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Abstract: The pH-dependent conformational equilibria of iso-1-ferricytochrantleat occur between pH 7

and pH 12 have been studied by resonance Raman (RR) spectroscopy. Detailed analysis of the RR spectra
provides the number and the spectra of the conformational species that occur over this range of pH as well as
their relative concentrations at each pH. Between pH 7 and pH 12, the wild-type protein exhibits five conformers
which differ with respect to the axial ligands of the heme iron. In the medium alkaline pH range, the neutral
form undergoes two parallel conformational transitions with simikissp(8.7 and 8.9) to those of the states

IVa and IVb. Comparative studies with protein variants in which either Lys79 or Lys73 or both lysyl residues
were replaced by alanine(s) confirm previous conclusions (Rosell et al., preceding paper in this issue) that
Lys73 and Lys79 are the axial ligands replacing Met80 in the states IVa and IVb, respectively. On the basis
of isotopic shifts caused by H/D exchange, the-RELys) stretching vibrations of these species were identified

at 385 cnl. In the high alkaline pH range, the wild-type protein forms two further conformers Witk pf

10.5and 11. Inthese states, Va and Vb, which are also detected in the Lys73Ala, Lys79Ala, and the Lys73Ala/
Lys79Ala variant proteins, another strong-field ligand, presumably a hydroxide, occupies the sixth axial
coordination site. Comparison of the RR spectra demonstrates far-reaching similarities between state Va and

the conformational state B2 that cytochroméorms in

electrostatically stabilized complexes at neutral pH

where, inter alia, Lys73 and Lys79 are involved in intermolecular interactions. This finding as well as the
dramatically lowered I§;s (<10) for formation of Va and Vb in the double variant (Lys73Ala/Lys79Ala)
suggest that the residues 73 and 79 are part of a switching mechanism by which conformational changes at the
heme pocket are induced to regulate the function of the protein in biological electron-transfer reactions.

Between pH 7 and pH 12, ferricytochrongeundergoes a
series of reversible conformational transitions that involve the
substitution of the axial methionine ligand (Met80) of the heme
iron.12 State Il (the native conformation) prevails at neutral
pH and is converted to state 1V withKp values between 8.5

and spectroscopic techniques, but the structural changes involved
have resisted unambiguous definitibn.

Understanding the conformational pH dependence of ferri-
cytochromec is of interest for several reasons. First, an
increasing number of proteins is now recognized as exhibiting

and 9.5 that depend on the species of the cytochrome. At morePH-linked conformational diversity Ferricytochromee serves

alkaline pH, state V is formed. The transitions between these

as an excellent model of such systems owing in part to the

conformational states have been studied by a variety of physicaIVa”ety of informative spectroscopic techniques that can be used
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to characterize these conformational states and the mechanisms
by which they interconvert and to extensive structural charac-
terization of the native protein by X-ray diffraction analysis.
Second, as the structure of cytochromehanges with pH, the
functional properties of the protein also change. For example,
in previous work, we demonstrated that, as native cytochrome
cis titrated to alkaline pH, the reduction potential of the protein
decreases by nearly 500 n¥\For this reason, the interconver-
sion of native and alkaline cytochronsean be regarded as an
efficient binary switch that has a dramatic effect on the activity
of the protein in electron-transfer reactions. Third, spectroscopic
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Scheme 1. Conformational Equilibria of Wild-Type values in DO were not corrected for the deuterium isotope effect. A
Ferricytochromec in the pH Range between 7.0 and 12.0 catalytic amount of cytochrome oxidase 100 nM) was added to
IVa Va each sample to maintain the cytochrome in the oxidized state.
Lys-73 OH Spectroscopic MeasurementsRR spectra were measured with the
10.5 output of a Kr laser with a double monochromator equipped with a
- - hoton counting system. For all the spectra reported in this work, the
877 His-18 His-18 p g Sy=
Met-80 / S ° 413-nm excitation line was used-25 mW focused by a 10-cm lens
111 \ onto the sample). The spectral resolution was 2.8%cind the step
His-18 width (increment per data point) was 0.2 ¢ The signal-to-noise
BX Lys-79 OH(®) (S/N) ratio was improved upon repetitive scanning so that the total

—_—
ES e

accumulation time was-10 s per data point. The reproducibility of
the monochromator during the experiments k1 cnT* as checked
IVb Vb by repeated calibration against the position of the laser line. The sample

q g H linked . | ch . was placed in a rotating cell to avoid photoinduced damage. Under
studies indicate that pH-linked conformational changes of these conditions and at pH 11, the protein was stable for at least 8
cytochromec result in both local structural changes in the heme h as required to achieve an acceptable S/N ratio. At higher pH, time-
pocket and more global changes of the protein maftiinally, dependent changes in the RR spectra revealed a decreased stability that
MCD and CD studies have provided evidence that the structural necessitated replacement of the sample afte§ . All measurements
changes occurring at high pH may be related to those associatedvere carried out at ambient temperature. Further details of the
with the electron-transfer process of cytochromen the experlmenf[al setup as w_eII as of the dlvu_jed—cell technique that was
complex with its natural reaction partnérs. employeo! in some expenmenﬁs are described elsewhére. .

In the present work, we have employed resonance Raman Analysis of Spectra. The smgle—_scan spec_tra of each expenment
(RR) spectroscopy to analyze the alkaline equilibria of wild- were carefully compared and cpmblped iny if no spectral dlﬁergnces
type and variant forms of yeast iso-1-ferricytochromeThis were noted. The spectra obtained in this way included a continuous

. . . and structureless background that was removed by polynomial subtrac-
technique offers the advantage of focusing selectively on the

- . . o .~ tion. The spectra were analyzed by a specialized component analysis
vibrational spectrum of the heme to provide detailed information developed for this purposé The principle of this approach is that a

about changes of the ligation state as well as changes in protein series of spectra (i.e., pH-dependent RR spectra) can be simulated
heme interaction$ The primary goal of the current study was adequately by a superposition of the invariant (pH-independent) spectra
to analyze the conformational equilibria in the pH range between of all components that exist in the pH range under consideration.
7 and 12 (Scheme 1) quantitatively and to characterize the hemeSpectra of individual species that are not known a priori are ap-
structure of the species involved. While for the transitions Proximated iteratively. In this way, it is possible to determine the
between states Ill and IV these investigations complement the number of components involved, their spectra, and their relative
previous spectroscopic studies through use of NMR and EPRcon_trlbutlor?s t_o the individual, experlmen_tally determmgd_ spectra.
spectroscopic techniquéextending the experiments to ferri- Reliable criteria for the goodness of the fits and the validity of the
cytochromec at high alkaline solutions (i.e., pbt 10) allows underlying as;u_mptlon (i.e., number of compon_ents) are the relative
yio e 9 - p standard deviationArms) and the average maximum errors of the
the |Qent|f|cat|on and strucf[ural .characterlzatlon ,Of the state V. spectroscopic parameters of the unknown species as discussed in detail
In this way, a comprehensive picture of the alkaline conforma- previously?®
tional transitions is obtained which provides insight into the
structural flexibility of ferricytochrome. Finally, our findings
are discussed in the context of the previously observed relation-
ship between the alkaline species and the physiologically The RR spectroscopic investigations were focused on two
reactive species of cytochronee frequency regions that provide complementary information about
. ) the heme pocket structure. The region between 1300 and 1700
Experimental Section cm-tincludes a number of bands that are known to be diagnostic
Sample Preparation. The wild-type and variant forms of yeastiso- ~markers for the oxidation, spin, and coordination stdte.
1-cytochromec used in this work were constructed, expressed, and Furthermore, these bands may provide information regarding
purified as described previously® For the RR experiments, ferricy-  the geometry of the porphyrii?1> The mode assignment in
tochromec samples (1%M) were studied in sodium or potassium  thjs frequency range is straightforward and discussed extensively

His-18 1.0 His-18

Results and Discussion

phosphate buffer (150 mM), which controlled the pH witki0.1 pH elsewherd®
units during the RR experiments (i.e8 h). Lower buffer concentra- ;
tions resulted in time-dependent pH changes<6f3 pH units. pH Th_e reglon between 200 and 500 Chca_n _be regarded_ as
: — the fingerprint region for the characteristic henpotein
(6) Jordan, T.; Eads, J. C.; Spiro, T. Botein Sci.1995 4, 716-728 nteractions of each cytochrome conformer, although there are

and references therein. . . o .
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Figure 1. RR spectra of wild-type ferricytochromein the marker
band (1346-1660 cnt') and low-frequency (208500 cnt?) regions
measured at various pH values with 413-nm excitation.
the heme pocket and spectral parameters of individual Hdagls.
Hence, both regions are appropriate for identifying and char-
acterizing the various conformers of cytochrom&volved in
the pH-dependent equilibria.

Dependence of Wild-Type Cytochromec RR Spectra on
pH. RR spectra of wild-type cytochrontewere obtained over
the pH range #12. A selection of spectra that includes the
marker band and the low-frequency regions is shown in Figure

1. The spectra reveal systematic changes for most of the band

over the entire pH range. For example, the positions of the
peaks in the marker band region (134660 cnt?) shift up to
higher frequencies with increasing pH. In the low-frequency

region, we note that the intensities of the peaks at 275 and 444
cm1increase from pH 7 to pH 9.5 and decrease again as the

pH is increased above 10. Thus, visual inspection of the spectr
supports earlier findingg that cytochrome exhibits two main
alkaline conformational transitions with well-separat&ds i.e.,
below and above pH 9.5. Consequently, the separate analysi

of the RR spectra measured below and above this pH value

appears to be a justified approximation.

Alkaline Conformers of Wild-Type Ferricytochrome c (pH
7.0—9.5). Previous studies have indicated the existence of two
alkaline conformers of wild-type ferricytochroneein this pH
range?!® However, immediate evaluation of this conclusion is
not possible by simple visual inspection of the RR spectra. For
this reason, detailed analysis of the spectra was undertake
through implementation of the component analysis in which a

"pbDer et al.

neutral form Il exclusively. This approximation is justified
because thelfy, associated with the disappearance of the neutral
form is 8.7 at the ionic strength used in the RR experinténts
so that at pH 7.0 the alkaline conformer(s) do(es) not exceed
2%. Hence, we tried to fit the RR spectra of the wild-type
protein in the pH range between 7.0 and 9.5 using the spectrum
of lll and an unknown component spectrum. In the component
analysis, the spectroscopic parameters of the unknown species
are iteratively optimized so that the resultant spectrum, together
with the known spectrum, yield the best possible global fit for
all measured spectra under consideration. However, the good-
ness of this fit, as expressed hyms= 25.0%, is clearly below
those of a true two-component systemirifis < 10%)}13
implying that there is a second alkaline component. These
findings independently confirm the results obtained from NMR,
EPR, and UV-vis absorption spectroscopic techniqdé$.

In previous studies, it was shown that the Lys79Ala and
Lys73Ala variants exhibit only a single alkaline conformer, IVa
and Vb, respectively.In fact, the component analysis of the
RR spectra of these single variants, measured in the range
between pH 7 and pH 9.5, afforded excellent fits based on two-
component spectra, i.e., state Ill and state IVa (IVb) (spectra
not shown here; for Lys79Ala, see ref 13). Hence, it is
reasonable to analyze the RR spectra of the wild-type protein
with the component spectrum of the neutral form Il and those
of the alkaline conformers of both single variants, denoted as
IVa (coordination by Lys73) and Vb (coordination by Lys79),
respectively. For this approach, it was necessary to determine
whether the substitutions at position 73 or 79 affect the heme
gocket structure of the native conformation and thereby alter
its RR spectra. For this reason, we have carefully compared
the RR spectra of the states Il of the wild-type protein and
those of the single variants and established that the spectroscopic
parameters of the native forms of these variants exhibit
differences no greater than 0.3 th0.6 cnT?, and 7% for the
frequencies, half widths, and relative intensities, respectitfely.

al’hus, it is highly probable that this agreement would also hold

for the alkaline conformers. In fact, using the same spectro-
5scopic parameters for IVa and IVb as determined from the
variants, a good global fit of the RR spectra of the wild-type
protein was obtained (Figure 2). Further refinement was
achieved by minor adjustments of the parameters of ¥a.%
cm! for the frequencies). The resultant fits yieldedans of
5.9% and maximum errors for the frequencies, half widths, and
relative intensities of:0.7 cntl, £1.2 cn1?!, and +14.5%,
respectively, which is significantly better than those values

rpbtained for the two-component analysis of the wild-type

cytochrome. Consequently, we conclude that in this pH range

series of spectra is simulated by a preset number of componenlthe wild-type protein exhibits two alkaline conformers and that

spectral® In the present case, we have initiated analysis by
assuming the smallest possible number of components, i.e., th
neutral form and one alkaline forffi.

It is reasonable to assume that the RR spectrum of the wild-

Lys73 and Lys79 are the residues that substitute for the Met80

digand in IVa and IVb, respectively.

pH-Dependent Equilibria above pH 9.5. Upon increasing
the pH above 9.5, distinct changes are noted in the RR spectra

type protein measured at pH 7.0 represents the spectrum ofof wild-type ferricytochromec (Figure 1). For instance, the

(17) Hildebrandt, PJ. Mol. Struct.1991, 242, 379-395.

(18) Debois, A.Biochimie1994 76, 693-707.

(19) Hong, X.; Dixon, D. W.FEBS Lett.1989 246, 105-108.

(20) As discussed elsewhéfethe component analysis in the marker
band region was restricted to the mot¥es, vs, vz, va7, andvig, which are
expected to be most dependent on the coordination environment of the hem
iron.2* All other bands in this region were not specifically assigned to the
individual conformers and were fitted independently in the analysis. Using

simplified component spectra does not affect the accuracy of the procedure,

but it greatly facilitates the data analysis. In the low-frequency region, all
bands between 330 and 460 chmwere attributed to the individual
component spectra.

marker frequencies shift to higher values, and the intensities of
thewvs (1505 cnt?l) andvio (1640 cnTl) bands decrease relative
to thev, (1587 cn1l) peak. The changes in the low-frequency
region are more pronounced as exemplified by the marked
eintensity reduction of the bands at230, 274, 306, 398, and
442 cntl. Qualitatively, the same observations are made for
the Lys79Ala, Lys73Ala (spectra not shown here), and Lys73Ala/
Lys79Ala variants (see below), implying that the underlying
conformational changes are largely independent of the identity
of the amino acid at the positions 79 and 73. Thus, we conclude
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resultant spectra were used as initial component spectra and
were further refined during the component analysis. The final
results for the spectra between pH 9.5 and pH 12 (Figure 2)
were satisfactory with respect to thierms value and the
maximum errors of the spectral parameters, albeit somewhat
worse than for the analysis of the spectra below pH 9.5. This
increased uncertainty arises primarily from the poorer quality
of the RR spectra above pH 9.5, where the protein has been
found to be less stable. Forinstance, at pH 12, a slow increase
in intensity of bands attributable to a five-coordinated high-
spin configuration has been observed [e.g., a shoulder at 1490
cm ! (v3)],1* that is ascribed to an irreversibly denatured form
of the protein. To minimize the contributions from this species
to the RR spectra, fresh samples were used after a considerably
shorter period of time (#6 h) than required for the experiments
at pH < 10.0. In the component analysis, any five-coordinate,
high-spin marker bands detected were fitted independently rather
than grouped to a third unknown component spectrum. As
expected, the RR spectra of the wild-type, Lys79Ala, and
v Lys73Ala proteins in this pH range could be analyzed well in
—— terms of the spectra of Va and Vb and with only subtle
390 430 adjustments of the spectroscopic parameters.

T ' T — I T I
1360 1480 1600 350

4 Quantitative Analysis of the pH-Dependent Equilibria of
Av/cm the Wild-Type Cytochrome. As it has been shown that the

Figure 2. RR spectra of wild-type ferricytochromein the marker RR spectra of wild-type cytochrontebetween pH 7.0 and pH
band (1346-1660 cn*) and low-frequency (200500 cm™) regions 12.0 can be adequately described by a superposition of five
measured at various pH values with 413-nm excitation. The upper independent component spectra, it is now possible to propose
(solid) line in each panel is the experimentally recorded spectrum after 5 model for the pH-dependent conformational transitions. As
background correction. The contributions from the various conforma- IVa and IVb are formed in the same pH range at the expense
tional species as c.ietermln(.ed by component anglysns are |r.1d|cated byof [Il, it is reasonable to assume that there are two parallel
different line types: Ill, - - -; IVa,——; IVb, — — —; Va, —+--—; Vb, fi £ 111 h iated with th | f t
«-«. The sum of the bands that were fitted independently of the reactions o . » €ach associated wi € release of one proton.
component spectra). Correspondingly, Va and Vb should also be formed from IVa
and IVb in parallel single proton reactions.
This reaction scheme is adequately described by féy p

that at pH> 9.5 the alkaline forms IVa and Vb are converted
values (eq 1).

into (an)other species.
In the marker band region of the RR spectrum of wild-type
cytochromec measured at pH 12.0, the peak positions 2506, pK =pH-— Iog%
1588, and 1640 crt also indicate that, at high pH, the six li1va o
coordinate, low-spin configuration prevails (Figure 1). More-
over, close inspection of the spectrum reveals asymmetric band pK = pH— |09M
shapes. This characteristic can be seen most clearly in the 1375 IV Cu
cmt peak §4), which exhibits a distinct shoulder at1370
cmL. This feature implies that there are (at least) two different pK =pH-— Iog%
six coordinate, low-spin species involved. Hence, it was va.va Cva
necessary to analyze the RR spectra measured at ptb on
the basis of two unknown species as well as the two known pK =pH-— Iogﬁ 1)
alkaline species IVa and IVb. In general, such an analysis is IVb,Vb Civp
associated with lower accuracy than if only one component is
unknown so that the proper choice of the initial spectroscopic To determine theseKa values, it is necessary to convert the
parameters for the unknown species was of utmost importénce. relative contributiongy of the individual species to a given
In related cases, good estimates close to the true values wergRRr spectrum, as derived from the component analysis, into
obtained by subtracting the various measured RR spectra fromrelative concentrations according to
each other so that crude component spectra were genétated.

This procedure, however, requires that the ratio between both f.g;

unknown species varies in the RR spectra under consideration c=——" 2)
which, unfortunately, did not appear to be the case here. On fa

the other hand, this ratio (as reflected by the shape ofvihe Z i9

peak) was significantly altered when glycine buffer was used

instead of sodium or potassium phosphate buffer (spectrum not
shown). Thus, crude spectra of the high alkaline species,
denoted as Va and Vb, were obtained by mutual subtraction of
the RR spectra measured at pH 12 in both buffer systems. The

wheref; is a proportionality factor that is characteristic for the
component spectruti of each species These factors can be
obtained readily for normalized RR spectra that were measured
quasi-simultaneously with an external standard (acetone) by the

(21) Hildebrandt, P.; Heibel, G.; Anzenbacher, P.: Lange, R.gKru divided-cell techniqué!?For these spectra, the relative contri-
V.; Stier, A. Biochemistryl994 33, 12926-12929. butionsg; obey eq 3.
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1= fg ©) =

The underlying assumption of this approach is that self-
absorption of the Raman scattering by the solution is weak and
independent of the sample composition. This approximation
is justified for the scattering geometry used in our experiments,
particularly since the changes of the Soret band are small
between pH 7 and pH 12.

Once thef; factors {nr, marker band regionfir, low-
frequency region) have been determined, the relative concentra-
tions are evaluated according to eq 2. The data, averaged over
the results obtained from the analysis of the marker band and
the low-frequency regions, are plotted in Figure 3. In the next
step, we calculated the pH dependence of the various species

according to eq 1 to provide a fit to the experimental data. In Figure 3. Dependence of the conformational equilibria of wild-type

this process, we employed a fitting algorithm with appropriate  tericytochromec on pH between 7.0 and 12.0. The relative concentra-
weighting factors that accounted for the significant decrease in tions of the individual species were obtained from the component

accuracy of the experimental data that resulted from the small analysis of the RR spectra according to eq 2. The reldtitactors
relative concentrations. The concentrations of the ferricyto- (fi ue/fii ) that refer to the, mode were determined to be 0.87 (IVa),
chromec conformers were determined in this manner with an 0.83 (IVb), 0.56 (Va), and 0.35 (Vb), and those that refer toithe
uncertainty of~10%, and the K, values derived from these =~ mode §.e/funr) are 1.86 (Ill), 3.76 (IVa), 4.91 (IVb), 6.68 (Va), and
concentrations have a resulting uncertaintytdf.1 pK, unit. 4.7_4 (Vb). The experimental data and the caI(_:uIated curves of t_he
These [ values are listed in Table 1. various species are represented by the following synlt):)ls and line

Comparison with Previous Results. Many of the previous ~ YPeS: x x x (lll); ® @ @ (IVa); 4 4 4 (IVb); © © © (Va), = (Vb).

- . . . Further details are given in the text.

studies of the alkaline transitions of ferricytochromdave
involved monitoring the 695-nm absorption band in the elec- Table 1. pK, Values for the Alkaline Transitions of
tronic absorption spectrum of the protein that is a characteristic Ferricytochromec
feature of state lll (i.e., of the Met80-iron bond) but not found K2
in the corresponding spectra of any of the alkaline conforrhers.
Hence, this method probes the disappearance of Il rather than

rel. concentration

protein transition RR UVvis

a well-defined conformational transition. Consequently, the Wild-type Illllli:xg g-gig-g
equilibrium constants obtained from such titration experiments Ml —IValll —IVb 85+0% 872
correspond to eq 4 as defined by the reaction scheme depicted Va— Va 10.5+ 0.2
ineq 1. IVb — Vb 11.04+0.2
Lys79Ale& I —Iva 8.9+ 0.3 8.92
(Cva T Cvp)Cyr Lys73Ale n—1vb 88+03 9.0°
ap=— = Kiva + Kipwo 4) Lys73Ala/Lys79Ala  Ill—Va 9.1+0.3
Ciy H — Vb 9.4+0.3
I —Va, lll — Vb 89+ 0.5 10.5°
The correspondingh, i.e., Kqpp Can be derived from eq 5. Tyr67Phe - Iva 10.2+0.3
I —1Vvb 10.3+0.3
pKapp= —|og(10_pKIII,IVa + 10—PK|H,Ivb) (5) I —IVva, lll —1Vb 99+ 0.5 10.3324

S N apK, values determined by RR spectroscopy (this work) refer to an
Because the individualkas of the transitions Il IVa and ionic strength of 0.4 M. The uncertainties of the quantitative RR spectra
[l = IVb are quite similar, it is easy to understand why titration analysis of wild-type cytochrome are estimated to 10%, which
experiments that monitor the electronic spectrum of the protein Orresponds te-0.1 p, units. Taking into account experimental errors
distinguish between the two transitions and can roducethe- total accuracy of thexp determination is assumed to .2 K
cannot disting ¢ NS p units. The uncertainty is greater for the other variants because fewer
only an apparenti, (i.e., Kapy. The individual K, values spectra were used for the analysis. The error of apparégis
determined in the present RR experiments correspondiQ@ p  assessed on the basis of eq 5. The constants determined by electronic

of 8.5 as defined by eq 5 which is within experimental error of BHSC/ECn ShecTessony =re, Bosed on o O e
the \_/al_ue determined in the Cu”er_“ study (Table 1). . pKa as defined by eq 5. The K, values for the formation of Va and
Within the accuracy of the experiments and the data analysis,vp are similar to the those obtained for the wild-type protein.

the individual K, values for the lll= IvVa and Il = IVb
transitions derived for the wild-type ferricytochrome from the spectroscopic changes at pH 9.0, although the alkaline conform-
RR experiments agree with the corresponding values obtaineders IVa and IVb observed in the RR spectra of the wild-type
for the Lys79Ala and Lys73Ala variants, respectively. For these cytochrome at this pH cannot be formed by this protein. In
proteins, K, values have also been determined by electronic fact, any attempts to simulate the RR spectrum on the basis of
spectroscopy.The K, values determined for these equilibria  the component spectra of IVa and IVb failed. Instead, the RR
by RR spectroscopy and by electronic absorption spectroscopyspectrum of the double variant at pH 9.0 can be simulated
are in good agreement if care is taken to compare these resultseadily by including the component spectra of the species Va
under conditions of comparable ionic strength (Table 1). and Vb with only minor adjustments of the spectroscopic
The Alkaline Transitions of the Lys73Ala/Lys79Ala Vari- parameters. These two conformers are the only detectable
ant. The RR spectrum of state Ill of the double variant species at pH> 10.5. These findings imply that, in the
measured at pH 7.0 is quite similar to that of the wild-type Lys73Ala/Lys79Ala double variant, Va and Vb are formed with
protein (Figure 4). Upon increasing the pH, there are significant significantly lower g.s than in the case of the wild-type protein.
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Figure 4. RR spectra of the Lys73Ala/Lys79Ala double variant
measured in the marker band (134660 cnT?) and the low-frequency
(200-500 cnT?) regions at pH 7.0 and 9.0 with 413-nm excitation.
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Figure 5. RR spectra of the various conformers of wild-type
ferricytochromec in the marker band (14501660 cnt?) and low-
frequency (206-500 cnt?) regions with excitation at 413 nm. The
spectra were obtained by the component analysis as described in the
text. The dashed lines represent the Lorentzian band shapes fitted in a
conventional band analysis.

1480 1560

includes significant contributions from the alkaline species IVa
and IVb, as shown by the component analysis (spectra not
shown). In this case, slight modifications of the spectroscopic

The upper (solid) line in each panel is the experimentally recorded parameters compared to the wild-type cytochrome were required

spectrum after background correction. The contributions from the {4 optimize the fits. This requirement is not surprising in view
various conformational species determined by component analysis are,

indicated by different line types: Ill, - - -; Va;+=+—; Vb, --. The
sum of the bands that were fitted independently of the component
spectra {).

A rough approximation of thelas for the transitions Il+= Va
and lll = Vb suggests values between 9.0 and 9.5 that
correspond to an appareniKgy of ~9.0 (egs 4 and 5). For

this double-variant protein, however, there is a considerable

discrepancy with thatk.pp0btained from titration experiments

in which the disappearance of the 695-nm absorption band is

monitored (10.5+ 0.3)2° It is possible that the ionic strength
dependence of formation of states Va and Vb is different from
the ionic strength dependence of formation of states IVa an
IVb so that these values cannot be compared. Alternatively,
the Met8G-iron bond in the double variant may become
photolabile at higher pH to result in an artifically loweKpin

the RR experiment.

Alkaline Transitions of Tyr67Phe. An unusually high EKapp
(=210.3) has been reported for cytochromeariants in which
Tyr67 is replaced by Ph&:24This observation is confirmed by
RR spectra of the Tyr67Phe variant in which state Ill dominates
the spectrum up to pH 9.5. At pH 10.0, the RR spectrum

(22) Pearce, L. L.; G#ner, A. L.; Smith, M.; Mauk, A. GBiochemistry
1989 28, 3152-3156.

(23) (a) Wallace, C. J. A.; Mascagni, P.; Chait, B. T.; Collawn, J. F;
Paterson, Y.; Proudfoot, A. E. |.; Kent, S. B. Bl.Biol. Chem1989 264,
15199-15209. (b) Luntz, T. L.; Schejter, A.; Garber, E. A. E.; Margoliash,
E. Proc. Natl. Acad. Sci. U.S.A989 86, 3524-3528. (c) Frauenhoff, M.
A.; Scott, R. A.Proteins1992 14, 202-212.

(24) Berghuis, A. M.; Guillemette, J. G.; Smith, M.; Brayer, G. D.
Mol. Biol. 1994 235 1326-1341.

of the structural changes at the active site of the protein that
result from replacement of Tyr67 with Pieand that in turn
affect the RR spectrum. TheKgs determined from the RR
experiments for the transitions K+ IVa and Il = Vb of this
variant are~10.2 and 10.3, respectively. At pH 11.5, the
conformers Va and Vb are the dominant species. These states
of the variant exhibit similar but not identical spectroscopic
parameters as the corresponding states of wild-type cytochrome
c. These observations rule out Tyr67 as an axial ligand in any
of the alkaline conformer(s) of the wild-type protein.

The Resolved RR Spectra of Native and Alkaline Cyto-
chrome ¢ Conformers. So far the analysis of the RR spectra

¢ Was carried out with component spectra that include several

characteristic bands of the individual conform&3&While this
approach is sufficiently accurate for the quantitative analysis
of measured spectra, the structural characterization of the
individual conformers is only possible on the basis of the
complete (real) RR spectra, which also include those bands not
originally assigned to the individual species. Based on the
relative contributions of the individual components to the
measured spectra, i.e., tgefactors (cf. eq 2) that are known
from the component analysis, the measured RR spectra can be
subtracted from each other such that a specific compdnsnt
eliminated in the resultant difference spectra. Using these
difference spectra, the procedure is repeated until a spectrum
including only a single component is obtained. In our experi-
ments, the number of measured spectra exceeds the number of
components, so there are several different subtractive combina-
tions of the measured spectra that can yield the spectrum of a
specific component. Such spectra were ultimately added to
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Table 2. Assignment of the RR Bands in the Marker Band Region of the Various Conformers of Ferricytoatfrome
1 IVa IVb Va Vb

mode

v (1)

v (D)

v (I)

v (l)

v (1)

dew (T)°
dcr (T)°
Va

V20

V29

V28
V3

V38
V11
V2

V37
V10

1302.9 (0.057)
1317.9 (0.093)
1373.0 (1.000)
1400.6 (0.035)
1406.8 (0.068)
1413.6 (0.073)
1428.5 (0.041)
1463.0 (0.039)
1471.7 (0.047)
1503.4 (0.298)
1531.4 (0.024)
1548.6 (0.029)
1560.7 (0.056)
1585.1 (0.338)
1597.7 (0.068)
1636.7 (0.233)

1303.8 (0.038)
1317.3 (0.081)
1375.1 (1.000)
1401.6 (0.011)
1406.8 (0.067)
1413.2 (0.043)
1428.4 (0.044)
1464.9 (0.054)
1476.2 (0.022)
1504.5 (0.296)
1533.5 (0.045)
1551.3 (0.048)
1563.9 (0.061)
1586.8 (0.464)
1603.8 (0.069)
1638.3 (0.221)

1303.3 (0.056)
1317.9 (0.009)
1373.1 (1.000)
1400.7 (0.039)
1407.7 (0.059)
1412.8 (0.047)
1427.5 (0.030)
1463.5 (0.047)
1472.1 (0.031)
1502.8 (0.340)
1533.3 (0.036)
1549.0 (0.052)
1561.2 (0.042)
1585.1 (0.448)
1600.9 (0.067)
1636.1 (0.221)

1300.7 (0.066)
1318.9 (0.078)
1376.5 (1.000)
1400.5 (0.018)
1407.6 (0.021)
1411.8 (0.034)
1428.9 (0.029)
1469.6 (0.041)

1506.4 (0.211)
1533.1 (0.009)
1548.0 (0.026)
1560.9 (0.017)
1588.8 (0.372)
1604.9 (0.052)
1640.9 (0.111)

1301.6 (0.004)
1319.8 (0.082)
1370.2 (1.000)
1398.9 (0.023)
1405.0 (0.009)
1411.6 (0.064)
1437.7 (0.054)
1468.0 (0.043)

1501.6 (0.155)
1540.4 (0.031)

1555.7 (0.012)
1585.6 (0.215)
1603.5 (0.027)
1635.7 (0.140)

aMode numbering refers to that of Hu et*élFrequencies are given in c and relative band intensities (in parentheses) refer to the mpde
bMode involving the G-H in-plane bending of the thioether bridge.

Table 3. Assignment of the RR Bands in the Low-Frequency Region of the Various Conformers of Ferricytodirome

i IVa IVb Va Vb
mode 14 (AVHD) 14 (A’VHD) 14 (AVHD) 14 (AVHD) 14 (A’VHD)

yas 224.4 (nd) 219.341.1) 216.5 €0.1) 211.2 (nd)

231.9 (nd) 230.540.5) 227.7 ¢-1.5) 229.5 (nd)
y(Fe—Ny)P 244.1 (-3.6) 245.4 {5.4)

260.3 (0.0) 261.141.3) 260.2 {1.6) 2455 (nd) 263.4 (nd)
Ve 274.2 (+0.2) 271.9 £0.4) 271.8 £1.5) 267.8 (nd) 272.1 (nd)

288.1 (nd) 280.642.4)
Vo1 303.7 0.8) 306.2 £0.8) 306.3 £0.8) 313.8 (nd) 302.4 (nd)

307.1 (nd) 313.740.8) 320.3 (nd)
Ve 349.2 (-0.4) 344.6 ¢-1.4) 348.1¢1.7) 344.3 {-0.4) 343.8 ¢-0.2)
Vso 361.0 (-0.9) 363.9 £7.0) 360.7 {-2.9) 361.1€0.7) 362.0 (0.0)
3(p) 375.1 (-0.4) 382.2 ¢1.9) 378.343.2) 378.340.7) 376.2 £1.0)
3(p) 381.9 (0.0) 385.3 (+1.0)
v(Fe—Ny)P° 385.0 (-14.7) 385.7¢16.6)
5(CCSy 398.2 (-0.9) 396.2 £3.9) 396.3 £-2.8) 388.4 ¢-0.3) 399.8 (0.0)
5(CCSy 402.6 (-2.4) 401.2 -0.4) 396.0 £0.2)
5(CCCYy 413.2 (+0.5) 412.5 ¢-0.8) 412.6 -1.0) 411.3¢-0.5) 407.1€1.0)
s(cccy 419.6 (+0.8) 419.8 ¢-2.1) 419.7 §-2.0) 421.0 (0.0) 418.540.6)

430.3 (-1.0) 4285 ¢0.5)

- 442.9 (-0.5) 444.9 ¢0.9) 440.8 ¢1.7) 448.5 (nd)
Var 450.5 (-2.3) 453.6 £5.1) 452.0 £2.7)
Va3 480.5 (nd) 479.441.7) 478.9 ¢-1.8) 478.0 (nd)

aMode numbering refers to Hu et ¥IFrequencies are given in ¢ shifts produced by H/D exchangAip) are included in parentheses. For
some of the weak and overlapping bands, small shifts could not be determined satisfactorfiyMadgs involving the Fe N stretching vibrations
of the Lys p/(Fe—N_.)] and His ligands f(Fe—Ny)] in IVa and IVb. ¢ Modes involving the propionate bendind(p), and bending vibrations of the
thioether bridgesy(CCS) andd(CCC).

improve the S/N ratio. The resultant spectra of conformers IVa, and 1465 cm?® that include the B, modes v,y and vy,

IVb, Va, and Vb as well as the spectrum of I, obtained at pH respectively.

7.0, are displayed in Figure 5. The relatively poor S/N ratio of ~ Considerable progress in the assignment of the bands in the
the spectra of conformers IVb and Vb results from low low-frequency region has been achieved by a recent study of
concentrations of these components relative to those of IVa andcytochromec reconstituted with isotopically labeled heniés.

Va over the pH range of the experiment. These resolved spectrdn the present work, we have adopted these results to revise

for the individual protein conformers were analyzed by con- assignments suggested in our previous studies (Tabfé 3).
ventional band fitting. Hence, the bands at 274 and 349 ¢rare assigned to the4

Vibrational Assignments for the Various States of Cyto- modesvs andve. One of the bands at 224 and 232 crshould

h n th K . th . t of th correspond to the out-of-plane mogles. The bands at 361,
chrome C.. In the marker region, the assighment ot W€  344/307 and 481 crd are presumably attributable tg Blodes
prominent bands to the modes, v3, v11, v2, v37, andvig is

. ’ . vspandvsy and the By modevsg, respectively. Modes involvin
straightforward and has been discussed for the neutral form in %0 o By 33 P y g

: bending vibrations of the thioether bridges are attributed to the
detail elsewhere (Table 2§17 The bands at 1303 and 1317 cn bands at 398, 413, and 420 ¢t The two modes involving

in the RR spectrum of Il have recently been assigned to modesine pending of the heme propionates are assigned to the bands
involving the C-H in-plane bending of the thioether bridg€s. 4t 375 and 382 ot instead of the bands at 443 and 451-ém

Other weaker peaks exhibit asymmetric band shapes but areys suggested previousl§ As in some other cases, the latter
generally difficult to resolve into individual bands owing to their (25) Hildebrandt, P.; Vanhecke, F.; Heibel, G.; Mauk, AB&ichemistry

low intensities. This difficulty arises for the peaks-al407 1993 32, 14158-14164.
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pair of bands was not resolved in the RR spectra presented by
Hu et all® Thus, the proposed assignment to the out-of-plane
modeyyz is not unambiguous. It might be that one of the band
components corresponds to this mode while the second one has
a different origin (e.g., an overtone or a combination mode).
On the other hand, both bands reveal a similar behavior in
several conformational transitions of ferricytochrome For
instance, both bands disappear or lose intensity in the conformers
Va and Vb, favoring the idea that the nature of the underlying
modes is the same.

Structural Characterization of Conformers IVa and 1Vb.
It is surprising that in the marker band region the RR spectra
of IVa and IVb do not differ greatly from that of Il despite the
exchange of the axial ligand. This observation is in particular
true for the RR spectrum of IVb. In this case, only subtle
frequency changes of the marker bands are observed relative
to the spectrum of conformer l1ll, and the most pronounced
spectroscopic difference is the increase in the relative intensities
of the modes’; and v, with respect to the,; mode. Thus, it
can be concluded that the transition+H 1Vb does not involve
geometric changes of the porphyrin. For IVa, the changes in
the RR spectrum are somewhat more apparent, with frequency
upshifts of the marker bands as great as 3tand changes of
the relative intensities of the modes and v,0. Apparently,
the binding of Lys73 (IVa) to the heme iron and the concomitant
rearrangement of the peptide segment-80 requires some
structural adjustments of the heme. According to the core-size
frequency relationship¥, the observed frequency upshifts of
the marker bands would correspond to a slight contraction of
the porphyrin core. Such effects are not observed for binding
of Lys79 (IVb) presumably owing to the closer proximity of

this residue to the coordination S|te_. . 350 400 450

For a few modes, these tendencies are also reflected in the -1
low-frequency region. For instance, the bands at 349.2 and Av /cm
361.0 cnT? are shifted by—4.6 and+2.9 cntl, respectively, Figure 6. RR spectra of Lys79Ala variant conformers in the low-
in IVa compared to I, while in IVb, they remain at essentially frequency region (318470 cnt') obtained from HO and DO
the same positions. Both modes include-Répyrrole) stretch- solutions with 413-nm excitation: (A) Ill, kD; (B) Ill, D20; (C) IVa,

ing vibrationst® which should in fact respond to changes of H20; (D) IVa, D:O. Spectra A and B were measured directly at pH
the core size. Aside from these two modes, the spectroscopic’-0- Spectra C and D were obtained from the RR spectra measured in
similarities of IVa and Vb are readily appa,rent. Moreover, the pH range between 7.8 and 9.5 after subtracting the contribution of

P - the neutral form as determined by the component analysis. The dashed
the spectroscopic differences of the§e wo species compared t(?ines represent the Lorentzian band shapes fitted in a conventional band
[Il are much more pronounced than in the marker band region.

Lo analysis.
The most significant changes are noted between 370 and 400

cmt, where the RR spectrum of Il displays three bands at
375.1, 381.9, and 398.2 cthand the spectra of IVaand IVb -1 iy the spectra of conformers IVa and IVb (the latter

possess_four band§. o spectrum is not shown).

To gain greater insight into the nature of these bands, we  pespite the uncertainty in determining the frequencies of
measured the RR spectra of the wild-type ferricytochrome and closely spaced bands (e.g., the composite peai38e cnr?),
both the Lys79Ala and Lys73Ala variants inO as a function isotopic shifts of 3-10 cnT! in the spectra of states [Va and
of pH. Component analysis of the resulting spectra of the |vp compare with shifts of<1 cm 2 in state Ill. For the latter
variants conducted as described above permitted resolution Ofspecies’ these subtle spectroscopic Changes resumng from H/D
the spectra of the individual deuterated conformers. At pH 7.0, exchange have been attributed to structural Changes of the
there was no indication of a contribution from the alkaline state hydrogen-bonding network in the heme pocket that lead to small
IVa (|Vb) For state Il of both variants, minimal SpectrOSCOpiC modifications of the porphyrin geomet?yHowever, such an
changes were observed i@ in agreement with previous  explanation cannot account for the unique and much greater
findings for the wild-type protei> Comparably small effects  effects of H/D exchange on the RR spectra of conformers IVa
are noted for the high alkaline species Va and Vb (see, Table and [vb. On the other hand, the Lys and His ligands in both
3). species give rise to irorligand vibrations that should exhibit

In the spectra of conformers IVa and Vb derived from the a distinct isotopic mass effect upon H/D exchange. The
RR spectra of the Lys79Ala and Lys73Ala variants, respectively, corresponding modes with predominant-f¢(His) and Fe-
significant frequency shifts and intensity changes were observedN(Lys) stretching character are expected to occur between 200
upon H/D exchange that are evident upon visual inspection of and 250 cm® and between 350 and 400 cirespectively®
the spectra (Figure 6). These changes are most pronounced iln the RR spectra of the deuterated state IVa (IVb), the most
the region between 330 and 430 ©in The most remarkable likely candidate for the latter mode is the band at 370 (369)

effect of H/D exchange is the appearance of a new banda0
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cmt, which apparently corresponds to the bands @85 cnt?! any significant structural alterations relative to the wild-type
observed in HO. This assignment implies that there is a 15 protein. This is also true for Thr78 because the RR spectra of
cm~t downshift upon H/D exchange and suggests that the the Thr78Ala variant at pi 11 are very similar to the weighted
effective mass of the Lys ligand only includes that of the,NH  sum of the spectra of states Va and Vb (spectra not shé&twn).
group. This shift in frequency as well as the frequencies Coordination by a hydroxide would lead to H/D-sensitive iron
themselves can be reproduced readily with a simple three-bodyligand stretching vibrations; however, our attempts to identify
oscillator mode® using force constants and geometric param- these modes in the region between 400 and 550'@n the
eters similar to those employed for calculations of bis(imida- basis of the expected frequency downshifi.Q cnt?) failed 2°
zolyl)hemes?’ This negative result, however, does not rule out coordination
Moreover, since isotopic shifts are also observed for the bandsby hydroxide if resonance enhancement is not sufficient at the
in the immediate vicinity of the 385 cm band, we conclude  €xcitation wavelengths used (413, 530, and 568 nm). Thus, a
that the Fe-ligand(Lys) vibration or internal ligand vibrations ~ deprotonated water (e.g., WAT166) remains the most probable
are coupled to nearby porphyrin modes. A similar coupling ligand to the heme iron in states Va and Vb.
has, in fact, been observed for bis(imidazolyl)porphyrins by  The striking spectroscopic differences between conformational
Mitchell et al2” Such a coupling implies that the composition States Va and Vb in the marker band region reflect structural
of the normal modes between 340 and 400 tims somewhat differences of the porphyrin despite the (most likely) identical
different in states IVa and IVb than in state Il and also varies ligation pattern. Such differences evidently include the interac-
in the alkaline species upon H/D exchange. These effects cantions of the heme propionates and the thioether bridges with
readily account for the changes of the relative band intensities the immediate protein environment since there are distinct
that accompany the frequency shifts (see, Table 3). alterations of the corresponding bending modes of these
The identification of the mode primar”y involving the Fe substituents in states Va and Vb, |e, between 380 and 420 cm

N(His) stretching between 200 and 250 ¢nis more difficult. (Figure 5 and Table 3).
The only new band in IVa (IVb) compared to Il is a weak ~ Comparison with the Conformational State of Cyto-
band at 244 cmt, which is close to the position calculated by chrome c Bound in Electrostatically Stabilized Complexes.
the three-body oscillator model (cf., ref 26). The low intensity It has been suggested that alkaline conformers of ferricyto-
of this band and interference from the more intense bands atchrome ¢ might be structurally similar or identical to the
230 cn1! precluded unambiguous detection of an isotopic shift conformational state of the ferricytochrome formed upon
of this band in RO, which, in addition, is expected to be much reaction or complex formation with cytochrome oxidase
smaller than for the FeN(Lys) stretching. (CcO).” This conformer is also observed to form when ferri-
Interestingly, the observation of the FB(Lys) stretch in cytochromec binds to model agents or surfaces that mimic the
the alkaline species is not necessarily expected. PreviousPinding domain of €O to some extent (polyanions, phospho-
attempts to identify the Feligand stretching modes in state 11l lipid vesicles, electrodesj*1217 Such models permit more
li.e., Fe-S(Met), Fe-N(His)] failed 6 Presumably, in that study, detailed spectroscopic characterization of the cytochrome than
appropriate resonance conditions were not met with Soret bandcan be achieved with the cytochrorne CcO complex itself
excitation so that the RR intensities of these modes remaineddue to the lack of spectroscopic interference from the heme
too weak for detection among the various porphyrin modes. On 9roups of €0. A RR spectrum of this conformational state,
the other hand, hemes with two axial nitrogen ligands have beendénoted as state B2,can be obtained readily upon binding
shown to exhibit relatively strong irerligand stretching modes ~ €ytochromec to polytungstate$ (Figure 7). In this case,
that are resonance enhanced upon Soret band excitafidrs significant changes in the RR spectrum of the protein are

behavior is apparently also the case for the IVa and IVb immediately evident both in the marker band and in the low
conformers. frequency region that distinguish the resulting form of the

cytochrome from the native conformation and from conforma-

Structural Characterization of the Conformers Va and tional states V. 4 IVb (Fi 5\ This ob tion |
Vb. In these conformational states, the axial ligand exchange lonal states iva an ( \gure ).' IS observation 1S no
longer surprising because lysine residues including Lys79 and

is reflected by substantial changes in the RR spectra. DistinctL <73 have been implicated as participants in electrostatic
frequency shifts and alterations of the relative band intensities . y nave L Implice participants -1 i :
in the marker band region are observed that support the view nteractions with the negatively charged binding domain €dC

.32 i
that the new ligands differ from those of the neutral and the or related mo'del systents?2 Thus, when pytochrome binds
alkaline conformers. Thekas for formation of Va and Vb to electrostatically complementary species, Lys73 and Lys79

suggest that at pH 10:8.1.0 strong ligands are formed that a;el\r/\ot ar\l/;':fl/%le Lor ﬁgoéd'?r?ﬁ%?tt%the heme iron and formation
can displace the-amino groups of Lys73 and Lys79 from the otivaa should be ed.

sixth coordination site of the heme iron. Hydroxide or alkoxide ~ (28) The substitution of Thr78 by Ala evidently stabilizes Lys coordina-
ions are strong field ligands and are the most likely candidates tion to the heme iron so that the states IVa and IVb prevail even at neutral

for the sixth ligand in Va and Vb. Such ligands may be pH and their transitions to the states Va and Vb occur at higher pH than in
’ the wild-type protein.

provided by water or amino acid side chains (Tyr, Thr) in this (29) (a) Rodgers, K. R.; Reed, R. A.; Spiro, T. ew J. Chem1992
pH range. In fact, several candidates of this type that are in 16, 533-535. (b) Feis, A.; Marzocchi, M. P.; Paoli, M.; Smulevich, G.

close proximity to the coordination site can be identified in the Bi%%%?ﬂ%{&?(?jsﬁé r‘:(?jzz—l‘};?ﬁave denoted this conformational state
three-dimensional structure of the wild-type cytochrome, i.e., as state Il, which, however, is in conflict with the widely accepted
WAT166 (5.0 A) and the hydroxy groups of Thr78 (7.0 A) and  nomenclature for the pH-dependent conformers of cytochrortas. ref
Tyr67 (5.0 A)4 The latter group can be ruled out as a ligand in 2). _ .
Va and Vb because, according to the RR spectra, these, (31) (@) Hildebrandt, PBiochim. Biophys. Actd990 1040 175-186.

. . (b) Chottard, G.; Michelon, M.; HefyeM.; Herve G. Biochim. Biophys.
conformers are also formed by the Tyr67Phe variant without acta1987 916 402-410.

(32) (a) Smith, H. T.; Staudenmayer, N.; Millet, Biochemistryl977,
(26) Cartling, B.Biophys. J.1983 43, 191-205. 16, 4971-4974. (b) Speck, S. H.; Ferguson-Miller, S.; Osheroff, N.;
(27) Mitchell, M. L.; Li, X.-Y.; Kincaid, J. R.; Spiro, T. GJ. Phys. Margoliash, EProc. Natl. Acad. Sci. U.S.A979 76, 55-59. (c) Rieder,
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exchange mechanism. In state B2 and the double-variant, lysyl
residues 73 and 79 cannot coordinate to the heme iron and
hydroxide replaces Met80 at pK 8 and pH< 10, respectively.

In both cases, the positive charges at positions 73 and 79 are
neutralized by either intermolecular electrostatic interactions
with negatively charged entities (state B2) or replacement by
alanines (Lys73Ala/Lys79Ala). It is tempting to assume that,
in the wild-type protein, these positive charges are crucial for
stabilizing the structure of the heme pocket.

Kinetics studies have been interpreted as suggesting that the
formation of the alkaline forms IV occurs via the deprotonation
of a yet unidentified ionizable (“trigger”) group Ka ~ 11),
followed by a rapid conformational change{p~ —2) in which
the Met80 is replaced as the axial ligand to the heme3fdt.
present, however, the identity of the so-called trigger group
remains unresolved. Inasmuch as solvent exposed lysines are
expected to exhibitlg, values slightly below 11, it is plausible
to assign these ionizable groups to Lys73 and Lys79. Other
candidates for this conformation state-linked titratable group
include His18° and one of the heme propionate grogps.

The present results indicate that, once chemical modification
of the e-amino groups of Lys73 and Lys79 [corresponding to
the neutralization of the positive charge(s) (cf. ref 1, and
references therein)] prevent binding to the heme iron, hydroxide
may replace the Met80 ligand with a relatively lowp This
possibility might permit reinterpretation of Bosshard’s stddly,
SRR e e e in which no change in the rate of acetylation of the individual
1480 1560 1640 350 400 450 surface lysines, including Lys73 and Lys79, was observed

I” 1503.4

between pH 7 and pH 11.
Av/cm! Conclusions

. . ) ) 1. Wild-type ferricytochrome exhibits complex conforma-
Figure 7. RR spectra of various conformers of wild-type ferricyto- tional equilibria between pH 7 and pH 12 that involve the neutral
chromec in the marker band (14601660 cnT?) and low-frequency . . .

(200-500 cnt?) regions obtained with 413-nm excitation: (A) state or native f_orm I, _tWO alka_lme forms IV, i.e., IVa and IVb,

Ill, measured at pH 7.0; (B) state Va, obtained from the RR spectra @nd two high alkaline species V, i.e., Va and Vb.

measured in the pH range between 10.0 and 12.0 after subtracting the 2. In the forms IVa and IVb, Lys73 and Lys79 replace the
contributions of the other conformers determined by the component Met80 ligand with similar s (8.7 and 8.9), while a hydroxide,
analysis; (C) state B2, obtained from the RR spectra of wild-type probably provided by WAT166, binds to the heme iron in Va
ferricytochromec bound to polyanions as described in the text. The and Vb with g<ss of 10.5 and 11.0, respectively.

dgshed lines represent the Lorentzian band shapes fitted in a conven- 3. The K.s of formation of Va (and Vb) are dramatically
tional band analysis. lowered if the positive charges at the positions 73 and 79 are
neutralized either by substitution with alanine&{x 9.5) or

by intermolecular interactions with negatively charged surfaces
(pKa < 8), suggesting that the charge distribution on the protein
surface in the lysine-rich domain around the heme crevice
controls the heme structure.

4. The RR spectrum of the conformational state B2 of
cytochromec that is formed in electrostatically stabilized
complexes, e.g., with polyaniotir the physiological reaction
partner cytochrome oxidasel'212is closely related to state
Va, suggesting that biological electron-transfer reactions of

fact, a recent study of the Met80Ala variant has demonstrated cytochromez can be coupled with ligand exchange at the active

that hydroxide binding may well occur at pH 7 once the native site of the protein. )
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On the other hand, there are far-reaching spectroscopic
similarities between the state B2 and the conformer Va (Figure
7), including (i) the significant upshift of the marker bands, (ii)
the increased intensity o4, (iii) the downshift in frequency of
vg, and (iv) the decreased intensity &CCS) andy,; in the
low-frequency region. This close resemblance of the spectra
of states B2 and Va indicates a similar structure of the heme
(pocket) of both species. In particular, it implies that the Met80
ligand is replaced by a hydroxide in state B2 despite the
formation of this cytochrome conformer even at neutral pH. In




