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ABSTRACT: The competition between intramolecular histidine-heme loop formation and ligand-mediated
oligomer formation in the denatured state is investigated for two yeast iso-1-cytochrome c variants,
AcH26I52 and AcA25H26I52. Besides the native His 18 heme ligand, both variants contain a single His
at position 26. The AcA25H26I52 variant has Pro 25 mutated to Ala. The concentration dependence of
the apparent pKa for His 26-heme binding in 3 M guanidine hydrochloride indicates that the P25A mutation
disfavors oligomerization mediated by intermolecular heme ligation by 10-fold. Single- and double-pH-
jump stopped-flow experiments with the AcH26I52 variant show that fast phases for His-heme bond
formation and breakage are due to intramolecular loop formation and slow phases for His-heme bond
formation and breakage are due to intermolecular aggregation. The presence of two closely spaced slow
phases in the kinetics of loop formation for both variants suggests that intermolecular His 26-heme
ligation results in both dimers and higher-order aggregates. The P25A mutation slows formation and
speeds breakdown of an initial dimer, demonstrating a strong effect of local sequence on aggregation.
Analysis of the kinetic data yields equilibrium constants for intramolecular loop formation and
intermolecular dimerization at pH 7.1 and indicates that the rate constant for intermolecular aggregation
is very fast at this pH (107-108 M-1 s-1). In light of the very fast rates of aggregation in the denatured
state, comparison of models involving reversible or irreversible oligomerization steps suggests that
equilibrium control of the partitioning between folding and aggregation is advantageous for productive
protein folding in vivo.

Slow phases in protein folding are usually associated with
proline isomerization (1). However, slow folding phases can
also be caused by aggregation (2-4). Interest in protein
aggregation and its causes is great due to its role in a number
of human diseases characterized by irreversible aggregation
(5, 6). Several recent studies demonstrate reversible aggrega-
tion during folding (2, 3, 7-10). The state that mediates
aggregation during folding varies. In some cases, the
denatured state is implicated (2, 7, 8), and in other cases,
partially folded intermediates are implicated (10). The
reversibility of aggregation during folding can depend on
protein concentration (9). Studies on the dynamics of
denatured proteins have shown that proline residues can
dramatically affect the conformational properties of the
denatured state (11, 12). In the case of iso-2-cytochrome c,
proline isomerization has been shown to modulate non-native
His-heme ligation (12). In this study, we investigate the
effects of proline on aggregation in the denatured state of
iso-1-cytochrome c (iso-1-cytc;1 we note that iso-1 and iso-2

cytochrome c are naturally occurring variants of cytochrome
c in Saccharomyces cereVisiae that are ∼80% identical in
sequence).

To probe the conformational properties of the denatured
state, we have developed methods for measuring His-heme
loop formation using variants of iso-1-cytc containing a
single histidine capable of loop formation (13, 14). In general,
we find that loop formation in the denatured state is
independent of protein concentration (15-17). Similarly, the
kinetics of His-heme loop formation and breakage are
consistent with two-state intramolecular binding of histidine
to heme (18). However, when the histidine is <10 amino
acids from the point of attachment of the heme to the
polypeptide chain, we observe significant concentration
dependence for equilibrium loop formation (15-17). The
AcH26I52 variant of iso-1-cytc has a histidine at position
26, which is nine residues from the nearest point of
attachment to the heme (His 18). There is also a proline at
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position 25. Equilibrium loop formation is strongly dependent
on protein concentration for this variant (15), consistent with
intermolecular His-heme binding. Interestingly, when the
histidine is at position 27 (AcH27 variant), such that it is
not immediately adjacent to Pro 25, equilibrium loop
formation is not significantly concentration dependent (17).
This result suggests that the position of proline relative to
histidine in short loops can have a dramatic effect on
intermolecular aggregation.

Studies with a variant of iso-2-cytc having a single
histidine at position 26 (N26H, H33N, and H39K) show that
denatured state loop formation is slowed by a factor of 140
relative to that of the wild-type protein (12). The lifetime of
800 ms for His 26-heme loop formation suggested that loop
formation was gated by trans to cis isomerization of the Gly
24-Pro 25 peptide bond in this iso-2-cytc variant. Thus, it
appears that both intermolecular aggregation and proline
isomerization could influence the properties of the denatured
state of cytc when only a small number of residues separate
the histidine from the heme.

To probe the effects of Pro 25 on the denatured state of
iso-1-cytc, we use two variants, AcH26I52 (19) and
AcA25H26I52. Both have a histidine at position 26 capable
of forming a nine-residue His-heme loop in the denatured
state. In the latter variant, Pro 25 has been mutated to Ala.
We characterize denatured state His-heme bond formation
using both equilibrium and kinetic methods. The equilibrium
data demonstrate that replacement of Pro 25 weakens
intermolecular His-heme binding. Kinetic data show that
the rate of intramolecular loop formation and breakage is
not strongly influenced by this mutation. However, in the
absence of Pro 25, the bimolecular rate constant for
intermolecular His 26-heme binding is decreased and the
unimolecular rate for breakage of the intermolecular His
26-heme bond is increased. Thus, Pro 25 acts primarily to
promote intermolecular interactions in the denatured state
of iso-1-cytc.

We also develop an equilibrium model for analyzing
amplitude data from our kinetics experiments and contrast
it to a previous kinetic model (20) for predicting yields of
intramolecular (folding or loop formation) versus intermo-
lecular (aggregation) products. The comparison suggests that
equilibrium control of folding versus aggregation may be
more adaptive than kinetic control in vivo.

EXPERIMENTAL PROCEDURES

Preparation of the AcH26I52 and AcA25H26I52 Variants.
The AcH26I52 variant of iso-1-cytc, which contains the
T(-5)S and K(-2)L mutations (horse cytc numbering is
used; thus, the first five amino acids of iso-1-cytc are
numbered -5 to -1) to give an acetylated N-terminus
(eliminates competition between the N-terminal amino group
and histidine for binding to the heme under denaturing
conditions; see ref 21), the H33N and H39Q mutations so
that His 26 is the only histidine capable of denatured state
loop formation, the N52I mutation for stability (22), and the
C102S mutation to prevent disulfide dimerization during
physical studies, was prepared and purified from Saccharo-
mycescereVisiaeaspreviouslydescribed(19).TheAcA25H26I52
variant adds the P25A mutation to the AcH26I52 variant. It
was prepared using single-stranded pRS/C7.8 vector DNA

containing the AcTM variant [T(-5)S, K(-2)L, H26N,
H33N, H39Q, and C102S relative to the wild type] of iso-
1-cytc (16) as a template for the unique restriction site
elimination method (23). The SacI+II- and SacI-II+
selection oligonucleotides (16) were used, as appropriate. The
SacI+II- oligonucleotide eliminates a unique SacII site and
creates a SacI restriction enzyme site upstream from the iso-
1-cyt c gene (CYC1; see ref 24). The SacI-II+ oligonucle-
otide does the opposite. The Asn 52 f Ile mutation was
introduced using the N52I oligonucleotide, 5′-d(TTTCT-
TGATGATGCCATCTGTGT)-3′ (site of mutation under-
lined), and the SacI+II- selection oligonucleotide. The Pro
25 f Ala mutation was then added using the P25A
oligonucleotide, 5′-d(CAACCTTGTTGGCGCCACCCTTT)-
3′, and the SacI-II+ selection oligonucleotide. Finally, the
Asn 26 f His mutation was added using the A25H26
oligonucleotide, 5′-d(AACCTTGTGGGCGCCACCCTT)-3′,
and the SacI+II- selection oligonucleotide. All mutations
were confirmed by dideoxy sequencing. The pRS/C7.8 vector
containing the AcA25H26I52 variant was transformed into
the GM-3C-2 S. cereVisiae cell line (25; cytochrome c
deficient), and the transformants were characterized, as
described previously (21). Expression and purification were
carried out as for the AcH26I52 variant.

Protein Stability Measurements. The stability of the
AcA25H26I52 variant was monitored as a function of
gdnHCl concentration using an Applied Photophysics Chiras-
can circular dichroism spectrometer coupled to a Hamilton
MICROLAB 500 Titrator using methods described previ-
ously (26). Data were acquired at 25 °C and pH 7.0 in the
presence of 20 mM Tris and 40 mM NaCl as buffer. The
data were fit to a linear free energy relationship, as described
previously (21), to extract the free energy of unfolding in
the absence of denaturant, ∆G°′u(H2O), and the m value. We
use a constant native state baseline in fitting our data, as
discussed previously (21). Reported parameters are the
average and standard deviation of three independent trials.

Equilibrium His-Heme Binding in the Denatured State.
pH titrations for monitoring His-heme binding in the
denatured state (3 M gdnHCl, 5 mM Na2HPO4, and 15 mM
NaCl) of the AcA25H26I52 variant at 1, 3, 7.5, and 15 µM
protein were carried out with a Beckman DU800 UV-vis
spectrometer. Titrations were carried out at room temperature
(22 ( 1 °C). Spectra from 350 to 450 nm were acquired at
each pH. Titration procedures have been described previously
(15). Data at 398 nm versus pH were fit to a modified form
of the Henderson-Hasselbalch equation, allowing extraction
of the apparent pKa for His-heme binding, pKa(obs), and
the number of protons, n, involved in the process. Reported
parameters are the average and standard deviation of three
independent trials.

The concentration dependence of pKa(obs) was fit to a
model that assumes a competition between intramolecular
His-heme loop formation, KC, and His-heme dimerization,
KA (eq 1, see Figure 2 in Results).

pKa(obs))-log(KC + √KC
2 + 4KA[cytc]t

2 ) (1)

A derivation of this equation is provided in the Supporting
Information.
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pH-Dependent Stopped-Flow Kinetic Measurements. To
monitor the breakage and formation of the His-heme bond
in the denatured state of the AcH26I52 variant, stopped-
flow mixing methods were used, and reactions were moni-
tored by absorbance spectroscopy (Applied Photophysics
PiStar 180 spectrometer) at 398 nm and 25 °C to observe
the Soret band shift resulting from His-heme bond formation
or breakage (15). For pH-dependent His-heme bond forma-
tion reactions, a 2 mm path length and a 2 µL flow cell were
used, and the final reaction mixture was obtained from 1:1
mixing of 30 µM AcH26I52, 3 M gdnHCl, and 5 mM acetate
(pH 3.10) with 3 M gdnHCl and 100 mM buffer to achieve
the desired ending pH (MES, pH 5.5-7.0; MOPS, pH
6.5-8.0). The loop breakage reaction, using a path length
of 10 mm and a 20 µL flow cell, was initiated by 1:1 mixing
of 6 µM AcH26I52, 3 M gdnHCl, and 5 mM MOPS (pH
7.10) with 3 M gdnHCl and 100 mM buffer to achieve the
desired ending pH (acetate, pH 3.7-5.5). Final reaction pH
was determined by collecting the product of the mixing
reaction and immediately measuring the pH. Using the
method of reduction of 2,6-dichlorophenolindophenol (27),
dead times of 0.7 and 1.2 ms were determined for the 2 and
20 µL flow cells, respectively, under our mixing conditions.

Continuous-Flow Measurements as a Function of pH. The
rates of denatured state His-heme bond formation for the
AcH26I52 variant were on the edge of the range accessible
to stopped-flow mixing methods at higher pH. Therefore,
continuous-flow mixing methods were used to confirm
stopped-flow mixing results. Continuous-flow mixing meth-
ods with an efficient capillary mixer have been described in
detail previously (28-31). Briefly, stock solutions of the
AcH26I52 variant at 50 µM were prepared in 3 M gdnHCl
and 5 mM acetate buffer (pH 4.0). The loop formation
reaction was initiated by a 5-fold dilution of the protein stock
solution with 200 mM buffer and 3 M gdnHCl, producing a
final reaction mixture of 3 M gdnHCl and 10 µM protein at
the desired ending pH (MES, pH 6.0; MOPS, pH 7.75). The
final reaction pH was determined by collecting the product
of the mixing reaction and immediately measuring the pH.
Reactions were monitored using continuous-flow ultrafast
mixing absorbance spectroscopy (28, 30) with a 0.9 mL/s
flow rate at 395 nm and 25 °C to observe the Soret band
shift which indicates His-heme bond formation. A dead time

of 60 ( 10 µs was measured using ascorbate reduction of
2,6-dichlorophenolindophenol as a test reaction (27, 31). Data
reduction and analysis were carried out as described previ-
ously (18).

Sequential Stopped-Flow Mixing Methods. Due to the
presence of a double exponential with 1:1 stopped-flow
mixing, sequential mixing (Applied Photophysics PiStar 180
spectrometer) was used to separate the slow and fast phases
in both the formation and breakage reactions. The initial
“premix” reaction mixture was a 1:1 mix of 60 µM protein,
3 M gdnHCl, and 1 mM MOPS (pH 7.0, formation) or 1
mM acetate (pH 3.75, breakage) with 10 mM acetate (pH
4.1, formation) or 10 mM MOPS (pH 7.1, breakage) and 3
M gdnHCl. This premix was held for a range of aging times
(5-5000 ms). After the appropriate aging time, another 1:1
mixing reaction was carried out with the premix [30 µM
protein and 3 M gdnHCl (pH 4.1 or 7.1)] with 3 M gdnHCl
and 100 mM buffer at the desired ending pH (acetate, pH
3.75, for breakage; MOPS, pH 7.1, for formation). The final
product includes 15 µM in protein and 3 M in gdnHCl at
the desired ending pH. The reaction pH is measured by
immediately taking the final product and measuring the pH.
The path length was 2 mm, and the volume of the flow cell
was 2 µL. The dead time for the reaction was measured by
the instrument during the experiment and was approximately
1 ms. Data were fit to double-exponential decay or rise to
maximum equations, as appropriate.

Stopped-Flow Mixing as a Function of Protein Concentra-
tion. To monitor the concentration dependence of breakage
and formation of the histidine-heme bond in the denatured
state for the AcH26I52 and AcA25H26I52 variants, stopped-
flow mixing methods were used, and reactions were moni-
tored by absorbance spectroscopy (Applied Photophysics
SX20 stopped-flow spectrometer) at 398 nm and 25 °C to
observe the Soret band shift (15). A 5 µL flow cell was used
for both His-heme bond formation and breakage reactions.
The 5 mm path length of the flow cell was used for low
protein concentrations (2, 3.75, and 7.5 µM), while the 1
mm path length was used for higher protein concentrations
(15, 30, 45, and 60 µM). The starting buffer for His-heme
bond formation reactions was 10 mM acetate (pH 4.10) in 3
M gdnHCl. The ending buffer was 100 mM MOPS (pH 7.10)
in 3 M gdnHCl. Final reaction mixtures for His-heme bond
formation reactions were obtained by a 1:1 mixing of starting
buffer (with a 2× protein concentration) and ending buffer.
The 3 M gdnHCl concentration was verified by refractive
index measurements (32). The starting buffer for His-heme
bond breakage reactions was 10 mM MOPS (pH 7.1) in 3
M gdnHCl. The ending buffer was 100 mM acetate (pH 3.75)
in 3 M gdnHCl. For both upward and downward pH-jump
experiments, the final reaction pH was determined by
collecting the product of the mixing reaction and immediately
measuring the pH. The starting and ending pH values for
these experiments were selected on the basis of the pH-
dependent loop formation kinetics such that loop formation
or breakage would go to completion. Reduction of 2,6-
dichlorophenolindophenol by ascorbate (27) gave a dead time
of 0.7 ms for the 5 µL flow cell, under our mixing conditions.
The time axis of the data was adjusted for the dead time
prior to fitting to triple- or quadruple-exponential functions.

FIGURE 1: Plot of ellipticity vs gdnHCl concentration for the
AcA25H26I52 variant at 25 °C. The solid line is a fit of the data
to a two-state model assuming a linear dependence of ∆G°′u on
gdnHCl concentration. The fit yields an m value of 4.4 ( 0.3 kcal
mol-1 M-1 and a Cm of 1.79 ( 0.02 M. ∆G°′u(H2O) is reported in
the text. The errors are the standard deviations of parameters from
three experiments.
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The appropriateness of the fitting function was judged by
comparing residuals (for details, see the Supporting Informa-
tion).

RESULTS

Global Stability of the AcA25H26I52 Variant. The global
stability of the AcA25H26I52 variant was measured by
gdnHCl denaturation, yielding a ∆G°′u(H2O) of 7.8 ( 0.5
kcal/mol (Figure 1). The P25A mutation destabilizes the
AcA25H26I52 variant by ∼1.5 kcal/mol relative to the
AcH26I52 variant [∆G°′u(H2O) ) 9.37 ( 0.24; see ref 19].
It is clear from Figure 1 that AcA25H26I52 is fully unfolded
in 3 M gdnHCl, the conditions used for denatured state
His-heme bond formation and breakage experiments.

Denatured State His-Heme Bond Formation for the
AcA25H26I52 Variant. Intramolecular His-heme bond
formation in the denatured state (3 M gdnHCl) leads to a
nine-residue loop when a histidine is at position 26 of iso-
1-cytc (Figure 2). Spectroscopically monitored pH titrations
yield an apparent pKa, pKa(obs), and the number of protons,
n, involved in the process (inset of Figure 3 and Table S1
of the Supporting Information). For intramolecular loop
formation, the pKa(obs) should be independent of protein
concentration. However, if there is an intermolecular com-
ponent (Figure 2), His-heme bond formation will be favored
by mass action as the cytc concentration increases. Thus,
intermolecular His-heme bond formation will cause the
pKa(obs) to decrease as the cytc concentration increases.

Figure 3 shows the concentration dependence of the
denatured state pKa(obs) (3 M gdnHCl) for the AcA25H26I52
variant and the AcH26I52 variant. Data for two other variants
(17), AcH22 (His 22, five-residue intramolecular loop) and
AcH27 (His 27, 10-residue intramolecular loop), are provided
for comparison. For the AcH27 variant, the concentration
dependence of pKa(obs) is slight. The pKa(obs) is strongly
concentration dependent for the AcH26I52 and AcH22
variants and moderately so for the AcA25H26I52 variant.
The data fit well to the equilibrium model in Figure 2 (eq 1,
Experimental Procedures), yielding apparent binding con-
stants (Table 1) for intramolecular His-heme loop formation
(KC) and intermolecular His-heme binding (KA). For the
AcH27 variant, the apparent pKa extrapolated to 0 M protein
concentration, pKa(obs)0 (Table 1), is identical to the pKa(obs)
at 1 µM protein (17), consistent with the minor intermo-
lecular component observed for this variant. KA varies over

2 orders of magnitude (Table 1). Surprisingly, the single-
site mutation P25A in the AcA25H26I52 variant versus the
AcH26I52 variant decreases the KA with His 26 as the heme
ligand by ∼10-fold, indicating that aggregation in the
denatured state can be strongly dependent on local sequence.

In the sections that follow, we use kinetic methods to probe
the factors that cause this difference in denatured state
aggregation between the AcH26I52 and AcA25H26I52
variants due to the mutation of Pro 25 to Ala. We first probe
the pH dependence of His 26-heme bond formation and
breakage as an initial step in characterizing intramolecular
versus intermolecular kinetic phases using the AcH26I52
variant. We then confirm these assignments for the AcH26I52
variant with double-jump stopped-flow experiments. Finally,
we characterize the concentration dependence of the kinetics
for both variants over a 30-fold concentration range.

His 26-Heme Bond Formation and Breakage Kinetics as
a Function of pH for the AcH26I52 Variant. Rates of His

FIGURE 2: Reaction scheme for intramolecular loop formation in competition with intermolecular dimerization.

FIGURE 3: Plot of pKa(obs) vs concentration for the AcA25H26I52
(b) and AcH26I52 (2) variants and two other previously reported
variants, AcH22 (0) and AcH27 (4). Error bars are the standard
deviations of pKa(obs) from three independent experiments. All data
were acquired at 22 ( 1 °C in 3 M gdnHCl containing 5 mM
Na2HPO4 and 15 mM NaCl. Data for the AcH22, AcH26I52, and
AcH27 variants are from refs 15 and 17. Solid (AcH26I52 and
AcA25H26I52) and dashed lines (AcH22 and AcH27) are shown
for fits to the equilibrium model in Figure 2 (eq 1, Experimental
Procedures). The inset shows a pH titration of AcA25H26I52 at
7.5 µM protein in 3 M gdnHCl. The solid curve is a fit of the data
to the Henderson-Hasselbalch equation with the number of protons
released allowed to vary. The values of pKa(obs) and the number
of protons, n, for the AcA25H26I52 variant at concentrations
ranging from 1 to 15 µM are collected in Table S1 of the Supporting
Information.
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26-heme bond formation and breakage in the denatured state
(3 M gdnHCl) as a function of pH were measured by both
stopped-flow and continuous-flow mixing methods. Fast and
slow phases were observed for both upward and downward
pH-jump experiments (Table S2 of the Supporting Informa-
tion). The rate constant for the fast phase increases with an
increase in pH (Figure 4) as observed for intramolecular loop
formation with other single-histidine variants of iso-1-cytc
(18). The fit of the data in Figure 4 to the mechanism in the
inset of Figure 4 yields the following: kf ) 930 ( 60 s-1

and kb ) 280 ( 10 s-1. These values of kf and kb give a
Kloop ()kf/kb) of 3.3 ( 0.3. The pKa obtained from the fit,
6.1 ( 0.1, is reasonably consistent with deprotonation of
His 26 prior to loop formation. Thus, the fast phase appears
to be attributable to intramolecular His-heme loop formation
in the denatured state of this protein.

Sequential Stopped-Flow Mixing. If the fast His 26-heme
bond formation and breakage phases in the denatured state
are truly linked to the same reaction and are distinct from
the slow phases, double-jump stopped-flow experiments
should confirm this assignment. On the basis of the data in
Figure 4, we have used a pH of 7 to form His-heme bonds
and a pH of 4 to break His-heme bonds in the denatured
state (3 M gdnHCl).

Double-jump experiments for His 26-heme bond forma-
tion (from pH 7 to pH 4 to pH 7) were carried out with
aging times from 5 to 5000 ms at pH 4 (Figure S1 and Table
S3 of the Supporting Information). With short aging times,
a fast (1000-2000 s-1) His 26-heme bond formation phase
dominates. With short aging times, the amplitude of the slow

phase (∼1 s-1) is initially small and negative. The amplitude
of the slow phase goes through zero at an aging time of ∼75
ms and then becomes positive (Figure 5A). A fit of the
amplitude versus time data yields a rate constant ∼5.5 s-1

(see the legend of Figure 5A).
The negative amplitude observed for the slow phase with

short aging times can be explained by a reversal of
intermolecular His 26-heme binding as the protein concen-
tration is rapidly decreased from 60 to 15 µM in the
sequential mixing experiment. Double-jump mixing experi-
ments with an aging time of 2000 ms demonstrate that the
fast phase is independent of protein concentration, whereas
the slow phase is concentration-dependent and thus must be
intermolecular (Table S4 of the Supporting Information).

Table 1: Apparent Intramolecular and Intermolecular His-Heme Binding Constants in the Denatured State for Iso-1-Cytochrome c Variantsa

variant intramolecular loop size KC (M) KA (M) pKa(obs)0
b

AcH22 5 -c (2.3 ( 0.3) × 10-5 -c

AcH26I52 9 -c (7 ( 13) × 10-5 -c

AcA25H26I52 9 (4.4 ( 2.4) × 10-7 (2.6 ( 0.3) × 10-6 6.35 ( 0.24
AcH27 10 (1.9 ( 0.2) × 10-6 (1.3 ( 0.7) × 10-7 5.72 ( 0.04

a Data were acquired in 3 M gdnHCl at 22 ( 1 °C. b Apparent pKa extraplated to a cytochrome c concentration of 0 M. c Meaningful values could
not be obtained for these variants from the fit to eq 1.

FIGURE 4: Plot of kobs vs pH for the fast phase of His 26-heme
bond formation and breakage for the AcH26I52 variant. The
stopped-flow data for downward (b) and upward (2) pH jumps
are shown with error bars corresponding to one standard deviation.
For continuous-flow upward pH-jump data (0), the error is smaller
than the size of the symbol. The inset shows the mechanism for
loop formation used to fit the pH dependence of kobs (see ref 18).
The solid curve is a fit of the data to this mechanism. As described
previously (18), the kb reported in the text is the average and
standard deviation of the four lowest pH data points.

FIGURE 5: (A) Plot of amplitude vs aging time for the slow phase
formation of the histidine-heme bond for two separate experiments
(b and O) for the AcH26I52 variant. The lines are fits to a single-
exponential rise to maximum equation. The rate constant for the
growth of the slow phase amplitude for each data set is 5.2 ( 0.8
(b, solid line) and 5.8 ( 0.5 (O, dashed line). (B) Plot of amplitude
vs aging time for the slow (O) and fast (b) phases for breakage of
the His 26-heme bond for the AcH26I52 variant. Solid lines are
fits to a single-exponential equation and give rate constants of 2.8
( 0.4 and 1.9 ( 1.2 s-1 for the slow and fast phase amplitudes,
respectively.

Aggregation in Denatured Cytochrome c Biochemistry, Vol. 48, No. 2, 2009 485



In double-jump His-heme bond breakage experiments
[from pH 4 to pH 7 to pH 4 (Figure S2 and Table S5 of the
Supporting Information)], a fast phase (300-400 s-1)
dominates with short aging times. The amplitude for the
slow phase (∼5 s-1) increases as the aging time increases
in parallel with a decrease in the fast phase amplitude
(Figure 5B). The rate constants for the growth of the slow
phase amplitude and the reduction of the fast phase
amplitude are within error the same (∼2.5 s-1; see the
legend of Figure 5B).

We note that the observed rate constant of 5.0 ( 1.2 s-1

for the slow phase in the double-jump His 26-heme bond
breakage experiments (Table S5 of the Supporting Informa-
tion) matches the rate constant of ∼5.5 s-1 at which the slow
amplitude grows in double-jump His-heme bond formation
experiments. Similarly, the rate constant for slow His
26-heme bond formation at 30 µM protein (2.1 ( 0.02 s-1;
see Table S4) is similar to the rate constant of ∼2.5 s-1 for
the growth of the slow phase amplitude in double-jump His
26-heme bond breakage experiments (aging at pH 7 is
conducted at 30 µM AcH26I52 in the double-jump His
26-heme bond breakage experiments). Thus, growth of the
amplitude of slow His 26-heme bond breakage requires
formation of the His 26-heme bonds that form at a slow
rate, and growth of the amplitude of slow His 26-heme bond
formation requires breakage of the His 26-heme bonds that
break at a slow rate. Therefore, double-jump experiments
establish that slow His 26-heme bond formation is linked
to slow His 26-heme bond breakage and fast His 26-heme
bond formation is linked to fast His 26-heme bond breakage.

Effect of Pro 25 on the Concentration Dependence of the
Rates of Denatured State His 26-Heme Bond Formation
and Breakage. The equilibrium data in Figure 3 and Table
1 show that simple mutation of Pro 25 f Ala diminishes
the intermolecular component of His 26-heme bond forma-
tion in the denatured state (3 M gdnHCl). To probe the basis
for this difference, the concentration dependence of both His
26-heme bond formation and breakage was examined using
pH-jump experiments in 3 M gdnHCl for both the AcH26I52
and AcA25H26I52 variants. The observed kinetics is com-
plex, requiring three to four exponential components to
provide satisfactory fits to the data (Tables S6-S9 and
Figures S5-S8 of the Supporting Information).

For upward pH-jump data (His-heme bond formation),
the best fit for both variants is obtained using a quadruple-
exponential function. The fractional amplitudes of three of
the phases are nearly invariant with protein concentration
(Figures S3 and S4). The fourth phase diminishes in
fractional amplitude as the concentration increases and is
likely due to a small artifact observed in absorbance data
near 2 ms (see the Supporting Information). If this phase is
disregarded, a fast phase with a rate constant near 1600 s-1

(AcH26I52, 1650 ( 350 s-1; AcA25H26I52, 1580 ( 200
s-1) and two slow phases are observed. The ability to discern
two slow phases in these experiments versus the double-
jump experiments likely results from the superior signal-to-
noise ratio of the SX20 stopped-flow spectrometer used in
the single-jump experiments. Both slow phases are concen-
tration-dependent for the AcH26I52 variant (Figure 6), with
kobs leveling off at higher protein concentrations. For the
AcA25H26I52 variant, the faster of the two slow phases is
not observed at lower protein concentrations and within error

is independent of protein concentration [4 ( 1 s-1 (Figure
6)]. The slower of the two phases is concentration-dependent.

For downward pH-jump data (His-heme bond breakage),
three kinetic phases are observed for both proteins. The rate
constants for these phases appear to be independent of protein
concentration (AcH26I52, 254 ( 27, 36 ( 12, and 6.5 (
0.3 s-1; AcA25H26I52, 243 ( 10, 40 ( 7, and 20.7 ( 1.5
s-1). At the lowest concentration of protein used, the
intermediate phase cannot be discerned for the AcA25H26I52
variant. For both variants, at low protein concentrations, the
fractional amplitude, fAmp, for the fast phase for loop breakage
is similar to or larger than the fAmp for the slow phase (Figure
7). At higher protein concentrations, the slow phase domi-
nates the amplitude for the breakage reaction, although the
concentration dependence of the fractional amplitudes of the
three phases saturates at an initial protein concentration of
greater than ∼30 µM. The total amplitudes for His 26-heme
bond breakage and His 26-heme bond formation are similar
to each other and are linearly dependent on protein concen-
tration (insets in Figure 7), indicating that the full reaction
is being detected in both directions and at all protein
concentrations.

Comparison of the fast phases due to intramolecular loop
formation and breakage from these concentration-dependent
kinetic experiments with the fast phases from the pH-
dependent His 26-heme bond formation and breakage
experiments in Figure 4 shows that the rate constants
obtained for loop formation, kf, and loop breakage, kb, are
similar. The magnitudes of kb obtained for His 26-heme
bondbreakageatpH3.75 for theAcH26I52andAcA25H26I52
variants (∼250 s-1) are similar to the kb of ∼280 s-1 obtained
for the AcH26I52 variant in Figure 4. On the basis of the
mechanism in the inset of Figure 4, kf for intramolecular
loop formation from the protein concentration-dependent
kinetic experiments can be approximated as the difference
between the fast rate constant for His 26-heme bond
formation at pH 7.1 and the fast breakage rate constant at
pH 3.75. This approximation yields kf values of 1400 ( 380
and 1340 ( 210 s-1 for the AcH26I52 and AcA25H26I52

FIGURE 6: Concentration dependence of the slow phase rate
constants for His-heme bond formation from upward pH-jump
experiments with the AcH26I52 (9 and 2) and AcA25H26I52 (0
and 4) variants. The concentration is the final concentration after
mixing. Data were acquired at 25 °C in 3 M gdnHCl as described
in Experimental Procedures. The error bars are one standard
deviation of the mean. For clarity, errors bars of approximately
(1 s-1 have been omitted for the faster of the two slow phases
(0) for the AcA25H26I52 variant.
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variants, respectively. Again, these values are reasonably
similar to the kf of 930 ( 60 s-1 observed with the pH-
dependent data for the AcH26I52 variant in Figure 4.

DISCUSSION

Our equilibrium data on the effect of protein concentration
on His-heme bond formation in the denatured state of iso-
1-cytc demonstrate that the contribution of the intermolecular
reaction drops off rapidly with the distance of the histidine
from the heme (Table 1). His 22, which is five residues from
the heme, has a 100-fold larger intermolecular equilibrium
constant, KA, than His 27 which is 10 residues from the heme.
We also find that the intermolecular reaction is very sensitive
to local sequence. The Pro 25f Ala mutation decreases KA

for His 26 by ∼10-fold. Comparison with data for iso-2-
cytc also supports this sensitivity to local sequence (12). For

iso-2-cytc, pKa(obs) ) 5.3 at a protein concentration of 60
µM, much higher than would be expected if an intermo-
lecular reaction was occurring. Thus, the small sequence
differences between iso-1- and iso-2-cytc for the residues
between His 26 and the heme (Val 20 f Ile and Lys 22 f
Glu) clearly affect intermolecular aggregation as observed
for the Pro 25f Ala mutation. Aggregation is also strongly
dependent on solution conditions. Data for the AcH26I52
variant in 6 M gdnHCl (15) yield a KA of (1.3 ( 1.0) ×
10-6 M, 1 order of magnitude lower than in 3 M gdnHCl.
Thus, the intermolecular aggregation we observe here is
likely to be more prominent under folding conditions.

An interesting feature of our concentration-dependent
kinetic data is that the amplitudes of His 26-heme bond
formation phases are independent of protein concentration
(Figures S3 and S4 of the Supporting Information), whereas
the amplitudes of the His 26-heme bond breakage phase
are strongly concentration-dependent (Figure 7). For His
26-heme bond formation, the fast intramolecular phase
always dominates. By contrast, for His 26-heme bond
breakage, the fast intramolecular phase diminishes in im-
portance rapidly as the protein concentration increases. Thus,
it is evident that aggregation is under equilibrium control.
Previous models for the outcome of aggregation versus
folding are based on kinetic partitioning between irreversible
folding and aggregation reactions (20). We develop a model
for equilibrium control of partitioning between folding (or
loop formation) and aggregation, compare the predictions
of the two models, and discuss the implications for evolution
of proteins. First, we discuss the nature of the slow
aggregation phases, and then we use our data to extract
equilibrium and kinetic parameters necessary to compare
kinetically irreversible and equilibrium models for aggregation.

Nature of the Slow Phases for Loop Formation and
Breakage. The concentration dependence of the slow phases
for His 26-heme bond formation clearly indicates an
intermolecular process. For the AcH26I52 variant, adequate
fits of the slow phase data are obtained with two similar-
amplitude exponential components with rate constants that
differ by a factor of ∼3 (Figure 6 and Table S6 of the
Supporting Information). This method of fitting the data is
clearly an oversimplification. However, attempts to fit the
data to a simple second-order rate process produced worse
fits. The two slow phases for His 26-heme bond formation
are matched by two slow phases for His-heme bond
breakage. In Figure 7, the amplitude of the slowest His
26-heme bond breakage rate (6.5 ( 0.3 s-1) starts to lose
amplitude to the intermediate breakage rate (36 ( 12 s-1) at
high concentrations of the AcH26I52 variant. This observa-
tion suggests that at high concentrations, higher-order (less
kinetically stable) aggregates have formed. It is also possible
that the two different slow phases represent intermolecular
His 26-heme bond formation and breakage with the Gly
24-Pro 25 peptide bond in cis versus trans conformations.
However, this is inconsistent with the observed decrease in
the amplitude of the slower breakage rate at higher concen-
trations of the AcH26I52 variant. Thus, the data support a
mechanism involving His-heme dimerization at lower
protein concentrations with contributions from higher-order
aggregation at higher concentrations.

For the AcA25H26I52 variant, two slow phases for His
26-heme bond formation and breakage are also observed.

FIGURE 7: Concentration dependence of the fractional amplitudes,
fAmp, of the kinetic phases for His 26-heme bond breakage in
downward pH-jump experiments for the (A) AcH26I52 and (B)
AcA25H26I52 variants of iso-1-cytc. Data were acquired at 25 °C
in 3 M gdnHCl as described in Experimental Procedures. The fAmp

values for the fast phase (O), the intermediate phase (0), and the
slow phase (4) are shown with error bars derived from standard
propagation of the error in the observed amplitudes. The concentra-
tions prior to mixing, [AcH26I52]i and [AcA25H26I52]i, are plotted
on the x-axes, since fAmp reflects the equilibrium distribution of
species prior to mixing. The solid lines are fits to the equilibrium
model in the Supporting Information as described in Discussion.
The dotted line in panel B is a fit to eq 2 (Discussion) with Kloop(obs)
constrained to 4.65. The inset in each panel shows the total
amplitude, ∆A398(total), vs protein concentration after mixing,
[AcH26I52]f and [AcA25H26I52]f, for the His 26-heme bond
formation (b) and breakage (O) reactions. The solid line is a linear
fit of ∆A398(total) vs protein concentration for the His 26-heme
bond formation amplitudes.
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The rate of the dominant slow phase (0.6-1.4 s-1) for His
26-heme bond formation depends on the concentration of
the AcA25H26I52 variant, whereas the lower-amplitude slow
phase (∼4 s-1), which only appears at a final concentration
of g15 µM, does not. The reason for the lack of concentra-
tion dependence is unclear (although the large error bars on
this rate constant may obscure concentration dependence).
The rate constants for the two slow His 26-heme bond
breakage phases are too similar (40 ( 7 and 20.7 ( 1.5 s-1)
to be fully resolved.

When AcH26I52 is compared to AcA25H26I52, both have
a slow phase for His 26-heme bond breakage with a rate
near 40 s-1. However, the slower of the two His 26-heme
bond breakage phases is ∼3-fold faster for the AcA25H26I52
variant. Thus, both have intermolecular processes attributable
to dimerization and higher-order aggregation. The higher-
order aggregates appear to have similar kinetic stability.

Extraction of Equilibrium Parameters from the Kinetics
of Intramolecular Loop Formation. For both variants, the
fractional amplitudes of the fast and slow phases of His
26-heme bond formation are nearly invariant with protein
concentration (Figures S3 and S4 of the Supporting Informa-
tion), indicating that the amplitudes are controlled by the
relative rates of the individual processes. The average
fractional amplitude of the fast His 26-heme bond formation
phase, ffast, across all protein concentrations studied is 0.70
( 0.04 for the AcH26I52 variant and 0.79 ( 0.04 for the
AcA25H26I52 variant. Thus, the fractional amplitude of the
fast phase assigned to intramolecular loop formation can be
used to obtain an apparent equilibrium constant for loop
formation [Kloop(obs) ) ffast/(1 - ffast)] at pH 7.1 (Table 2).
The values are similar to the intramolecular equilibrium
constant for the AcH26I52 variant derived from the pH
dependence of kobs (Figure 4).

Kloop(obs) at pH 7.1 can also be estimated from the
measured rate constants for the fast forward and back
reactions [kf(fast)/kb(fast)] for intramolecular loop formation
obtained from our kinetic studies on the AcH26I52 and
AcA25H26I52 variants versus protein concentration. The
values for Kloop(obs) obtained in this way are similar to those
obtained from the fast amplitude data, ffast, for His 26-heme
bond formation (Table 2).

Extraction of Equilibrium Properties for Intermolecular
Association from the Kinetics of His 26-Heme Bond
Breakage. The fractional amplitude data for loop breakage
as a function of protein concentration (fAmp for the fast phase
in Figure 7) provide information about the relative contribu-
tions of intra- and intermolecular His 26-heme bond
formation, since these species are at equilibrium prior to the
downward pH jump. Since all downward pH-jump experi-
ments start at pH 7.1, we can evaluate apparent equilibrium
constants, Kloop(obs) and Kinter(obs), for denatured state
intramolecular loop formation and intermolecular association,
respectively, at this pH. We approximate the equilibrium with
the simplest possible model: His-heme dimerization in
competition with intramolecular loop formation. The fraction
of protein which forms an intramolecular loop, floop, is given
by eq 2 for this model (see the Supporting Information).

floop ) (-[1+ 1
Kloop(obs)]+ {[1+ 1

Kloop(obs)]2
+

8[ Kinter(obs)

Kloop(obs)2][cytc]t}1⁄2) ⁄ {4[ Kinter(obs)

Kloop(obs)2][cytc]t} (2)

This equation was used to fit the fast phase amplitude for
the loop breakage reaction as a function of [cytc]i (O in
Figure 7A,B) to yield Kloop(obs) and Kinter(obs) (Table 2).
Kinter(obs) is on the same order of magnitude for both variants,
in contrast to the results from the concentration dependence
of pKa(obs) (Table 1). However, the parameters obtained
from fits to eq 2 are sensitive to small errors in the data. If
we constrain Kloop(obs) to 4.65 (the average value from
amplitude and rate constant data for the fast phase of
His-hemebondformationandbreakagefor theAcA25H26I52
variant), the quality of the fit is only slightly diminished
(dotted line Figure 7B), and we obtain a Kinter(obs) of (1.5
( 0.1) × 106 M-1 which is more in line with the results
from the concentration-dependent pKa(obs) data. The poorer
separation of dimerization and higher-order aggregation for
the AcA25H26I52 variant relative to the AcH26I52 variant
(Figure 7) probably also affects the accuracy of Kinter(obs)
obtained for the AcA25H26I52 variant.

For the AcH26I52 variant, the rise in the fractional
amplitude of the slow breakage phase, fslow [Figure 7A (4)],
can be fit to the equilibrium model (for equations, see the
Supporting Information) out to a protein concentration of
30 µM. The values for Kloop(obs) and Kinter(obs) are similar
to those obtained by fitting eq 2 to ffast (Table 2). Thus, our
simple dimerization model is adequate for describing the data
at relatively low concentrations of AcH26I52. For the
AcA25H26I52 variant, dimerization and higher-order ag-
gregation are poorly separated. Thus, fslow cannot be fit to a
model involving simple loop formation in competition with
dimerization.

How Fast Is Bimolecular Aggregation in the Denatured
State? Reversible intermolecular aggregation has been found
toaffect thefoldingkineticsofanumberofproteins(2,3,7-10).
In these cases, aggregates accumulate during folding and are
not preexisting in the denatured state in a strong denaturant,
although for proteins CI2 and U1A aggregation is believed
tooccurfromthedenaturedstateunderfoldingconditions(2,7,8).
The bimolecular rates for association of denatured protein
molecules under folding conditions can be very fast, ranging

Table 2: Equilibrium Parameters for Intramolecular and Intermolecular
His 26-Heme Bond Formation at pH 7.1 and 25 °C

AcH26I52 AcA25H26I52

Kloop(obs)
pH-dependent kinetics 3.3 ( 0.3a -
ffast, His-heme bond

formation amplitudes
2.3 ( 0.3 3.8 ( 0.8

kf(fast)/kb(fast) 5.5 ( 1.6 5.5 ( 0.9
ffast, His-heme bond

breakage amplitudes
8.7 ( 0.3 16.1 ( 0.9

fslow, His-heme bond
breakage amplitudes

10.6 ( 0.3 -b

Kinter(obs)
ffast, His-heme bond

breakage amplitudes
(3.00 ( 0.08)×107M-1 (2.1 ( 0.2) × 107 M-1

fslow, His-heme bond
breakage amplitudes

(3.00 ( 0.07)×107M-1 -b

a Kloop(obs) is for fully deprotonated His 26 in this case, i.e., Kloop.
Correcting to pH 7.1 with Kloop(pH) equal to Kloop/(1 + 10pKa-pH) using a
pKa of 6.6 for His 26 (15) yields a Kloop(obs) of ∼2.5. b The data deviate
too strongly from simple dimerization in competition with intra-
molecular loop formation to fit fslow to this model.

488 Biochemistry, Vol. 48, No. 2, 2009 Tzul et al.



from 3 × 105 M-1 s-1 for CI2 to 4 × 107 M-1 s-1 for
U1A (2, 7, 8). We can estimate the bimolecular association
rate constant, kinter, for His 26-heme bond formation at pH
7.1 using Kinter(obs) and the slowest rate constant for
His-heme bond breakage. For the AcH26I52 variant, we
find kinter ) (2.0 ( 0.2) × 108 M-1 s-1. For the AcA25H26I52
variant, we find kinter ) (3.0 ( 0.3) × 107 M-1 s-1 [using
Kinter(obs) ) (1.5 ( 0.1) × 106 M-1]. Thus, as for the U1A
protein (2, 8), intermolecular association in the denatured
state of these variants of iso-1-cytc is very fast.

Equilibrium Versus IrreVersible Kinetic Control of Ag-
gregation. The impact of pathological protein aggregation
in living cells depends on the competition between productive
intramolecular folding and deleterious intermolecular ag-
gregation. As seen here and in previous studies, the bimo-
lecular rate for reversible intermolecular association can be
very fast. Thus, competition between protein folding and
protein aggregation has the potential to be problematic in
living cells, particularly if one or both processes are
irreversible and thus kinetically controlled. Therefore, it is
instructive to compare the advantages and disadvantages of
kinetic versus equilibrium control of this competition.

For the iso-1-cytc variants studied here, both intermolecu-
lar His 26-heme bond formation and intramolecular loop
formation are reversible, and thus under equilibrium control.
We examine this competition with the data for the AcH26I52
variant.Usingtheintramolecularloopformation-intermolecular
dimerization equilibrium model described above and the
parameters Kintra(obs) and Kinter(obs) obtained from the fits
to the data in Figure 7A, we show the relative proportions
of intramolecular loop formation versus intermolecular
aggregation as a function of protein concentration (Figure
8, solid lines). For comparison, the predictions of an
irreversible kinetic model (eq 3) for the competition between
folding and aggregation (20) are shown (Figure 8, dashed
line). Since kintra(obs) at pH 7.1 is large for loop formation

floop )
kintra(obs)

[cytc]tkinter(obs)
× ln[1+

[cytc]tkinter(obs)

kintra(obs) ] (3)

(∼1400 s-1), in fact, irreversible kinetic control would have
led to a considerably higher yield of the intramolecular
product for the AcH26I52 variant over the concentration
range of our experiments (Figure 8).

However, for many protein folding reactions, the rate of
folding is considerably slower than the millisecond time scale
(33). For comparison, the outcome for irreversible kinetic
control is shown in Figure 8 (dotted line) if loop formation
occurs on a 1 s time scale (kintra ) 1 s-1) in competition
with the very fast bimolecular His 26-heme reaction
observed here. Clearly, kinetic control is highly disadvanta-
geous if the intramolecular reaction is slow. Another aspect
of equilibrium control is that the square root dependence of
floop on [cytc]t for equilibrium control versus the logarithmic
dependence of floop on [cytc]t for the kinetic model leads to
a less abrupt falloff in floop at higher protein concentrations
(see Figure 8). This would be advantageous for the yield of
folded versus aggregated protein, as well.

In vivo, proteins must fold and operate in crowded
environments, where concentrations of macromolecules
approach 350 mg/mL (34). For a small protein like cytc,
this corresponds to a concentration of ∼0.03 M. Under these

conditions, fast folding kinetics (∼1000 s-1) will not permit
competition with the very fast bimolecular aggregation we
observe in the denatured state (see Figure 8). However, if
intermolecular interactions are kept modest and reversible
[similar to a Kinter(obs) of 3 × 107 M-1 observed for the
AcH26I52 variant (Table 2)], a protein of average stability
(∼5 kcal/mol) would form less than 0.1% aggregate even at
a concentration of macromolecules of 0.1 M if the partition-
ing between folding and aggregation were under equilibrium
control.

Thus, there are advantages for the folding versus aggrega-
tion competition to have evolved with equilibrium rather than
kinetics controlling this partitioning in vivo. The observation
that aggregation during folding can be reversible (2, 3, 7-10)
and that protein sequences appear to have evolved to
minimize aggregation-prone sequences (6) supports this
contention. The very fast bimolecular rate constants seen for
oligomerization of denatured states (2, 7, 8) indicate that it
would be difficult for folding to prevail over aggregation if
kinetic control of this partitioning operated in the crowded
environment of a cell. Clearly, chaperones have evolved to
assist in making aggregation reversible when necessary and
thus allow for productive folding for protein sequences that
are not optimized for reversible aggregation (35).

Aggregation during the Folding of Cytochrome c. For
horse heart cytochrome c, reversible aggregation occurs
during folding at high protein concentrations (3). Given the
results on intermolecular His 26-heme binding presented
here, it is possible that the aggregation is mediated through

FIGURE 8: Comparison of equilibrium vs kinetic control for the
production of intramolecular loops, floop, vs intermolecular His-heme
dimers, finter, for the AcH26I52 variant. Curves for floop decrease as
the protein concentration increases, and curves for finter increase as
the protein concentration increases. The solid curves show floop (eq
2) and finter (see the Supporting Information) for the equilibrium
model of intramolecular vs intermolecular competition using the
parameters from the fit of ffast for His-heme bond breakage to this
model given in Table 2. Experimental data for intramolecular loop
breakage (b, ffast in Figure 7A) and breakdown of intermolecular
His-heme dimers (O, fslow in Figure 7A) for the AcH26I52 variant
are shown against these curves. The deviation of these data from
the solid curves at higher concentrations is due to higher-order
aggregation. The calculated concentration dependencies for floop (eq
3) and finter (1 - floop) assuming kinetic control of the partitioning
between intramolecular and intermolecular reactions are shown with
dashed curves. The pH 7.1 values [kintra(obs) ) 1400 s-1 and
kinter(obs) ) 2.0 × 108 M-1 s-1] for the AcH26I52 variant were
used to generate these curves. The effect of reducing kintra(obs) to
1 s-1 on the concentration dependencies of floop and finter using the
kinetic control model is shown with dotted curves.
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His 26, although the presence of lysine at position 25 in the
horse protein appears to make this process much less
favorable than for Pro 25 or Ala 25, since aggregation is
observed only at >30 µM protein during folding. At the
highest concentrations used in the horse cytc study (500 µM),
irreversible kinetic control would have decreased the yield
of folded protein to ∼50%. With weak reversible aggrega-
tion, all of the protein reached the native state.

CONCLUSION

We have shown that reversible His 26-heme aggregation
competes with intramolecular His 26-heme loop formation
in the denatured state of iso-1-cytc. The bimolecular step in
aggregation is very fast, indicating that intermolecular
contacts between denatured proteins occur rapidly even in
dilute solution. The thermodynamics of intermolecular His
26-heme binding depends strongly on the sequence proxim-
ity of the histidine to the heme and on the identity of residues
adjacent to the histidine. For His 26, Pro 25 strongly
enhances the intermolecular interaction relative to Ala 25,
primarily by slowing breakdown of what appears to be an
intermolecular dimer. We have developed an equilibrium
model for analyzing aggregation in the denatured state of
these variants. Comparison of the predictions of this model
with a previous irreversible kinetic model for aggregation
shows that equilibrium control has evolutionary advantages
in terms of productive partitioning between folding and
aggregation.
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SUPPORTING INFORMATION AVAILABLE

pKa(obs) values as a function of concentration for the
AcA25H26I52 variant (Table S1), pH-dependent His-heme
bond formation and breakage rate constants and amplitudes
for the AcH26I52 variant (Table S2), rate constants and
amplitudes for double-jump His-heme bond formation
experiments (Tables S3 and S4), double-jump His-heme
bond formation data (Figure S1), rate constants and ampli-
tudes for double-jump His-heme bond breakage experiments
(Table S5), double-jump His-heme bond breakage data
(Figure S2), rate constants and amplitudes for concentration-
dependent His-heme bond formation and breakage for the
AcH26I52 and AcA25H26I52 variants (Tables S6-S9),
amplitudes for His-heme bond formation phases as a
function of protein concentration for the AcH26I52 and
AcA25H26I52 variants (Figures S3 and S4), typical kinetic
data and data fits for concentration-dependent His-heme
bond formation and breakage for the AcH26I52 and
AcA25H26I52 variants (Figures S5-S8), and derivations of
eqs 1 and 2 in the text and other equations used to fit data
to the model for equilibrium competition between loop
formation and aggregation by dimer formation. This material
is available free of charge via the Internet at http://
pubs.acs.org.
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