BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Mutation of Trimethyllysine 72 to Alanine Enhances His79—Heme-
Mediated Dynamics of Iso-1-cytochrome ¢

Melisa M. Cherney,Jr Carolyn C. Junior, and Bruce E. Bowler*

Department of Chemistry and Biochemistry, Center for Biomolecular Structure and Dynamics, University of Montana, Missoula,

Montana 59812, United States

© Supporting Information

ABSTRACT: Trimethyllysine 72 (Tml72) of yeast iso-1-
cytochrome c lies across the surface of the heme crevice loop
(Q-loop D, residues 70—85) like a brace. Lys72 is oriented
similarly in horse cytochrome ¢ (Cytc). To determine whether
this residue affects the dynamics of opening the heme crevice
loop, we have studied the effect of a Tml72 to Ala substitution
on the formation of the His79—heme alkaline conformer near
neutral pH using a variant of iso-1-Cytc including K72A and
K79H mutations. Guanidine hydrochloride denaturation
shows that the Tml72 to Ala substitution within error does
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not affect the global stability of the protein. The effect of the Tml72 to Ala substitution on the thermodynamics of the His79—
heme alkaline transition is also small. However, pH-jump kinetic studies of the His79—heme alkaline transition show that both
the forward and backward rates of conformational change are increased by the Tml72 to Ala substitution. The barrier for opening
the heme crevice is reduced by 0.5 kcal/mol and for closing the heme crevice by 0.3 kcal/mol. The ability of Tml72 to modulate
the heme crevice dynamics may indicate a crucial role in regulating function, such as in the peroxidase activity seen in the early

stages of apoptosis.

mall globular proteins fold to a single predominant

structure generally accepted to be the most stable form
of the protein under physiological conditions."”> However,
recent work indicates that less stable, albeit thermally accessible,
conformations exist for many proteins.3 Such alternate
conformers are thought to be important for protein function.
They can involve alternate side chain rotamers,* coordinated
reorientation of side chains,”® local changes in loop or
secondary structure,” and large domain motions.

Mitochondrial cytochrome ¢ (Cytc) is known to undergo
rearrangements around the heme crevice loop (red loop in
Figure 1) that are thought to be important for function. The
best-studied of these rearrangements is the alkaline conforma-
tional transition,”'® which occurs at moderately alkaline pH
and involves a replacement of the Met80 ligand in the sixth
coordination site of the heme with either Lys73 or Lys79 from
the heme crevice loop."" A nuclear magnetic resonance (NMR)
structure of the Lys73 alkaline conformer shows that the heme
crevice is si§niﬁcantly rearranged relative to that of the native
conformer.'” Lys79 being sequentially adjacent to Met80 is
expected to cause less structural perturbation to Cytc when it
displaces Met80 to form the Lys79 alkaline conformer.
Thermodynamic data are consistent with the Lys79 alkaline
conformer causing a smaller perturbation to the structure of
Cytc than the Lys73 alkaline conformer.'"'*'*

Besides its role in the electron transport chain, Cytc also acts
as an important signaling agent in the intrinsic pathway of
apoptosis."® Initially, studies of the role of Cytc in apoptosis
focused on the binding of Cytc to Apaf-1 to form the
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Figure 1. Structure of yeast iso-1-Cytc showing the K79H mutation.
Protein Data Bank entry 2ycc was used and the K79H mutation
inserted in silico (Swiss-Pdb Viewer 4.0.4). The side chains of Lys73
and trimethyllysine 72 (Tml72) are shown as sticks. The heme
(purple) and its native state ligands, His18 and Met80, are also shown.
The heme crevice loop is colored red.

apoptosome, which triggers the caspase cascade.'®"” Lys72 has
an important effect on Apaf-1 binding, and in fact, the
trimethylation of this residue in yeast iso-1-Cytc was originally
thought to render iso-1-Cytc incapable of inducing the caspase
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cascade.'®"” Interestingly, trimethylation is sufficient to
eliminate caspase-9 activation by horse Cytc,'®*° but a lack of
trimethylation of iso-1-Cytc is not sufficient for iso-1-Cytc to be
able to activate the caspase cascade.”® Additional mutations on
the surface of iso—l—Cgrtc are required for it to be able to trigger
the caspase cascade.'

More recently, it was shown that Cytc-mediated oxidation of
cardiolipin, an important mitochondrial matrix lipid, is an
important step early in apoptosis that leads to the release of
Cytc into the cytoplasm.”' The peroxidase activity needed to
oxidize cardiolipin requires Cytc to have an open heme
coordination site. The interaction of Cytc with cardiolipin leads
to the loss of Met80—heme ligation®"** and may lead to
population of alkaline conformers and conformers with H,O or
OH™ bound in the sixth coordination site of the heme near
neutral pH.>*** There is also evidence that alkaline conformers
may be involved early in apoptosis® when oxidation of
cardiolipin by the peroxidase activity of Cytc is important.
However, it is clear that alkaline conformers, which block the
sixth coordination site of the heme with a strong ligand, will not
be competent for peroxidase activity.”® Thus, it is important to
understand the structural factors that can modulate formation
of Cytc conformers with a weaker ligand like H,O or OH™
bound to the sixth coordination site of the heme, which is
necessary for peroxidase activity.

Inspection of the structure of yeast iso-1-Cytc shows that
trimethyllysine 72 (Tml72) lies across the surface of the heme
crevice loop (red in Figure 1) like a brace.”” The methyl groups
of Tml72 make close contacts with the carbonyls of Thr78 and
Met80, as well as the side chain of Ala81. In horse Cytc, a
similar orientation is found for Lys72 with H-bonds from the &-
NH, to the carbonyls of Met80 and Phe82. Thus, in this work,
we tested the hypothesis that the residue at position 72, beyond
its importance for binding to Apaf-1, may also play an
important role in the dynamics of opening the heme crevice
loop and allowing H,O or OH™ to displace Met80. As a model
system for studying the effect of Tml72 on the dynamics of the
heme crevice loop of yeast iso-1-Cytc, we use the His79-
mediated alkaline conformational transition. The modest
conformational perturbation expected for the His79-mediated
alkaline transition is likely to be similar to that required for
Met80 to swing out of the heme crevice loop and allow water to
bind. These studies were conducted with pseudo-wild-type,
WT*, iso-1-Cytc expressed in Escherichia coli,”® which carries a
K72A mutation. The Tml72A substitution eliminates the
strutlike interactions of Tml72 with the heme crevice loop
found in yeast-expressed iso-1-Cytc.”” Comparison of the
dynamics of the His79-mediated alkaline transition of
WT*K79H with our previous work on the dynamics of this
conformational transition using the yeast-expressed K79H
(yK79H) variant® shows that Tml72 slows heme crevice
dynamics. Thus, the residue at this position could modulate the
peroxidase activity of Cytc implicated in the release of Cytc
from mitochondria.”*

B EXPERIMENTAL PROCEDURES

Preparation of the WT*K79H Variant of Iso-1-Cytc.
The WT*K79H variant of iso-1-Cytc was prepared in the
pRbs BTR1 vector,”® which is a derivative of the pBTRI
vector.”’ The pRbs BTRI vector contains an optimized
ribosomal binding site’> and like the pBTRI1 vector co-
expresses yeast heme lyase (CYC3), permitting covalent
attachment of heme in the cytoplasm of E. coli.*® The K79H
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mutation was introduced via polymerase chain reaction-based
mutagenesis and the sequence confirmed by dideoxy
sequencing at the Murdock DNA Sequencing Facility
(University of Montana). The WT* background carries a
C102S mutation to prevent dimerization during physical
studies and a K72A mutation to 2prevent the formation of the
Lys72—heme alkaline conformer.”

Growth and Purification of Iso-1-Cytc Carrying the
K79H Mutation. The WT*K79H variant was produced from
E. coli BL21(DE3) cells (EdgeBio, Gaithersburg, MD) using
methods described previously.® Briefly, cells freshly trans-
formed with the pRbs_BTR1 vector carrying WT*K79H iso-1-
Cytc on an L-ampicillin plate were suspended in 3 mL of sterile
L-broth and used to inoculate 1 L of 2XYT medium in a 2.8 L
Fernbach flask. The cells were typically grown at 37 °C in a
shaker incubator (125 rpm) for 18 h. Cells were harvested by
centrifugation for 10 min at 4 °C and 5000 rpm (GS-3 rotor)
with a Sorvall RC S5C+ centrifuge, and the bright pink cell pellet
was stored at —80 °C until it was used. Prior to cell lysis, the
cell pellet was subjected to two cycles of thawing (4 °C) and
freezing (—80 °C). The cells were then thawed at 4 °C and
resuspended in 2 mL of lysis buffer [SO mM Tris (pH 8), S00
mM NaCl, and 1 mM EDTA] per gram of cells. A few crystals
of DNase I and RNase A were added, and the protease
inhibitor, PMSF, was added to a final concentration of 2 mM.
The cells were then lysed by at least three passes through a
French pressure cell at a cell pressure of 16000 psi.

Purification procedures for iso-1-Cytc variants have been
described previously.***° Briefly, cell lysates cleared by
centrifugation for 30 min at 4 °C and 10000 rpm (GSA
rotor) were brought to 50% ammonium sulfate saturation. After
equilibration for at least 3 h at 4 °C (but usually overnight),
precipitate was removed by centrifugation for 30 min at 4 °C
and 10000 rpm (GSA rotor) and the supernatant dialyzed
against two changes of 12.5 mM sodium phosphate buffer (pH
7.2), 1 mM EDTA, and 2 mM fS-mercaptoethanol (f-ME). The
dialyzed protein solution was then batch-adsorbed onto 100
mL of CM Sepharose Fast Flow resin equilibrated to 50 mM
sodium phosphate buffer (pH 7.2), 1 mM EDTA, and 2 mM f-
ME. The resin was then packed into a 2.5 cm X 20 cm glass
column, and a 200 mL linear gradient from 0 to 0.8 M NaCl in
50 mM sodium phosphate buffer (pH 7.2), 1 mM EDTA, and 2
mM f-ME was used to elute the protein. Eluent containing iso-
1-Cytc was concentrated by ultrafiltration, flash-frozen in liquid
nitrogen, and stored at —80 °C in 1.5 mL aliquots containing
3—6 mg of protein.

Just before the experiments, protein was thawed and purified
to homogeneity by high-performance liquid chromatography
(Agilent 1200 series) using a Bio-Rad UNO S6 column. The
following gradient at a flow rate of 3 mL/min was used: 0% B
for 7 min, 0 to 30% B over 27 min, 30% B for 6 min, 30 to
100% B over 3 min, 100% B for 7 min, 100 to 0% B over 3 min,
and 0% B for 10 min. Buffer A is 50 mM sodium phosphate
(pH 7). Buffer B is SO0 mM sodium phosphate (pH 7) and 1.0
M NaCl. Pure iso-1-Cytc was concentrated and changed into 50
mM sodium phosphate (pH 7) by centrifuge ultrafiltration.

Immediately prior to each experiment, iso-1-Cytc was
oxidized with K;[Fe(CN),] as described previously.” The
oxidized protein was separated from K;[Fe(CN),] by Sephadex
G-25 size exclusion chromatography with the G-25 resin pre-
equilibrated to buffer appropriate to the experiment.

Global Protein Stability Measured by Guanidine
Hydrochloride Denaturation. Denaturation of the
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WT*K79H variant by guanidine hydrochloride (GdnHCl) was
monitored by circular dichroism (CD) using an Applied
Photophysics Chirascan CD spectrometer equipped with a
Hamilton MICROLAB 500 titrator. Titrations were conducted
in the presence of 20 mM Tris (pH 7.5) and 40 mM NaCl at
25 °C using protocols described previously." Ellipticity data
were collected at 250 and 222 nm at each GdnHCI
concentration, with 6,5, used as background to correct for
baseline drift during the titration. Plots of 8,5, — 6,5, were fit by
nonlinear least-squares methods to a two-state model assuming
a linear dependence of the free energy of unfolding, AG,, on
GdnHCI concentration.*® Cytc typically shows curvature in the
native baseline because of specific ClI™ binding at low GdnHCI
concentrations.”” To deal with this issue, points from the
curved part of the native baseline are not included in the fit and
the native state baseline is assumed to be independent of
GdnHCI concentration.*®

Local Protein Stability Measured by pH Titration at
695 nm. The alkaline conformational transition of the
WT*K79H variant was monitored at 695 nm, a weak
absorbance band sensitive to Met80—heme ligation.” Titra-
tions were conducted at room temperature, 22 + 1 °C,in 0.1 M
NaCl, as described previously.””* Briefly, 400 uL of oxidized
protein in 0.2 M NaCl at ~400 uM protein (2X protein stock)
was mixed with 400 L of deionized water to prepare the 0.1 M
NaCl solution of ~200 M protein for the pH titration. The
pH was adjusted to approximately S using equal volumes of 2X
stock and a dilute HCI solution. The pH was recorded with a
Denver Instruments UB 10 pH meter (Fisher Accumet
semimicro calomel electrode, catalog no. 13-620-293). The
absorbance spectrum was measured from 500 to 750 nm using
a Beckman DU 800 UV—vis spectrometer. The iso-1-Cytc
concentration was evaluated at the starting pH of ~$ using an
€570 of 52 mM™' ecm™! and an e of 3.5 mM~! cm™' *' and
ranged from 185 to 200 M. The pH was increased in steps of
~0.2 pH unit by adding equal volumes of 2X protein stock and
dilute NaOH solution to the titration solution. The pH and the
absorbance spectrum were measured after each addition of
base. The absorbance at 750 nm, A5, was used as background
to correct for baseline variation during the titration. Plots of
Agos — Ass versus pH were fit to the thermodynamic model
described in Results.'*

pH-Jump Stopped-Flow Measurements. Oxidized
WT*K79H iso-1-Cytc was adjusted to ~20 uM by dilution
into 0.1 M NaCl. For upward pH-jump experiments, the 0.1 M
solution of WT*K79H was adjusted to pH 5.05 (maximal
population of the native state conformer). For downward pH-
jump experiments, the 0.1 M NaCl solution of WT*K79H was
adjusted to pH 7.99 (maximal population of His79—heme
alkaline conformer). The protein solution was mixed in a 1:1
ratio with a 20 mM buffer containing 0.1 M NaCl to achieve
the final desired pH using an Applied Photophysics (Leather-
head, U.K.) SX20 stopped-flow spectrometer. The temperature
was kept at 25 °C with a Thermo Neslab RTE7 circulating
water bath. The following 20 mM buffers were used: sodium
acetate (pH 5.00 and 5.25), MES, sodium salt (pH $.50, 5.75,
6.00, 6.25, and 6.50), monobasic sodium phosphate (pH 6.75,
7.00, 7.25, and 7.50), Tris (pH 7.75, 8.00, 8.25, 8.50, and 8.75),
sodium borate (pH 9.00, 9.25, 9.50, 9.7S, and 10.00) and
CAPS, sodium salt (pH 10.25). The buffer pH was adjusted
with HCl or NaOH solutions. After being mixed, the final
solution consisted of ~10 uM WT*K79H iso-1-Cytc, 10 mM
buffer, and 0.1 M NaCl. In general, data were collected at 406
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nm on a 5 s time scale with pressure hold to follow millisecond
time scale kinetics and on 100—300 s time scales to follow
second time scale events. Data were fit to one to four
exponential equations as appropriate.

B RESULTS

Global Stability of the WT*K79H Variant. The
WT*K79H variant of yeast iso-1-Cytc is expressed in E. coli.
The pseudo-wild-type, WT*, iso-1-Cytc used to prepare the
WT*K79H variant contains the C102S mutation used in
protein expressed in Saccharomyces cerevisiage to prevent
disulfide dimerization during physical studies. Lys72 is
trimethylated for iso-1-Cytc expressed in its native host, but
not for protein expressed in E. coli”® When Lys72 is not
trimethylated, a Lys72—heme conformer is a significant
component of the alkaline state of iso-1-Cytc.”*** Thus, WT*
iso-1-Cytc also contains a K72A mutation to prevent
population of the Lys72—heme conformer. The K72A mutation
also truncates the side chain at position 72 so that it can no
longer act as a brace across the surface of the heme crevice loop
(see Figure 1).

To ascertain whether the K72A mutation affects the global
stability of the WT*K79H variant relative to the yK79H variant
(Tml72), we have measured the global stability of this protein
at pH 7.5 using GAnHCI denaturation methods (Figure 2). The
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Figure 2. Plot of ellipticity vs GdnHCI concentration for the
WT*K79H variant of iso-1-Cytc. The filled black circles were used
in fitting the data to a two-state model for protein unfolding assuming
a linear dependence of the free energy of unfolding on GdnHCI
concentration. The empty circles were excluded from the fit. The solid
line is the fit of the data to a two-state model. Parameters from the fit
are listed in Table 1.

thermodynamic parameters obtained from these data are
compared to those of the yeast-expressed protein, yK79H, in
Table 1. Clearly, the effect of alanine versus trimethyllysine at
position 72 on global stability, AG,*’ (H,0), is modest. As with

Table 1. Thermodynamic Parameters from GdnHCI
Denaturation of K79H Variants of Iso-1-Cytc Expressed in E.
coli versus Yeast at 25 °C

AG,°'(H,0) m
variant (keal mol ™) (kcal mol™! M) C, (M)
WT*K79H" 427 + 0.11 3.27 + 0.06 1.30 + 0.02
yK79Hb 445 + 0.30 3.53 +£0.25 1.26 + 0.01

“Expressed in E. coli. Also, carries a K72A mutation. bExpressed in S.
cerevisiae. Lys72 is trimethylated. Parameters from ref 29.
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the yeast-expressed protein, the GdnHCl m-value for
WT*K79H iso-1-Cytc is considerably smaller than the m-
value of 4.5—5 kcal mol™" M~ observed for wild-type iso-1-
Cytc expressed in yeast.****** The smaller m-value indicates
that less surface area is exposed when K79H variants unfold,*
which is consistent with this variant being primarily in the
partially unfolded His79—heme alkaline conformer at pH 7.5
(see below and ref 29).

Thermodynamic and Kinetic Models for the His79—
Heme Alkaline Transition of Iso-1-Cytc. We have
characterized a number of variants of iso-1-Cytc that have
one of the alkaline state ligands, Lys73 or Lys79, mutated to
histidine,''¥!#2%4046=5% The glkaline transition of wild-type
iso-1-Cytc shows a single phase when monitored with
absorbance at the 695 nm band (Ag;)," "' >'**® which reports
on heme-Met80 ligation in oxidized Cytc.*® Typically, the pH
dependence of Agys for the alkaline transition can be fit to the
Henderson—Hasselbalch equation as a one-proton process with
an apparent pK, ranging from 7 to 11 for forms of cytochrome
¢ from various sources.”” When Lys79 or Lys73 of iso-1-Cytc is
replaced with histidine, a His—heme alkaline conformer is
populated between pH 6 and 8 (Figure 3). The equilibrium

Figure 3. Thermodynamic model for the alkaline conformational
transition of WT*K79H iso-1-Cytc. Note that for the direct
conversion of the native state to the Lys73—heme alkaline conformer
only one of the two protons is thermodynamically linked to the
conformational change. The second proton is due to ionization of
His79.

constants for His73—heme and His79—heme alkaline con-
formers relative to the native state (Met80—heme) are typically
near 1, so loss of Met80 ligation (decrease in Ag;) is not
complete near pH 7.5. Above pH 7.5, formation of the Lys—
heme alkaline conformer, due to the remaining lysine (Lys73 or
Lys79) in the heme crevice loop, drives the complete loss of
heme-Met80 ligation. Thus, K73H and K79H variants of iso-1-
Cytc typically have biphasic alkaline conformational transitions
when monitored at 695 nm.

In Figure 3, the His79—heme alkaline conformer forms at a
lower pH. However, because the native conformer is not
completely converted to the His79—heme alkaline conformer
near pH 7.5, some of the Lys73—heme alkaline conformer
forms directly from the native conformer and some from the
His79—heme alkaline conformer. Our interest is in the stability
of alkaline conformers relative to the native conformer. Thus,
we analyze the thermodynamic scheme in terms of the
equilibria between the native state and each of the alkaline
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conformers, yielding eqs 1 and 2 for the dependence of Agys —
Asso on pH

AN + AaIkKobs

Aggs — Agso =

I+ Kobs (1)

_ Kc(H79)  K(K73)

obs T + +

[H'] [H']

1 1+ —

+ KH79 + KK73

lo_pKC(H79) lO_PKC(K73)

T 1+ 107K P T PR e @)

where Ay is Ags — Aygg for the native state and Ay is Agos —
Assy for complete loss of heme-Met80 ligation. K(H79)
[pKc(H79)] is the equilibrium constant for the conformational
equilibrium between the native state and the His79—heme
alkaline conformer when His79 is fully deprotonated, and
Kc(K73) [pKc(K73)] is the equilibrium constant for the
conformational equilibrium between the native state and the
Lys73—heme alkaline conformer when Lys73 is fully
deprotonated. Ky;9 (pKyye) is the ionization constant of
His79, and Ky; (pKg73) is the ionization constant of the group
that triggers formation of the Lys73—heme conformer. On the
basis of recent studies of a series of Lys — Ala variants in the
heme crevice loop (residues 70—85) of iso-1-Cytc, we assume
that pKys is the pK, for Lys73 and set pKy-; equal to 10.8* in
fitting Aggs — A5 versus pH to eqs 1 and 2.

The standard model for the kinetics of the alkaline
conformational transition of Cytc involving Lys—heme alkaline
conformers>> comprises a rapid deprotonation equilibrium
(usually designated Ky; or pKy) followed by a conformational
change with forward and backward rate constants, k¢ and ky,
respectively, as shown in Figure 4A. In this model, the pH
dependence of the observed rate constant, kp,, and amplitude,

AA, are described by eqs 3 and 4.

A
Ky kf
C(FeMet80)H* <—=== C(FeMet80) === C(Felys)
kb
B
His79H" KH His79 kﬂ
C(FeMet80),,, === C(FeMet80),,., === C(FeHis79),,.

Ko+
KH21L KH21L KH21L
His79H* His79

KL ke2
C(FeMet80)\~™*" ——== C(FeMet80/""* <=== C(FeHis79),
Kb2

ki1

where K¢ = . =
b1

ke
Koz

Figure 4. (A) Standard kinetic mechanism for the Lys—heme alkaline
conformational transition. (B) Kinetic mechanism for the His79—
heme alkaline transition. In both schemes, C(FeMet80) represents the
native state of Cytc. For the sake of simplicity, protons released in acid
dissociation equilibria are not shown explicitly. In part A, C(FeLys) is
a Lys—heme alkaline conformer. In part B, C(FeHis79) is the His79—
heme alkaline conformer. The protonation state of His79 is indicated
as a superscript for the native state of Cytc. The subscripted YH* and Y
represent the protonated and deprotonated forms, respectively, of an
ionizable group that affects the dynamics of the alkaline transition.
Acid dissociation constants and rate constants are defined in the text.
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1
ko, = ky + k| —————
obs T b f(l + 10PKH‘pH) 3)

1
b pKy—pH
1+ k((l + 10P*HTPT

AA = AA,
4)

In eq 4, AA, is the total amplitude for the alkaline transition. A
number of protein groups, including the Lys ligand, Tyr67,
heme propionates, His18, and a buried water molecule, have
been considered as possible sources of the deprotonation that
triggers the Lys—heme alkaline transition.'”""*

We have shown that when the alkaline transition involves
formation of His—heme conformers up to three deprotonation
equilibria are required to explain the kinetics.””**>" In the case
of the His79—heme alkaline conformer, two ionizable groups
are necessary to explain the kinetics of the alkaline transition.>
The kinetic scheme used for the His79—heme alkaline
transition is outlined in Figure 4B. As with the standard
model for the alkaline transition, a rapid deprotonation
equilibrium (K or pKy) is followed by a conformational
change. We find that pKy; is near 6.5 for K79H and K73H
variants of iso-1-Cytc, indicating that the deprotonation
equilibrium involves the histidine ligand that replaces
Met80.>*>*" The ionization of the other ionizable group,
YH* — Y, affects the activation free energy for the
conformational change. Thus, ionization of this group with
Ky, (pKyp) changes the magnitude of the forward and
backward rate constants from k; and ky; to kp and k. In
this model, the pH dependence of the observed rate constant,
koby and amplitude, AA, are described by eqs 5 and 6.2

ky = ( Ky, ]( ka[H'] + kfsz]
> Ky, + [HY] Ky, + [H']

N (ka[Hﬂ + kaKHZ]

Ky, + [H'] (s)
AA = AA 1
T ko [HY] + koK )( [m)
1 b1 2512 1 W]
+ ( kg [H] + kpKygy + Ky, (6)

The kinetics of His—heme alkaline transition occur on a 0.1—
1 s time scale, whereas the kinetics of the Lys—heme alkaline
transition occur on a 10—100 s time scale"**%%1%6 (see also
Figures S2 and S3 of the Supporting Information). Thus, the
rate constants and amplitudes are readily separable in time, and
the kinetic data for the His79—heme alkaline transition and the
Lys73—heme alkaline transition for WT*K79H iso-1-Cytc can
be fit independently to the kinetic models in panels B and A of
Figure 4, respectively.

Equilibrium Studies of the Alkaline Conformational
Transition of WT#*K79H Iso-1-Cytc. The alkaline conforma-
tional transition of the WT*K79H variant was followed by
absorbance at 695 nm, A4y, an absorbance band that is present
in the oxidized form of Cytc when the native Met80—heme
bond is present.”” Ags is highest near pH 5 where the native
conformer is maximally populated (Figure S). Above pH S.5,
Agos decreases, reaching a plateau from pH 7 to 8.5. Above pH
8.5, Agos decreases further. This biphasic behavior is consistent
with a His79—heme alkaline conformer forming between pH
5.5 and 7 and being the dominant conformer between pH 7
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Figure S. Plot of absorbance at 695 nm (background-corrected at 750
nm), Agos — Azse vs pH for WI*K79H iso-1-Cytc. Data from three
independent runs are shown. The dashed lines are fits to eqs 1 and 2,
assuming the protein is fully native near pH S. Parameters from the fit
are listed in Table 2.

and 8.5. Above pH 8.5, the His79—heme alkaline conformer is
replaced with the Lys73—heme conformer (see the scheme in
Figure 3). A single isosbestic point is observed near 610 nm
between pH S and 7 (Figure S1 of the Supporting
Information). Similarly, a single isosbestic point near 635 nm
is observed between pH 8 and 10 (Figure S1 of the Supporting
Information). These isosbestic points are consistent with our
previous work on the yK79H variant.”® Thus, to a first
approximation, each step of the alkaline transition represents a
two-state conformational change.

In our previous work on the yK79H variant, we showed that
the extinction coeficient at 695 nm, &4, for wild-type (WT)
yeast-expressed iso-1-Cytc was considerably higher than that of
the yK79H variant at pH 5, suggesting that the yK79H variant
may not be fully native at this pH. However, this observation is
ambiguous because there is evidence that the heme—Met80
bond can exist in the oxidized state of Cytc without significant
absorbance at 695 nm.>"*”*® Thus, 4 may be sensitive to the
local environment around the heme.>>*

For the sake of simplicity, the A4y versus pH data for the
WT*K79H variant in Figure S have been fit to the
thermodynamic model in Figure 3 (eqs 1 and 2), assuming
that the protein is fully native near pH 5. Table 2 compares the

Table 2. Thermodynamic Parameters for the Formation of
Alkaline Conformers of K79H Variants of Iso-1-Cytc in 0.1
M NaCl at 22 + 1 °C

variant pKc(H79) PKio pK(K73)7
WT*K79H —0.61 + 0.07 6.64 + 0.05 —-2.1+02
yK79Hb —0.63 + 0.08 6.71 + 0.07 -29+02

“In fits to eqs 1 and 2, pKy,; was set to 10.8 based on ref 42.
bParameters from Table 1 of ref 29.

thermodynamic parameters obtained for the alkaline transition
of the WI'*K79H variant to those obtained from Agys versus
pH data for yK79H iso-1-Cytc obtained with the same
assumption.” The stability of the His79—heme alkaline
conformer relative to the native state, pKc(H79), does not
depend on whether position 72 is Ala versus Tml. The pK, of
His79, pKyyg, of ~6.7 extracted from the fit is in the range
expected for a surface-exposed histidine,®’ consistent with the
assignment of His79 as the ligand replacing Met80 between pH
6 and 8. Only the stability of the Lys73—heme alkaline
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conformer relative to the native conformer, pKc(K73), is
significantly affected by changing Tml72 to Ala (Table 2).

pH-Jump Kinetics of the Alkaline Conformational
Transition of WT#*K79H Iso-1-Cytc. We determined the
dynamics of the alkaline conformational transition of
WT*K79H iso-1-Cytc using pH-jump kinetic methods.
Depending on the ending pH, two to four phases were
observed in upward pH-jump experiments from pH S where
the native state of the protein is maximally populated (Tables
S1—S4 and Figure S2 of the Supporting Information). In our
previous work on yK79H iso-1-Cytc,”® we observed only two
phases. This difference may reflect the effect of Tml72 on the
dynamics of the heme crevice loop (residues 70—85), but it
may also reflect the lower signal-to-noise ratio of our previous
data set.

The fastest phase, with a rate constant k,,; from 200 to 450
s~' (Table S1 of the Supporting Information) is only observed
reliably above pH 8. This fast phase may represent a transient
intermediate formed at higher pH. By pH 10, the k,,, phase
accounts for approximately one-third of the total amplitude. We
also observe a low-amplitude phase with rate constant, k3,
near 1 s (Table S3 of the Supporting Information). A similar
time scale low-amplitude phase is seen in conformationally
gated electron transfer studies of the dynamics of the heme
crevice loo;) of iso-1-Cytc variants carrying a K73H
mutation.***’ We have speculated that this phase may be due
to a conformational change involving the acid state of iso-1-
Cytc in the low-pH regime and a conformational change
involving a high-spin species at alkaline pH.***” With the K73H
variants, we observed this phase from pH S to 9.5 in our
conformationally gated electron transfer studies. However, k3
is observed only above pH 7.3 with the WI*K79H variant.
Below pH 7.3, it is likely that ki, and k,,,; would become
indistinguishable for the WT*K79H variant, if the magnitude of
kobs3 for WIT*K79H iso-1-Cytc behaves in the same manner
that was observed for the K73H variants below pH 7.3.***” We
focus on the properties of the two remaining phases that report
on the dynamics of the interconversion between the native state
and the His79—heme and Lys73—heme alkaline conformers
apparent in the equilibrium titration in Figure S.

Figure 6 shows the pH dependence of the rate constant,
ko2 corresponding to the formation of the His79—heme
alkaline conformer of iso-1-Cytc. ks, for WI*K79H iso-1-
Cytc increases with increasing pH from pH S to 8 and then
subsequently decreases between pH 8 and 10. The magnitude
of k2 at pH 8 is approximately double that for yK79H iso-1-
Cytc (Figure 6). However, k,, decreases to smaller values at
pH 10 for WT*K79H iso-1-Cytc than for yK79H iso-1-Cytc.

A fit of the data in Figure 6 to the kinetic mechanism in
Figure 4B (eq S) gives a pKyy near 6.8 and a pKyy, near 9,
consistent with our previous work on the His79—heme alkaline
transition of yK79H (Table 3). The pKyy of ~6.8 is similar to
the pKyy,o of ~6.6 obtained from equilibrium data (Table 2),
indicating that His79 acts as the triggering ionization for
formation of the His79—heme conformer from the native state
of WI*K79H iso-1-Cytc. A pKy, of ~9 has been observed in
the kinetics of formation of both His73—heme variants,
with*”*! and without** Lys79 present, and for yK79H iso-1-
Cytc (Table 3 and ref 29). Thus, this ionization appears to be a
general modulator of heme crevice dynamics in the alkaline pH
regime. We note that ionizable groups with pK, values near 9
have been observed in the equilibrium alkaline transition of
horse heart Cytc using infrared spectroscopy®® and circular
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Figure 6. k,, and amplitude at 406 nm, AA, vs pH from pH-jump
experiments with WT*K79H iso-1-Cytc for the His79—heme (kqp,)
alkaline conformational transition at 25 °C in 0.1 M NaCl. The AA,y
vs pH data are shown in the inset, and the k,, vs pH data are shown
in the main panel. Empty red circles are from upward pH-jump
experiments with a starting pH of 5.05, and filled red circles are from
downward pH-jumps with a starting pH of 7.99. The empty (upward
pH jumps) and filled (downward pH jumps) black triangles are pH-
jump data for the His79—heme alkaline transition of yK79H iso-1-Cytc
taken from ref 29. The solid curves in the main panel are fits to eq S.
In the inset, the solid red line is a fit of the data from pH 6 to 7.8 to eq
4 with k¢ and ky, set to the values of kg and ky,, respectively, obtained
from the fit of ks, vs pH to eq S. The solid green curve in the inset is
a fit of the data from pH 8 to 10 to the Henderson—Hasselbalch
equation to yield pKy,. The parameters from the fits to the data are
listed in Table 3.

Table 3. Comparison of Rate and Ionization Constants for
the His79—Heme Alkaline Transition of K79H Variants of
Iso-1-Cytc at 25 °C

parameter WT*K79H yK79Hb
ke (s71) 8.0+ 03 33+02
Ky (s71) 1.1+01 0.7 +£02
kp (s71) 0.0 + 03 0.7 + 0.1
kyy (s71) ~0° 11+0.1
pKig (kops data) 6.79 + 0.06 6.75 + 0.04
PKir, (AAg data) 6.76 + 0.057 6.8 + 02
pKip (kops data) 9.00 + 0.07 9.21 + 0.02
PKipy (AAp data) 8.82 + 0.05° 8.64 + 0.02

“Errors are the standard errors from the fits to the data in Figure 6
reported by SigmaPlot 7. bParameters for yK79H are from ref 29. “In
fitting the k,, vs pH data to eq 5, we made the simplifying assumption
that the equilibrium constant for the formation of the His79—heme
alkaline conformer from the native state is unaffected by pKy, (see
Figure 4B). This assumption allows us to reduce the number of
variables in the fit by constraining k;,, with the equation ky, = ke (ky,/
ky). “The pKiy, from amplitude data was obtained by fitting the data
from pH 6 to 7.8 to eq 4. “The pKy, from amplitude data is from a fit
of the amplitude data from pH 8 to 10 to the Henderson—Hasselbalch
equation.

dichroism spectroscopy at 695 nm.”> The ionizable group
responsible for pKy, may be the same group mediating
formation of the intermediate conformer observed in the
alkaline transition in these studies.

From pH 6 to 8, where k;; and ky,; are dominant, both k¢ and
ky, are larger for WT*K79H iso-1-Cytc than for yK79H iso-1-
Cytc (Figure 6 and Table 3). Thus, it appears that the Tml72 to
Ala substitution lowers the activation barrier between the native
state and the His79—heme conformer. The ionizable group
corresponding to pKy, slows the dynamics of interconversion
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between the native state and the His79—heme conformer for
both proteins. In the case of the yK79H variant, the native
state/His79—heme alkaline conformational equilibrium shifts
back toward the native state as a result of the pKy, ionization
(Table 3 and ref 29). The effect of the pKyy, ionization is much
more pronounced for WT*K79H iso-1-Cytc. The fit to eq 5
indicates that both ky, and k;, are zero within error.

The amplitude for formation of the His79—heme conformer
of WT*K79H iso-1-Cytc also increases up to pH 8 and then
decreases, approaching zero above pH 10 (Figure 6, inset).
Typically, fits to the pH dependence of the amplitude using eq
6 are constrained by the rate constants obtained from fits of the
pH dependence of k,, with eq 5.*° Because both kg, and ky, are
~0, eq 6 cannot be fit to the data in the inset of Figure 6 with
well-defined constraints. Thus, we fit the amplitude data from
pH S to 7.8 and from pH 8 to 10 separately. For the data from
pH S to 7.8, we fit the amplitude data to the standard model for
the alkaline conformational transition (eq 4),%° using the values
of ky and ky; in Table 3 as constraints. The value of pKyy
obtained is consistent with that obtained from the k,, versus
pH data (Table 3). We fit the amplitude data from pH 8 to 10
to the Henderson—Hasselbalch equation, providing an estimate
for pKy, of 8.8. Thus, the ionizable group with the pK,
corresponding to pKy, appears to be responsible for the
decrease in the amplitude of this phase. Because a rapid
competing process (k,p;) contributes strongly to the heme
dynamics above pH 8, the loss of amplitude for the His79—
heme phase may be primarily due to this competing process
and thus does not provide reliable information about changes in
the position of the native state/His79—heme alkaline state
equilibrium because of ionization of the group corresponding to
pKyp,-

Figure 7 shows data for the pH dependence of k4. The
growth in the amplitude of this phase occurs over a pH range
that is consistent with formation of the Lys73—heme alkaline
conformer (Figure 7, inset). For the kinetics of formation of the
Lys73—heme alkaline conformer, we use the standard kinetic
model for the alkaline transition,>> which involves a rapid

0.25

pH

Figure 7. k., and amplitude at 406 nm, AA,y, vs pH data from pH-
jump experiments with WT*K79H iso-1-Cytc for the Lys73—heme
(kops4) alkaline conformational transition at 25 °C in 0.1 M NaCl. The
AA,s vs pH data are shown in the inset, and the k.4 vs pH data are
shown in the main panel. Empty circles are from upward pH-jump
experiments with a starting pH of 5.0, and filled circles are from
downward pH jumps with a starting pH of 7.99. In the main panel, the
solid curve is a fit to eq 3 with pKy set to 10.8* as discussed in the
text. In the inset, the solid curve is a fit to eq 4 with pKy; set to 10.8
and k;, set to the value obtained from the fit of eq 3 to the k4 vs pH
data. Parameters from these fits are reported in the text.
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deprotonation equilibrium of a single group preceding the
conformational change (Figure 4A).

Because the k4 versus pH data do not reach an upper limit,
it is not possible to obtain a unique fit to eq 3. Therefore, we
have set pKy equal to 10.8, as an estimate for the pK, of
Lys73,% with the assumption that ionization of this group
triggers the Lys73—heme alkaline transition. There is some
evidence that deprotonation of lysine triggers formation of
lysine—heme alkaline conformers.*” However, the nature of the
triggering ionization remains an unsettled issue.”'>* The fit of
the k4 versus pH data to eq 3 with a pKy; of 10.8 yields a k;
of 0.033 + 0.004 s™! and a k; of 0.70 + 0.06 s~'. When the
amplitude data in the inset of Figure 7 are fit to eq 4 with a k,
of 0.033 and a pKj; of 10.8, we obtain a k;of 1.3 + 0.2 s™". The
magnitude of k¢ obtained from these fits should be viewed with
caution as it depends on the choice of pKy. For the yK79H
variant, the k;, of 0.037 + 0.001 is very similar to that observed
here for the WT*K79H variant. We observed a leveling off of
kgp, for this phase above pH 10 with yK79H iso-1-Cytc, which
allowed an unconstrained fit to eq 3. The fit yielded a k¢ of 0.23
+ 0.03 and a pKy; of 9.6 & 0.2. The fit of the amplitude data to
eq 4 (constrained with k¢ and k, from the fit to eq 3) for
formation of the Lys73—heme alkaline conformer gave a pKy; of
9.44 + 0.06. Thus, k¢ is likely similar in magnitude for the
yK79H and WT*K79H variants.

B DISCUSSION

Effect of Tml72 on the Global Stability of Iso-1-Cytc.
The global stability of yK79H and WT*K79H iso-1-Cytc are
within error the same (Table 1). At first glance, this result is
somewhat surprising given that Tml72 lies across the surface of
the heme crevice loop. Thus, contacts that stabilize the native
state are expected to be lost when Tml72 is substituted with
Ala72 in the WT*K79H variant. However, as noted in Results,
the m-values for the yK79H and WT*K79H variants of iso-1-
Cytc are ~30% lower than for wild-type iso-1-Cytc. The data in
Figure § also show that the WT*K79H variant is predominately
in the His79—heme conformer at pH 7.5 where global stability
was measured. Thus, global unfolding monitored by CD
spectroscopy is measuring unfolding from the His79—heme
alkaline conformer. The similarity of the GdnHCI denaturation
parameters for the yK79H and WT*K79H variants shows that
the residue at position 72 does not contribute, within error, to
the AG,°(H,0) of the His79—heme alkaline conformer
relative to the GdnHCI denatured state.

Effect of Tml72 on the Stability the Native State
Relative to Alkaline Conformers of Iso-1-Cytc. Before we
evaluate the effect of Tml72 on the stability of the native state
relative to the His79—heme and Lys73—heme conformers, it is
important to address the assumption that WT*K79H iso-1-
Cytc is fully native near pH 5, which was used in deriving the
thermodynamic parameters for the alkaline conformational
transition in Table 2. The k, /ky, ratio of ~8 for WT*K79H in
Table 3 is consistent with pK-(H79) being approximately —0.9
rather than approximately —0.6 (Table 2), as was determined
with the assumption that WT*K79H is fully native at pH 5. If
we assume that Agg at pH 8 corresponds to ~'/y {1/[1 +
Kc(H79)], where Kc(H79) = kg /ky; } of WT*K79H iso-1-Cytc
having Met80 bound to the heme and use this as a basis to
evaluate Ay in eq 1, Agys for WT*K79H iso-1-Cytc at pH 5 is
actually consistent with only ~60% of the protein being in the
Met80-bound state. This estimate for the population of the
native state at pH S is an upper limit because the fit of the data
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in Figure 6 to the kinetic model in Figure 4B assumes that
WT*K79H iso-1-Cytc is fully native at low pH and thus
overestimates ky;, leading to an underestimate of K-(H73).

The kg /ky, ratio of ~S for yK79H (Table 3) indicates that
Tml72 does have a small stabilizing effect on the native state
relative to the His79—heme alkaline conformer. Given that
global unfolding monitored by CD proceeds from the His79—
heme alkaline conformer, and the AG,°’(H,0) values are
within error identical for the WI*K79H and yK79H variants
(Table 1), the stability of the His79—heme alkaline conformer
relative to the denatured state appears to be unaffected by the
Tml72 to Ala substitution. Thus, the stabilization of the native
state relative to the His79—heme alkaline conformer is best
attributed to interactions that Tml72 makes with the heme
crevice loop in the native state that are not possible with Ala72.

In contrast to the His79—heme alkaline conformer, the
Lys73—heme alkaline conformer is destabilized relative to the
native state by the Tml72 to Ala substitution. The
destabilization is also much more significant. From the
difference between the pK-(K73) for the WT*K79H variant
and the yK79H variant in Table 2, the destabilization of the
Lys73—heme alkaline state relative to the native state by the
Tml72 to Ala substitution is 1.1 + 0.4 kcal/mol at 22 + 1 °C.
The NMR structure of the Lys73—heme alkaline conformer of
iso-1-Cytc was conducted with Ala at position 72.'> The
structure shows that Ala72 is near the surface of the protein
adjacent to the Met80 and Tyr67 side chains. The small side
chain of Ala72 makes minimal contacts with Met80 and Tyr67.
Interestingly, the aromatic cage motif that typically binds
trimethyllysine in histones often contains both Met and Tyr
residues.®*®® Thus, Tml72 could participate in stabilizing
interactions with Tyr67 (cation—7z) and Met80 in the Lys73
alkaline conformer that would be eliminated by the Tml72 to
Ala substitution, possibly leading to the observed 1.1 kcal/mol
destabilization of the Lys73—heme alkaline conformer relative
to the native state.

Tmil72 Slows the Dynamics of the His79—Heme
Alkaline Transition. The substitution of Tml72 with Ala
leads to a 2.4-fold increase in ki and a 1.6-fold increase in ky,;
for the interconversion between the native state and the
His79—heme alkaline state. Thus, the barrier for this conforma-
tional transition is lowered in both directions by the Tml72 —
Ala substitution. If we assume that the free energy of the
His79—heme alkaline conformer is unaffected by the Tml72 —
Ala substitution, as indicated by our global unfolding data, the
increase in k,; for WT*K79H iso-1-Cytc relative to that of
yK79H iso-1-Cytc corresponds to a stabilization of the TS for
the His79—heme alkaline transition by ~0.3 kcal/mol at 25 °C
for WT*K79H iso-1-Cytc relative yK79H iso-1-Cytc. The
increase in ki for WT*K79H relative to that of yK79H
corresponds to a reduction in the activation free energy for
formation the His79—heme alkaline conformer by ~0.5 kcal/
mol at 25 °C. The 0.5 kcal/mol reduction in the barrier for
formation of the His79—heme alkaline conformer from the
native state would require an ~0.2 kcal/mol destabilization of
the heme crevice loop in the native state by the Tml72 — Ala
substitution in addition to the ~0.3 kcal/mol stabilization of
the TS.

With regard to the possible impact of the residue at position
72 on the peroxidase activity for Cytc, it is clear that Tml72 in
wild-type iso-1-Cytc slows the dynamics of heme crevice
opening relative to Ala72, which would be expected to decrease
peroxidase activity. Given that Lys72 in horse Cytc also lies
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across the surface of the heme crevice loop and makes
hydrogen bond contacts with main chain carbonyls of the heme
crevice loop at Met80 and Phe82, a similar effect for Lys72
seems possible. Thus, our results suggest that the heme crevice
loop has evolved to minimize undesirable peroxidase activity.
The magnitude of the effect of a Tml72 — Ala substitution on
peroxidase activity will depend on the details of the binding of
oxygen species to the heme. If binding of oxygen species is fast
relative to ky, (closing of the heme crevice), then binding of
oxygen species and peroxidase activity will depend on the rate
of opening of the heme crevice. However, if k;, is fast relative to
binding of oxygen species, then peroxidase activity is controlled
by an unfavorable equilibrium, opening of the heme crevice.
For the Tml72 — Ala substitution, at least for the His79—heme
alkaline transition we are using to model opening of the heme
crevice, the maximal impact would be under conditions where
binding of oxygen species is fast relative to closing of the heme
crevice because the increase in kg is much larger than the net
effect of the Tml72 — Ala substitution on the equilibrium.

Interestingly, the concentration of reactive oxygen species is
expected to increase at the onset of apoptosis.”’ Under these
conditions, the rate of heme crevice opening rather that the
unfavorable equilibrium for heme crevice opening is likely to
become more important for peroxidase activity. Thus, the
residue at position 72 might play a role in setting the switch
point (required level of reactive oxygen species) for turning on
the peroxidase activity of Cytc bound to cardiolipin at the onset
of apoptosis.

B CONCLUSION

In yeast iso-1-Cytc, Tml72 lies across the surface of the heme
crevice loop like a brace. A similar disposition of Lys72 is
observed in horse Cytc. We have shown that truncating this
residue to an Ala increases heme crevice dynamics as modeled
by the His79—heme alkaline transition. Our results suggest a
possible role for the residue at position 72 in regulating the ease
of heme crevice opening and the concomitant loss of Met80
ligation needed for Cytc to gain the peroxidase activity required
for oxidation of cardiolipin early in apoptosis.
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B ABBREVIATIONS

Cytc, cytochrome ¢; Tml, trimethyllysine; $-ME, -mercaptoe-
thanol; GdnHCI, guanidine hydrochloride; AG,° (H,0), free
energy of unfolding in the absence of denaturant; m-value,
slope of a plot of free energy of unfolding versus denaturant
concentration; WT¥*, pseudo-wild-type iso-1-cytochrome ¢
expressed in E. coli carrying the C102S and K72A mutations.
Mutations in protein variants are abbreviated by the one-letter
code for the wild-type amino acid followed by the position
number and then the one-letter code for the amino acid
replacing the wild-type amino acid. For example, when Lys79 is
replaced with His, it is designated K79H.
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