonance; EDTA,
cthylenediaminetetraacetic acid; EPR, electron paramagnetic resonance;
Tris, tris(hydroxymethyl)aminomethane; Pipes, piperazine-V, V- bis(2-
ethanesulfonic acid).

The concentrations of homoarginine and lysine in acid hy-
drolysates of guanidinated cytochrome ¢ were measured using
the short column of a Spinco Model 120C amino acid analyzer.
The measured concentration of homoarginine was corrected
for a 1% conversion to ornithine during acid hydrolysis for 24
hat110°C.

The kinetics of the oxidation of guanidinated ferrocyto-
chrome ¢ by cytochrome ¢ peroxidase were measured by gen-
erating both ferrocytochrome ¢ and hydrogen peroxide in situ
by reaction with superoxide anion produced by a xanthine
oxidase generating system. The assay solution contained 50
mM phosphate buffer (pH 7.0), 50 uM xanthine, 100 uM
EDTA, and 3 uM cytochrome c in a total volume of 1 mL. The
reduction reaction was initiated by addition of an aliquot of
xanthine oxidase. When the cytochrome was about 70% re-
duced, oxidation was initiated by addition of peroxidase suf-
ficient to produce a rate of decrease in absorbance at 550 nm
similar to the rate of increase. Subtraction of the observed
oxidation rate from the observed reduction rate at comparable
ferrocytochrome ¢ concentrations provides the data for con-
struction of double reciprocal kinetic plots.

Equilibrium dialysis measurements of the binding of '4C-
labeled ferrohexacyanide to various proteins were performed
as described previously (Stellwagen and Cass, 1975).

Results

Reaction with O-Methylisourea. Conversion of protein
lysine residues to homoarginine residues by reaction with O-
methylisourea can be easily measured since lysine and
homoarginine are stable to acid hydrolysis and resolved by
standard amino acid procedures. Guanidination is a strongly
pH-dependent reaction requiring the proton dissociated form
of an amino group and the protonated form of O-methyl-
isourea. At pH 11, the optimal pH for guanidination, 18 of the
19 lysine residues of horse heart ferricytochrome ¢ should be
equally reactive with the reagent since they extend outward
from the surface of the protein into the solvent (Dickerson and
Timkovich, 1975). The amino group of the remaining lysine
residue is ligated with the heme iron at pH 11 in an axial
coordination position. Recent hybridization results (Wilgus
and Stellwagen, 1974) indicate that the lysine ligand is located
at position 79 in the amino acid sequence. Accordingly, the rate
of guanidination of lysine-79 should be measurably slower than
the other 18 lysine residues since its guanidination requires
deligation from the heme iron.

Spectral and EPR measurements (Morton, 1973) indicate
that the lysine-79 ligand is replaced by a weak field ligand,
most likely a hydroxide anion (Stellwagen et al., 1975), when
lysine-79 is guanidinated. Thus, the guanidination of lysine-79
can be uniquely observed spectrally by the appearance of an
absorbance band at 595 nm (Wilgus and Stellwagen, 1974)
indicative of coordination of a weak field ligand in an axial
position. The dependence of the extent of guanidination of all
19 lysine residues, measured chemically, on the guanidination
of lysine-79, measured spectrally, is shown in Figure 1. This
dependence was analyzed by a procedure described by Klee
and Richards (1957) in which it was assumed that 18 lysine
residues are guanidinated at the same rate, that the lysine-79
is guanidinated more slowly, and that the spectral change re-
sults only from guanidination of the lysine ligand. The curved
line shown in Figure 1 was calculated using this model in which
18 lysines are guanidinated 3.3 times faster than the lysine li-
gand. While this model is certainly not unique in simulating
the experimental values, it is the simplest model consistent with
the properties of the protein and is consistent with the 13C
NMR measurements to be described below.

BIOCHEMISTRY, VOL. 16, No. 16, 1977 3673
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FIGURE 1: Effect of continued reaction of O-methylisourea on the increase
in absorbance at 595 nm and on the guanidination of lysine residues. The
guanidination reaction was done at 25 °C and at pH 11.0 for 8 h. The
curved line was calculated using the equation log x = (k¢/ks) log y + log
18, where kr/ks was 3.3

Additional support for this model is provided by a kinetic
comparison of the rate of guanidination of groupings of the
lysine residues. Several aliquots were removed from a guani-
dination reaction mixture during the first 10 min of reaction
of ferricytochrome ¢ with O-methylisourea at pH 11. The
protein aliquots were cleaved with cyanogen bromide and
peptides 1-65 and 81-104 purified from each aliquot. Analysis
of the lysine and homoarginine content of each peptide indi-
cates that the pseudo-first-order rates for initial guanidination
of the 11 lysines in peptide 1-65 and the 5 lysines in peptide
81-104 are identical with the pseudo-first-order rate for initial
guanidination of the 19 lysines in the intact protein.

13C NMR Measurements of Guanidinated Cytochrome c.
The 3C NMR spectrum of the guanido carbon of a homoar-
ginine residue not perturbed by tertiary structural effects was
established using ferrihemepeptide 1-65 purified from a cy-
anogen bromide digest of horse heart ferricytochrome. This
hemepeptide, which has little if any tertiary structure (Babul
et al., 1972), was reacted with 90% !3C-enriched O-methyl-
isourea until 56% of the 11 lysine residues in the peptide had
been converted to homoarginine residues. As shown in Figure
2, the '3C NMR spectrum exhibits a single resonance in the
guanido carbon region of the spectrum centered at 157.4 ppm,
relative to tetramethylsilane, having a line width of about 2 Hz.
Occurrence of the guanido carbon resonance of a homoarginine
residue at this position compares favorably with the guanido
carbon resonance positions of arginine and arginine residues
in peptides and proteins which range from 157.4 to 158.1 ppm
(Horsley et al., 1970; Glusko et al., 1972; Chien and Wise,
1973; Keim et al., 1974; Oldfield et al., 1975b). No evidence
is seen for the natural abundance [!3C]guanido carbon reso-
nance of the single arginine residue in the peptide. The intensity
of the guanido carbon resonance of the 11 lysine residues
guanidinated to the extent of 56% with 90% enriched O-
['3C]methylisourea should be about 500 times greater than
the intensity of the '’C resonance of the natural abundance
guanido carbon of the intrinsic arginine residue. No evidence
for the presence of a guanidinated a-amino group appears in
the spectrum since the reactivity of the a-amino group of the
peptide, as well as the intact protein, is negated by the presence
of an N-acetyl group.

Separate samples of horse heart ferricytochrome ¢ were
reacted with 0.5 M 90% !’C-enriched O-methylisourea at pH
11 until 19, 52, or 98% of the 19 lysine residues were converted
to homoarginine residues as measured by amino acid analysis.
The '3C NMR spectra of these guanidinated proteins are
shown in Figure 2. All significant additions to the natural
abundance '3C NMR spectrum of ferricytochrome following
guanidination occur in this guanido carbon spectral region. In
3674
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FIGURE 2: 13C NMR spectra in the guanido carbon region. Spectrum
a is guanidinated cytochrome c-ferriheme peptide 1-65 measured in 100
mM acetate buffer, pD 4.0, 6404 scans. Spectrum b is guanidinated fer-
ricytochrome ¢ having 19% of its lysine residues converted to homoarginine
residues. This spectrum was obtained using a 4 mM solution of the
guanidinated protein in 5 mM phosphate buffer, pD 7.0, after 40 279
scans. Spectrum c is guanidinated ferricytochrome ¢ having 52% of its
lysine residues converted to homoarginine residues. This spectrum was
obtained using a 5 mM solution of the guanidinated protein in 50 mM
phosphate buffer, pD 6.9, after 7219 scans. Spectrum d represents 98%
guanidinated ferricytochrome ¢ and was obtained using a 4 mM protein
solution in 200 mM phosphate buffer, pD 7.0, after 5000 scans.

L
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contrast to the spectrum of guanidinated ferriheme peptide
1-65, the spectrum of the guanidinated protein exhibits at least
five resolved or partially resolved resonances extending over
arange of 0.9 ppm in the guanido carbon region. It is unlikely
that the natural abundance 13C-labeled guanido carbon res-
onances of the two arginine residues located at 157.8 ppm
(Oldfield et al., 1975b) contribute significantly to the spectra
of the guanidinated protein since the intensity of a single
13C-enriched homoarginine guanido carbon resonance should
be 9 to 40 times greater (depending on the extent of guanidi-
nation) than the guanido carbon resonance of both arginine
residues. Assuming then that the resonances in the guanido
carbon region of the spectra of the guanidinated proteins
originate from homoarginine guanido carbons and that each
homoarginine guanido carbon has the same nuclear Ov-
erhauser enhancement the total resonance areas can be con-
sidered to represent the sum of 19 equivalent nuclei. The av-
erage numbers of homoarginine residues associated with the
five resolved or partially resolved resonances are listed in Table
1. It should be noted that the guanido carbon resonances ob-
served at 157.0and 157.9 ppm each represent single homoar-
ginine residues using this analytical procedure.

The spin-lattice relaxation times, 7', for the five resolved
or partially resolved guanido carbon resonances of guanidi-
nated ferricytochrome were measured by partially relaxed
Fourier transform spectroscopy. In order to interpret the
magnitude of the experimentally measured 7 values for
homoarginine guanido carbons, T} values for a homoarginine
guanido carbon experiencing unrestricted segmented motion
and one having the rotatory correlation time of cytochrome ¢
were calculated. Oldfield et al. (1975a) have found that the
T of arginine guanido carbons is dominated by '3C-!4N di-
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TABLE I: Guanido Carbons of Guanidinated Ferricytochrome c.

Chem shift (ppm) No. of C T (s)
157.0 1.2+£0.7 1.8 +0.2
157.3 30+1.3 22002
157.4 6.7+ 1.2 2.3+0.1
157.6 72x04 1.9 £0.1
157.9 0.8+0.3 1.3£0.3

polar relaxation when D20 is the solvent. The dependence of
the T of guanido carbons in D,O relaxed by !3C-14N dipolar
interaction on the rotational correlation time, g, was calcu-
lated for the magnetic field employed, 21.1 kG, using eq 1:

L
T,
where h is Plancks constant divided by 2x, yc and yn are the
gyromagnetic ratios of 13C and '4N, respectively, Sy is the spin
quantum number of 4N, rc_n is the distance between the 13C

and "N nuclei in a guanido group, 1.31 A, and Xy is given by
eq 2:

2
= Eh7C23SN(SN + D(YNre-NT8XN) (1

- TR + 3R
1+ (WNn— We)irr? 1 + W2rg?
67R
+
1 + (WN+ We)irg?

XN

(2)

where W and W are the resonance frequencies of 4N and
13C at 21.1 kG, respectively. The calculated dependency in-
dicates that the T for a guanido carbon experiencing unre-
stricted segmented motion, such as homoarginine itself, having
a 7R value of about 0.7 us, is about 4 s while a guanido carbon
whose motion is that of cytochrome ¢ with a 7r value of 17 ns
(Oldfield et al., 1975a) would have a T of about 0.2 s. As
shown in Table I, the T'| values measured for the 19 homoar-
ginine guanido carbon resonances of guanidinated ferricyto-
chrome in D>O range from 1.3 to 2.3 s indicating a range of
segmental motion. Most significantly, the T values decrease
as the protein guanido carbon resonances vary from 157.4 ppm,
the resonance position of all the homoarginine guanido carbons
on the relatively structureless peptide 1-65. Thus, variance
from the reference chemical shift correlates with decreased
segmental motion.

The '3C NMR spectrum of guanidinated cytochrome ¢ was
measured under a variety of conditions in an attempt to deduce
the sources for the observed range of homoarginine guanido
carbon resonances. The characteristic spectrum for guanidi-
nated ferricytochrome ¢ at pH 7.0 illustrated in Figure 2 is not
altered by placing the protein in solvents containing either
phosphate or Tris-HCI buffers having concentrations ranging
from 5 to 200 mM. Thus, the range of chemical shifts is not
produced either by bulk solvent effects or by specific binding
of phosphate or chloride ions. The same !3C NMR spectrum
is observed using guanidinated protein concentrations ranging
from 0.5 to S mM indicating that the range of chemical shifts
is not likely due to protein intermolecular interactions. Re-
duction of the heme ion to form guanidinated ferrocytochrome
alters the 13C NMR guanido carbon spectrum as shown in
Figure 3A. Specifically, the single carbon resonance at 157.9
ppm is lost, multiple changes occur in the central envelope, and
a new single carbon resonance appears at 157.2 ppm. These
changes could be the result of the loss of the paramagnetic
contribution to the spectrum of guanidinated ferricytochrome
¢, to changes in the relative positions of surface residues ac-
companying formation of ferrocytochrome ¢ (Mandel et al.,

1 — 1
157

i |
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| |
158 158
8, ppm

FIGURE 3: The '3C NMR spectra of different forms of guanidinated
cytochrome c. (A) Comparison of guanidinated ferri- and ferrocytochrome
¢. Spectrum a was obtained using a 4 mM solution of 52% guanidinated
ferricytochrome ¢ in 50 mM phosphate buffer, pD 7.0, after 7219 scans.
Spectrum b was obtained using a 10 mM solution of 52% guanidinated
ferrocytochrome ¢ in 50 mM phosphate buffer, pD 7.1, after 28 990 scans.
(B) Comparison of the neutral and alkaline isomers of ferricytochrome
¢. Spectrum a is the same as shown in the A panel. Spectrum b was ob-
tained using a 5 mM solution of 50% guanidinated ferricytochrome in 70
mM phosphate buffer, pD 10.2, after 27 138 scans.

1977), or both. The guanido carbon '3C NMR spectrum of
guanidinated ferricytochrome ¢ measured at 5 °C is essentially
equivalent to that shown in Figure 2 indicating that none of the
resonances are preferentially shifted by contact or pseudo-
contact interactions with the paramagnetic heme iron. For-
mation of the alkaline isomer of guanidinated ferricytochrome
¢ alters the appearance of the two satellite single carbon res-
onances as shown in Figure 3B. These changes could result
from the known conformational differences between ferricy-
tochrome ¢ and its alkaline isomer (Margalit and Schejter,
1973), from the change in spin state accompanying formation
of the alkaline isomer of guanidinated ferricytochrome ¢
(Morton, 1973), or both. Taken together, these spectra support
the view that the range of guanido carbon resonances of
guanidinated ferricytochrome has a conformational origin.
The virtual identity of the guanido carbon resonance region
after guanidination of 19, 52, or 98% of the 19 lysine residues
shown in Figure 2 supports the model discussed above which
assumed that the reactivity of 18 lysine residues is equivalent
at pH 11.0. Thus, it is not possible to preferentially guanidinate
any of these 18 lysine residues on the protein. However, the '3C
content of the remaining lysine, lysine-79, can be preferentially
increased by guanidinating the protein with O-['2C}methyl-
isourea prior to use of the 3C-enriched reagent. Accordingly
ferricytochrome ¢ was guanidinated with the !2C reagent at
pH 11.0 until 50% of the increase in absorbance at 595 nm had
occurred. The guanidination reaction was then stopped and
the 12C reagent removed. The guanidination reaction was then
completed using 90% !3C-enriched O-methylisourea. Ac-
cording to the analysis of Figure 1, this protein should contain
18 homoarginine residues whose guanido carbons are each
enriched 16% with 90% !3C and a single homoarginine at po-
sition 79 whose guanido carbon is enriched 50% with 90% !3C.
As shown in Figure 4, the spectrum of this guanidinated protein
appears to have a preferentially intense 157.6-ppm component.
The comparison of the calculated and observed areas of the five
spectral components listed in Table II is remarkably similar

BIOCHEMISTRY, VOL. 16, No. 16, 1977 3675
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FIGURE 4: Comparison of the 13C NMR spectrum of totally guanidinated
ferricytochrome ¢. Spectrum a represents ferricytochrome after guani-
dination of 98% of its lysine residues with !3C-enriched O-methylisourea.
This spectrum was obtained using a 4 mM protein solution in 200 mM
phosphate, pD 7.0, after 5000 scans. Spectrum b represents ferricyto-
chrome ¢ in which the last 16% of the reactive lysine residues were guan-
idinated with 13C-enriched O-methylisourea. This spectrum was obtained
using a 3.6 mM protein solution in 5 mM phosphate buffer, pD 7.0, after
26 070 scans.

TABLE I1: Analysis of the Spectrum of Guanidinated
Ferricytochrome ¢ Preferentially Enriched in 13C at Position 79.

% total area

Caled?  Obsd

Chem shift (ppm) Caled '3C content®

157.0 0.19 4 3
157.3 0.48 14 14
157.4 1.08 31 34
157.6 1.15+ 0.45 46 45
157.9 0.13 4 4

4 The '3C content of each of the five components in the guanido
carbon !3C NMR spectrum was calculated in the following manner.
The average number of carbons in each component listed in Table |
was multiplied by 0.16, the expected fraction of each homoarginine
residue containing 13C-labeled guanido carbon, and by 0.90, the en-
richment of the guanidination reagent. One residue was subtracted
from the resonance at 157.6 ppm prior to this calculation to treat ly-
sine-79 separately. According to the analysis of Figure I, homoargi-
nine should have 50% of its guanido carbon enriched with 90% en-
riched guanidination reagent thus producing a residue having 45%
of its guanido carbon containing a }3C-labeled guanido carbon. # The
calculated area was obtained by computing the percentage of total
13C content which is expected in each of the five components.

suggesting rather strongly that homoarginine-79 has a guanido
carbon resonance at 157.6 ppm.

Interaction with Iron Hexacyanides. Previous measure-
ments (Stellwagen and Shulman, 1973; Miller and Cusanov-
ich, 1975) have indicated that ferrohexacyanide forms a
complex with ferricytochrome ¢ which is productive in electron
transfer between the protein and hexacyanide and that ferri-
hexacyanide competes with ferrohexacyanide for this protein
binding site. As shown in Figure SA, the presence of 50 mM
diamagnetic ferrohexacyanide produces small changes in some
of the guanido carbon resonances located in the central region
of the 13C NMR spectrum of guanidinated ferricytochrome
¢. These changes must reflect complexation of ferrohexa-
cyanide since addition of either phosphate or Tris-HCl to the
same ionic strength does not alter the guanido carbon 13C
NMR spectrum of the guanidinated protein. Addition of
3676
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FIGURE 5: Effect of iron hexacyanides on the '3C NMR spectra of
guanidinated ferricytochrome c. (A) Raw spectra. Spectrum a was ob-
tained using a 4 mM solution of 52% guanidinated ferricytochrome ¢ in
50 mM phosphate buffer, pD 7.0, after 7219 scans. Spectrum b represents
the same protein solution containing 50 mM ferrihexacyanide after 7219
scans. Spectrum ¢ represents an 8 mM solution of the same protein in 50
mM phosphate buffer, pD 6.5, containing 50 mM ferrohexacyanide after
3673 scans. (B) Resolution enhancement of spectra a and b in panel A.

paramagnetic ferrihexacyanide to a concentration of 50 mM
produces more marked changes in the central guanido carbon
region and, in addition, shifts a single guanido carbon reso-
nance upfield to 157.1 ppm as shown in Figure SA. The more
dramatic changes produced with ferrihexacyanide most likely
result from paramagnetic effects since electrostatic com-
plexation of anionic ferrihexacyanide with one or more cationic
guanido groups would place the paramagnetic ferrihexa-
cyanide iron within about 7 A of the guanido carbon(s). The
changes in the central region of the guanido carbon resonance
resulting from complexation of ferrihexacyanide were exam-
ined in detail by comparing the areas of resolution-enhanced
spectra of the guanidinated protein in the presence and absence
of ferrihexacyanide shown in Figure 5B. Such comparison
suggests that one of the six guanido carbon resonances at 157.6
ppm shifts downfield by about 0.1 ppm and a second shifts
upfield by about 0.1 ppm and that one of the seven guanido
carbon resonances at 157.4 ppm shifts upfield about 0.05 ppm,
a second shifts upfield about 0.1 ppm, and a third shifts upfield
about 0.3 ppm. Addition of increasing concentrations of fer-
rihexacyanide ranging from 20 to 200 mM results in a sys-
tematic upfield shift in the single guanido carbon resonance
located at 157.1 ppm in the spectrum of the guanidinated
protein containing 50 mM ferrihexacyanide shown in Figure
S. Analysis of the dependence of the chemical shift of this
carbon resonance on the concentration of ferrihexacyanide
indicates that this resonance originates at 157.4 ppm in the
protein and will attain a resonance position of 157.0 ppm in the
saturated protein-ferrihexacyanide complex using an associ-
ation constant of 50 M~! measured for the complex in the
solvent ionic strength used for these NMR measurements
(Stellwagen and Cass, 1975). These results indicate that three
to five homoarginine guanido groups resonance are shifted by
complexation of iron hexacyanides. However, use of the
guanidinated ferricytochrome preferentially enriched in !*C
at position 79 described above indicates that the shifted reso-
nance at 157.6 ppm is not that of homoarginine-79.
Interaction with Cytochrome ¢ Peroxidase. Addition of a
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FIGURE 6: Effect of cytochrome ¢ peroxidase on the 13C NMR spectrum
of guanidinated ferricytochrome ¢. Spectrum a was obtained using a 2 mM
solution of 98% guanidinated ferricytochrome ¢ in 5 mM phosphate buffer,
pD 7.0, after 3000 scans. Spectrum b was obtained using a 2 mM solution
of 98% guanidinated ferricytochrome containing 2.2 mM yeast cytochrome
¢ peroxidase in 70% D0 adjusted to pD 7.0, after 3800 scans.

FIGURE 7: Scatchard plots of the binding of ferrohexacyanide. The ab-
scissa, 7, represents the moles of ferrohexacyanide bound per total moles
of protein while the ordinate represents » divided by A4, where A4 is the
moles of unbound ferrohexacyanide. The protein compartments contained:
(a) 0.2 umol of ferricytochrome c; (@) 0.092 umol of cytochrome ¢ per-
oxidase; or (©) 0.082 umol of ferricytochrome ¢ and 0.078 umol of cyto-
chrome ¢ peroxidase. The ligand compartments initially contained between
0.1 and 5.0 uM ferrohexacyanide containing '4C. The solvent for all
measurement was 50 mM Pipes buffer, pH 7.0, and measurements were
done at room temperature.

10% molar excess of the electron acceptor protein yeast cyto-
chrome ¢ peroxidase to guanidinated ferrihexacyanide pro-
duces some discernible changes in the guanido carbon reso-
nances as shown in Figure 6. The guanido carbon resonances
of the protein-protein complex are broadened due in part to
the presence of 30% H,O which allows 13C-'H dipolar relax-
ation, increasing T, and T, and due in part to the larger 7g
of the complex which has four times the mass of ferricyto-
chrome c itself. Resolution-enhanced spectra of the protein-
protein complex indicate that the single guanido carbon res-
onance of guanidinated ferricytochrome at 157.0 ppm is shifted
0.1 ppm upfield, that a new approximately single carbon res-
onance occurs at about 157.2 ppm, and that small shifts occur
in the central region of the spectrum.

These results suggest but hardly demonstrate that ferro-
hexacyanide and ferriperoxidase produce similar perturbation
in the guanido carbon resonances of ferricytochrome ¢ upon
complexation. Competition between ferrohexacyanide and
peroxidase for a common site on ferricytochrome ¢ was ex-
amined by equilibrium dialysis measurements using '4C-la-
beled ferrohexacyanide. As shown in Figure 7, ferricytochrome
¢ binds a single ferrohexacyanide under the conditions em-
ployed with an association constant of about 1.2 X 104 M~1,
while peroxidase binds ferrohexacyanide much more weakly.

10
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FIGURE 8: Kinetic measurements of the peroxidase-catalyzed electron
transfer from ferrocytochrome ¢ (C'") to hydrogen peroxide. A solution
of ferricytochrome ¢ was reacted with 0.5 M O-methylisourea at pH 11.0
and 25 °C. Aliquots were removed during the course of the reaction, im-
mediately adjusted to pH 7.0, and dialyzed against water to remove the
O-methylisourea. Both the change in absorbance of each dialyzed sample
at 595 nm and its ability to serve as a substrate for cytochrome ¢ peroxidase
were measured. The illustrated samples were reacted with O-methylisourea
for: (0) 0; (@) 15; (a) 55; (a) 80; and (3) 350 min. The insert describes
the correlation of the measured changes in the apparent Ky of guanidi-
nated ferrocytochrome ¢ with percentage change in the absorbance at 595
nm (O), indicative of guanidination of lysine-79, and with the percentage
of guanidination of all 19 lysine residues (®).

The binding of ferrohexacyanide to an equimolar mixture of
cytochrome ¢ and peroxidase is not additive but characteristic
of the weak binding to peroxidase. These results are consistent
with the view that complexation of cytochrome ¢ with perox-
idase is about three orders of magnitude stronger than com-
plexation with hexacyanide, and that complexation with per-
oxidase masks the hexacyanide binding site on cytochrome
c.

The effects of guanidination on the kinetic parameters for
electron transfer from ferrocytochrome ¢ to peroxide catalyzed
by cytochrome ¢ peroxidase were also measured. Previous
measurements (Wada and Okunuki, 1969) have shown that
guanidination of cytochrome ¢ increases the rate of electron
transfer to cytochrome oxidase. As shown in Figure 8, guani-
dination of cytochrome ¢ does not change the V. for the
catalyzed reaction but does decrease the apparent Ky by
greater than a factor of three. the decrease in the apparent K
correlates with the extent of guanidination of the protein and
does not correlate with the extent of guanidination of lysine-79
as indicated by the increase in absorbance at 595 nm.

Discussion

The distribution of the 19 homoarginine guanido carbon
resonances of ferricytochrome ¢ over a range of 0.9 ppm is
somewhat unexpected since the parent lysine residues are all
located on the protein surface. This observation is, however,
not unprecedented in that the guanido carbon resonances of
the 11 arginine residues of lysozyme are distributed over 0.3
ppm (Oldfield et al., 1975a,b) even though 10 of the 11 argi-
nine residues extend into the protein solvent. In addition, the
19F NMR spectrum of ferricytochrome ¢ whose lysine residues
are all trifluoroacetylated exhibits about a 1-ppm range of
resonances distributed both upfield and downfield from the
resonances for trifluoroacetate (Staudenmayer et al., 1976).
The observed range of chemical shifts for guanidinated ferri-
cytochrome ¢ must be due to conformational effects such as
the orientation and distance of individual guanido carbons
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relative to the paramagnetic heme iron, to heme and aromatic
ring currents, and /or to the proximity of polar or ionic groups
on adjacent residues.

Precise evaluation of the contribution of each of these
sources to the observed guanido carbon chemical shifts is not
possible for at least two reasons. Firstly, it is not certain that
native and guanidinated cytochrome ¢ have the same confor-
mations although the correspondence of their properties in
solution suggests this to be the case. Secondly, the segmental
motion of the majority of the external homoarginine side
chains, evident in the 7 values measured for their guanido
carbons, makes calculation of their average positions difficult.
Nonetheless, examination of the crystallographic models for
tuna heart ferri- and ferrocytochrome ¢ (Takano et al., 1977)
is instructive regarding the potential of the paramagnetic heme
iron, the ring currents, and hydrogen bonding to perturb the
guanido carbon chemical shifts.

The e-amino nitrogens of each of the 19 lysine residues range
between 10.9 and 23.9 A from the paramagnetic heme iron.
Reference to changes in the chemical shifts of nonprotonated
carbon resonances of cytochrome ¢ accompanying reduction
of paramagnetic ferricytochrome ¢ to diamagnetic ferrocy-
tochrome ¢ (Oldfield et al., 1975b) indicates that carbons lo-
cated more distant than 12 A from the heme iron would be
expected to be paramagnetically shifted by less than 0.1 ppm.
Thus, the guanido carbons of at most two residues, homoar-
ginines-27 and -79, would be expected to be paramagnetically
shifted. Assignment of the guanido carbon resonance of
homoarginine-79 at 157.6 ppm in guanidinated ferricyto-
chrome ¢ is consistent with a 0.2-ppm downfield shift from the
reference peptide guanido carbon resonance. The anticipated
0.1-ppm shift of the guanido carbon of homoarginine-27 is
inconsistent with either the larger shifts of the single carbon
resonance of guanidinated ferricytochrome ¢ located at 157.9
ppm or the constancy of the other single carbon resonance lo-
cated at 157.0 ppm.

Inspection of the crystallographic model indicates that the
e-amino groups of at least seven lysine residues are within 7.0
A from an oxygen of a neighboring carboxylate. Considering
the added length of a homoarginine side chain compared with
that of a lysine side chain and considering the better steric and
electrostatic mating of a guanido compared with an amino to
a carboxylate, we are of the opinion that many of the guanido
groups are hydrogen bonded with carboxylates in the guani-
dinated protein and that such hydrogen bonding is responsible
in part for the observed range of guanido carbon shifts, par-
ticularly those downfield from the reference resonance. In-
spection of the crystallographic model also indicates that at
least six e-amino nitrogens are within 6 A of adjacent atoms
bearing a positive charge. Again given the added length of a
homoarginine residue it is possible that such electrostatic en-
vironments could produce measurable upfield shifted guanido
carbon resonances.

Detection of shifts in the guanido carbon resonances of
guanidinated ferricytochrome ¢ commensurate with com-
plexation of ferrihexacyanide should provide a procedure for
identification of the complexation site on the surface of the
protein. Assignment of the shifted resonances, particularly that
shifted to 157.0 ppm, will require preparation of a variety of
guanidinated cytochromes ¢ in which different homoarginine
residues will be selectively enriched in 13C. The relatively high
pH required for the guanidination reaction precludes use of
the electron acceptor molecules for masking the reactivity of
those lysines participating in complexation, since the electron
acceptor molecules do not complex with cytochrome ¢ at these
high pH values. The apparently equivalent reactivity of at least
3678
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18 lysine residues makes it unlikely that partially guanidinated
cytochrome can be fractionated to yield cytochromes ¢ with
selectively guanidinated lysine residues beyond the manipu-
lations that were used in this study. However, it is possible to
generate a series of both covalent (Wilgus and Stellwagen,
1974) and noncovalent (Wilgus et al., 1977) peptide hybrids
of cytochrome ¢ in which the lysine residues in one of the
peptides in the hybrid are all guanidinated while the lysine
residues in the other peptides are not guanidinated. Since all
cytochromes ¢ are considered to have the same conformation
and can be used interchangeably in electron-transfer reactions,
it is likely that the positively charged residues which participate
directly in electron-transfer interactions occupy invariant
positions in the sequences of cytochromes ¢. Given the re-
placement of certain lysine residues by arginine or trimethyl-
lysine residues, neither of which can be guanidinated, in the
sequence of some cytochromes ¢ (Dickerson and Timkovich,
1975) and the ability to hybridize guanidinated peptides 1-38,
1-65, or 66-104 with the nonguanidinated peptides, it should
be possible to assign the '3C-labeled guanido carbon resonances
and catalytic effects to individual homoarginine residues in
cytochrome ¢. Such an assignment should provide the neces-
sary information for not only identifying and observing those
lysine (homoarginine) residues involved in complexation of
cytochrome ¢ with iron hexacyanide and peroxidase but also
in principal for any lysine residues involved in complexation
with electron donor proteins as well. In addition, the involve-
ment of individual lysine (homoarginine) residues in the con-
formational isomerizations of cytochrome, such as the alkaline
isomerization, as well as the binding of small ligands can be
studied. These potentialities lend encouragement to the con-
siderable task of obtaining such hybrids for assignment.

The results obtained here together with the absorbance
spectral measurements of Power et al. (1975) indicate that
lysine-79 is not directly involved in the complexation of iron
hexacyanides as previously proposed by ourselves (Stellwagen
and Cass, 1975). We have confirmed the measurements of
Power et al. (1975) and further found that loss of the 695-nm
band accompanying the displacement of the methionine-80
ligand in the alkaline isomerization of ferricytochrome is not
due to ligation of a hydroxide anion in the presence or ferri-
hexacyanide since no band at about 600 nm appears charac-
teristic for ligation of a weak field ligand. 1t is likely that the
presumed equivalence of the alkaline isomer and carboxy-
methyl derivative of ferricytochrome erroneously led to our
proposing an involvement of lysine-79 in iron hexacyanide
complexation.

The diminution in the association constant for ferrihexa-
cyanide complexation with ferricytochrome ¢ in the presence
of cytochrome ¢ peroxidase suggests but does not establish that
ferrihexacyanide and peroxidase share a common binding site
on the surface of cytochrome ¢. The decrease in the apparent
K for ferrocytochrome ¢ in the peroxidase-catalyzed electron
transfer to peroxide resulting from guanidination of cyto-
chrome ¢ provides a sensitive procedure for assignment of the
participating lysine /homoarginine residues. It is anticipated
that the hybrids to be used in the assignment of the shifted
guanido carbon resonances described above will be of use in
determination of the lysines whose guanidination changes the
apparent Ky for cytochrome ¢ in the peroxidase-catalyzed
reaction.
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