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Variant of Iso-1-cytochrome: Implications for the Alkaline Conformational
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ABSTRACT: The alkaline conformational transition of a lysine 73histidine variant of iso-1-cytochrome

¢ has been studied. The transition has been monitored at 695 nm, a band sensitive to the presence of the
heme-methionine 80 bond, at the heme Soret band which is sensitive to the nature of the heme ligand,
and by NMR methods. The guanidine hydrochloride dependence of the alkaline conformational transition
has also been monitored. The histidine 73 protein has an unusual biphasic alkaline conformational transition
at both 695 nm and the heme Soret band, consistent with a three-state process. The conformational transition
is fully reversible. An equilibrium model has been developed to account for this behavior. With this
model, it has been possible to obtain the acid constant for the trigger gridupppthe low-pH phase

from the equilibrium data. A Iy value of 6.6+ 0.1 in HO was obtained, consistent with a histidine
acting as the trigger group. The NMR data for the low-pH phase of the alkaline conformational transition
are consistent with an imidazole ligand replacing Met 80. For the high-pH phase of the biphasic alkaline
transition, the NMR data are consistent with lysine 79 being the heme ligand. Guanidine hydrochloride
m values of 1.67 0.08 and 1.14= 0.2 kcal mot! M~1 were obtained for the low- and high-pH phases

of the biphasic alkaline transition of the histidine 73 protein, respectively, consistent with a greater structural
disruption for the low-pH phase of the transition.

Understanding how proteins efficiently fold from a is characterized by loss of the herdet 80 ligation of the
disordered state to a unique and fully functional native state native state of the proteir24). Since the enthalpy of this
is an area of intense intered) (A number of models have transition is small (716 kcal/mol) 4—27) relative to the
been developed to address this isslieR). Protein folding enthalpy for the full unfolding of the protein<80 kcal/mol
intermediates have been studied intensely as they can providet pH 5; see ref28 and 29), the structural perturbation is
a means of promoting efficient protein folding, (7). also expected to be small. Thus, the partial unfolding of
Equilibrium intermediates have been widely used to provide cytochromec coupled to this transition likely maintains the
insight into the possible structures of kinetic folding inter- majority of the structure of the fully folded protein. Hence,
mediates, since structural characterization of equilibrium the alkaline conformation could represent a model for a late
species is more straightforward. In a number of instances, folding intermediate of cytochrome
combined kinetic and equilibrium data have provided valida-  This contention is supported by a number of experimental
tion of this approach8). The molten globule stater(9) results. In yeast iso-1-cytochrome the ligands which
which is normally stabilized at equilibrium by low pH and replace Met 80, in state IV, are known to be lysines 73 and
high salt (L0) has been widely studied by both structursl)( 79 (27, 30). The lowest-energy partially unfolded form (PUF)
and thermodynamic methodd)(as a model for protein  of cytochromec, as detected by equilibrium hydrogen
folding intermediates. This state can have a wide range of exchange experiments, is known to be surf@ewop D (31)
residual structure and is commonly characterized by the encompassing residues-785 (8, 32—34), which includes
presence of significant secondary structure but limited tertiary lysines 73 and 79. Thus, replacement of Met 80 as a heme

structure. The molten globules of apomyoblobi?{17), ligand with either of these amino acids would be expected
cytochromec (18—20), a-lactalbumin R1), and lysozyme to disruptQ-loop D. Furthermore, previous studies on the
(22, 23) have been particularly well-studied. Lys 73— His (K73H)! iso-1-cytochrome variant @5, 36),

Cytochromec undergoes a base-induced conformational which is the topic of this work, have shown that it unfolds
transition, commonly termed the alkaline transition (state Il in the presence of guanidine hydrochloride (gdnHCI) through
to state 1V; for a recent review, see r&4). This transition an intermediate involving the loss of hemiglet 80 ligation.
The gdnHCIm value for formation of this intermediate is
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native state hydrogen exchange experiments (1.6 kcal’'mol sample to titrate the sample up to pH 10.5. The same volume
M~ see ref32). The K73H variant of iso-1-cytochrone of a 2x protein stock (200 mM NacCl) was added. The protein
replaces one of the lysine side chains implicated in heme sample was mixed with a 10Q4 pipetman, and then the
ligation in the alkaline conformer of cytochrome with pH and spectrum were recorded. All pH experiments were
another high-affinity heme ligand, histidine. These observa- carried out at 25- 0.1 °C using a thermostated cuvette holder
tions suggest that the alkaline conformer of cytochrame attached to a circulating water bath. When the pH was at
might be a good model for the lowest-energy PUF of 10.5, the protein solution was back-titrated with various
cytochromec and that the K73H variant of iso-1-cytochrome concentrations of HCI solution and equal volumes of the 2

c stabilizes this conformer in a pH regime that is lower than protein stock as described above. After the titration, 2 mL
the regime that is typical for the alkaline conformational of protein was removed from the sample and transferred to
transition. a fresh cuvette. To add gdnHCI into the sampbeu® of

To investigate this possibility, we have studied the the sample was removed, and replaced wikixll of a 6 M
properties of the alkaline conformational transition of K73H 9dnHCI stock and 2 uL of the 2x protein stock. The
iso-1-cytochrome using both the 695 nm absorbance band 9dnHCI-containing sample was then subjected to pH titration
associated with hemeMet 80 ligation and the heme Soret as described above, excepull of 3x guanidine-HCI was
absorbance which is sensitive to the nature of the incoming a@dded in addition to 0.56L of NaOH (appropriate concentra-
ligand. NMR studies of the paramagnetically shifted heme tion) and 1.5uL of 2x protein. The sample was then back-
methyl groups are also used to characterize the transition.titrated by substituting HCI solutions with the appropriate
An unusual three-state alkaline conformational transition is concentrations. Typically, this procedure was carried out so
observed. We have developed an equilibrium model to fit that pH titrations at 0, 0.1, 0.2, and 0.3 M gdnHCI were
the data which has allowed extraction of thé,pf the group ~ obtained in sequence. An experiment was also performed
triggering formation of the intermediate state in this three- On the protein in BO (no gdnHCI), using similar methodol-
state process and determination of the populations of each?dy. No correction was made for the isotope effect on the
of the three states as a function of pi.values derived ~ PH electrode readingd().
from the gdnHCI dependence of this unusual three-state Alkaline Transition Monitored by Absorbance Spectros-
alkaline transition have allowed evaluation of the relative COPY between 350 and 450 nStudies were carried out with
degree of structural disruption for the two phases of this ferricytochromec at a concentration of approximately.1

transition. in 100 mM NaCl and 5 mM sodium phosphate. The spectrum
was scanned from 350 to 450 nm at each pH step. This
MATERIALS AND METHODS experiment was carried out at 26 0.1 °C. The titration
method was as described above for titrations at 695 nm.
Isolation and Purification of ProteinsThe K73H mutation Alkaline Transition Monitored by NMRStudies were

was introduced using site-directed mutagenesis as previouslcarried out with ferricytochromes at concentrations of

described§7). The wild type (WT) and K73H proteins were  approximately 2.5 mM in 100 mM NaCl in f0. The pH

isolated and purified as described previousd$, (39) from was adjusted with 2 L of 1 M NaOD o 1 M DCI, as

the Saccharomyces cerisiae GM-3C-2 cell line carrying  appropriate. The pH* was measured before and after acquir-

the pRS425 multicopy vectod() with the iso-1-cytochrome  ing each spectrum, and no correction was made for the

c gene cloned into it37). In both the WT and the K73H  isotope effect on the pH meter readidd), The spectra were

proteins, the Cys 102 has been replaced with a serine residugptained at 25+ 0.1 °C with a 500 MHz Varian Innova

to avoid dimerization of protein molecules resulting from NMR spectrometer at the NMR Center at the University of

intermolecular disulfide bonds. Colorado Health Sciences Center. The one-dimensional
Alkaline  Transition Monitored by Absorbance spectra were obtained with 512 scans, 11 712 points per scan,

Spectroscopy at 695 nrApproximately 5 mg of protein was  and a sweep width of 40 000 Hz using presaturation water

oxidized with KsFe(CN) for 1 h at 4°C. The protein was  suppression. The two-dimensional NOESY spectrum was

then run down a G-25 column using 100 mM NaCl as the acquired over a 38 h time span at pH* 7.5, with a mixing

eluant to separate the oxidizing agent from the protein. The time of 100 ms, 256, increments, 160 scans per increment,

protein was collected and exchanged into 200 mM NaCl with and 8192 points per scan. A sweep width of 40 000 Hz was

a centriprep-10 concentrator (Waters). The final volume was used. Residual D was suppressed by presaturating at the

adjusted to 1.5 mL, and the concentration was determinedfrequency of the HOD signal.

spectrophotometrically as described previousdg)( The Data Analysis of Monophasic Alkaline Conformational

sample was diluted, by mixing 1 mL of the 1.5 mLxX} Transitions.To analyze the data from pH titrations of the

protein stock with 1 mL of deionized water in a disposable WT protein, we use the model developed by Davis et al.

polystyrene cuvette. The final concentration was between (25) to describe the alkaline conformational transition. First,

180 and 19Q«M in 100 mM NacCl. After the concentration  consider the equilibrium for a single ionizable trigger group,

was determined, the Beckman DU 640 spectrophotometerT. lonization of this trigger group then leads to replacement

was set up to read absorbances at 695 and 750 nm. The 695f Met 80 with an alternate ligand, L.

nm band measures the loss of the herlket 80 band, and K K

the 750 nm measurement was used as background. The P"(Fe—MetSQTH*) == (Fe—Met80T) == (Fe—L|Met80)

was measured with a Corning model 220 pH meter and a +H

Corning Semimicro Combination pH electrode. The initial

spectrum was obtained at pH 4.5. Aliquots of different For historical consistency2b), we use the symbdKy to

concentrations of NaOH solution were added to the protein represent the triggering deprotonation equilibrium &ad
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to represent the conformational equilibrium associated with 8b are rigorously true, whereKp(app), Kc, and Ky are
replacement of Met 80 with an alternative heme ligand, L. the [K values of the equilibrium constaris;(app),Kc, and
For yeast iso-1-cytochrome, it has been definitively Ky, respectively.

demonstrated that lysines 73 and 79 both act as L in the

alkaline state 27, 30). It is possible that T and L are the Kyu(app)= KyKc (8a)
same chemical group, but this is a matter of considerable _
debate 24, 27)_ pKH(app) pKC + pKH (Sb)

_The_equilibrium constant expressions g andK¢ are Also, whereKy(app) = K(obs)[H'], the K(obs) data as a
given in egs 1 and 2. function of pH can be fit to the Hendersohlasselbalch

[(Fe—Met80T)][H ] equation (eq 9) to obtainkx(app)

M {(Fe—Met80TH ) @) PH = pK,y(app)-+ 10[(Ay — Ased/(Ases — Ay (9)

_ [(Fe—L|Met80)] 9 where the expression in eq 4 has been substituteid(fas).
c [(Fe—Met8QT)] (2) This is the expression used by Davis et 2B)(to fit their
equilibrium data for the alkaline transition of cytochrome
If the alkaline conformational transition occurs as a concerted  For WT iso-1-cytochrome, the data can be fit to the
two-state process, an apparent acid equilibrium expressionHendersorHasselbalch equation. To fgs versus pH data
Ku(app), in the terminology of Davis et al2%), can be  directly using nonlinear least-squares methods, eq 9 is
written (eq 3). rearranged to give eq 10. The equation has also been
N modified slightly to allow the number of protons, in the
[(Fe—L|Met80)I[H'] _ KK 3 process to be varied during fitting to see how closely the
[((Fe—Met80TH )] H™C data fit a one-proton process.

Typically, the K(obs) that can be measured is simply the Ages= {Ay -+ Ay, x 101PKH@PPIPH]Y

Kn(app)=

ratio of species with or without Met 80 bound. In terms of {1+ 107PKH@PP-PHY (10
spectroscopically observable quantitigs(obs) may be
written as in eq 4 The more general expression in eq 7 kqobs) can also
be used to fit the alkaline conformational transition of the
K(obs)= (Ay — Ased/(Ages — Aqi) (4)  WTiso-1-cytochrome. The bindings of the separate ligands,

lysines 73 and 79, are not distinguishable for WT iso-1-
cytochromec (27) when monitored through the heme
absorbance bands. Thus, a single averaged value must be
assumed for th&y of the trigger group, and the conforma-
tional equilibrium,K¢. Rearranging eq 4 in terms @%os

whereAggs is the observed absorbance at 695 nm during the
alkaline transition Ay is the absorbance at 695 nm of the
Met 80-bound native state, arg is the absorbance at 695
nm of the alkaline state where either lysine 73 or lysine 79
(for iso-1-cytochrome) is bound to the heme.

In the most general case, the expressionkimbs) must gives eq 11.
accmtmt f?r;he %res(;ence :)f Mtetd8t0_-bound speci_?s with botr51 A + A, K(obs) 1
a protonated and a deprotonated trigger group, T, as in eq 5. =
p p igger group ineq Asos= 7+ K(obs) (11)
K(obs)= [(Fe—L|Met80)] (5) Substituting eq 7 into eq 11 gives eq 12.
[(Fe—Met8OTH™)] + [(Fe—Met80T)]
loprc
Taking a ratio of eq 5 to eq 2, we obtain eq 6 An T Agi m
K(obs) [(Fe—Met8QT)] © Asos = 107k (12)
= 1+——
Ke  [(Fe-Met8QTH™M)] + [(Fe—Met8QT)] 1+ 10PK=PH
Using eq 1 to substitute for [(FeMet80TH™)] ineq 6 and  Since eq 8b holds for WT iso-1-cytochrorepKc and K
rearranging, we obtain eq 7. are not uniquely determined. When using eq 12 to fit data,
K -~ literature values for gy of WT iso-1-cytochrome, deter-
K(obs)= c __ 107 ) mined by kinetic method<2{7, 42), will be used so thatic
H*| 1+ 107 PH may be determined. We note that eq 12, unlike eq 10,
1+ K_H assumes a strict one-proton proceésss versus pH data were

fit to eq 12 using nonlinear least-squares methods (SigmaPlot,

For the alkaline transition of cytochroneg normally [H'] version 4.0, SSPS, Inc.).

> Ky, in the region wherd(obs) can be evaluated and eq RESULTS

7 reduces tdK(obs) = (KcKp)/[HT]. Under these circum-

stances, the alkaline transition occurs as the concerted two- In Figure 1, data from pH titrations of WTI) and K73H
state process described by eq 3, because the population ofO) iso-1-cytochromes at 695 nm are shown. This band is
the species (FeMet80T) in eq 5 is negligible. Since viewed as characteristic of the presence of the bond between
Ku(app) = K(obs)[H"] under these conditions, eqs 8a and Met 80 and the heme irom8), and thus monitors loss of
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Ficure 1: Plots of Aggs vs pH for WT @) and K73H Q) iso-1-
cytochromec and ofAggg vs pH for K73H @) iso-1-cytochrome.
Data were collected in 0.1 M NaCl at 25C with protein
concentrations near 2QM for data at 695 nm and in 0.1 M NacCl
and 5 mM sodium phosphate at 26 with protein concentrations
near 5uM for data at 398 nm. Titrations were carried out as
described in Materials and Methods. The solid curve for the K73H
data at 695 nm is a fit to eq 17 in the Discussion, whefg,p=
10.8, the value obtained from kinetic experiments for the Lys 79
alkaline stateZ7). The solid curve for the WT data at 695 nm is
afitto eq 12. The value ofif; was also set to 10.8 for convenience
of comparison with the second phase of the transition for the K73H
protein. Reported gy values for WT iso-1-cytochrome range
from 11.0 to 11.7, and thus, th&p value for this protein has some
uncertainty 27, 42). The solid curve for the data at 398 nm is simply
meant to aid the eye.

this bond which is associated with the alkaline conforma-
tional transition 4). The data for the WT protein show a
typical monophasic pH titration curve and can readily be fit
to the HendersonHasselbalch equation as a one-proton
processti = 0.92+ 0.01 in fits of the data to eq 10), as is
typical for the alkaline transition of cytochroneg24). The
pKy(app) for the WT protein is 8.62 0.02, typical for WT
iso-1-cytochromec (27). The K73H variant, where one of
the lysines implicated in the alkaline transition of iso-1-
cytochromec (27) has been replaced with histidine, has a
dramatically different alkaline conformational transition. It
is biphasic, which is highly unusual behavior for this
conformational transition. The low-pH phase of the transition

Biochemistry, Vol. 39, No. 44, 2003587
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FIGURE 2: Absorbance spectra as a function of pH in the Soret
region for K73H iso-1-cytochrome. (a) Low-pH phase of the
transition: pH 6.13, 6.60, and 7.46-), pH 6.28, 6.91, and 7.76
(= — —), and pH 6.42 and 7.24-¢). The isosbestic point for this
phase is 414 nm. (b) High-pH phase of the transition: pH 7.76,
8.53, 9.41, and 10.14+), pH 8.01, 8.83, and 9.59«(— —), and

pH 8.20, 9.08, and 9.83-¢). The isosbestic point for this phase is
409 nm.

of pH* is analogous to that reported previoushy). A single
set of heme methyl resonances is transformed into two sets
of heme methyl resonances, one for Lys 73 ligation and the

does not completely eliminate the 695 nm absorbance other for Lys 79 ligation. In the work reported here, the

characteristic of hemeMet 80 ligation. In the higher-pH

phase of the transition, the 695 nm band is completely lost.

Qualitatively, these observations indicate that ~ 1
(conformational equilibrium constant; see eq 2 in Materials
and Methods) for the low-pH phase and tKat> 1 for the
high-pH phase.

8-methyl resonances, (8)a and (8)b for Lys 73 and Lys 79
ligation, respectively, are not resolved. The 3-methyl reso-
nance for Lys 79, (3)b, and the 1-methyl resonance for Lys
73, (1)a, do not appear to be resolved either. Both these sets
of resonances were resolved in previously reported wairk (

It is likely that this difference results from the lower

This process can also be monitored at the intense hemeemperature used in the experiments reported here. For the
Soret band near 400 nm and also demonstrates the biphasi&73H protein, changes in the spectrum begin to occur at

behavior for the K73H variant (Figure ®). The data at

much lower pH*. Specifically, a broad resonance near 22

695 nm and the data at the heme Soret band track with eactppm can be seen in the spectrum at low pH*. At high pH*,
other, indicating that the same process is being monitoredthe spectrum resembles that of the K73A variant reported
at both wavelengths. The evidence for a distinct intermediate previously, at 25°C (27), with heme ligation being domi-
state in the transition is further strengthened by the presencenated by resonances due to Lys 79 ligation. A NOESY
of two separate isosbestic points in the Soret absorption bandspectrum of the K73H protein was run at pH* 7.5 to detect

(Figure 2), one in the low-pH regime (414 nm) and another
in the high-pH regime (409 nm) of the transition.

exchange correlations between the native heme methyl
resonances and the heme methyl resonances in the intermedi-

The paramagnetically shifted heme methyl substituents ate alkaline state (see r26). In Figure 5, the paramagneti-

were also used to monitor the alkaline conformational
transition of the WT versus the K73H protein (Figures 3

cally shifted native state heme methyl resonances clearly
correlate to broad resonances in the-2@ ppm range. Table

and 4). For the WT protein, the profile observed as a function 1 shows the chemical shifts of the heme methyl groups in
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Ficure 3: NMR spectra in a 0.1 M NaCl, £ solution as a a0 30 2t 10
function of pH* for WT iso-1-cytochrome at 25°C. The protein . . .
. . Ficure 4: NMR spectra in a 0.1 M NaCl, @ solution as a
concentration was approximately 2.5 mM. Spectra from bottom to f ; : o .
% unction of pH* for K73H iso-1-cytochrome at 25°C. The protein
top are at pH* (a) 7.51, (b) 8.39, (c) 9.40, and (d) 10.05. The number concentration was approximately 2.5 mM. Spectra from bottom to

for the heme methyl group is given above it$ resonance. The
1H resonances for the alkaline conformer with Lys 73 coordinated %8? ta;]rg ﬁte?nl_g g?c)ezr{)?lléSghg.?ss'g(i(\:/)e?{E;zb'o?/nedﬁg)régbsnlér;rcge r_;_l;]gber

to the heme are indicated with an “a” next to the number for the ; .
hgme methyl group. ThiH resonances forl the aIkaIinQ conformer toH r:gsr‘r?:_ﬂge?sf%;q% r?ll((:elgeD?S%rgsosrrgﬁ)r fg:rgﬁ? d;talt%\g \‘/)vll_:h c:iune
with Lys 79 coordinated to the heme are indicated with a “b” next “ay’ next to the number for the heme methyl group. Thé

to the number for the heme methyl group. Assignments are basedresonances for the high-pH alkaline conformer with Lys 79

on the literature value2y). coordinated to the heme are indicated with a “b” next to the number
for the heme methyl group.

the native and intermediate alkaline states, derived from this
experiment. Chemical shifts for the heme group with Lys of the K73H variants are very different from those observed
79 ligation in the K73H protein at high pH* and for the WT  for lysine 73 or 79 ligation. In particular, the resonance for
protein in the native and alkaline states derived from the the 3-methyl (3-Me) protons is downfield of the resonance
one-dimensional spectra in Figures 3 and 4 are also includedfor the 5-methyl (5-Me) protons, which is the reverse of the
in Table 1. Clearly, the chemical shifts observed for specific ordering of the chemical shifts for these protons when a
heme methyl substituents in the intermediate alkaline statelysine is bound (see Table 1). Thus, a completely different
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Ficure 5: Downfield region of the two-dimensional NOESY
spectrum of oxidized K73H iso-1-cytochroroet 25°C and pH* 0.18
7.5 in a 0.1 M NaCl, RO solution. The diagonal peaks for the o6 | (b)
native state 8-Me, (8), and 3-Me, (3), are shown. Exchange cross- ’
peaks between the 8-Me and 3-Me native steteesonances and 0.14 1
the intermediate state alkaline conformer, (&ad (3)a, respec- oo |
tively, are shown. The cross-peaks due to dipolar interaction '
between the 8-Me and thea7 and #. protons of the heme 5 0104
proprionate are also labeled. < o8
Table 1: Chemical Shifts of the Heme Methyl Groups of WT and 0087
K73H Iso-1-ferricytochromes 0.04 -
chemical shift of heme 0.02
methyl groups (ppm) 000 ‘ ‘ ‘ ‘ ‘ ‘
protein 1-Me 3-Me 5-Me 8-Me 4 5 6 7 8 9 10 11
K73H, native 7.88 3169 10.82 34.79 pH

K73H, alkaline, low-pH phase 1150  16.60 1450 2226  FGuRre 6: Plots of Aggs vs pH for K73H (a) and WT (b) iso-1-
K73H, alkaline, high-pH pha8e 13.28 1549 19.70 24.31  cytochromes at different concentrations of gdnHCI. Data were

WT, native (8.01y 3172 10.81 34.86 collected in 0.1 M NaCl at 25C at protein concentrations near
WT, alkaline, Lys 78 1464 1152 2184 2421  200uM, with 0 (O), 0.1 @), 0.2 (1), or 0.3 M () gdnHCI added.
WT, alkaline, Lys 79 1327 1464 1984 2421  Titrations were carried out as described in Materials and Methods.

a Chemical shifts are with respect to DSS, referenced at the residual The solid curves for the K73H data are fits to eq 17 in the
HOD resonance. Chemical shifts are taken from the cross-peaks of theDiscussion, where o, = 10.8, the value obtained from kinetic
NOESY Spectrum in EI) at 25°C and pH* 75b Data are from the eXperImentS for the LyS 79 alka“ne S'[a’@?X. The SO“d curves
one-dimensional spectra at pH* 10.51. Assignments are based onfor the WT data are fits to eq 12. The value ¢fipwas also set to
previously reported data for WT and mutant iso-1-cytochrom@ee 10.8 as d|SClussed in the Iegend of Figure 1. Parameters obtained
refs27 and44). © Data are from the one-dimensional spectrum at pH* from these fits are collected in Table 2.

7.51. Assignments are based on previously reported data for WT and

mutant iso-1-cytochromes(see ref®27 and44). ¢ Chemical shifttaken ~ groups of the native states of the WT and K73H proteins
from ref 47. ¢Data are from the one-dimensional spectrum at pH* are almost identical, indicating that the K73H mutation does
10.05. Assignments are based on previously reported data for WT andpgt significantly perturb the native state heme environment
mutant iso-1-cytochromes (see refs27 and44). of iso-1-cytochrome. The chemical shifts of the native state
heme methyl groups also agree well with those reported
ligand environment is indicated for the intermediate alkaline previously for iso-1-cytochrome (47, 48). NMR data for
state of the K73H variant. The chemical shifts in the the previously reported K73A and K79A variants of iso-1-
intermediate state of the alkaline transition are similar to cytochromec indicate more perturbation to the native state
those observed when exogenous imidazole derivatives bindheme environment than is observed for the K73H variant
to the heme of cytochrome displacing Met 80 45, 46). (27).
For example, when imidazole binds to horse cytochrame The alkaline transition was also monitored as a function
the chemical shifts of the heme methyl groups are as of gdnHCI concentration at the 695 nm band for the K73H
follows: 1-methyl (1-Me), 10.69 ppm; 3-Me, 16.69 ppm; and WT proteins (Figure 6). The sensitivity of the WT
5-Me, 14.05 ppm; and 8-methyl (8-Me), 24.20 pp#Ab)( protein to gdnHCI concentration is small. The first phase of
Thus, the chemical shift pattern for the intermediate state in the transition of the K73H protein is obviously sensitive to
the biphasic transition of the K73H protein is consistent with gdnHCI concentration. It clearly goes further to completion
an imidazole ligand displacing Met 80 and binding to the as the gdnHCI concentration increases. The alkaline transition
heme iron. The broad resonances near 16.5 and 22 ppm atvas also monitored at 695 nm in,O for both proteins (data
pH* 7.5 which correlate with the native heme 3-Me and not shown). For the WT protein, the transition remained an
8-Me groups disappear at high pH* (Figure 4). Thus, the approximately one-proton process £ 0.89 + 0.02), but
lysine 79 alkaline state appears to replace the intermediatethe gKy(app) was raised significantly to 8.98 0.02. For
state at high pH. This is consistent with the qualitative the K73H protein, the alkaline transition remains biphasic
interpretation of the spectroscopic data in Figure 1. It is also but less of the absorbance at 695 nm is lost in the low-pH
noteworthy that the chemical shifts for the heme methyl phase of the alkaline transition, indicating that the low-pH
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phase of the transition is less favorable than ¥OHThe Since this is a partitioned equilibrium, the observed
stabilizing effect of DO toward partial protein unfolding,  equilibrium constant for loss of Met 80 with increasing pH
apparent here for the alkaline conformational transition, has can be written in terms of the populatior, of the states
been observed previously for the full unfolding of proteins involved in the equilibrium as given in eq 1Bre—1 is the

(49, 50). population of the state with ligand;lbound to the heme;
Pre-L2 is the population of the state with ligand bound to
DISCUSSION the heme, andPreueso is the population of the state with

Analysis of the Biphasic Alkaline Conformational Transi- Meét 80 bound to the heme.
tion. The alkaline conformational transition of K73H iso-1-
cytochromec is unique in its biphasic nature. The spectro- K, ,(obs)=
scopic data at both 695 nm and in the Soret region ’ Pre-Metgo

demonstrate the presence of two separable equilibria involve . . . . .
b b g dThe population of each state is readily obtained from partition

in the replacement of the Met 80 heme ligand. The equilibria]c o’ vsi ing the Met-bound stat the ref

are clearly reversible since data from back-titrations (pH S‘:Qfe'(;r; ?r?zg]/?i:j:m\?vhe?eKe(ébgjgn;a(glfss) haevreetireence
ing d lay the data for f d titrati H goi ; ’ 1 2

going down) overlay the data for forward titrations (pH going same form as in eq 5 (Materials and Methods), and refer to

up). It is evident that the low-pH phase does not go to A E A i
completion because it does not result in the full loss of the observed equilibria involving,Tand Ly, and % and L.,

PFe—LZL + I:)Fe—LZ (13)

heme-Met 80 ligation. This is clear from the NMR data, as respectively.

well. At pH* 7.5, where the po_pulation of the i_ntermediate Pee et = 1/[1 + K,(0bs)+ K,(obs)] (14a)
state begins to plateau (see Figure 1), the native state heme

methyl groups are strongly evident (Figure 4). In other words, Pre_ 1 = K, (0bs)/[1+ K,(obs)+ K,(obs)] (14b)
Kc ~ 1 for this first phase (ic ~ 0). The NMR data are

also consistent with very different ligand environments for Pre-L2 = Ky(0bs)/[1+ Ky(obs)+ K;(obs)]  (14c)

the heme for the low-pH phase and the high-pH phase of _ . . - .
the alkaline transition of the K73H variant. The chemical iuggtig“ng egs 14 into eq 13 yields the trivial result given

shifts of the heme methyl groups in the intermediate state at'
the end of the low-pH phase are not consistent with either K, ,(obs)= K,(obs)+ K,(obs) (15)
Lys 73 or Lys 79 ligation, but are consistent with an 12 ! z

imidazole ligand 45, 46) such as histidine. The high-pH  Using the result for the pH dependencekgbbs) for a single

phase of the alkaline transition is dominated by Lys 79 jonizable ligand displacing Met 80 in eq 7 (Materials and
ligation by comparison with literature NMR data7. Methods), we obtain eq 16.

For the biphasic alkaline conformational transition of the

K73H variant of iso-1-cytochrome, the data are consistent Kex Keo
with two trigger groups with differentiy, values, and two K, A{obs)= H +] [H+] (16)
different chemical groups replacing Met 80 as the heme 1+ 1+
ligand. The following partitioned equilibrium is consistent Kz Kiz
with the spectroscopic data. _ 8
10 pKc1 10 pKc2

Kei - Kp1—pH Kiz—pH
Kui (Fe-Met80|T)) <—= (Fe-Li|Met80) 1+10 ’ 1+10 ’
/ The properties of eq 16 bear some discussion with regard to
(Fe-Met80|T,H", T.H") which parameters can be uniquely determined. First consider
\ Ko the high-pH phase of the transition, denotedday andKi;.
Kin (Fe-Met80[Ty) €—>  (Fe-Lo[Met80) Our experimental data indicate that the high-pH phase of

the alkaline transition of K73H iso-1-cytochromeyoes to

We note that the trigger groups; @nd T, may be the completion and that the ligand involved is Lys 79. Previously
same chemical groups as ligands dnd Ly, respectively. reported data on a K73A variar7) of iso-1-cytochrome
We will use T; and Ly and thusKy; andKc; to refer to the (with only the Lys 79 ligand) also indicate that lysine 79
low-pH phase of the alkaline conformational transition of drives the alkaline transition to completion. Thu&cp <
the K73H variant. 7 and L, andKy, andKcy, will refer to —1, and the alkaline transition occurs at a pHK|app)]
the high-pH phase of the alkaline conformational transition that is significantly lower than thelfy, of the trigger group.
of the K73H variant. This analysis assumes that the replace-In this case, eq 8b (Materials and Methods) holds afg:p
ment of Met 80 by either branch of the equilibrium is a strict and Ky, cannot be determined independently with eq 16.
one-proton process. We also note that we cannot rule outThus, one or the other must be known when using eq 16.
direct interconversion of the ;Land L, liganded states.  For lysine 79, iy has been reported to be 10.8 from kinetic
However, in equilibrium measurements, only the relative data 7). We will use this value. On the other hand, our
favorability, of the states which can be observed, can be data indicate that i ~ 0 for the low-pH phase of the
assessed. Thus, no mechanistic information about howalkaline transition of K73H iso-1-cytochronee Examination
species interconvert is available. For simplicity, we use the of eq 8b (Materials and Methods) indicates théh@app)=
least complicated equilibrium consistent with the data and pKy under such a circumstance, which means the simplifying
thus have not included equilibrium arrows between-Fe assumption [H] > Ky (i.e., pH< pKy) during the transition
L,/Met80) and (FeL,/Met80). does not hold and egs 8a and 8b no longer apply. Inspection
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of the twoK(obs) terms in eq 16 shows that if the transition T > Thermodynamic Parameters for the Alkaline

occurs at a pH much lower that th&pof the trigger group, Conformational Transitions of WT and K73H Iso-1-cytochromes
the value ofK(obs) changes by a factor of 10 for each unit in 0.1 M NaCl at 25°C

change in pH{i.e., the slope of a plot of-log[K(obs)] vs WT Iso-1-cytochrome

pH is 1; see eq 9 in Materials and MethdF his rate of [gdnHCI] (M) pKn(appy n pKcP

change oK(obs) can be obtained with multiple combinations 8.62+0.02 092+001 —2.20+0.05

of K¢ andKy, and thus, these parameters are not uniquely 0.1 8.55+0.01  0.94+0.04 —2.26+0.02

determined. However, when the conformational transition 0.2 8.47+£0.06  0.93+005  —2.34+0.06
0.3 8.36£0.04  0.96+0.01 —2.444+0.04

occurs at a pH near the&p of the trigger group, the rate of

, . 0 (with D,O 8.93£0.02  0.89+0.02 —1.88+0.02
change ofK(obs) with pH is no longer constant. On a log ( )

scale, the rate of change eflog[K(obs)] versus pH goes K73H Iso-1-cytochrome

) [gdnHCI] (M) pKr pKci® pKcz
from a slope of 1 to a slope of 0 and asymptotically
approaches the value ofKp, which will be near 0 as 0 6.60+006  028:001 -2.18+011
indicated above. Thus, for the low-pH phase of the alkaline 01 6.71+0.10 0.14£0.02  —2.24+£0.04
Indicat - Ihus, pHp 0.2 6.70+ 0.17 0.02£0.08  —2.39+0.14
transition of K73H iso-1-cytochrome, pKc; can be deter- 0.3 6.7140.11 —0.094+0.05 —2.39+0.10
mined uniquely from the leveling off of the curve, near the 0 (withD:0)  6.74+0.09 0.49£0.03 —2.04+0.03
end of the first phase of the transition. ThuKcpand Ku a Parameters extracted from fits to eq 2@arameters obtained from
for the trigger group, 7, can be deconvoluted from fitting fits of the data to eq 12, wher&kp = 10.8. See the legend of Figure
the data to eq 16, sincekp; is near 0. 1. ¢ Parameters obtained from fits of the data to eq 17, whiie g

For the purposes of nonlinear least-squares fitting of the 108 @7
data in Figures 1 and 6, eq 16 is substituted into eq 11

(Materials and Methods), giving eq 17. concentration§1). We note that this value is the expected
value for a solvent-exposed histidine such as His 53.(
10 PKet 10 PKe2 The lack of a shift in the value foriay1 in D20 is consistent
A T Al 1+ 1P PH | 1 4 (PR pH with pr.e\./i'ous observa}tions showing that the difference in
Aggs = — — a7 the activities of deuterium and hydrogen at a glass electrode
10 Pt 10 Pte is equal to and the opposite of the difference in their activities
1+ 10PKm—PH 1 4 qPKnePH with respect to the titratable group of histiding3). The

value of Kc1 becomes progressively more negative (i.e.,

When data are fit to this equation, it is assumed that the endmore favorable) as the gdnHCI concentration increases. This
points,Ay andAy, are the same for both the low- and high- is as expected. GdnHCI should progressively destabilize the
pH phases of the transition. Since the 695 nm band is duesubstructure of iso-1-cytochroneethat is disrupted by the
to the presence of Met 80 ligation and is expected to be alkaline transition, decreasing the conformational energy that
absent when other ligands bind to the heme, irrespective ofmust be overcome for the alkaline transition of cytochrome
the nature of the incoming ligand, this is a reasonable C. The magnitude of lic: is less than-1, as expected. If a
assumption. This same assumption is not tenable for fitting linear free energy relationship is assumed for this transition
data to the Soret band near 400 nm as is evident from the[AGy = AGy(H20) — m[gdnHCI]; see ref54], m values of
spectra in Figure 2. Thus, we restrict extraction of the 1.674 0.08 and 1.1 0.2 kcal mot* M~* are obtained for
parameters ic1, pKni, and Kc, to curve fitting analysis of the low- and high-pH phases of the alkaline transition of
data obtained at 695 nm. the K73H variant, respectively. Sinca values appear to

The parameters obtained from fitting the data in Figures correlate with the increase in solvent-exposed surface area
1 and 6 to eq 17 are collected in Table 2. Parameters fromOf hydrophobic groups5g), the m values indicate that the
fitting the WT alkaline transition data to both eqs 10 and 12 structural disruption for the low-pH phase of the transition
are reported in Table 2, as well. As expected, eq 8b holdsis greater than for the high-pH phase of the transition.
for the WT data. The fit to eq 10 is consistent with a one- Previously, a larger enthalpy was observed for the Lys 73-
proton process for the WT protein, as expected. The driven alkaline transition than for the Lys 79-driven alkaline
parameters ic1 and Ky, obtained for the low-pH phase of ~ transition €7), which is consistent with a greater structural
the alkaline transition of the K73H protein are robust. They disruption for the Lys 73-ligated state than for the Lys 79-
are obtained irrespective of the initial parameter set used forligated state. Given the relative structural proximity of these
curve fitting. The fitting routine also converges smoothly. two lysines relative to the hemdvet 80 linkage, much
We also note that if Ky, is constrained to values 1 pH unit ~ greater structural disruption is expected for a heme ligand
above or below the value obtained by curve fitting, it is not at position 73 than for one at position 79 when it displaces
possible to obtain a good fit to the data. On the other hand, Met 80. The m value for the alkaline conformational
the value of [, can be constrained to a wide range of transition of the WT protein is 1.% 0.1 kcal mot* M,
values, besides the literature value of 10.8 for the transition which suggests that Lys 79 is the dominant ligand in the
to Lys 79 ligation 27), and a good fit to the data is still ~ alkaline state under the conditions used in our experiments.
obtained. The relative intensities of (5)a (Lys 73 ligation) and (5)b

The value for the K, of the trigger group for the low-  (Lys 79 ligation) in Figure 3 qualitatively corroborate this
pH phase of the transition is 6.F 0.1, irrespective of  conclusion.
gdnHCI concentration or #0 versus RO as the solvent. In the preceding discussion, a number of factors coincide
This observation is not surprising since thi€;pralues of to implicate His 73 as the ligand in the low-pH phase of the
most ionizable amino acid groups are not sensitive to gdnHCl alkaline transition of the K73H protein. First, side chains at
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Ficure 7: Plots of the population of hemévet 80 (— — —),
heme-His 73 (——), and hemelys 79 (—) states vs pH at
different gdnHCI concentrations. The parameters from fitting the
data depicted in Figures 1 and 6 to eq 17 along withnthealues

for the low- and high-pH phases reported in the text were used in
egs 14a-c to generate these curves. The gdnHCI concentration is
varied from 00 1 M in steps of 0.1 M. For hemeMet 80 ligation,

the top curve curvesiO M and the bottom curve is 1.0 M gdnHCI.
For heme-His 73 ligation, the bottom curvesi0 M and the top
curve is 1.0 M gdnHCI. For hemelys 79 ligation, the fractional
population at a given pH increases up406.5 M and then decreases
again, such that the lowest visible curve is 1.0 M gdnHCI and the
second lowest visible curves 0 M gdnHCI.

Nelson and Bowler

shifts to lower pH becauseKg becomes more favorable.
However, at [gdnHCI} 0.5, the steeper dependence of free
energy on [gdnHCI] of the His 73-bound state (larger
value) outcompetes Lys 79 ligation at intermediate pH values,
pushing the Lys 79-driven transition to higher pH again. It
is also clear that as [gdnHCI] increases, even at pH 5, the
native state can no longer be fully populated. At gH, the
global stability of iso-1-cytochromedrops off rapidly 86),
complicating the analysis presented in Figure 7, and thus,
this analysis is not extended below this pH. The partition
function analysis in Figure 7 can be extended to the data
obtained in RO. The stabilizing effect of BD limits the
maximal fractional population of the intermediate state to
~0.2 (pH* 7.8 at maximum population), significantly below
the maximal population 0f0.3 in HO. This is consistent
with the low intensity observed for the heme methyl proton
resonances at pH* 7.6 in Figure 4. Overall, the parameters
derived from the data presented here allow the equilibria
between the native state and two partially unfolded forms
of iso-1-cytochrome to be mapped out as a function of pH
and [gdnHCI].

Implications for the Alkaline Transition of Cytochrome ¢
Significant progress has been made in understanding the
nature of the alkaline conformational transition of cyto-

position 73 that are good heme ligands are known to causechromec. Although kinetic data are consistent with a fast

the alkaline transition27), and histidine is a strong heme

ligand 66). Replacement of Lys 73 with alanine prevents
the alkaline transition due to a protein side chain at this
position 7). Second, the chemical shifts of the heme methyl

deprotonation event followed by a simple two-state confor-
mational transition Z5), NMR (26), EPR @7, 44), and

Raman §8) data demonstrate that more than one alkaline
conformer exists. More recently, data on variants of iso-1-

groups of the intermediate state at pH* 7.5 are consistentcytochromec (27) have demonstrated that the two alkaline

with an imidazole ligand, such as histiding5( 46). Third,
the structural disruption caused by the first phase of the

conformers in this protein result from two different protein
ligands replacing Met 80, either Lys 73 or Lys 79. Significant

transition is significantly larger than that for the second phase controversy has revolved around the nature of the trigger

of the transition, consistent with previous data for ligation
by lysine from position 73 versus position 79 in the alkaline
state 7). Finally, the Ky, of ~6.7 is consistent with a
histidine. Thus, we assign His 73 as the ligand involved in
heme binding in the low-pH phase of the alkaline transition
of the K73H protein.

In Figure 7, we show the populations of the His 73 and
Lys 79 alkaline conformational states as a function of pH

group for the alkaline conformational transition. Thi§.p
values obtained from the pH dependence of the kinetics of
this transition are consistent with the identity of the trigger
group being lysined5, 27). However, the decreases iKp
obtained for several mutations at position 82 in yeast iso-
1-cytochromec are difficult to reconcile with the trigger
group being either of these surface-exposed lysiags (t

is equally difficult to understand how the mutations at

and gdnHCI concentration using the parameters in Table 2position 82, which are believed to increase the level of

along with egs 14ac. The maximal fractional occupation exposure of the heme to wateés9j, would lower the Ky

of the His 73-bound state is predicted to be 0.85 and occursvalues of putative trigger groups such as His 18, Tyr 67, or
at pH 7.2 and 1.0 M gdnHCI. We do not extend the a buried water molecule to values far below the intrinsic

evaluation of the population of these states as a function of pKa values of these groups in agueous solution. However, a
pH beyond 1.0 M gdnHCI, because the fully unfolded state heme propionate with an unusually higk4{60), which has

is expected to start to become more stable than thebeen suggested to be the trigger group for the alkaline

intermediate state abel M gdnHCI 85, 36). This situation
results because thma value for global unfolding 35, 36) is
approximately 3 times the magnitude of thevalue for
formation of the His 73 alkaline conformer (see 5. The
population of the intermediate His 73 state predicted from
data for the alkaline conformational transition of the K73H
protein is consistent with the previous data for gdnHCI
denaturation of this same protein monitored by CD at 220
nm and at amsgs at pH 7.5 B5). It is also noteworthy in

conformational transition of cytochronee(24, 61), cannot

be ruled out on this basis. Mutation of Pro 76 to Gly on the
other hand has no effect on th&pvalue 62). Possibly,
the simple mechanism of Davis et aR5 is no longer
adequate for yielding reliable parameters for position 82
variants which have both lysine 73 and 79 competing for
heme ligation. As suggested by Mauk and co-work&id, (
studies on the alkaline conformational transition of iso-1-
cytochromec with position 82 mutations where either only

Figure 7 that as the gdnHCI concentration increases, the pHIlysine 73 or only lysine 79 is present should shed light on

at which maximal population of the intermediate His 73-
ligated state occurs decreases slightly from 7.6 at 0 M
gdnHCI to 7.2 at 1.0 M gdnHCI. Also, as the gdnHCI

concentration increases, the Lys 79-driven transition initially

the surprising shifts in Ky for these variants.

In the data presented here, we replaced Lys 73 with
histidine. This replacement significantly changes the proper-
ties of the alkaline conformational transition, making it
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biphasic. It was thus necessary to develop a more complexare expected to be very fruitful for understanding the folding
model to fit the biphasic alkaline transition that is evident of this protein.

in the data. Since the His 73-induced transition does not go
to completion, it was possible to evaluatéqand thus Ky

for the first phase of the transition by equilibrium methods,
a deconvolution not usually possible without resorting to
kinetic measurements. Th&p value obtained is consistent
with the K, expected for a solvent-exposed histidine in
cytochromec (52). The fact that replacing Lys 73 with a
histidine shifts the [y for the alkaline transition involving

a ligand at position 73 from 124 0.3 (27) to 6.60+ 0.06

in H,O is very suggestive. In the Lys 73 case, th&, 5
near the intrinsic value for a lysine, and in the His 73 case,
the K, is near the intrinsic value for a histidine. The
chemical shifts of the heme methyl groups for the WT and
K73H proteins in the native state are essentially indistin-
guishable (Table 1), indicating that perturbations to the heme
environment in the native state resulting from the K73H
mutation are minimal. A significant shift in the<p of any

of the putative buried trigger groups (His 18, Tyr 67, heme
proprionate, or buried water molecule) is highly unlikely if
the heme environment in the native state is not perturbed
significantly by the K73H mutation. In our view, the simplest
explanation of the results presented here is that the alkaline
conformational transition is driven by deprotonation of the
ligand (Lys 73 or Lys 79 in the WT protein; His 73 or Lys
79 in the K73H protein) which replaces Met 80.

The data presented here are also consistent with the
alkaline conformational transition resulting in a relatively
small degree of unfolding of the protein. The gdnti@Value
for the His 73-driven transition is abotit the value for full
unfolding of the proteinrq = 5.11 kcal mot! M~%; see ref
63). The m value for the Lys 79-driven transition is even
smaller. Solvent denaturatian values are proportional to
the change in the degree of solvent exposure of buried
hydrophobic groups caused by a conformational transition
(54, 55). Thus, the disruption of structure is much less than
for full unfolding of yeast iso-1-cytochrome

It has been previously suggested that the alkaline confor-
mation may represent a model for a folding intermediate of
iso-1-cyochrome (62). Work by Englander and co-workers
(8, 32—34) has indicated that the lowest-energy partially
unfolded form of cytochrome involves unfolding of2-loop
D (residues 76-85). Englander and co-workers have sug-
gested that formation of this loop may be the last step in
folding of this protein 82). This segment of the protein
includes both sequence positions implicated in the alkaline
transition of iso-1-cytochrome Them value obtained here
for the His 73-driven alkaline transition is nearly identical
to that obtained for unfolding of2-loop D by Englander
and co-workers (1.6 kcal mol M~1; see ref32). Thus, the
data presented here provide additional support for the notion
that the alkaline conformational state of cytochromis a
useful model for a folding intermediate of cytochrore
Recent NMR studies by Bren and co-workers show that
lysines replace Met 80 in horse cytochromse during
equilibrium unfolding 64). The degree of structural disrup-
tion observed for the lysine-liganded state for the horse
protein is also consistent with involvement of the alkaline
state as an equilibrium folding intermediaté4). Thus,
further studies on the alkaline state of iso-1-cytochrame
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