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Abstract: The kinetics of the alkaline conformational transition of a Lys 73—His variant of iso-1-cytochrome
c have been investigated using pH jump stopped-flow methods to probe the nature of the ionizable “trigger”
group for this conformational change. This mutation moves the pK; of the ligand replacing Met 80 from
about 10.5 to approximately 6.6 and has unmasked two other ionizable groups, besides the ligand replacing
Met 80, that modulate the kinetics of this process. The results are discussed in terms of the impact of
ionization equilibria on protein folding mechanisms.

Introduction mational state of cytochrome may coincide with a late
intermediate along the folding pathway of this prot&if”
Thermodynamically accessible partially unfolded states of
proteins, similar in nature to the alkaline state of cytochrome
¢, have also been implicated as precursors in the nucleation of
protein aggregation, which can lead to chronic physiological
disorders A number of studies also suggest that the alkaline
tate of cytochrome may play a role in modulating the electron-

transfer dynamics of cytochromein the electron transport

At moderately alkaline pH values of 8.5 to 10, cytochrome
c undergoes a small conformational change that is manifested
by substitution of the methionine 80 (Met 80) ligand in the sixth
coordination site of the hemeMuch progress has been made
in understanding the properties of this conformational transition.
Using site-directed mutagenesis, lysines 73 and 79 have bee
identified as the ligands which replace Met 80 in the alkaline

state of yeast iso-1-cytochrone€ NMR structural data for the

lysine 73 liganded conformational state of yeast iso-1-cyto-

chromec have also recently been publishedowever, despite

much research, there is still significant debate about the identity
of the ionizable group which triggers this conformational
transition}-2> Numerous kinetics studies have been undertaken

to provide insight into the triggering proce®s.> Typically,
kinetic data provide acid constants for the triggering grolfy, p

which are consistent with lysine. Thus, although there have been

many proposals for the triggering grotig?it has been difficult

to demonstrate a triggering deprotonation that is distinct from

deprotonation of the incoming ligand.

Besides the long time interest in the alkaline conformational
state of cytochrome,! recent studies suggest that this confor-
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chain?*° Thus, a deeper understanding of the dynamics of the
alkaline state of cytochrome should provide insight into
fundamental aspects of protein folding and misfolding and may
potentially lead to greater understanding of the functional
properties of this protein.

If deprotonation of groups other than the ligand replacing
Met 80 is involved in triggering the alkaline conformational
transition, one way to unmask such “trigger” groups is to move
the K, of the ionizable protein side chain that replaces Met 80
in the alkaline state. Recently, we have characterized the
equilibrium partial unfolding of iso-1-cytochromedriven by
a histidine 73 variant of the protefnEquilibrium analysis of
the alkaline conformational transition of this variant showed
that the equilibrium Ky is 6.6 in 0.1 M NaCl solution for the
His 73-ligated alkaline state, consistent with the His 73 side
chain K controlling this conformational transition. Here, we
analyze the kinetics of formation of the alkaline conformational
state of His 73 iso-1-cytochrome using pH jump stopped-

(6) (a) Krishna, M. M. G.; Lin, Y.; Rumbley, J. N.; Englander. S. WMol.
Biol. 2003 331, 29—-36. (b) Bai, Y.; Sosnick, T. R.; Mayne, L.; Englander,
S. W. Sciencel995 269, 192-197.
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495. (c) Nelson, C. J.; Bowler, B. Biochemistry200Q 39, 13584-13594.
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flow methods. The data provide a direct demonstration that A, t) = A;pd®) + a,exp(—kit) + aexpk,t) + aexp(kst)
deprotonation of two other ionizable groups besides the ligand 3)

replacing Met 80 influence the dynamics of formation of the
alkaline state of cytochrome In these equation\e(t) is the absorbance as a function of time at

406 nm;Aqoe() is the absorbance at 406 nm at infinite tinae, ay,
Materials and Methods andag are amplitudes; anld;, ko, andks are rate constants.

Protein Purification. The His 73 variant of iso-1-cytochronwevas Results
isolated and purified fronSaccharomyces cersiae GM-3C-2 cells

(deficient in cytochrome) carrying the pRS425/CYC1 phagemid vector L S . .
using previously described methdd$and was stored at70 °C. Kinetics. Equilibrium data on His 73 iso-1-cytochrome

Protein was thawed and purified by HPLC with a cation exchange 'nd'ca_te t_hat H'S 73 begins to displace Met 80 !n the S'_Xth
column (Waters ProteinPak SP 8HR)just prior to use in stopped- ~ coordination site of the heme near pH 6.0 reaching maximal
flow experiments. The His 73 variant also has the Cys 102 replaced Population near pH 7.8 Above this pH, lysine 79 begins to
with a serine residue to avoid complications related to dimerization of displace His 73 as the alkaline state heme ligand, becoming
protein molecules resulting from intermolecular disulfide cross-links. essentially the sole ligand near pH 10. NMR data confirm this
Stopped-Flow MeasurementsThe His 73 variant was oxidized with progressiori¢ Thus, separate kinetic phases might be expected
KsFe(CN) for 1 h at 4°C. The protein was then run down a sephadex for the native to His 73-ligated and native to Lys 79-ligated
G-25 column using 100 mM NacCl as the eluant to separate the oxidizing g|kaline transitions. Upward pH jumps were initiated at pH 5.0
agent from the protein. The concentration of the protein was determined \\nare equilibrium data indicate that His 73 iso-1-cytochrome
spectrophotometrically, as previously describ®dnd the volume was c is fully native. Data were collected at final pH values from

igjtzisszg using 100 mM NaCl, until the desired concentration was 6.0 to 10.0 to provide data that progress from a region dominated
Oxidized His 73 protein at a final concentration of 20 and an by His 73 I,Iga“c.m t.o one dominated by I.‘ys 9 Ilgqtlon.

initial pH of 5.0 was used in all upward pH jump experiments (pH Represent{;\tlvg kinetic traces fpr “F’V}’arq pH jump experiments

adjusted with HCI). The buffers used to achieve the final pH were all @€ shown in Figure 1. Two obvious kinetic phases are observed,

20 mM in buffer and contained 100 mM NaCl. Buffers used were as One which occurs on an approximately 100 ms time scale and
follows: MES (pH of 6.0 to 6.6), NaklPOy-H,O (pH 6.8 to 7.6), Tris the other on an approximately 25 s time scale. Below pH 7.8,
(pH 7.8 t0 8.8), and EBO; (pH 9.0 to 10.0). For downward pH jumps,  the data are adequately fit by two first order rate processes. At
the pH of the starting protein solution was adjusted to pH 7.65 with pH 7.8 and above, significantly better fits to the data are obtained
NaOH solution. The buffers used to obtain the final pH were all 20 ysing three first-order rate processes to fit the data, the third
mM with 100 mM NaCl as for upward pH jumps. Buffers used were  yhase occurring on an intermediate time scale. At pH 8.0, the
as follows: acetic acid (pH 5.0 to 5.4) and MES (pH 5.6 to 6.4). The fast phase is the dominant phase with a lower amplitude
pH was adjusted with NaOH for all buffers. Protein at pH 5.0 (upward observed for the two slower phases. At pH 10, clearly the two

jumps) or 7.65 (downward jumps) was mixed in a 1:1 ratio with the | h h b domi h he f h
appropriate buffer to achieve the desired final pH, using an Applied slower phases have become dominant; however, the fast phase

Photophysics PiStar 180 spectrometer operating in kinetics mode. After Still persists. . .
mixing, the final protein concentration was LM and the buffer For upward pH jumps, the amplitude of the fast phase slowly
concentration was 10 mM with 100 mM NaCl. Measurements of the increases with pH, leveling off above pH 8 and remaining
pH of solutions after mixing indicated that shifts in the pH of the buffers constant up to pH 10 (Figure 2). The amplitude of the slowest
upon mixing were negligible. phase begins to increase near pH 8, leveling off near pH 9.4
All pH jump experiments were carried out at 250.1°C (Thermo (Figure 2). The growth of the amplitude of the fast phase is
Neslab circulating water bath). The conformational change between qualitatively consistent with the displacement of Met 80 by His
the native and alkaline states was monitored by absorption spectroscopy;3 previously observed under equilibrium conditions, as pH is
at 406 nm, the wavelength of maximum change in absorbance for theincreased from 5 to & Similarly, the growth in amplitude of
conversion between the native and His 73-ligated alkaline tdtee the slowest phase parallels the pH dependence of Lys 79 binding

dead time of the stopped spectrometer was measured by mixingto heme observed for His 73 iso-1-cytochrogteand for Ala

dichloroindole phenol with ascorbate at pH 2'@jving a value of 1.6 . b e . .
ms under the mixing conditions used in the experiments reported here.73 iso-1-cytochrome=” under equilibrium conditions. A fit of

A minimum of five kinetic traces was collected at every pH. A total of the slow phase amplitude to the Hendersbfasselbalch
5000 points was collected on a logarithmic time scale for each kinetic €quation gives an apparenKpof 8.7 & 0.1, within error of
trace. the value of 8.8 observed for the Lys 79 alkaline staféBased
Analysis of Kinetic Data. Analysis of the kinetic data obtained was  on the behavior of the amplitude of the fast and slow phases as
performed using the curve fitting program SigmaPlot (v. 7.0). For a function of pH, we assign the fast phase to the formation of
upward pH jump data, kinetics traces were fit using equations for either the His 73-ligated alkaline state from the native state and the
a double (equation 1, data for pH 6.0 to 7.6) or triple exponential sjow phase to the formation of the Lys 79-ligated alkaline state
(equation 2, data for pH 7.8 to 10.0) rise to maximum. For downward fom the native state. Equilibrium analysis indicates that the
PH jump data, His 73-ligated alkaline state reaches a maximum population near
pH 7.6 and then decreases as it is replaced by the Lys 79-ligated
Auodt) = Aao(*2) + (1 — exp(iyl)) + a1 — exp(iot) - (1) alkaline staté® However, in Figure 2, the amplitude of the fast
Aot = Ayod@) + ay(1 — exp—kyt)) + a1 — exp(kyt)) + kinetic phase assigned to formation of the His 73-ligated alkaline

General Features of Upward and Downward pH Jump

a3(1 - eXp(_k3t)) (2) (10) (a) Bowler, B. E.; May, K.; Zaragoza, T.; York, P.; Dong, A.; Caughey,
W. S. Biochemistry1993 32, 183-190. (b) Bowler, B. E.; Dong, A.;

kinetic traces were fit using the equation for a triple exponential decay (11) ?gﬂgﬂi}?’awé_.Sﬁfgéﬂ'sgﬂ%%gﬁ’i Zﬁqz;gﬁwofgjuchi-lto 3.+ Hiromi. K.

(eq 3). Anal. Biochem1978 84, 370-383.

6752 J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004



Kinetics of the Alkaline Transition of Cytochrome ¢

ARTICLES

0.91

0.90 4
0.89 5
0.88 -

Absorbance

time, s

Absorbance

1.08
1.06 1
1.04 4

1.02

0.98 4

0.96 4

0.94

time, s

Figure 1. Plot of Asgs vs time (on a logarithmic scale) for His 73 iso-1-cytochrom®ata at 406 nm (gray dots) as a function of time were collected in
0.1 M NacCl at 25°C with the protein concentration near A4M. The buffers in the final mixtures were (A) 10 mM Tris, pH 8.0 and (B) 10 m\BBs,

pH 10.0. The pH jump experiments were carried out as described in Materials and Methods. The solid black curves are fits of the data to a tripté exponenti

rise to maximum (eq 2, Materials and Methods) obtained with nonlinear least-squares methods using SigmaPlot (v. 7).
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Figure 2. Plot of change in amplitude\Aos Vs pH for the fast4) and
slow (©) phases for upward pH jumps with His 73 iso-1-cytochrotme
Data were collected at 406 nm in 0.1 M NaCl at 25 with the protein
concentration near 1@&M. Amplitudes for each kinetic phase were

Figure 3. Plot ofkopsVs pH for the fast phase of the alkaline conformational
transition of His 73 iso-1-cytochrome Data were collected at 406 nm in
0.1 M NaCl at 25°C with protein concentration near 10. Data for this

plot were collected and analyzed as described in Materials and Methods.
Data points for downward jumps are shown with solid circles. Data for

determined from fits to kinetics traces using eq 1 and 2 in Materials and ypward pH jumps are shown with open circles. Error bars represent one
Methods. Error bars represent the standard deviation of at least five separatetandard deviation. The larger error bar at pH 6 is for the upward pH jump
kinetics traces. The solid curve is a fit of the amplitude of the fast phase to gata point at this pH. The solid curve is a fit of the data to the kinetic

the kinetic model described in the Discussion section (eq 6). The dotted
line is a fit of the slow phase amplitude to the kinetic model described in
the Discussion section (eq 8).

state persists at a constant level all the way out to pH 10.
Evidently, the faster kinetics of formation of the His 73-ligated
alkaline state allow it to reach its maximal equilibrium popula-
tion (Keq ~ 0.5 at pH's where His 73 is fully deprotonatéd
above pH 8 before being displaced by the more favorable Lys

79-ligated alkaline state on a longer time scale. The amplitude
of the intermediate phase observed above pH 7.8 shows no trend

as a function of pH, having a value of 0.0880.002 absorbance

model described in the Discussion section (eq 5) with the conformational
equilibrium constant for the interconversion between the native and His
73-ligated alkaline states assumed to be 0.5 (see ref 7c).

Scheme 1. Standard Kinetic Model for the Alkaline
Conformational Transition

H
—_—

cyte+ H'

o

cyt c*

Heyt e

amplitude was 0.038- 0.003 au, consistent with the summed

units (au) throughout the pH range where it is observed (data amplitude observed for upward jumps from 5 to 7.6 or 7.8.

not shown).
From equilibrium datd¢ the amplitude for upward pH jumps

pH Dependence of the Rate Constantkops, for the Fast
Phase.A prime interest of this work was to observe the pH

was expected to be too small to make reliable measurementsdependence okqys for the alkaline conformational transition

below pH 6.0. To obtain kinetic data for the alkaline confor-
mational transition below pH 6, downward pH jumps from pH
7.65 to pH values from 5.0 to 6.4 were carried out to obtain
kobs Again three kinetic phases, fast (5000 ms time scale),
intermediate (10 s time scale), and slowb0 s time scale) were
observed. Within error, the amplitude of each phase was
invariant with final pH (fast, 0.013t 0.001 au; intermediate,
0.008 + 0.001 au; slow, 0.01A 0.001 au). The summed

between the native state of iso-1-cytochrocrend the His 73-
ligated alkaline state with the intent of unmasking other ionizable
“trigger” groups which modulate this transition. The amplitude
data indicate that the fast phase occurring on the 8D ms
time scale corresponds to this conformational transition. Figure
3 shows the variation ifps as a function of pH for the fast
phase. In the standard model for the alkaline transition of
cytochromec, a rapid protonation equilibrium precedes the

J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004 6753
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downward pH jump experiments. For upward jumps, as noted
above, it is not possible to distinguish distinct intermediate and
slow phases below pH 7.8. The intermediate pHasgvalues
for downward jumps do not change with pH, within error. The
amplitude for this phase is consistent with the amplitude
expected for the conversion of the Lys 79-ligated alkaline state
to the native state, for a downward jump from pH 7.65. In Figure
4, the magnitude dfy,sfor the slow phase for upward pH jumps
and the intermediate phase for downward jumps appears to
merge in the pH range 6.0 to 6.5. Thgsdata therefore indicate

0.01 , , , , , , that the rate of interconversion of the native and Lys 79-ligated

4 5 6 7 8 9 10 1 alkaline states decreases as pH increases from 6 to 8 and then
pH increases again above pH 8. Thgsvalues for the native state

Figure 4. Plot of kews Vs pH for the slow and intermediate phases of the to Lys 79-ligated alkaline state interconversion are still increas-

alkaline conformational transition of His 73 iso-1-cytochrom®ata were ing at pH 10 indicating that theK of the group causingons
collected at 406 nm in 0.1 M NacCl at 2& with the protein concentration to increase is greater than th&gof the group affecting the
near 10uM. Data for this plot were collected and analyzed as described in fast phase above pH 8.

Materials and Methods. Data points for downward jumps are shown with . .

solid triangles (intermediate phase) and solid circles (slow phase). Data for 1 N€ Kaps for the slow phase in the downward jumps, appears

upward pH jumps are shown with open circles (intermediate phase) and to increase as the pH drops from 6.4 to 5.0 in analogy to the
open triangles (slow phase). Error bars represent one standard deviationpehavior of the fast phase (Figure 3). The intermediate phase

The solid curve is a fit of the data for the equilibrium between the native f di . fi H78to 10. al imilar t
and Lys 79-ligated alkaline states (open and solid triangles) to the kinetic Or upward Jumps increases from p -0 10 1U, also similar to

model described in the Discussion section (eq 7). The dashed curve is a fitthe behavior of the fast phase. The pH behavior of these two
of the data for the slow phase for the equilibrium between the native and phases suggests that both are associated with the interconversion

His 73-|i_gated _alkaline_state (solid gnd open circles) to the model described between the native and His 73-ligated alkaline states, since they
in the Discussion section (eq 7) witlkKp: set equal to 5.6¢: set equal to . -
0.033 s, andkyp set to 0.01 L. respond to pH in a similar manner.

kobs’ 5

0.1 4

Discussion

Assignment of Kinetic Phases Observed for the Alkaline
Conformational Transition of His 73 Iso-1-Cytochrome c.
As discussed above, the behavior of the amplitude for the fast

conformational change (Scheme 1). This model predicts that
the kops for the alkaline transition will follow eq 4.

Kops = K, + ki # (4) phase (Figure 2) observed for interconversion between the native
Ky+H and alkaline states of His 73 iso-1-cytochromis consistent
with its assignment to formation of the His 73-ligated alkaline
At low pH, kopsis predicted to be coincident witk, rising state of this protein. Similarly, the amplitude data for the slow
to a value equal to the sum &f andk; with a p, consistent ~ phase for upward pH jumps and the intermediate phase for
with the acid ionization constariy (or pKy), of the “trigger” downward pH jumps are consistent with the assignment of these
group. Clearly, the behavior of the His 73-mediated alkaline two phases to the interconversion between the native and Lys
transition of iso-1-cytochromeis more complex. Thé&psfor 79-ligated alkaline states. The observation that for these

this transition decreases from pH 5 to 6, appears to level out two phases merges (Figure 4) strengthens this assignment.
from approximately pH 6 to 8, and then rises again from pH 8  The intermediate phase for upward jumps has an amplitude
to 10. The increase itko.ps Occurring from pH 8 to 10 is that is invariant, within error, over the pH range where it can
qualitatively consistent with the simple model shown in Scheme be distinguished. It is noteworthy for upward pH jumps that
1. However, if this portion of the pH dependence follows the from pH 7.8 to 10, where the intermediate phase is detected,
model in Scheme 1, theKp for the “trigger” group is the amplitude of the fast phase associated with formation of
inconsistent with the I, of the His 73 ligand replacing Met  the His 73-ligated alkaline state is also invariant. For downward
80 in the alkaline conformer. The thermodynamics of the His jumps from pH 7.65, the amplitude of the fast phase (0813
73-mediated transition are controlled by an ionizable side chain 0.001 au) is less than might be expected based on the amplitude
with a Ky of 6.6 in 0.1 M NaCl, consistent with His 73  of the fast phase for upward pH jumps to pH 7.6 to 7.8 (0.024
ionization’¢ Thermodynamic control of the fast phase with a to 0.027 au). The amplitude for the slow phase in downward
pKain the 6.5 to 7 range is also evident from the growth in the jumps (0.0174 0.001 au) is large relative to the amplitude for
amplitude of this phase shown in Figure 2. Evidently, proton the intermediate phase for upward pH jumps (0.608.002
mediation of the alkaline conformational transition involving au). However, the sum of the amplitude for the phases we assign
His 73 ligation is complex. to the interconversion between the native state and His 73-ligated
pH Dependence of the Rate Constants for the Intermedi-  alkaline state for upward (0.032 to 0.035) and downward jumps
ate and Slow PhasesSlow and intermediate time scale events (0.030+ 0.002) is similar. Thus, it appears that partitioning
are also associated with the alkaline conformational transition between the fast and slow phases associated with the equilibrium
of the His 73 variant of iso-1-cytochrome As noted above, between the native state and the His 73-ligated alkaline state
the growth in the amplitude of the slow phase for upward pH changes depending on the direction of the pH jump.
jumps is consistent with equilibrium data for formation of the The time scale of the slow phases associated with the native
Lys 79-ligated alkaline stafé.Figure 4 shows the pH depen- to His 73-ligated alkaline state interconversion is in the range
dence ofkeps for these two phases for both upward and expected for cis/trans proline isomerizatirand all prolines

6754 J. AM. CHEM. SOC. = VOL. 126, NO. 21, 2004
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are trans in the native state of iso-1-cytochramiéMoreover,
proline isomerization provides a plausible explanation for the

and His 73-ligated alkaline conformers of the His 73 variant of
iso-1-cytochrome. The amplitude of the fast phase associated

large redistribution between the amplitude of the fast and slow with this interconversion grows in over a pH range consistent

phases for the native to His 73-ligated alkaline state intercon-

version. In upward jumps, the equilibrium constant for the His

with the involvement of the ionization of His 73 (Figure 2), as
was demonstrated for the equilibrium thermodynamic analysis

73-ligated alkaline state at high pH relative to the native state of this conformational interconversidf.The pH dependence

is 0.5, giving a limiting fractional population of the His 73-
ligated alkaline state of 0.33 above pH’®8Fluorescence-
detected folding of iso-2-cytochrome to the alkaline state

of kopns for the fast phase (Figure 3) indicates that two other
ionizable groups affect the kinetics of this interconversion. Thus,
three ionizable groups control or “trigger” the kinetics of

indicates that slow phases associated with proline isomerizationformation of the His 73-ligated alkaline state.

are not observe#in contrast to the observation of slow proline
isomerization phases during folding to the native stafEhis

Since three ionizable groups affect the kinetics of the native
state to His 73-ligated alkaline state conformational change, the

observation suggests that the alkaline state does not change thenechanism for this process must involve three ionizable groups.

distribution of proline isomers relative to the unfolded state.
Thus, approximately one-third of the His 73 iso-1-cytochrome
¢ molecules will be able to isomerize away from the all trans
proline conformation of the native state after pH jumps to pH
8 or above. Two-thirds of these isomerized molecules will
equilibrate back into the native state (equilibrium constant for
formation of the His 73-ligated alkaline state is 0.5) leading to

A plausible mechanism is presented in Scheme 2, where C and
C(Fel) represent native and alkaline cytochramneH" and L
represent the protonated and deprotonated forms of the ligand
that replaces Met 80 in the alkaline state, and-{M and
YH+/Y are the two ionizable groups that affect the rate of the
conformational interconversion. The mechanism assumes that
the ligand, L, must be ionized for it to bind to the iron of the

the observed intermediate phase at high pH. Thus, the fractionheme replacing Met 80. This assumption is used because the

of molecules responsible for the slow phase will+b@.22 for
upward pH jumps. At equilibrium, at pH 7.6 to 7.8, the fractional

amplitude of the His 73 alkaline state grows in over the pH
range where His 73 is expected to ionize (see Figure 2), and so

population of the native state is 0.6 for His 73 iso-1-cytochrome the His 73-ligated alkaline state does not populate without
¢, the remainder being a combination of the His 73-ligated and ionization of the His 73 ligand.

Lys 79-ligated alkaline states. Thus, the fractional population

of molecules where proline can isomerize away from the all
trans state will be-0.4. For downward pH jumps from pH 76
7.8 to pH 5-6, all these molecules will return to the native

The derivation of the expressions for the pH dependences of
kobsand the amplitude of the reaction (see Supporting Informa-
tion) is similar to the derivation of these dependencies for the
simpler scheme for the alkaline transition (Scheme 1 and eq 4)

state and will contribute to a proline-mediated slow phase. Thus, presented by Davis et &.Equations 5 and 6 describe the pH
the amplitude of the slow phase for downward pH jumps should dependences fdg,s and the amplitude at 406 nm for upward

approximately double relative to the amplitude of the intermedi-

pH jumps,AAqgg respectively, due to the mechanism in Scheme

ate phase for upward pH jumps, as is observed (intermediate2.

phase for upward pH jump#Ages = 0.008+ 0.002 au; slow
phase for downward pH jump@&Ass = 0.017 4+ 0.001 au).
Kinetic folding data for a Pro 76Gly variant of iso-2-
cytochromec suggest that Pro 76 could be responsible for the

slower phases associated with the native state to His 73-ligated

alkaline state interconversiéf4

For wild-type iso-1-cytochrome, no proline isomerization
kinetic phase is observed for the alkaline conformational
transition?® Near neutral pH, the time scale of the phase we
assign to proline isomerization is similar ke, for the native
to alkaline conformer interconversion for wild-type iso-1-
cytochromec.2° Above pH 8, proline isomerization is always
faster thark,psfor the native to alkaline interconversion for wild-
type iso-1-cytochrome.?® So, proline isomerization should not

be observable in the kinetics of the isomerization from the native

to alkaline state of wild-type iso-1-cytochronee
Mechanistic Implications of the pH Dependence of the

Fast Phase for Interconversion between the Native and His

73-Ligated Alkaline Conformations of His 73 Iso-1-cyto-

chrome c. The standard mechanistic scheme for the alkaline

conformational transition of cytochronegScheme 1) is clearly

K y
Ky, +[H']
KalH 1% + kKppH 1] + kngHlKHz)

KHlKHZ + KHl[H +] + [H+]2

(kb1[H+]2 + KoyulH'] + kbsKHlKHz) ©
KoK = KilH] + H'T°

APy = [C4] x

K
Ki +[H']
K n (kbl[H+]2 + KooKpa[H '] + kaKHlKHZ)
Ky +[H'] kalH 1+ kK [H T+ kKK

(6)

In eq 5, the first term expresses the pH dependence of the

inadequate to describe the interconversion between the nativeforward rate for the native to alkaline state interconversion, and

(12) Nall, B. T. InCytochrome c: A Multidisciplinary Approa¢iscott, R. A.,
Mauk, A. G., Eds.; University Science Books: Sausalito, CA, 1996; pp
167—-200.

(13) (a) Louie, G. V.; Brayer, G. DJ. Mol. Biol. 199Q 214, 527-555. (b)
Berghuis, A. M.; Brayer, G. DJ. Mol. Biol. 1992 223, 959-976.

(14) Wood, L. C.; White, T. B.; Ramdas, L.; Nall, B. Biochemistry1988
27, 8562-8568.

the second term, that of the back rate. TKg ((Kn + [H*]))

factor in the forward rate constant term has two important
consequences. One consequence is that the effect of ionizable
groups on the forward rate of the alkaline transition will be
masked by the g, of the ligand replacing Met 80 ) if the

pKa of the group is lower than that of the ligand replacing Met
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Figure 5. pH dependence of the componentskg; for the fast phase of
the alkaline conformational transition of His 73 iso-1-cytochroen&he
solid line is the fit of the data in Figure 3, using eq 5 with the parameters
from Table 1. The dashed line shows the pH dependendg,of (ki1 +

ko1), the dash-dot-dot-dashed line shows the pH dependenc&.gf (ki

+ kpp), and the dashdot—dashed line shows the pH dependencéqgf 3

(kiz + kpg). The dotted line shows the pH dependenck&gnfdemonstrating
that its contribution to the fit is minimal, as discussed in the text.

Scheme 2. Proposed Mechanism for Formation of the His 73
Alkaline State

Ky ke
CLH iy === CUxurym === C(FeL)xp+ yH+
Kp1
Kmﬂ KH11' Km1y
. Ky kp
CLH )xyn+r =~— CL)xym+ === C(Fel)xyn+
Kpa
Kmﬂ KH21' KHz1y
. Ky kg3
ColH )y ==— CL)xy === C(Fel)xy
Kp3

80 (see Figure 5). The second consequence ohe/ (KnL +
[HT])) term is that changes ikys at pH values below Ky,

will reflect changes in the rate constant for the back reaction.
Thus, if Ky is greater thanlfyi, kensmay increase or decrease
depending on the relative magnitudeskgf andky,. Whether

or notkops for the alkaline transition increases or decreases as

pH increases has been used as a measure of whether deprot% it is evident that 1

nation of a “trigger” group precedes or follows the conforma-

Table 1. Rate and lonization Constants Associated with the Fast
Phase of the Alkaline Transition of His 73 Iso-1-cytochrome ¢

Rate Constants;$

ki1 11.4+ 0.9
ko1 23+2

ki 3.5+0.2
K2 7.0+0.4
kes 6.6+ 0.2
ko3 13.2+0.4

lonization Constants

pKHl 56+0.2
pKHL 6.4+ 0.5
pKHz 8.7+ 0.2

of kopsto eq 5 wherek/k;, is assumed to be 0.5 at all pH values.
The parameters from this fit are collected in Table 1. The effects
of the Ky1 and Ky, ionizations are substantial leading to
changes in the rate constants for this conformational intercon-
version of 2- to 3-fold.

To fit the amplitude of the fast phase, the rate constants in
Table 1 and the ionization constant§a and Ky, were input
into eq 6, so that the only adjustable parameter in the fit was
pKuL. The solid line in Figure 2 is the fit of the amplitude to eq
6, yielding Ky = 7.2+ 0.1. The values obtained foKp, by
fitting amplitude andk,psdata (see Table 1) are both reasonably
close to the value of 6.6 0.1 obtained from thermodynamic
analysis of the alkaline transition of His 73 iso-1-cytochrame
and attributed to the ionization of His 73.

A simple visual inspection of the data in Figure 3 might
suggest that only two ionizable groups affegls However, as
noted above, the amplitude of this phase grows in over a pH
range consistent with the ionization of His 73, the ligand which
controls the thermodynamics of formation of the His 73-ligated
alkaline staté® As can be seen in Figure 5, the decreash,in
(kp1 changing tdky2) due to Kn1 over the pH range 5 to 7 masks
the increase irkyps due to ionization of His 73 (L) that is
occurring in an overlapping pH range. As noted above, forward
rate constants do not contribute significantly below tkg of
the ligand replacing Met 80 Ku.). The dotted line in Figure
5 demonstrates the minor contributionlef. It is important to
note that, due to the minor contribution kf to our fit, its
magnitude relies primarily on the assumption tké, = 0.5,
which may not be true at lower pH values. Thus, the magnitude
of ki1 is not well-determined.

From the parameters in Table 1 and the trends seen in Figure
pKne, and g<y2 all have important
effects on the rate of the alkaline conformational transition to

tional change, respectively. Scheme 2 and eq 5 demonstrate tha{he His 73-ligated state of the His 73 iso-1-cytochrarveriant.

effects orkgpsat pH values below thelfa of the ligand replacing
Met 80 (KuL) cannot necessarily be used to inform on this
aspect of the mechanism when multiple ionizations affect the
mechanism.

Although, it is clear that His 73 deprotonatiorkip ) is essential
from the alkaline state to populate, the roles of the other
deprotonation reactions Kpi; and Ky2) are also important in
triggering this process. Thd<p, ionization slows the back rate,

When rate constants for the alkaline conformational transition k,, for the reaction by a factor of 3. Without this drop kg

change, as a result of an ionization event, the ionization event

may be affecting the stabilities of the transition state, the native
state, or the alkaline state. For the pH effectkgi in Figure
3 occurring above pH 8, itis clear that the relative stabilities of

population of the His 73-ligated alkaline state would be much
lower. Thus, both Kx1 and p<y. should be viewed as important
thermodynamic and kinetic triggers of this conformational
change. The triggering action of th&y, ionization is solely

the native and alkaline state do not change, since the amp"tUdethrough the kinetics. It enhances the rate at which the confor-

of the fast phase (Figure 2) is invariant. Thus, we can assume
the ratio of the forward and back rate constants is unchanged The Ku1 and Kz values of 5.6 and 8.7, respectively

by this ionization, simplifying curve fitting. From thermody-
namic studies¢ we know thatk/k, = 0.5 for the native to His
73-ligated alkaline transition. In Figure 3 the solid line is a fit
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mational change achieves equilibrium.

which
modulatekgps for the fast phase associated with formation of
the His 73-ligated alkaline state do not correspond to any ion-
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Scheme 3. Proposed Mechanism for Formation of the Lys 79 shown in Scheme 3. This mechanism yields eq 7kfgg and
Alkaline State of His 7; Iso-1-cytochrome ¢ eq 8 for the amplitude Okops for upward pH jumps.
HL ke
COHD === Cllxw === C(Fel)u: KhL ki [H +] + KKy
kbl kObS= + +.
KH]1» KH]1L KH11& KHL + [H ] KHL + [H ] .
+ K kp M (7)
CLH)Y === CL)x === C(Fel) Ky + [H]
ki
Khi

izable groups in native iso-1-cytochromé® 18 Since the Kn2 Ky + HH
ionization does not affect the relative stabilities of the native Amplitude= [C] n
state and His 73-ligated alkaline state, and since native iso-1-cy- KiL N KoalH '] + KooKy
tochromec has no ionizable group with &g near 8.7, the in- Ky -+ [H'] Kq[H'] + KoKy

crease irkopsdue to the gz ionization likely results from selec- (8)
tive stabilization of the transition state or a transient intermediate he dotted line in Fi h he fit of he ob d
by an ionization event. It has been pointed out by Mauk and The dotted line in Figure 2 shows the fit of q 8 to the observe

co-workers that minimally an intermediate with neither Met go @mPlitude for upward pHi'umps. In fitting the data in Figure 4
nor a lysine (His 73 in our case) ligand must efkEnglander ~ 1© € 7, ek /(K + [H7]) term is expected to make the fit

and co-worker® have recently provided evidence that transient MSENSitive to the forward rate below the pH where the incoming
intermediates involving unfolding of the two least stable sub- Lys _79 ligand ionizes (sge Fllg.ure 5),’ SO .the secpnq bracket in
structures (residues 40 to 57 and 71 to 85, respectfedy) t_he_ first term has been_ simplified to its high pH limlit,. The
cytochromec are involved in promoting the alkaline transition. 11t IS reasonable and yieldsqy, = 7.0+ 0.3, Ky = 9.8+
Assignment of K2 to a specific group is not possible at this 0.4,k = 0.10+ 0.01 s, kp = 0.18+ 0.08 s, andks, =

. . ) . .
time; however, its association with the transition state or a transi- OHOZGi ?'0,11 s*. The mag7ncltude of '9”1 'i co.n3|stent W't_h

ent intermediate is clear. Assignment of the ionizable group cor- f e FKa?] Hkl)s 73 (6-6ih 0-;), kSUgge.Stlng t hat its protonanonh
responding to ki, = 5.6 to a transient intermediate versus the |OWers the barrier to the back reaction to the native state. The

alkaline state cannot be done, since we have no definitive evi- PKHL value is low compared toky; = 10.8+ 0.1 observed for

dence that thé/k, ratio for the native state to His 73-ligated & LYS 73~Ala variant of iso-1-cytochrome:? The conforma-

alkaline state conformational change remains at 0.5 below pH 6_t|onal equmbnum constant = kik,, is also about an prder
Previously reported kinetic data for the alkaline isomerization of magnltude low con;Eared to datq for a Lys-¥Ala variant

of cytochromec have not provided evidence for more than a of iso-1-cytochromez.* The errors in K, ke, andks are

single ionization affecting the kinetics below pH 10, although large, however. We see no clear evidence of an ionization with

there is evidence for a fast phase affected by other ionizations & PKa Of 5.6 modulating théps for the native state to Lys 79-
above pH 1G245For example, only one ionization affedtss ligated alkaline state conformational transition in His 73 iso-

for the alkaline conformational transition of a Lys-7@la 1-cytochromee. Lack of observation of an effect dapsin this

variant of iso-1-cytochrome However, in the model in Scheme .pH'reglme cou'ld' be, du.e o the sca'.[ter in the data or might

2, the increase ifkgps Would act primarily throughk at pH indicate that this ionization does not influence the native state
’ S . . . ..

values below the ionization of the incoming ligand (Lys 73 for to Lys 79-ligated alkaline state conforma_tlon_al transition.

the Lys 79~Ala variant). The 2-fold increase ky which would _pH Dependence of the Prc_;lme Isc_)merlzatlon Assomated

result from the ionization of a group with &pnear 8.7 would with the Native State to His 73-Ligated Alkaline State

likely be obscured by the onset of the growthkinobserved ~ 'Somerization for His 73 Iso-1-cytochromec. The kops data
for this variant in this pH regime (see Figure 10 in ref 2b). we have tentatively assigned to isomerization of Pro 76 in

With few exceptiongadkinetic data on the alkaline transition conjunction with the native state to His 73-ligated alkaline state
of cytochromec ha\’/e been collected above pH 7, so an conformational change shows significant pH dependence. The
ionization below pH 6 affecting the kinetics of the alkaline Kopsdata in Figure 4 (open and solid circles) were fit to a kinetic
conformation has not be observed previously model with two ionizations analogous to that shown in Scheme
Mechanistic Implications of the pH Dependence of the 3H I-:cpwgverr], gul_e fo the lack of Qatz betr\]/veen pH 6'|4 a2d67.8,
Rate of Interconversion between the Native and the Lys 79- t ed it ( an ed line) was consltralne to_d_a\b@}pequa t?j f'.
Ligated Alkaline Conformations of His 73 Iso-1-cytochrome andky and ks, were set to values providing for a good fit to

c¢. The data in Figure 4 (open and solid triangles) show the pH the data for downward pH jumps (solid circles). Oniip and

dependence of the interconversion between the native and Lyskf2 were allowed to vary in the fit, yielding, = 8.8+ 0.1

— 1 i ;
79-ligated alkaline states of His 73 iso-1-cytochromé&here {ahnd'kfz . Sjgi 0'07§ j Thebdata ?ﬁ’ t?ﬁs’. cton3|stent V.V'th
appear to be two ionizable groups affecting the kinetics of this 1€ 1onizations K1 and [Ky; observed for the interconversion
interconversion. The data are consistent with the mechanismben’veen the native state and His 73-ligated alkaline state being

important for the isomerization of Pro 76. FoKyp, this
(15) Hartshorn, R. T.; Moore, G. Miochem. J1989 258, 595-598. observation suggests that the isomerization of Pro 76 to the all

(16) Pielak, G. J.; Auld, D. S.; Hilgen-Willis, S. E.; Garcia, L. L.@ytochrome P i i H
& A Mullidisciplinary Approach Scott. R. A Mauk, A’ G.. Eds.: trans conformation observed in the native state is promoted by

University Science Books: Sausalito, CA, 1996; pp 2084. a dynamic equilibrium with a transient intermediate.
(17) Cohen, J. S.; Hayes, M. B. Biol. Chem 1974 249, 5472-5477. ; H ; H ; .
(18) Robinson, M. N.; Boswell, A. P.; Huang, Z.-X.; Eley, C. G. S.; Moore, G. Impl|cat|ons for Protein FOldlng and the I_:unCtlon O_f |S_O

R. Biochem. J1983 213 687—700. 1-Cytochrome c. A number of recent studies have indicated
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that the alkaline conformer of cytochromaenay be related to  to expanded states is necessary to allow trapped compact states
a late folding intermediate on the folding pathway of this to fold productively to the native state.
protein®:” The data presented here indicate that ionization of  \ith regard to the function of cytochrome, the pH

groups in non-native states of a protein can have a large dependence dé,usseen in Figure 3 could provide a mechanism
influence on the rate of conformational interconversions, since py which cytochrome could act to gate the flow of electrons
the K, values of the observed ionizations do not correspond along the electron transport chain. It has been proposed that
to ionizations observed in the native state of the protein. In both the jower potential alkaline form of cytochroraeould provide
cases, the ionizations are in pH regimes that do not correspondy more efficient means to transfer electrons into cytochrome
to "normal” pKa values for any of the amino acid side chains, oxjdase2>9 When the proton gradient is small across the inner
suggesting that the ionizable groups involved are ones that havemitochondrial membrane (pH high in the intermembrane space),
abnormal [, values in the native state. lonization of such  tne kinetic accessibility of the low potential alkaline form could
groups in non-native states at their “normakjvalues or at  pe enhanced by, increasing the efficiency of electron flow
partially shifted [a values is expected to have important jong the electron transport chain and speeding recovery of the
differential effects on the relative stabilities of native and non- proton gradient. On the other hand when the proton gradient is
native states, and thus pH is expected to have significant effectshigh (pH low in the intermembrane space), the incre&gsden

on the rate of conformational interconversion. in Figure 3 could decrease the accessibility of the low potential

It is also interesting to note that the slowest rate of gyaline state and slow electron flow along the electron transport
interconversion between the native and His 73-ligated alkaline cp5in when energy stored in the proton gradient is plentiful.

states of iso-1-cytochrome, indicating the highest kinetic
barrier to formation of non-native states or transient intermedi- Conclusion

ates, occurs in the pH range 6 to 8 (see Figure 3 and Table 1).

Many studies indicate that proteins are more likely to aggregate The pH dependence of the kinetics of the conformational
at nonphysiological pH values due to the greater accessibility change between the native state and His 73-ligated alkaline state
of non-native state®:1°For cytochrome, the barriers toward ~ of a His 73 variant of iso-1-cytochrome demonstrates that

the interconversion of native and the most accessible non-nativethree ionizable groups affect this process. Thus, the kinetics of
state are evidently at a maximum around physiological pH. For the alkaline conformational transition of iso-1-cytochrome
cytochromec this would inhibit possible pathological aggrega- appear to involve more than a single trigger group.

tion. Maximizing kinetic barriers to partial unfolding near
physiological pH may be one means of preventing pathological
aggregation of proteins in living organisms.
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