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ABSTRACT: To provide insight into the role of local sequence in the nonrandom coil behavior of the denatured
state, we have extended our measurements of histidine—heme loop formation equilibria for cytochrome ¢’ to 6
M guanidine hydrochloride. We observe that there is some reduction in the scatter about the best fit line of
loop stability versus loop size data in 6 M versus 3 M guanidine hydrochloride, but the scatter is not
eliminated. The scaling exponent, v;, of 2.5 £ 0.2 is also similar to that found previously in 3 M guanidine
hydrochloride (2.6 + 0.3). Rates of histidine—heme loop breakage in the denatured state of cytochrome ¢’
show that some histidine—heme loops are significantly more persistent than others at both 3 and 6 M
guanidine hydrochloride. Rates of histidine—heme loop formation more closely approximate random coil
behavior. This observation indicates that heterogeneity in the denatured state ensemble results mainly from
contact persistence. When mapped onto the structure of cytochrome ¢/, the histidine—heme loops with slow
breakage rates coincide with chain reversals between helices 1 and 2 and between helices 2 and 3. Molecular
dynamics simulations of the unfolding of cytochrome ¢’ at 498 K show that these reverse turns persist in the
unfolded state. Thus, these portions of the primary structure of cytochrome ¢’ set up the topology of
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cytochrome ¢’ in the denatured state, predisposing the protein to fold efficiently to its native structure.

The essential and nontrivial role of the denatured state of
proteins in their folding reactions has been increasingly scruti-
nized in recent years (/—5). Nowadays, it is widely accepted that
protein denatured states contain nonrandom or residual struc-
ture (4, 5). Much of the evidence for residual structure comes
from spectroscopic techniques like NMR and fluorescence re-
sonance energy transfer (FRET)' (6—16). Thermodynamic data
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Abbreviations: FRET, fluorescence resonance energy transfer;
Cytc, cytochrome ¢’; iso-1-Cytc, yeast iso-1-cytochrome ¢; DSE,
denatured state ensemble; MD, molecular dynamics; pWT, pseudo-
wild-type, contains the mutation Q1A relative to the naturally occurring
cytochrome ¢’; GdnHCl, guanidine hydrochloride; pKjqop(His), stability
of a histidine—heme loop in the denatured state; mc,, derivative of
2.3RTpKi,op(His) with respect to GdnHCI concentration; vs, scaling
exponent for loop formation; ky, rate constant for His—heme loop
breakage; mb , derivative of RTln ky with respect to GdnHCI concen-
tration, kg, rate constant for His—heme loop formation; mf*, derivative
of RT In k¢ with respect to GdnHCI concentration; ki Mcom rate
constant for His—heme loop breakage at a molar gudmdme hydro-
chloride concentration X, corrected for viscosity; mp o, derivative
of RT1n kM, with respect to GdnHCl concentration; TS, transition
state. Format for indicating mutations: single letter abbreviation for
original amino acid followed by position number followed by one letter
abbreviation for new amino acid; for example, D3H indicates that the
aspartate at position 3 has been replaced with histidine.
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indicate that residual structure can have a significant impact on
the stability of denatured states and thereby affect the conforma-
tional distribution that comprises the denatured state ensemble
(DSE) (1, 2, 4). Thus, residual structure can limit the conforma-
tional search toward a thermodynamic (or kinetic) minimum to
increase protein folding efficiency (/7). In contrast, SAXS and
viscometric measurements have shown that denatured pro-
teins scale with length, R, o< N”, as expected for a random coil
(v ~0.6) (18—20). This “reconciliation problem” (3, 19) has been
a subject of considerable interest.

Unlike SAXS and viscometric measurements, which interro-
gate the ensemble properties of proteins of different lengths,
thermodynamic and kinetic studies on loop formation with DNA
hairpin loops (2/) and denatured proteins (22, 23) are able to
probe loop formation at different points along the length of a
biopolymer. Loop formation data are usually interpreted using
the Jacobson—Stockmayer equation (eq 1 (24, 25))

ASioop = —nglnn—|—Rln<<2nLC”lz) ‘Vi> (1)

where 7 is the number of monomers in the loop, R is the gas
constant, C, is Flory’s characteristic ratio, / is the distance
between monomers, V; is the approach volume of the atoms
involved in loop formation, and v is the scaling exponent for
loop formation. The Jacobson—Stockmayer equation assumes
random coil behavior. Thus, loop formation is entirely entropic.
For a freely jointed random coil, v3 = 1.5 (2, 4, 26), and when ex-
cluded volume is taken into account, v; = 1.8—2.4 (2, 4, 26—28).
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FIGURE 1: Structure of R. palustris Cytd’ (1A7V) (34) showing the
positions of histidine substitutions. The heme is shown in blue with
the iron atom in red. The His117 axial ligand and the residue block-
ing the sixth coordination site, Leul2, are shown in green. The four
helices are shown in red, and the loops connecting the helices are
shown in pink. The positions of the residues mutated in each variant
are shown with gray spheres, except for the residues with the slowest
loop breakage rates which are shown in cyan. Mutations are indi-
cated with standard notation (see Abbreviations footnote) next to
each sphere.

The data on loop formation with DNA hairpins and denatured
proteins have yielded v; as high as 4—7 (21/—23), much larger than
expected for a random coil or a random coil with excluded
volume. The large scaling exponents were attributed to residual
structure, which was supported by the observation that v
decreased with denaturant concentration (23). Recent molecular
dynamics simulations confirm that large scaling exponents can
result from residual structure (29).

For cases where the scaling exponent is at or near that expected
for a random coil, simulations have shown that local nonrandom
structure can coexist with random coil scaling exponents (30, 31).
Since nonrandom structure observed by NMR is often (/7), but
not always (6), local, these simulations provide a reasonable
resolution of many aspects of the “reconciliation problem”. In an
extreme example, Monte Carlo simulations by Fitzkee and Rose
showed that the scaling properties of a denatured protein can be
insensitive to large amounts of structure (32).

Recently, we studied denatured state histidine—heme loop
formation at 3 M guanidine hydrochloride (GdnHCI) with
Rhodopseudomonas palustris cytochrome ¢ (Cytc' (33, 34)).
Using a set of 13 single-histidine variants (Figure 1), we used
His—heme loop equilibria to investigate the conformational
properties of the denatured state every 7—11 residues along the
sequence. In contrast to our earlier work on His—heme loop
formation with yeast iso-1-cytochrome ¢ (iso-1-Cytc) where v3
was ~4 in 3 M GdnHCI, we observed v3 ~ 2.5in 3 M GdnHCl,
which is consistent with random coil behavior (33). However,
there was considerable scatter of the loop stability versus loop
size data about the best fit line used to obtain v3. Thus, consistent
with recent simulations (30—32), the denatured state of Cytc’ has
random coil scaling properties despite displaying nonrandom
behavior along the polypeptide chain.

The origin of the nonrandom denatured state behavior was
unclear in our initial studies. Local sequence hydrophobicity and
local ¢,1 preferences (30, 31) are both likely to be involved in
producing nonrandom behavior in denatured states. FRET
studies on the denatured state of Cytc’ show that ~50% of the
chains adopts compact structures under denaturing condi-
tions (8, 9). Given the high hydrophobic content of the primary
sequence of Cytc’ (8), residual structure due to hydrophobic
clusters seems to be a likely cause for nonrandom behavior.
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To probe this possibility, we have measured the effect of stronger
denaturing conditions on denatured state loop formation for the
same set of Cytc’ variants. We have previously shown that loop
breakage rates play a key role in deviations from random coil
behavior in the denatured state of iso-1-Cytc (35, 36). Thus, we
also have measured rates of His—heme loop breakage in the
denatured state of all 13 variants of Cyt¢’ in both 3 and 6 M
GdnHCL. To provide further insight into the results from the
thermodynamics and kinetics of His—heme loop formation and
breakage, we have carried out molecular dynamics (MD) simula-
tions of the unfolding of Cytc’.

MATERIALS AND METHODS

Preparation of Cytochrome ¢’ Variants. The Cytc' var-
iants were prepared and purified from BL21(DE) cells that were
cotransformed with the pEC86 vector (37) as described pre-
viously (33). Briefly, the plasmid pETcp (38), carrying the gene
for Cytc/, as well as plasmid pEC86, obtained from Thony-
Meyer, was transformed into BL21(DE3) cells under selection
for ampicillin (pETcp) and chloramphenicol (pEC86). An
osmotic shock method was used for the extraction of all Cytc’
variants, as described earlier (33). For the final HPLC purifica-
tion step, all variants were exchanged into low salt buffer A
(5 mM sodium phosphate, pH 6.0), and high salt buffer B
(5 mM sodium phosphate and 0.25 M NaCl, pH 6.0) was used
to elute pure protein using the same gradient as described
earlier (33).

Protein concentrations were determined using 100 mM sodium
phosphate buffer at pH 7.05 as the spectrum is pH dependent.
Scans were taken from 250 to 750 nm, and absorbance at 398 nm
was used with a molar extinction coefficient of 85000 M ™' cm ™'
to determine protein concentration (39). All variants were pre-
pared in the pseudo-wild-type (pWT) background, which carries
the Q1A mutation to avoid partial formation of pyroglutamate at
the N-terminus (38).

Denatured State pH Titrations. UV—vis-monitored pH
titrations for all Cyt¢' variants at 3 uM concentration were
carried out in 6, 5, or 4 M GdnHCl in the presence of 5 mM
Na,HPO, and 15 mM NaCl, as described previously (23).
Absorbance at 398 nm, A3qg, was plotted against pH, and data
were fit to a modified form of the Henderson—Hasselbalch
equation (eq 2)

Ars + Aps 10”P<pKu(0bS) —pH)
1+ 1()”p(PKa(obs) —pH)

(2)

Asog =

to obtain the apparent pK,, pK,(obs), and the number of
protons, n,, involved in the process (Ays is A3og of the low-spin
form at high pH and Aygis 430z of the high-spin form at low pH).
The values reported are the average of three separate experi-
ments, and the error given is the standard deviation.

For some variants, a biphasic titration was observed, with
His—heme binding dominating below pH 7 and Lys—heme
binding above pH 7. Fitting of these titration curves was done
using eq 3 as described previously (23, 33). Ineq 3, pK,(HisH") is
the pK, of the histidine and pK,(LysH™) is the pK, of the lysine(s)
that bind to the heme in denaturing GdnHCI solutions and
PKioop(His) (= —10g]Kipap(His)]) and pKiaop(Lys) (= —10g]Kjoop-
(Lys)]) are the pK’s for binding of a fully deprotonated histidine
or lysine, respectively, to the heme in denaturing solutions of
GdnHCL. pK,(LysH") is set to 10.5 for all fits to biphasic
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FIGURE 2: Schematic representation of the proton-mediated His—heme loop formation equilibrium for cytochrome ¢’ under denaturing

conditions.

pH titration data (23, 33). All other parameters in eq 3 are as
ineq 2.

As3os

1 0 - pKloop(His)

1 0 - PKloop(LyS)
Apns + Ars + 1+ 1QPK«(LysH") —pH /

1 0 - pKloop(Lys)
+ T (3)
1 + 1oPKa(LysH") —pH

1+ IOPK" (HisH") —pH

1 0 - pKloop<His)
1 1+ lopKa(HisH*) —pH

Kinetic Measurements. Stopped-flow mixing was used to
monitor the breakage of the His—heme bond in the denatured
state. Loop breakage kinetic experiments were carried out at 3—6 M
GdnHCI. Stock solutions of each variant at 6 4uM concentration
were prepared at the desired GdnHCI concentration in 10 mM
MOPS, pH 6.80. The breakage reaction was initiated by 1:1 (v/v)
mixing of protein stock solution with a solution containing
100 mM buffer, at the desired GdnHCI concentration, to reach
a final reaction mixture of 3 uM protein, at the desired GdnHCl
concentration and the desired ending pH of 3.1 or 3.6. For these
experiments, an Applied Photophysics SX20 stopped-flow spec-
trophotometer with a 10 mm path length 20 uL flow cell was
used. The dead time of the instruments was 0.7 ms for our mixing
conditions as determined by the reduction of 2,6-dichlorophe-
nolindophenol with ascorbate (40). Reactions were monitored by
absorbance spectroscopy at 398 nm to observe the Soret band
shift resulting from His—heme bond breakage. All reactions were
carried out at 25 °C. Final reaction pH was determined by
collecting the product of the mixing reaction and immediately
measuring the pH. All data were fit to a single exponential rise to
maximum equation. Fitting of data to a double exponential
equation does not significantly improve the fits.

Molecular Dynamics Simulations of Cytc'. Simulations of
Cytc’ were run at high temperature to sample the unfolding
pathway. Chain A from PDB IMQV (pWT variant carrying the
F32W/W72F mutations) was used as the starting structure ().
Cytc’ is a member of the four-helical up-and-down bundle meta-
fold, rank 19, of our consensus domain dictionary (Schaeffer
et al., submitted for publication) used for our Dynameomics
project; this project contains native and unfolding simulations of
representatives of all protein folds (www.dynameomics.org)
(41, 42). The heme cofactor was based on our standard

parameters (43) (also Amanda Jonsson, unpublished results,
in preparation) and covalently bonded to the protein through
thioether linkages at C113 and C116. In addition, a pseudobond
between the Ne2 atom of H117 and the heme iron was imposed.
A single 298 K simulation was run for 40 ns as a native state
control. Two 498 K simulations were run for 60 ns to model the
unfolding pathway.

Unfolding simulations were run using our standard proto-
cols (41,44, 45). The input structure was minimized for 1000 steps
of steepest descent (SD) minimization. Following minimization,
the structure was solvated in a rectangular water box extending at
least 10 A from any protein atom. The water density of the box
was adjusted to match the experimental density (0.829 g/mL at
498 K) by altering the box dimensions slightly (46, 47). The
waters of the combined system were then minimized for an
additional 1000 steps, followed by 500 steps of dynamics/heating
of the entire system, 500 further steps of water minimization, and
a final 500 steps of minimization of the entire system. The flexible
three-center (F3C) water model was used (48) along with periodic
boundary conditions to minimize edge effects. Simulations were
performed using the Levitt et al. force field (43) and the
microcanonical ensemble (NVE; number of particles, volume,
and total energy held fixed). All simulations were performed
using in lucem molecular mechanics (i/mm) (49). In all 498 K
simulations, an 8 A force-shifted nonbonded cutoff was used, and
the nonbonded pair interaction list was updated every 2 steps.
Nonbonded interactions between charged groups separated by
three bonds were scaled to 0.4 of their full force (50). Finally, a
2 fs time step was used, and structures were saved every 500 steps,
resulting in a trajectory of 1 ps snapshots.

RESULTS

Denatured State His—Heme Loop Formation Methods.
We use His—heme loop formation in the denatured state to
measure both the equilibria and kinetics of formation of simple
polypeptide loops (2, 4, 22, 23, 33, 35, 36, 51). The method
requires a c-type cytochrome where the heme is attached cova-
lently to the polypeptide chain through a CXXCH heme binding
motif. The site of attachment can be near the N-terminus of the
protein as with mitochondrial cytochromes ¢, such as iso-
1-Cytc (2, 4, 22, 23, 35, 36, 51), or near the C-terminus as with
the type 2 cytochrome ¢, Cytc’ (33), used in the current work.
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FIGURE 3: Representative titration curves for His—heme loop for-
mation as a function of pH at 22 + 1 °C in 6 M GdnHCI, 5 mM
sodium phosphate, and 15 mM NaCl. Absorbance at 398 nm, A3og,
versus pH is shown for the A104H (O) and K39H (a) variants of
Cytc’. The data for the A104H variant are monophasic and are fit
(solid line) to a modified form of the Henderson—Hasselbalch
equation (eq 2 in Materials and Methods) yielding pK,(obs) and
np,, the number of protons coupled to loop formation (parameters are
collected in Table 1). The data for the K39H variant are fit (solid
curve) to a model involving heme binding by His at lower pH and Lys
at higher pH (eq 3 in Materials and Methods) yielding pK,(HisH™),
PKioop(His), and pKieop(Lys) (parameters are collected in Table 2).

With Cytc/, the loop is formed with a histidine N-terminal to the
site of heme attachment (Figure 2). The native sequence of Cytc’
contains no other histidines besides His117, which is part of the
heme binding motif. Thus, each histidine variant (see Figure 1)
forms a unique His—heme loop under denaturing conditions, and
the size of the loop is determined by the sequence position of the
engineered histidine. Since histidine has an ionizable side chain,
the stability of a His—heme loop can be measured by a simple pH
titration (Figure 2), providing an apparent pK,, pK,(obs). The
pK,(obs) for loop formation provides information on the relative
stability of loops of different sizes. The lower the pK,(obs), the
more stable the loop (i.e., higher [H'] needed to break the loop).
His—heme loop formation is monitored at 398 nm, a wavelength
which is particularly sensitive to the change in Fe** spin state
when the weak field ligand, water, replaces the strong field
histidine ligand upon loop breakage. We note that electrostatic
contributions to denatured state loop formation measurements
are expected to be suppressed in concentrated GdnHCI
solutions (52—54).

The binding of histidine to the heme can be broken down into
two steps, ionization of the histidine, followed by binding of the
deprotonated histidine to the Fe*" of the heme. Thus, pK,(obs)
can be written as the sum of the two pK’s (eq 4), pK,(HisH™"):

pKa(ObS) =pKa (HiSH+) + pKloop(HiS) (4)

the intrinsic pK, for ionization of histidine in denaturing con-
centrations of GdnHCI, and pKj,op(His) (= —log[Kieop(His)]),
the pK for His—heme loop formation with a fully deprotonated
histidine. For histidines at positions 3, 13, 20, and 39 of Cytc/,
pK,(HisH") = 6.7 & 0.2 in 3 M GdnHCI (33). Similarly, for
histidines at positions 73, 89, and 100 of iso-1-Cytc, we found
pK,(HisH") = 6.6 & 0.1 at GdnHCI concentrations ranging from
3to 6 M (23). Thus, we typically subtract a constant value for
pK,(HisH™) from pK,(obs) to obtain pKiop(His).
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Table 1: Thermodynamic Parameters from Monophasic pH Titration
Data for Denatured State Loop Formation of Cytochrome ¢’ Variants in
Concentrated GdnHCI Solutions and at 22 & 1 °C*

variant loop size (n) pK.(obs) ny’ pKioop(His)
6 M GdnHCI
A104H 10 4.40 4+ 0.02 1.334+0.08 —2.38£0.02
K97H 17 4.79+£0.04 1.31+0.10 —1.99 £0.04
A91H 23 5.38+£0.02 1.1040.02 —1.40£0.02
K84H 30 5.214+0.03 1.02+£0.04 —1.57£0.03
E73H 41 5.42£0.01 1.07 £ 0.03 —1.36£0.01
pWT 7.394+0.02 1.16 £0.03
5M GdnHCI
K84H 30 5.10£0.02 1.06+0.03 —1.69£0.02
E73H 41 5.354+0.02 1.04+£0.02 —1.43£0.02
4 M GdnHCI
K84H 30 4.8240.05 1.01 £ 0.04 —1.96£0.05
E73H 41 5.1640.03 0.99+£0.05 —1.63£0.03

“All parameters are the average and standard deviation of at least three
trials. “Number of protons involved in loop formation equilibrium. ‘Cal-
culated using eq 4 with pK,(HisH") = 6.78, the average value for all
variants from 3 to 6 M GdnHCL.

For a random coil, the stability of a loop is expected to be
governed by the entropy of loop formation as given by the
Jacobson—Stockmayer equation (eq 1 (24, 25)). Assuming ran-
dom coil behavior and that the Fe**—imidazole bond energy is
identical for all His—heme loops, we can write AGjoep(His) =
23RTpKjo0p(His) = —TAS)o0p, Where ASiqoop is given by eq 1.
Thus, for a random coil, the dependence of pKj,op(His) on the log
of loop size, log n, should be linear with a slope equal to the
scaling exponent, v3;, as given by eq 5 (22, 23, 33), where
PKioop(His)rer is the pKiqoop(His) for n = 1.

PKioop(His) = pKioop(His) o +v3 logn (5)

Denatured State Loop Formation for Cytc' in GdnHCI
Solution. To extend our previous studies on denatured state
His—heme loop formation for Cyt¢’ in 3 M GdnHCI (33), we
have carried out denatured state titrations in 6 M GdnHCl for all
13 single-histidine variants of this protein (we note that global
unfolding of all variants is completed well before 3 M
GdnHCI (33)). Variants with n = 10—41 yield monophasic
titration behavior for denatured state His—heme loop formation,
and the data can readily be fit to a modified form of Henderson—
Hasselbalch equation (Figure 3). Table 1 summarizes the
pK,(obs) parameters derived from pH titration data for this
group of variants. The pK,(obs) values increase with loop size,
as expected, if entropy plays a significant role in the loop
equilibria. However, clearly there are irregularities in this depen-
dence. Itis also evident that the number of protons, r,, released is
close to 1, consistent with the reaction scheme in Figure 2. Table 1
contains data for pseudo-wild-type Cytd’ (pWT (38)). The
pK,(obs) seen for pWT is slightly higher than the value seen in
3 M GdnHCI and is consistent with Lys—heme binding, as
demonstrated for iso-1-Cytc in this pH regime (55).

For the variants with denatured state loop sizes of 48—111,
biphasic titration behavior was observed (Figure 3). This ob-
servation indicates that loop stability has decreased such that the
high- to low-spin transition cannot be completed by the binding
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Table 2: Thermodynamic Parameters from Biphasic pH Titration Data for
Denatured State Loop Formation of Cytochrome ¢’ Variants in Concen-
trated GdnHCI Solutions and at 22 + 1 °C*

variant  loop size (n)  pK,(HisH™) PKioop(His) pK]oop(Lys)”
6 M GdnHCl
A66H 48 6.88 £0.03 -0.76+£0.07  —3.04£0.07
D58H 56 6.86 £0.08 =0.93£0.09 —3.29+0.26
K49H 65 7.01£0.03 -0.25+£0.07 —3.194+0.14
K39H 75 6.71£0.15 —0.35+£0.09  —3.08+0.11
K31H 83 6.82£0.04 —0.14£0.03  —3.40£0.20
K20H 94 6.63£0.01 —0.31+0.01 —3.08 £0.02
K13H 101 6.88 £ 0.02 0.03£0.01 —3.00+£0.03
D3H 111 7.02+0.13 031+0.14  —3.12+£0.05
5M GdnHCl
K39H 75 6.69 £0.05 —0.48+0.01 —3.344+0.14
K20H 94 6.81£0.05 —0.42+£0.04 —3.21£0.05
4 M GdnHCl
K39H 75 6.73 £0.02 —0.67+£0.04  —3.33+0.04
K20H 94 6.73 £0.02 —0.55+£0.03  —3.48+0.09

“All parameters are the average and standard deviation of at least three
trials. “The ionization constant of lysine, pK,(LysH™), is assumed to be
10.5.

of histidine to the heme. Instead, lysine—heme binding completes
the transition above pH 7. The data were fitted to an equilibrium
equation involving both His—heme and Lys—heme loop forma-
tion (eq 3 in Materials and Methods). The analysis permits the
direct extraction of pKj,ep(His), pK,(HisH™) for the histidine
involved in loop formation, and pKjeep(Lys) (see Table 2). As
with the pK,(obs) for variants in Table 1, pKjy.p(His) becomes
less negative (less favorable) as loop size increases. As for the
pK.(obs) data, the progression of pKj,op(His) toward less nega-
tive values as n increases is irregular. The values for pK,(HisH™)
for each histidine in 6 M GdnHCl obtained from fits to eq 3 are
relatively insensitive to sequence position. For eight variants,
pK.HisH") = 6.85 £ 0.14. This value is within error of
pK.(HisH") = 6.7 & 0.2 observed for four variants of Cytc’ in
3 M GdnHCL

The K84H, E73H, K39H, and K20H variants yielded the
largest changes in pK,(obs) or pKep(His) at 6 M versus 3 M
GdnHCI. Thus, pH titrations also were carried out at 4 and S M
GdnHCI for these variants to better determine the denaturant
dependence of His—heme loop stability. The resulting pK,(obs)
or pKjoop(His) and pK,(HisH") parameters are collected in
Tables 1 and 2. Inspection of the data shows that His—heme
loop formation becomes less favorable as GdnHCl concentration
increases. The data in Table 2 also show that the magnitude of
pK,(HisH") is insensitive to GdnHCI concentration for the
K39H and K20H variants. Thus, we average the pK,(HisH™)
data for all Cytc¢’ variants obtained in 3—6 M GdnHCl yielding
pK,(HisH") = 6.78 + 0.15.

Trends in pKioop(His) in 3 M versus 6 M GdnHCI. To
allow comparison of loop stability data for the variants having
monophasic versus biphasic titration behavior, we use the
average value of pK,(HisH™) to extract pKjqop(His) from mono-
phasic titration data (eq 2, Table 1). The pKiq,,(His) values for all
the variants are plotted against n in Figure 4. pKj,op(His)

Biochemistry, Vol. 50, No. 6, 2011 1033

%D3H
] K31H
0 K49H 5
—_ A66H & KI3H
= 1 <o = K20H
14 K39H
< s
& 5
g - *
M'—' 2 A -~ & E73H
S - K84H
—~ 7 K97H
S -
/
-4 — T T T —
8 10 20 40 60 80 100

Loop size, n

FIGURE 4: Plot of the denatured state loop stability, pKeop(His),
versus loop size, n (on a logarithmic scale), for all variants of Cytc’ at
6 M (2)and 3 M (@) GdnHCI. Data for homopolymeric polyalanine
inserts acquired in 6 M GdnHCI (v, taken from ref 56) are shown for
comparison. Fits to eq 5 (6 M GdnHCI, solid line; 3 M GdnHCI,
dashed line; polyalanine, dash-dotted line) yield v; reported in the
text. All pKjoop(His) values were determined at 22 £ 1 °C. For
consistency, we have used the value of pK,(HisH") reported here,
which is derived from a much larger number of measurements, to
reevaluate pKoop(His) in 3 M GdnHCI. This results in pKjqop(His)
being 0.08 more negative than previously reported for 3 M GdnHCI
(Table 3 in ref 33).The His—heme loop equilibrium for the K84H
variant was repeated, here, yielding pK,(obs) = 4.78 £ 0.03 [pKioop-
(His) = —2.00 £ 0.03]. Data for each mutation site are labeled using
the standard notation for single site mutations (see Abbreviations
footnote).

becomes less negative (less favorable) both at higher GdnHCI
concentration and with increasing loop size. The scatter of the
data about the fit to eq 5 is decreased in 6 M GdnHCI compared
to the poorer solvent conditions of 3 M GdnHCI (R? increases
from 0.87 in 3 M GdnHCI to 0.94 in 6 M GdnHCI). But, the
scatter is not eliminated in 6 M GdnHCI, and interestingly the
pattern of scatter is the same at both GdnHCI concentrations.
For comparison, Figure 4 also shows data for His—heme loop
formation in 6 M GdnHCI with homopolymeric polyalanine
sequences inserted into iso-1-Cytc (56). The scatter about the fit
to eq 5 for this low complexity sequence is minimal compared to
that observed for loop formation with the Cytc’ sequence. A
scaling exponent, v3, of 2.5 + 0.2 is obtained for His—heme loop
formation with Cyt¢’ in 6 M GdnHCl, which is consistent with
the scaling exponent range of 1.8—2.4 for a random coil with
excluded volume (26—28). The v5 in 6 M GdnHCl is also within
error of v3 = 2.6 & 0.3 observed for the fit to the 3 M GdnHCI
Cytc’ data in Figure 4.

For the four variants, K84H, E73H, K39H and K20H, where
we have measured pKj,op(His) at 3, 4, 5, and 6 M GdnHC],
pKioop(His) becomes progressively less negative as GdnHCI
concentration increases (Tables 1 and 2, Figure S1 of the
Supporting Information). Thus, His—heme loop formation in
the denatured state is disfavored incrementally as GdnHCI
concentration increases.

Kinetics of Denatured State Loop Breakage and Forma-
tion in 3—6 M GdnHCI. We have demonstrated in previous
work that the kinetics of loop breakage and formation is
consistent with a model which involves rapid histidine deproto-
nation followed by binding of the histidine to the heme (35).
Thus, the observed rate constant has the pH dependence given
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by eq 6

(6)

gt
ks :kb+kf( K,(HisH™) )

K, (HisH") + [H"]

where ky, and k; are the rate constants for loop breakage and
formation, respectively, and K,(HisH") is the dissociation con-
stant for histidine deprotonation. Therefore, if pH < pK,-
(HisH™), then ks is equal to ky,

The kinetics of His—heme loop breakage were measured at
25°Cin both 3 and 6 M GdnHCI by downward pH-jump mixing
experiments monitored via the heme Soret absorption band.
Figure S2 of the Supporting Information shows representative
kinetic traces for the A91H variant of Cytc’ for loop breakage in
3 and 6 M GdnHCI. The data fit well to a single exponential
equation, as expected for the breakage of an intramolecular
His—heme loop. For all variants, ks for downward pH jumps
to pH 3.1 is similar to or slightly smaller than ks for down-
ward jumps to pH 3.6 (Table S1 of the Supporting Informa-
tion). This observation indicates that ks has reached its lower
limit of ky, in this pH range (eq 6). Thus, we use ks obtained at
pH 3.1 for ky,.

The ky, data at 3 M (@) and 6 M (A) GdnHCl are plotted as a
function of loop size in Figure 5 (top panel). The magnitude of &y,
varies up and down in an irregular manner with loop size. For
comparison, k, datain 3 M GdnHCl as a function of loop size for
homopolymeric polyalanine inserts in iso-1-Cytc (56) is also
shown in Figure 5 (v, top panel). For short polyalanine loops,
ky 18 higher due to chain stiffness. For longer loops, &y, levels out
to a constant value as would be expected for a random coil. Thus,
the irregular variation in ky, with loop size for the Cytc’ variants is
indicative of nonrandom behavior in the denatured state.

In the majority of cases, ky, is larger or within error the same at
3 M GdnHCl compared to 6 M GdnHCI. Only at loop sizes of 41
(E73H), 75 (K39H), and 94 (K20H) does k;, increase from 3 to
6 M GdnHCI. We measured ky at 4 and S M GdnHCI (Table S2
of the Supporting Information) for the A104H (largest decrease
in ky, as GdnHCI concentration increases from 3 to 6 M) and
K39H (largest increase in ky, as GdnHCl increases from 3 to 6 M)
variants. The results (Figure 5, inset, top panel) show a mono-
tonic decrease in k, as GdnHCI concentration increases for the
A104H variant. For the K39H variant, ky, increases from 3 to 4 M
GdnHCI and then appears to level off. The progressive decrease
in ky, as GdnHCI concentration increases for the A104H variant
suggests that the increased viscosity of more concentrated
GdnHCI solutions slows loop breakage. Correction of ky, for
the A104H variant for the increase in viscosity as GdnHCI
concentration increases shows that RT In ky, is nearly denaturant
independent (Figure S3 of the Supporting Information). Thus,
for the A104H variant the effect of GdnHCI on £k, is almost
purely due to viscosity. Studies on denatured state dynamics have
focused on viscosity effects on loop formation kinetics (57, 38),
and thus little is known about the viscosity dependence of loop
breakage kinetics in the denatured state. Studies on the viscosity
dependence of protein folding show that both folding and
unfolding are viscosity dependent (59—61). A plot of 7, (ky ")
versus the viscosity of GdnHCI for the A104H variant is linear
and within error goes through the origin when corrected for
nonviscosity effects (Figure S4 of the Supporting Information).
The observation that the viscosity dependence of 7, goes through
the origin is consistent with the breakage reaction not being
limited by any intrinsic constraints (internal friction) of the
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FIGURE 5: Loop kinetics as a function of loop size, n, at 25 °C for all
variants of Cytc’ in 3 M (@) and 6 M () GdnHCI. Rate constants for
loop breakage, ky, as a function of n are shown in the top panel. The
kobs Values at pH ~3.1 (Supporting Information Table S1) are used in
this plot. Data for homopolymeric polyalanine inserts acquired in
3 M GdnHCI (v, taken from ref 56) are shown for comparison. The
inset to the top panel shows plots of k, versus GdnHCI concentra-
tions for the A104H () and K39H (O) variants of Cytc’. The values
of ki, used in these plots for the A104H variant are those corrected for
the contribution from the forward rate constant at pH 3.1 (Tables S1
and S3 in the Supporting Information). The logarithm of the rate
constant for loop formation, log k¢ as a function of n (axis is
logarithmic) is shown in the bottom panel. Values of k¢ are calculated
using a two-state assumption [ky = kyKjoop(His)] and the ky, data at
25 °C. The k¢ value for the A104H variant is calculated using the
corrected ky, for the A104H variant in Table S1 (see Supporting
Information Table S3). The solid (3 M GdnHCI) and dashed (6 M
GdnHCl) straight lines are best fits of the data to a linear equation. R>
for the fit to the 3 M GdnHCI data is 0.988. R? for the fit to the 6 M
GdnHCl data is 0.984. The scaling exponents, v3, obtained from these
fits are reported in the text. The inset to the bottom panel shows a plot
of the pKi,op(His) residual from the fits in Figure 4 plotted against k.
Data are shown for both 3 M (@) and 6 M (A) GdnHCI. The solid
(3 M GdnHCI) and dashed (6 M GdnHCI) straight lines are best fits
of the data to a linear equation. R for the fit to the 3 M GdnHCl data
is 0.764. R for the fit to the 6 M GdnHCl data is 0.694. Data for the
D3H variant are not included in the inset due to the larger error in
PKioop(His) for this variant. Data for points are identified using
the standard notation for single site mutations (see Abbreviations
footnote).

polypeptide chain consistent with some (59, 62), but not
all (60, 61, 63), protein folding reactions.

Loop formation rate constants, k; were calculated from
Kioop(His) and ky,, assuming two-state behavior for denatured
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FIGURE 6: Snapshots from unfolding trajectories of Cytc’. The starting structure and the 15, 30, 45, and 60 ns snapshots from the two independent
498 K unfolding simulations are shown. Structures are colored by native helical structure: red, residues 4—27; green, 34—>54; blue, 75—95; cyan,

99—120.

state His—heme loop formation (Table S3 of the Supporting
Information). Linear fits to plots of log k¢ versus n (plotted
logarithmically) yield v = 2.5 £ 0.1 at both 3 and 6 M GdnHCI
(Figure 5, bottom), consistent with the thermodynamic data in
Figure 4. The scatter about the best fit lines is lower for the kinetic
data than for the thermodynamic data. Thus, as with our
previous work on the kinetics and thermodynamics of denatured
state loop formation with yeast iso-1-Cytc (23, 35, 36, 64), much
of the deviation from random coil behavior in the denatured state
results from &y, not kg.

MD Simulations of the Unfolding of Cytc’. We have
performed two fairly long MD simulations of the thermal un-
folding of Cytc’ at 498 K. Various representative snapshots from
the simulations are presented in Figure 6. As can be seen, there is
some residual helical structure in the denatured state ensembles,
structure that fluctuates over time. The position of the major
residual helix (approximately residues 75—95, helix 3, colored
blue in Figure 6) is in good agreement with the predictions of the
Agadir algorithm (ref 65, Figure S5 of the Supporting In-
formation). Agadir also predicts that residues 2—18 should have
some residual helical structure but that region is mostly unstruc-
tured in the MD-generated structures (red helix in Figure 6). In
addition, the denatured ensemble is compact with distances from
residues 32 and 72 to the heme iron of <25 A (21.7 £ 3.3 A; see
Figure S6 of the Supporting Information), which is in agreement
with the compact portions of the distributions seen in denaturing
concentrations of GdnHCI with FRET experiments for both
Trp32—heme (F32W/W72F variant) and Trp72—heme (pWT
variant) (8, 9).

To interrogate the nature and extent of intrinsic residual
structure in the denatured state of Cytc/, the covalent His—heme
loops probed experimentally are not present in the simulations.
In this way we can examine the nature of any residual structure in
the absence of potential perturbations imposed upon loop
formation. In particular, we are interested in investigating
whether there is residual structure around residues 20, 31, 39,
58, and 73 since ky, is lower for these positions (Figure 5, top
panel).

We first consider the region around residues 20, 31, and 39,
which contains the C-terminal portion of helix 1, the turn
between helix 1 and helix 2, and the N-terminus of helix 2
(Figure 7A). This turn, or loop, is maintained, but altered, in the
denatured ensembles (see the segment between the red and green
helices in Figure 6). The turn slides toward the C-terminus of
helix 1 due to stabilizing interactions caused by formation of

dynamic hydrophobic clusters involving primarily the following
residues: Leul2, Metl5, Alal8, Trp32, Val36, and Val37. These
residues each formed well-populated contacts (>10% of the
time) in the denatured state (20—60 ns). Leul2 primarily con-
tacted Met15(78%), Val37 (16%), and Leu41 (40%). In addition
to Leul2, Metl5 contacted Alal8 (29%), Trp32 (10%), and
Val37 (11%). Trp32 also contacted Val36 (42%) and Val37
(25%). Five of these interactions are nonnative, and the precise
partners fluctuated over time (consequently not all of the
interacting residues are observed in any one MD snapshot).

The large Q loop between helices 2 and 3 was also largely
maintained in the denatured state (the gray regions between the
green and blue helices in Figure 6, and see detail in Figure 7B).
Persistent interactions were observed between Leu51 and Leu54
(55%), LeuS1 and Phe55 (49%), and Leu54 and Phe 78 (24%).
While the loop is large and variable, it served to keep Leu54 and
Ala76 in proximity, which in turn kept helices 2 and 3 near one
another. It is surprising that such a large loop was maintained.
Residues 50—58 are very polar, and they remained extended to
interact with water (Figure 7B). After ~30 ns in the 498 1
simulation, Phe72 and PheS55 came together, and other hydro-
phobic residues (Leu51, Leu68, and Phe78) then joined in to form
a dynamic hydrophobic cluster that effectively pinched off the
loop and persisted throughout the remainder of the simulations;
effectively, the configuration of that loop and contacts are the
same in many other structures in the ensemble, but particular
interactions may differ from structure to structure. (Figure 7B).

While these two loops were dynamic in the simulations with
interchanging residues aiding in their maintenance such that
chain reversal occurred, they effectively kept helices 1 and 2 and
helices 2 and 3 in proximity. Note how the red and green regions
in Figure 8 stay near one another throughout the folding/
unfolding process even though the helical structure in the region
varies and the interhelical interactions vary. The same is true for
interactions between the segments of the chain corresponding to
helices 2 and 3 (green and blue in Figure 8). Precise interactions
were not maintained, but interactions between the regions were
maintained such that the topology of the native state was
maintained. The same cannot be said for helix 4; instead, it
was more mobile and interacted with different regions of the
structure over time.

DISCUSSION

In the present work, we have measured the denaturant
dependence of the thermodynamics and kinetics of His—heme
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FIGURE 7: (A) Residual structure in the region including the C-terminus of helix 1, the turn connecting helix 1 and helix 2, and the N-terminus of
helix 2. Residues 15—44 are colored red and shown in both the starting structure (left) and the final structure of 498 1 (top center) and 498 2
(bottom center). Mutation sites are shown in cyan. Side chain positions of hydrophobic cluster participants are shown in detail for both 498 _1
(right top) and 498_2 (right bottom). (B) Residual structure in the region including the €2 loop between helices 2 and 3. Residues 50—78 are colored
red and shown in both the starting structure (left) and the final structure of 498 1 (top center) and 498 2 (bottom center). Mutation sites are shown
in cyan. Side chain positions of hydrophobic cluster participants are shown in detail for both 498 1 (top right) and 498_2 (bottom right).

loop formation in the denatured state of Cyt¢’. FRET methods
have shown that a significant fraction (~50%) of the denatured
state of this protein remains compact even in 4 M GdnHCl in
contrast to is0-1-Cytc where the fraction of the denatured state
occupying compact structures is only about 10% in high con-
centrations of GAnHCI (8, 9). Thus, the present results provide an
apt comparison with our previous results on His—heme loop
formation in the denatured state of iso-1-Cytc (23). In the
following sections, we will compare and contrast the effects of
denaturant concentration on the equilibria and kinetics of loop
formation for these two proteins. Finally, we will consider the

physical basis for the observed results and the broader implica-
tions for protein folding in the context of the MD simulation
results.

Denatured State Equilibrium Loop Formation for Cytc
Is Weakly Dependent on GdnHCI Concentration. Theore-
tical (66) and empirical (67) studies show that the m-value for
GdnHCI denaturation of proteins is proportional to the change
in solvent-accessible surface area (ASASA) upon unfolding. By
analogy, m-values derived from equilibrium loop formation in
the denatured state as a function of GdnHClI concentration, g,
should reflect the ASASA when the His—heme loop breaks. Our
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FIGURE 8: Snapshots of the folding (reverse unfolding) of Cytc’ in the context of the two reverse turns. Snapshots from 60, 45, 30, and 15 ns are
shown in reverse along with the starting structure. Coloring is the same as in Figure 6. The turn between helix 1 and helix 2 is oriented at the top of
the protein in all structures and indicated with a dashed arc in the 60 ns snapshots. The turn between helices 2 and 3 is at the bottom in each case and

marked with a dashed arc in the 60 ns structures.

previous results with iso-1-Cytc were consistent with hydropho-
bic residual structure melting out in a loop size dependent manner
as GdnHCI concentration increased from 2 to 6 M (23). Dena-
turant m-values as large as 0.45 kcal mol ™" M ™" were observed
for n = 37 decreasing to 0.15 kcal mol ' M~ for n = 83. The
scaling exponent, v3, also decreased from ~4.4in 2 M GdnHCl to
~2.1in 6 M GdnHCI. Thus, for Cytc’ we expected that the scatter
about the best fit line of pKj,,,(His) versus log n would decrease
dramatically in 6 M GdnHCl relative to our previous results for
3 M GdnHCI (33) as hydrophobic residual structure melted out.
Similarly, a small decrease in v; toward the center of the usual
range for a random coil with excluded volume was anticipated.

Neither of these predictions is borne out (Figure 4). The
pattern of deviation about the best fit line of pKi,q,(His) versus
log nis essentially identical; albeit the magnitude of the deviations
is somewhat compressed in 6 M GdnHCI. Similarly, the scaling
exponent is essentially unchanged; it does not drop from ~2.6 to
near 2. We find that m.q is modest for Cytc’ compared to iso-1-
Cyte, ranging from 0.05 to 0.21 (Table S4 of the Supporting
Information). Since the denatured state of Cytc’ is more compact
than that of iso-1-Cytc (8), the enhancement of structure caused
when loop formation constrains hydrophobic residues into a
smaller volume (mass action effect (22, 23)) may be attenuated.
Consistent with this view, the MD simulations of the unfolding of
Cytc’ carried out without loop constraints yield unfolded con-
formations that are quite compact. Long MD simulations done
at 498 K for chymotrypsin inhibitor 2 (CI2) (68, 69) and engrailed
homeodomain (70—72) yield considerably more expanded dena-
tured states.

Deviations from Random Coil Behavior Are Attributable
to kj,. A key observation in the kinetic data at both 3 and 6 M
GdnHCl is that &y, varies over about 4—6-fold, with substantial
differences between k;, for His—heme loops of similar size
(compare E73H and A66H in Figure 5, top panel). Our work
on is0-1-Cytc also showed that deviations from random coil
behavior in equilibrium His—heme loop formation data are due
to loop persistence (35, 36). The considerably decreased scatter
about the best fit line of a plot of log k¢ versus log n, relative to the
best it lines for the plots of pKjo.p(His) versus log n, at both 3 and
6 M GdnHCI further substantiates this observation (Figure 4
versus Figure 5, bottom panel). Furthermore, a plot of the

residuals from the fit of eq 5 to the pKj,op(His) versus # data in
Figure 4 against ky, is significantly correlated for data acquired at
both 3 and 6 M GdnHCI (Figure 5, inset, bottom panel). Thus,
our loop breakage data for both Cyt¢’ and iso-1-Cytc indicate
that the rim of a folding funnel for a foldable protein sequence is
not smooth. This behavior contrasts starkly with the convergence
toward a single value of ky, for n > 30 for His—heme loop
breakage with low complexity sequences such as polyalanine
shown in Figure 5, top panel (56).

It is interesting to note that ky, for Cytc’ is both larger and
smaller than the &y, observed for long polyalanine sequences. The
physical properties of alanine are often viewed as neutral relative
to other side chains. From the k;, data in Figure 5, it is evident
that sequence properties can both slow and speed loop breakage
relative to alanine. The variability in ky, for Cytc’ could relate to
differences in sequence hydrophobicity or residual secondary
structure. We expect that both of these factors will contribute
most to the closed loop form (and thus to &) due to the reduced
conformational space (i.e., lower entropy) of this state. On this
basis, we expect deviations from random coil behavior to be
expressed more prominently in k, than in k.

Asdiscussed in the Results section, viscosity affects the rates of
loop breakage (see Figure 5 inset, top panel). Thus, to estimate
the relative ASASA for loop breakage, we calculated the dena-
turant m-value for ky, after correction for the visocity of GdnHCI,
My, conrs for all variants (Table S5 and Figure S3 of the Supporting
Information). The values range from 0 to 0.1 kcal mol™' M~
indicating that a modest increase in solvent exposure occurs en
route to the transition state (TS) for loop breakage.

Since His—heme bond formation is reaction-limited not
diffusion-limited (35, 73, 74), k¢ should be independent of
viscosity from the perspective of intrachain diffusion. Thus, we
use uncorrected kinetic m-values to evaluate ASASA as the TS
for loop formation is approached. The kinetic m-values for loop
formation, m, range from 0.05 to 0.21 kcal mol ™' M (Table S4
of the Supporting Information). The m is generally similar in
magnitude to meq for loop formation, indicating that most of the
modest increase in burial of surface area upon loop forma-
tion occurs before the TS for loop formation. Since the m-value
for equilibrium unfolding of Cyt¢’ by GdnHCI is near
5 keal mol~' M~ (33), the maximal Meq and mg* values correspond
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to complete burial of the surface area of about 5 residues of this
125-residue protein upon loop formation.

Variation in kj, with Sequence Position and Its Relation-
ship to Efficient Folding. If the variation in k;, with loop size
seen in Figure 5 was simply due to differences in the tendency of
different loops to promote residual structure, one would predict
that the magnitude of k, would tend toward a common value (as
for His—heme loop formation with polyalanine sequences) at
high denaturant concentration; i.e., all of the residual structure
would melt out. Clearly, the pattern of variation in ky, is the same
in 3 and 6 M GdnHCI (Figure 5 and Figure S3 of the Supporting
Information). Thus, the sequence-dependent variation in ky, is
insensitive to solvent. One possible explanation is that the groups
that contribute to the variation in ky, are not well-solvated. Due to
the steric constraints that likely exist around the His—heme bond,
poor solvation is likely for the residues adjacent to the histidine in
the primary sequence. Thus, the GdnHCl-insensitve variations in
ky, can be viewed as providing a readout of the portions of the
protein sequence with a high versus a low tendency to form
noncovalent interactions in the DSE or early in folding.

In analogy to the zipper model of Dill and co-workers (75—77),
interactions between sequentially adjacent “sticky points” in the
protein sequence could provide low entropy pathways for folding
by stabilizing small loops in the DSE that template the correct
topology. Two low points in the ky, versus sequence position plot
are at residues 58 and 73. These residues are at the ends of a 20-
residue Q loop that brings helices 2 and 3 together (cyan spheres
in Figure 1). At the same time, residue 66 in the middle of this
loop has a relatively fast breakage rate. Loop breakage for
residue 73 is about 4-fold slower than for residue 66, which
corresponds to about a 0.85 kcal/mol [RT In(kyge/k73)] greater
tendency for residue 73 than for residue 66 to form a persistent
contact in 3 M GdnHCI at 25 °C. Similarly, residue 58 would
have about a 0.4 kcal/mol greater tendency to form a persistent
contact in 3 M GdnHCl at 25 °C. Thus, the tendency for residues
around positions 58 and 73 to form a persistent loop early in
folding should be significant. A second low point in the ky, versus
sequence position plot encompasses positions 20, 31, and 39.
These residues demarcate the turn between helices 1 and 2 (cyan
spheres in Figure 1). Relative to the surrounding residues 49 and
13, the rates of loop breakage are 1.7—3.2-fold slower for residues
20, 31, and 39. Thus, residues 20, 31, and 39 will have a 0.3—
0.7 kcal/mol preference to form persistent interactions in the DSE
than residues 13 and 49. These energetic biases in the DSE would
likely be adequate to transiently establish the Q loop that brings
helices 2 and 3 together and the turn between helices 1 and 2
allowing for efficient folding. Thus, our His—heme loop breakage
data suggest that such “sticky points” in protein sequences may
be important in templating two critical chain reversals in the
topology of this four helix bundle protein.

The MD simulations provide strong support for this inter-
pretation of our loop breakage data. Dynamic hydrophobic
clusters help to stabilize both the turn between helices 1 and 2
and pinch off the ends of the Q-loop between helices 2 and 3
(Figure 7). Thus, the MD simulations show that the loops
punctuate the structural ensemble of the unfolded state of Cytc/,
leading to a bias toward chain reversals that set up the topology
of the native structure (Figure 8). These chain reversals in the
DSE keep portions of the primary sequence that form neighbor-
ing helices in the native state in close proximity in the DSE even
when they are not helical. Thus, helix formation is facilitated as
docking can occur productively because the turns that are part of
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the residual structure in the DSE have set up the necessary
topology.

Microsecond mixing folding experiments show changes in the
fluorescence of Trp32 on a 150 us time scale that are consistent
with the helix 1—turn—helix 2 structure forming early in fold-
ing (9). Similar changes were not observed for Trp72 in these
experiments, which was interpreted as lack of formation of the Q
loop at the base of helices 2 and 3 early in folding. Our results
suggest that this large loop is present but does not assemble
against the heme until later in folding. The persistence of the Q2
loop at the base of helices 2 and 3 indicates that moderate-sized
loops (78), in addition to small loops (75—77, 79), can be
important in guiding the early stages of folding. Interestingly,
the high residual helical structure observed in the DSE for helix 3,
in agreement with Agadir (65), does little to guide folding,
underscoring the predominant role of the chain reversals in the
DSE (Figure 8).

Physical Properties Leading to Deviations from Random
Coil Behavior. If the relative stability of a loop has a significant
component from the local interaction with the heme surface, then
itis reasonable to expect that simple properties like local sequence
hydrophobicity might correlate with loop stability. Figure S6 in
the Supporting Information shows a plot of the Eisenberg
hydrophobicity (80) of Cytc’ as a function of sequence position.
For the D58H through the K13H variants, local hydrophobicity
correlates moderately with the scatter about the fit of eq 5 to the
pKioop(His) versus log n data in Figure 4 (Figure S7 of the
Supporting Information). The correlation coefficient for this
subset of the data is R> = 0.49 in 3 M GdnHCl. However, R* is
near 0 for the entire data set. Thus, loop stability appears to be in
part affected by local hydrophobicity, but other factors clearly
are important.

We also considered the effects of local ¢,y preferences using
the Agadir algorithm (65) to predict helical propensity. As can be
seen in Figure S5 of the Supporting Information, the variants
from A91H to A66H occur in or immediately adjacent to a region
of high helical propensity. While it is unlikely that long stretches
of helical structure would persist in 6 M GdnHCI, the high
preference for this region of ¢, space may influence the chain
properties leading to the similar values of pKj,op(His) for the
A91H, K84H, and E73H variants.

Effects of Denaturant Concentration on the DSE. The
role of the denatured state in protein folding has been broadly
debated (/—5). There is evidence that residual structure melts out
in the presence of denaturants (10, 81) and thus one can question
whether the behavior of a denatured protein under strong
denaturing conditions can provide insight into features of the
denatured state important to folding (82). However, recent work
indicates that osmolytes and denaturants work primarily by
modulating the thermodynamics of the protein backbone with
only modest effects on side chain thermodynamics (83, 84). In
other words, denaturants and osmolytes affect the stability but
not the specificity of protein folding, in line with the thinking of
Lattman and Rose regarding the effects of mutations on protein
stability versus specificity (85).

Our His—heme loop formation data on the denatured state of
Cytc' are consistent with these ideas about denaturants, the
denatured state, and protein folding. In particular, local sequence
variability in the denatured state is not eliminated in the presence
of high concentrations of denaturants. This behavior is evident in
the persistence in the pattern of scatter of pKjq,,(His) versus n at
3 M compared to 6 M GdnHCl in Figure 4. It is also evident in
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the lack of elimination of sequence-dependent variability in
His—heme loop breakage rates, ky,, in 6 M compared to 3 M
GdnHCI in Figure 5. Interestingly, the “sticky parts” of the
sequence of Cytc’ define important chain reversals that must be
established during the folding of Cytc’. The interactions expected
on the basis of the His—heme loop breakage rates are also
observed in the unfolded state using MD simulations. Both sets
of data show that the key contacts necessary to establish the
topology of a protein are prominent contributors to the DSE of
this protein, clearly biasing the topology of the DSE of Cytc
toward that of the native state (Figure 8) so as to promote
efficient folding.

CONCLUSIONS

The GdnHCI concentration dependence of the kinetics and
thermodynamics of loop formation in the denatured state of Cytd
reveals sequence-dependent variability in the tendency of different
parts of the chain to form persistent contacts. Mapping of the
positions of the histidines that form the most persistent loops onto
the sequence of Cytc’ shows that the portions of the Cytc’ sequence
most likely to form persistent loops define important chain
reversals in the tertiary structure of Cyt¢. MD simulations show
that chain reversals, involving loops as large as ~20 residues, occur
in the DSE in regions of the protein that form persistent His—heme
loops in the presence of GdnHCI. These observations suggest that
the primary sequence of a protein encodes the information
necessary for a protein chain to efficiently establish its topology
either as part of the DSE, as observed here, or early in folding.

SUPPORTING INFORMATION AVAILABLE

Figures S1—S7 and Tables S1—S5 as described in the text.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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