
Tryptophan Stabilizes His−Heme Loops in the Denatured State Only
When It Is Near a Loop End
Md. Khurshid A. Khan, Abbigail L. Miller, and Bruce E. Bowler*

Department of Chemistry and Biochemistry, Biochemistry Program, and Center for Biomolecular Structure and Dynamics, University
of Montana, Missoula, Montana 59812, United States

*S Supporting Information

ABSTRACT: We use a host−guest approach to evaluate the effect of Trp guest
residues relative to Ala on the kinetics and thermodynamics of formation of His−
heme loops in the denatured state of iso-1-cytochrome c at 1.5, 3.0, and 6.0 M
guanidine hydrochloride (GdnHCl). Trp guest residues are inserted into an alanine-
rich segment placed after a unique His near the N-terminus of iso-1-cytochrome c.
Trp guest residues are either 4 or 10 residues from the His end of the 28-residue loop.
We find the guest Trp stabilizes the His−heme loop at all GdnHCl concentrations
when it is the 4th, but not the 10th, residue from the His end of the loop. Thus,
residues near loop ends are most important in developing topological constraints in
the denatured state that affect protein folding. In 1.5 M GdnHCl, the loop
stabilization is ∼0.7 kcal/mol, providing a thermodynamic rationale for the observation that Trp often mediates residual structure
in the denatured state. Measurement of loop breakage rate constants, kb,His, indicates that loop stabilization by the Trp guest
residues occurs completely after the transition state for loop formation in 6.0 M GdnHCl. Under poorer solvent conditions,
approximately half of the stabilization of the loop develops in the transition state, consistent with contacts in the denatured state
being energetically downhill and providing evidence for funneling even near the rim of the folding funnel.

I t has long been accepted that a protein that folds to a well-
defined tertiary structure encodes its structural preference in

its primary structure.1,2 Furthermore, theoretical work indicates
that foldable protein sequences have evolved to provide
minimally frustrated energy landscapes.3,4 Thus, primary
sequence encodes not only structure but also an efficient
folding mechanism. Given this context, it is somewhat
surprising that denatured proteins have scaling properties
consistent with a classic random coil.5 The resulting viewpoint
that the denatured state ensemble (DSE) is devoid of residual
structure of substantive import has been reinforced by
observations that polypeptides with simple (and unfoldable)
sequences have random coil scaling properties.6−8 Theoretical
studies, however, demonstrate that random coil scaling can be
consistent with substantial residual structure.9 We have recently
shown with our His−heme loop formation method that the
scaling properties of simple alanine-rich sequences and foldable
sequences are similar.10 However, whereas the alanine-rich
sequences adhere strictly to random coil scaling, the local
variation in chain properties for a foldable heteropolymer is
substantial.10,11

Considerable evidence has accrued, primarily from nuclear
magnetic resonance (NMR) structural methods and molecular
dynamics (MD) simulations, that denatured states retain
residual structure,12−14 both native and non-native in
nature.15−24 Substantial data also show that residual structure
can involve long-range tertiary interactions,17,18,25−32 even
under strongly denaturing conditions.30 However, there are
counterexamples in which local clusters of residual structure
have no detectable long-range interactions with other

clusters.33,34 Aromatic residues, particularly trypto-
phan,15,16,19,22,29,30,35−39 appear to promote residual structure
in the DSE. Despite the plethora of structural data,
thermodynamic data for the stability of residual structure in
the DSE are scarce,12,40 but important for understanding the
role of residual structure in the DSE in specifying tertiary
structure and limiting the search for the native tertiary structure
of a protein.
We have recently developed a host−guest variation of our

His−heme loop formation method that has provided some of
the first quantitative thermodynamic data about the tendency of
different amino acids to stabilize residual structure in a
denatured protein.41 Because the relative stability of simple
loops will be important for defining the topology of a fold early
in folding, quantifying the strength of residual structure
interactions in the DSE and the distance over which these
interactions operate is essential. The site of the guest residue in
our initial host−guest study was five residues from one end of
the loop.41 Thus, the primary source of the observed
stabilization of the loop could be from interactions between
residues near the loop ends, because the residues near the ends
of the loop [histidine and heme in our system (see Figure 1)]
are held proximal to each other when the loop is formed.
However, it is possible that the reduced conformational space
in the closed loop form could promote longer-range
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interactions between residues within the loop even if they are
not near the ends of the loop.42,43

In this study, we apply our host−guest approach with a
variant of yeast iso-1-cytochrome c (iso-1-Cytc) that has a 12-
residue alanine-rich sequence engineered into the N-terminus
of the protein [the host variant, NH5A-2 (see Figure 1)]. The
NH5A-2 variant can form a 28-residue His−heme loop when

the protein is in the denatured state. We use a set of guest
variants to compare the effect on the stability of the 28-residue
denatured state His−heme loop when an Ala residue is replaced
with a guest Trp residue four positions from the His end of the
loop [AW(4) variant (see Figure 1)] with the effect on the
stability of the 28-residue denatured state His−heme loop when
an Ala residue is replaced with a guest Trp residue 10 positions
from the His end of the loop [AW(10) variant (see Figure 1)].
We also introduce the two Trp guest residues simultaneously
[AW(4,10) variant (see Figure 1)].
When a disordered polypeptide chain forms a loop, the

residues within the loop have less conformational freedom.
This loss of conformational freedom can be viewed as an
increase in the local concentration of the residues within the
loop with respect to each other. The increase in the local
concentration of the residues within the loop might be expected
to promote interactions between residues within the loop
through a mass action effect (Le Chatelier’s principle) when the
loop forms.42,43 The effect of an increased local concentration
when the loop forms should be greater near the ends of the
loop than near the center of the loop, because residues at the
ends of the loops have more nearest neighbors after the loop
forms (see Figure 1). Thus, depending on the sequence
distance over which residue−residue interactions occur, the
effect of replacing Ala with the more hydrophobic residue Trp
might be expected to be stronger when it is placed near the end
of the loop [AW(4) variant] instead of farther from the end of
the loop [AW(10) variant].
Because solvent quality has significant effects on denatured

state properties,44−46 we have measured His−heme loop
formation over the range of 1.5−6.0 M guanidine hydro-
chloride (GdnHCl) to determine how solvent quality affects
the thermodynamics and kinetics of residual structure
stabilization by Trp relative to Ala in the denatured state. We
find that the 28-residue denatured state His−heme loop is
stabilized and that the level of this stabilization increases with a
decreasing GdnHCl concentration when the Trp guest is 4
residues, but not when it is 10 residues, from the loop end.

■ EXPERIMENTAL PROCEDURES
Preparation of Variants. The NH5A-2 host variant of iso-

1-Cytc, which contains an (AAAAAK)2 insert between an
engineered histidine at sequence position −2 [K(−2)H
mutation; we use the sequence numbering convention of
horse cytochrome c, so the first five sequence positions of iso-1-
Cytc are designated −5 to −1] and Ala(−1), was prepared as
previously described.10 The AW(4), AW(10), and AW(4,10)
variants that contain Ala → Trp substitutions in the
(AAAAAK)2 insert, as described in Results, were prepared
using the QuikChange polymerase chain reaction-based site-
directed mutagenesis protocol (Agilent Technologies), with the
pBTR1 vector47 containing the NH5A-2 variant as a template.
The sequence of the entire coding region of each variant was
confirmed by dideoxy sequencing at the Murdock DNA
Sequencing Facility (University of Montana). All variants
contain H39Q, H33N, and H26N mutations, in addition to the
K(−2)H mutation relative to wild type yeast iso-1-Cytc, so that
His(−2) is the only histidine available to form a loop in the
denatured state. All variants also contain a C102S mutation to
prevent disulfide dimerization during physical studies.
The AW(4), AW(10), and AW(4,10) variants were ex-

pressed in Escherichia coli BL21(DE3) cells (EdgeBio).48

Isolation and purification were conducted as described

Figure 1. Schematic representation of denatured state His−heme loop
formation with the 28-residue loop containing a 12-residue alanine-
rich host sequence. The residues of the alanine-rich insert between
His(−2) and Ala(−1) of iso-1-Cytc are represented by circles. The
positions used for substitution of an Ala of the Ala-rich host sequence
with a Trp are labeled X4 and X10, where the subscripted numbers
represent the position of the amino acid monomer in the 28-residue
denatured state loop. His(−2) derived from a K(−2)H mutation and
the natural sequence running from Ala(−1) to Arg13 at the C-terminal
end of the loop are represented by hexagons. The sequence numbering
for the natural sequence is based on the horse cytochrome c
numbering convention applied to wild type (no Ala-rich insert) iso-1-
Cytc. Each member of the 28-residue loop is numbered from 1 to 28
starting with His(−2) at the N-terminus of the denatured state loop
and ending with Cys14 at the C-terminus of the denatured state loop.
The iso-1-Cytc polypeptide outside the residues involved in denatured
state loop formation is represented schematically by thick black lines.
The heme is represented by an oval with an Fe3+ in the center. The
His(−2) and His18 side chains are shown explicitly. The sulfur atoms
of Cys14 and Cys17, which form thioether linkages to the heme, are
also shown. The nomenclature for the variants is provided at the top
right. For each variant, the residues at position 4, X4, and position 10,
X10, of the denatured state loop are given with the one-letter
abbreviations for Trp (W) and Ala (A).
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previously.49,50 These variants all gave multiple chromato-
graphic peaks that required careful separation by high-
performance liquid chromatography on a Bio-Rad UNO S
column. We used the following gradient: 0% for 7 min, from 0
to 30% from 7 to 8 min, and from 30 to 50% from 8 to 15 min
(flow rate of 3 mL/min). The major peak was rechromato-
graphed using the same gradient to ensure purity. The identity
of the purified material was confirmed by matrix-assisted laser
desorption ionization time-of-flight (MALDI-ToF) mass
spectrometry using a Bruker microflex mass spectrometer.
GdnHCl Denaturation. GdnHCl denaturation was con-

ducted at pH 7 and 25 °C in 20 mM Tris and 40 mM NaCl, as
previously described.49 Circular dichroism data at 222 nm as a
function of GdnHCl concentration were fit to a linear free
energy relationship using nonlinear least-squares methods, as
previously described.43 Because of the low stability of these
variants, the length of the native state baseline was too short to
reliably assess its denaturant dependence. Therefore, the native
baseline was assumed to be invariant with denaturant
concentration.43

Equilibrium Loop Formation Measurements. Equili-
brium loop formation was conducted at room temperature (22
± 1 °C), as previously described,42,49,50 at 1.5, 3.0, and 6.0 M
GdnHCl in the presence of 5 mM sodium phosphate dibasic,
15 mM NaCl, and 1 mM EDTA. The integrity of each variant
was checked by MALDI-ToF mass spectrometry before and
after each experiment. No significant backbone cleavage
occurred during any of the experiments reported here.50

Absorbance data at 398 nm plotted against pH were fit to a
modified form of the Henderson−Hasselbalch equation, as
described previously,42,51 giving the apparent pKa, pKa(obs),
and the number of protons, np, associated with His−heme loop
formation.
Kinetics of Loop Breakage. Loop breakage kinetics were

measured by stopped-flow mixing methods (Applied Photo-
physics SX-20 spectrometer) monitored at 398 nm. Downward
pH jumps were conducted at 1.5, 3.0, and 6.0 M GdnHCl and
25 °C. The starting solution contained 10 mM MES, 1.0 mM
EDTA (pH 6.2), 6 μM protein, and the desired concentration
of GdnHCl. This solution was mixed in a 1:1 ratio with 100
mM citrate containing 1.0 mM EDTA at either pH 3.5 or 3.0
and the same GdnHCl concentration. The actual ending pH
values were measured directly from the collected effluent and
are reported in Results. Data were fit to a single-exponential rise
to maximum equation (eq 1)

= Δ − − + °A t A k t A( ) [1 exp( )]398 398 obs 398 (1)

where A398(t) is the absorbance at 398 nm as a function of time
t, ΔA398 is the amplitude of the kinetic phase, kobs is the
observed rate constant, and A°398 is the absorbance at 398 nm
at time zero. Double-exponential fits were also attempted, and
residuals indicated a better fit with a low-amplitude faster phase.
However, the standard deviation of the larger rate constant was
very large. The seemingly better fit of the double-exponential
equation is probably caused by fitting a pressure or flow artifact.
Thus, we consider the single-exponential fit to be adequate.

■ RESULTS
Design of Host−Guest Variants. In our earlier study of

the effects of aliphatic and aromatic amino acids on the stability
of His−heme loops in the denatured state, we used an
-HAAAAAK- host sequence engineered into the N-terminus of
iso-1-Cytc.41 Guest variants were prepared with the sequence

-HAAAXAK-, where X is L, F, Y, or W. The use of an alanine-
rich segment as the host sequence was designed to afford a
relatively neutral local sequence that would minimize local side
chain interactions with the guest residue.
In this study, our goal is to quantify the stability of

sequentially short-range versus sequentially long-range inter-
actions in the DSE. Thus, we use a longer Ala-rich host
sequence, -AAAAAKAAAAAK-, inserted between an engi-
neered histidine at position −2 and Ala(−1) of iso-1-Cytc in
our previously reported NH5A-2 variant.10 The host NH5A-2
variant and all of the guest variants form a 28-residue loop in
the denatured state (Figure 1). We number the residues in the
loop from 1 to 28 starting with His(−2), followed by the Ala-
rich insert and then 15 residues of the natural sequence of iso-
1-Cytc ending with Cys14. For the purpose of loop numbering,
we count the heme as part of the side chain of Cys14 because
the heme is covalently attached to Cys14. In our previous
host−guest study, we found that F, Y, and W all stabilized the
His−heme loop by 0.4−0.5 kcal/mol in 3 M GdnHCl.41 We
use Trp as the guest residue in this study because structural
studies of and simulations of the DSE show that Trp is often a
component of residual structure.15,16,19,22,35−38 Trp has also
been implicated in stabilizing long-range residual structure in
the DSE.29,30 Figure 1 shows the placement of the guest Trp
residues within the host sequence at positions 4 and 10 of the
loop. In the AW(4) variant, the central Ala of the first five-
alanine segment of the host sequence (labeled X4 in Figure 1) is
replaced with Trp, making the guest the fourth residue from the
His(−2) end of the loop. In the AW(10) variant, the central
Ala of the second five-alanine segment of the host sequence
(labeled X10 in Figure 1) is replaced with Trp, making the guest
the 10th residue from the His(−2) end of the loop. Thus, the
guest Trp in the AW(10) variant tests whether a Trp distant
from the loop ends can stabilize the denatured state loop
relative to Ala because of interactions promoted by the reduced
conformational space (higher local concentration) of the
residues within the closed loop.42,43 We have also prepared
the AW(4,10) variant, which contains both Trp substitutions in
the host sequence to test whether cooperative interactions
between the two guests (relative to Ala) can stabilize the 28-
residue denatured state His−heme loop.
We note that the lysines are placed at the end of each five-

alanine segment in our host sequence to maintain aqueous
solubility. The effect of charge on loop stability is potentially a
concern. However, it has long been known that GdnHCl
neutralizes electrostatic effects on protein stability,52 and it has
also been shown that 750 mM NaCl is sufficient to disrupt
electrostatic residual structure in the denatured state.53 Thus,
electrostatics should have a minimal effect on His−heme loop
formation with the host−guest variants studied here.

His−Heme Loop Formation. When histidine binds to
heme in the denatured state of iso-1-Cytc, loop formation is
accompanied by release of a proton. Thus, a simple pH titration
monitored at the heme Soret absorbance band, which is
sensitive to the switch between the strong field histidine ligand
and the weak field water ligand, is used to evaluate the His−
heme loop equilibrium in the denatured state (see Figure 1).
An apparent pKa, pKa(obs), is obtained, which is the sum of the
histidine ionization equilibrium, pKa(HisH

+), and the equili-
brium for binding a deprotonated histidine to the heme,
pKloop(His) (eq 2).

= ++K K Kp (obs) p (HisH ) p (His)a a loop (2)
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We have observed that pKa(HisH
+) = 6.6 ± 0.1 irrespective of

sequence position or GdnHCl concentration.11,42,51 Thus, we
treat pKa(HisH

+) as a physical constant and obtain pKloop(His)
from pKa(obs) with eq 2.
Loop formation equilibria in the denatured state are normally

analyzed with eq 3, the Jacobson−Stockmayer equation54

ν
π

Δ = − +
ν⎡

⎣
⎢⎢
⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥S R n R

C l
Vln( ) ln

3
2 n

loop 3 2 i

3

(3)

where ΔSloop is the entropy of loop formation for a random
coil, n is the number of monomers in the loop, R is the gas
constant, Cn is Flory’s characteristic ratio for a sequence n
residues in length (loop size for our purposes), l is the distance
between monomers, and Vi is the volume within which the two
monomers must be constrained for a loop to form. In this
host−guest study, all loops are the same size (n = 28). Thus,
when the stabilities of two loops are compared, the first term of
the Jacobson−Stockmayer equation cancels out, yielding eq 4
for the change in loop stability when a guest residue replaces
alanine.

ν

Δ = −

=

K K K

C C

p (His) p (His) p (His)

log( / )n n

loop loop guest loop host

3 ,guest ,host (4)

Because Flory’s characteristic ratio is expected to be similar to
that of alanine for all residues except proline and glycine,55 we
assume that ΔpKloop(His) is due to residual structure induced
by the guest residue when the loop forms and not due to
changes in Cn.
Stability of Variants. The global stability of the guest

variants, AW(4), AW(10), and AW(4,10), was determined
using GdnHCl as a denaturant and circular dichroism at 222
nm as a probe of secondary structure (Figure S1 of the
Supporting Information). The stability parameters obtained are
listed in Table 1 along with those for the NH5A-2 variant for

comparison. The stability of the AW(10) variant is similar to
that of the NH5A-2 variant. By contrast, the AW(4) and
AW(4,10) variants are less stable than the NH5A-2 variant, in
terms of both the free energy of unfolding in the absence of
denaturant, ΔGu

o′(H2O), and the denaturation midpoint, Cm.
The AW(4) and AW(4,10) variants both have a Trp near the
histidine that binds to the heme in the denatured state, whereas
the AW(10) variant does not. Thus, the Trp near His(−2) is
likely responsible for the decreased stability of the AW(4) and
AW(4,10) variants. The stability of all variants in Table 1 (see
also Figure S1 of the Supporting Information) is low enough
that all variants are completely denatured in 1.5, 3.0, and 6.0 M
GdnHCl, the conditions used to measure denatured state His−
heme loop formation in this study.

Equilibrium Denatured State His−Heme Loop For-
mation. Denatured state His−heme loop formation was
measured by pH titration monitored at 398 nm. Figure 2

compares data for formation of the 28-residue denatured state
His−heme loop for the AW(4) and AW(10) variants obtained
in 1.5 M GdnHCl. The midpoint of the titration, pKa(obs),
occurs at a significantly lower pH for the AW(4) variant,
consistent with the 28-residue denatured state His−heme loop
being more stable for this variant than for the AW(10) variant.
Equilibrium parameters for loop formation for all variants at
1.5, 3.0, and 6.0 M GdnHCl are listed in Table 2. We note that
in all cases, the number of protons released upon loop
formation, np, is near 1, as expected for the one-proton process
outlined in Figure 1. It is also evident in Table 2 that pKa(obs)

Table 1. Thermodynamic Parameters for GdnHCl Unfolding
of Iso-1-Cytc Variants at 25 °C and pH 7a

variant
ΔGu°′(H2O)
(kcal/mol)

m value
(kcal mol−1 M−1) Cm (M)

NH5A-2b 2.00 ± 0.41 4.32 ± 0.60 0.46 ± 0.04
AW(4) 1.00 ± 0.08 2.96 ± 0.23 0.34 ± 0.03
AW(10) 1.73 ± 0.05 3.53 ± 0.13 0.49 ± 0.02
AW(4,10) 1.06 ± 0.07 2.92 ± 0.15 0.36 ± 0.01

aValues are the averages and standard deviations of three independent
trials. bData from ref 10.

Figure 2. Representative equilibrium denatured state His−heme loop
formation titrations for the AW(4) and AW(10) guest variants. Data
for the AW(4) (○) and AW(10) (●) variants were acquired at a
protein concentration of 3 μM in the presence of 1.5 M GdnHCl at 22
± 1 °C. Plots of A398 vs GdnHCl concentration were fit to a modified
form of the Henderson−Hasselbalch equation that allows the number
of protons, np, linked to denatured state His−heme loop formation to
vary. The fits are shown as solid lines. Parameters from the fits are
listed in Table 2.

Table 2. Thermodynamic Parameters for His−Heme Loop
Formation for Iso-1-Cytc Variants at 22 ± 1 °C in 1.5, 3.0,
and 6.0 M GdnHCla

variant pKa(obs) np

1.5 M GdnHCl
NH5A-2 4.65 ± 0.02 1.00 ± 0.05
AW(4) 4.19 ± 0.03 0.96 ± 0.01
AW(10) 4.59 ± 0.03 0.83 ± 0.02
AW(4,10) 4.13 ± 0.02 0.97 ± 0.01

3.0 M GdnHCl
NH5A-2 4.97 ± 0.04b 1.05 ± 0.13b

AW(4) 4.48 ± 0.02 1.01 ± 0.05
AW(10) 4.83 ± 0.03 1.04 ± 0.02
AW(4,10) 4.52 ± 0.02 0.92 ± 0.06

6.0 M GdnHCl
NH5A-2 5.13 ± 0.02b 1.11 ± 0.01b

AW(4) 4.97 ± 0.02 1.01 ± 0.05
AW(10) 5.09 ± 0.01 1.04 ± 0.02
AW(4,10) 4.93 ± 0.01 0.92 ± 0.06

aValues are the average and standard deviation of three independent
trials. bData from ref 10.
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values for the AW(4) and AW(4,10) variants are similar and
significantly less than the pKa(obs) for the host variant, NH5A-
2, at all GdnHCl concentrations. On the other hand, the
pKa(obs) for the AW(10) variant is the same or slightly less
than that of the NH5A-2 host variant at all GdnHCl
concentrations. These results show that an Ala to Trp
substitution near a loop end is more important for stabilizing
a loop formed in the DSE because both AW(4) and AW(4,10)
have a guest Trp that is four residues from the His(−2) loop
end, whereas the guest Trp in the AW(10) variant is 10
residues from the His(−2) loop end (see Figure 1).
Figure 3A shows plots of the free energy of loop formation

for a fully deprotonated histidine, ΔGloop(His), as a function of

GdnHCl concentration for the host and guest variants. The
slope of the dependence of ΔGloop(His) on GdnHCl
concentration, meq, is similar for the AW(10) and NH5A-2
variants (see also Table 3). The dependence of ΔGloop(His) on
GdnHCl concentration is significantly larger for the AW(4) and
AW(4,10) variants (Figure 3A and Table 3). Thus, an Ala to

Trp substitution four residues from the His(−2) end of the 28-
residue denatured state His−heme loop increases meq, whereas
an Ala to Trp substitution 10 residues from the His(−2) end of
the 28-residue denatured state His−heme loop does not
increase meq.

Kinetics of Denatured State His−Heme Loop For-
mation. In previous work, we have shown that the kinetics of
denatured state His−heme loop formation is consistent with a
mechanism involving a rapid histidine deprotonation equili-
brium followed by reversible binding of the histidine to the
heme.56 This mechanism leads to the expression in eq 5 for the
observed rate constant for denatured state His−heme loop
formation and breakage, kobs

= + ++ + +k k k K K{ (HisH )/[[H ] (HisH )]}obs b,His f,His a a

(5)

where kb,His is the rate constant for denatured state His−heme
loop breakage, kf,His is the rate constant for denatured state
His−heme loop formation, and Ka(HisH+) is the acid
dissociation constant for the histidine, His(−2), that forms
the loop. Thus, pH jump experiments to pH values well below
Ka(HisH

+) [pKa(HisH
+) = 6.6 ± 0.1, irrespective of sequence

position or GdnHCl concentration for iso-1-Cytc42] will yield
kb,His, because kobs ≈ kb,His under these conditions. We evaluated
kb,His at 1.5, 3.0, and 6.0 M GdnHCl using stopped-flow pH
jump mixing from pH ∼6 to ∼3.5 and ∼3.0 (Table 4 and
Figure S2 of the Supporting Information). Within error, kobs is
indistinguishable at pH ∼3.0 and ∼3.5, indicating that the
contribution of kf,His to kobs is insignificant in the pH range of
3−3.5, and thus provides a good measure of kb,His.
Given that equilibrium denatured state His−heme loop

formation becomes less favorable as the GdnHCl concentration
increases (Figure 3A and Table 2), kb,His is expected to increase
with an increasing GdnHCl concentration. In Table 4, kobs
increases from 1.5 to 3.0 M GdnHCl. However, it decreases at
6.0 GdnHCl. We have shown previously that kb,His is inversely
proportional to the viscosity of GdnHCl solutions.11 This
inverse proportionality with respect to viscosity has also been
observed for the rate.57−59 Thus, we have applied a viscosity
correction to kb,His at 3.0 and 6.0 M GdnHCl, so that the rate
constants at 3.0 and 6.0 M GdnHCl are corrected to the
solution viscosity at 1.5 M GdnHCl [kb,corr (Table S2 of the
Supporting Information)]. Plots of RT ln(kb,corr) versus
GdnHCl concentration are provided in Figure 3B. After
correction for solution viscosity, the slope of these plots should
reflect the change in solvent-exposed surface area in going from
the closed-loop form to the transition state for loop breakage.
The y-axes of the plots of ΔGloop(His) versus GdnHCl
concentration and of RT ln(kb,corr) versus GdnHCl concen-
tration in Figure 3 both cover a range of 2 kcal/mol, so that the
GdnHCl dependence of the thermodynamic and kinetic data

Figure 3. Plots of (A) ΔGloop(His) and (B) RT ln(kb,corr) as a function
of GdnHCl concentration. ΔGloop(His) was calculated as ln(10)RT ×
pKloop(His), where pKloop(His) was derived from the pKa(obs) data in
Table 2 using eq 1 with a pKa(HisH

+) of 6.6.42 In panel B, the kb,corr
values for the data at 3.0 and 6.0 M are from Table S2 of the
Supporting Information and are corrected to the viscosity of 1.5 M
GdnHCl, as described in the footnotes of Table S2 of the Supporting
Information. We use the kobs values obtained at pH 3.15 and 1.5 M
GdnHCl for kb,His at 1.5 M GdnHCl. The solid [NH5A-2 and AW(4)]
and dashed [AW(10) and AW(4,10)] lines in panels A and B assume a
linear relationship between free energy and GdnHCl concentration.

Table 3. Equilibrium and Kinetic Denaturant m Values for
Iso-1-Cytc Variantsa

variant meq mb
⧧

NH5A-2 0.14 ± 0.05 0.04 ± 0.01
AW(4) 0.23 ± 0.01 0.06 ± 0.01
AW(10) 0.15 ± 0.02 0.03 ± 0.01
AW(4,10) 0.23 ± 0.04 0.06 ± 0.02

aValues obtained from the slopes of the linear fits to the data in Figure
3. The reported error is the standard error in the slope reported by
SigmaPlot.
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can be compared readily. It is obvious that the slopes of the
plots of RT ln(kb,corr) versus GdnHCl concentration, mb

⧧, in
Figure 3B are smaller than those of the equilibrium plots in
Figure 3A. Thus, meq is large compared to mb

⧧ (Table 3). In
analogy to the Tanford β value used to evaluate the position of
the transition state for protein folding,60 the mb

⧧/meq ratio of
≈0.7−0.8 indicates that the transition state for denatured state
His−heme loop breakage lies near the closed-loop form. The
smaller kb,corr values [and thus RT ln(kb,corr) values in Figure
3B] for the AW(4) and AW(4,10) variants relative to the
NH5A-2 host variant indicate that the activation free energy for
denatured state His−heme loop breakage, ΔGb

⧧, increases
when the guest Trp is four residues from the His(−2) end of
the loop. By contrast, kb,corr [and thus RT ln(kb,corr) (see Figure
3B)] is similar for the AW(10) guest variant and the NH5A-2
host variant. Thus, a guest Trp residue located 10 residues from
the His(−2) end of the loop has little effect on ΔGb

⧧.

■ DISCUSSION
Stabilization of Loops in the DSE Results from

Interactions at Loop Ends. The qualitative effect of the
guest residue on the stability of the 28-residue denatured state
His−heme loop is evident from the plots in Figure 3A. We can
quantitatively calculate the stabilization due to the guest
residue, ΔΔGloop(His), as given by eq 6.

ΔΔ = Δ − ΔG G G(His) (His) (His)loop loop guest loop host (6)

The values for each guest variant are listed in Table 5. For the
AW(10) variant, ΔΔGloop(His) is near zero at all GdnHCl
concentrations, indicating that a guest residue 10 residues from

the loop end has almost no effect on denatured state His−heme
loop stability relative to Ala. For the AW(4) and AW(4,10)
variants, ΔΔGloop(His) is negative, indicating stabilization of
the 28-residue denatured state His−heme loop. ΔΔGloop(His)
increases from −0.25 kcal/mol in 6.0 M GdnHCl to −0.6 to
−0.7 kcal/mol at lower GdnHCl concentrations. Both AW(4)
and AW(4,10) have a guest Trp residue near the His(−2) end
of the loop. Thus, a guest Trp that is four residues from the
His(−2) end of the denatured state His−heme loop stabilizes
the loop relative to Ala. Without additional experiments, the
exact physical nature of the stabilizing interactions induced by
the Trp guest residue four residues from the His(−2) end of
the 28-residue denatured state loop is unclear. Possibilities
could include dynamic hydrophobic interactions with the heme
and with Leu9 or Phe10 (positions 23 and 24 of the 28-residue
loop), which are all constrained to be closer to the Trp guest
(position 4 of the 28-residue loop) when the loop forms (see
Figure 1).
The effects of single-site variants on the stability of a compact

DSE formed by the three-helix bundle protein, the
nucleophosmin C-terminal domain,61 in the presence of 0.5
M NaCl range from 0.5 to 1.7 kcal/mol. The 0.7 kcal/mol
stabilization to the DSE caused by an Ala to Trp substitution
four residues from the His(−2) end of the 28-residue loop in
the denatured state at 1.5 M GdnHCl falls within this range.
Shortle and others62 have also observed similar effects of single-
site mutations on denatured state thermodynamics. While the
overall stability of these DSE interactions is small, the 0.7 kcal/
mol observed at 22 °C for an Ala to Trp substitution four
residues from the His(−2) end of the denatured state loop
amounts to an ∼3-fold change in the conformational
distribution of the DSE. The maximal stabilization of the
DSE of ∼1.7 kcal/mol observed at 10 °C for the
nucleophosmin C-terminal domain amounts to an ∼20-fold
effect on the distribution of conformers in the DSE. These
effects while small may be adequate to bias the conformational
search for the native state while minimizing the frustration of
the folding landscape that would result from stronger
interactions that would likely stabilize misfolds.
Experimental studies show that the solubility of the Trp side

chain is considerably more responsive to an increasing GdnHCl
concentration than that of Ala.63,64 Denaturant m values for
global unfolding are usually interpreted in terms of the change
in solvent-accessible surface area, ΔSASA, linked to the
conformational change.65 For urea denaturation, the dominant

Table 4. Rate Constants for Loop Breakage at 25 °C in 1.5,
3.0, and 6.0 M GdnHCl for the Iso-1-Cytc Variantsa

kobs (s
−1)

variant [GdnHCl] (M) pH 3.15 ± 0.04b pH 3.68 ± 0.05

NH5A-2 1.5 73.2 ± 0.7 73.5 ± 0.8
AW(4) 39.2 ± 0.2 42.9 ± 0.4
AW(10) 67.2 ± 0.8 66.8 ± 1.1
AW(4,10) 38.2 ± 0.6 43.6 ± 0.5

kobs (s
−1)

variant [GdnHCl] (M) pH 3.11 ± 0.05b pH 3.59 ± 0.1

NH5A-2 3.0 79.9 ± 0.7c 77.9 ± 0.5c

AW(4) 45.3 ± 0.6 45.4 ± 0.5
AW(10) 69.7 ± 1.3 67.1 ± 1.6
AW(4,10) 45.3 ± 0.6 44.0 ± 0.5

kobs (s
−1)

variant [GdnHCl] (M) pH 3.06 ± 0.1b pH 3.52 ± 0.14

NH5A-2 6.0 65.7 ± 2.0c 60.0 ± 1.4c,d

AW(4) 41.5 ± 0.4 40.7 ± 0.7
AW(10) 55.6 ± 0.7 52.2 ± 0.4
AW(4,10) 39.1 ± 0.7 38.6 ± 0.5

aData are the average and standard deviation of at least six trials. bThe
kobs data from downward pH jump experiments at the lower pH value
for each variant are equivalent to kb,His because the calculated
contributions from kf at these low pH values for the 28-residue loop
are 2−4, 1−2, and 0.5−0.6 s−1 at 1.5, 3.0, and 6.0 M GdnHCl,
respectively. The contribution of kf,His was calculated as kf,His/(1 +
106.6−pH), where pH is the final pH after stopped-flow mixing and kf,His
is from Table S1 of the Supporting Information. cData from ref 10.
dThe final measured pH for the downward jump to pH 3.5 was near
pH 4 in this case.

Table 5. Mutation-Induced ΔΔGloop(His), ΔΔGb
⧧, and δb

for the Iso-1-Cytc Guest Variants at 25 °Ca

variant 1.5 M GdnHCl 3.0 M GdnHCl 6.0 M GdnHCl

ΔΔGloop(His) (kcal/mol)
AW(4) −0.62 ± 0.05 −0.66 ± 0.06 −0.23 ± 0.05
AW(10) −0.09 ± 0.05 −0.19 ± 0.07 −0.05 ± 0.03
AW(4,10) −0.72 ± 0.04 −0.61 ± 0.06 −0.28 ± 0.04

ΔΔGb
⧧ (kcal/mol)

AW(4) 0.37 ± 0.01 0.34 ± 0.01 0.27 ± 0.01
AW(10) 0.05 ± 0.01 0.08 ± 0.01 0.10 ± 0.02
AW(4,10) 0.39 ± 0.01 0.34 ± 0.01 0.31 ± 0.02

δb
AW(4) 0.59 ± 0.05 0.52 ± 0.05 1.2 ± 0.3
AW(10) 0.57 ± 0.31 0.43 ± 0.17 1.8 ± 1.2
AW(4,10) 0.54 ± 0.03 0.55 ± 0.06 1.1 ± 0.2

aReported errors are from the standard propagation of error.
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contribution to the m value results from solvation of the
peptide unit, not the side chains.66 However, a recent combined
experimental and simulation study has shown that GdnHCl
interacts much more strongly with aromatic than aliphatic
model compounds,67 suggesting that aromatic side chains also
contribute significantly to GdnHCl m values. Thus, the increase
in meq (Table 3) for equilibrium loop formation observed
relative to the NH5A-2 variant for the AW(4) and AW(4,10)
guest variants can be attributed to a change in the solvent-
exposed surface area of the guest Trp near the His(−2) end of
the 28-residue denatured state His−heme loop. Measurements
of the difference in the GdnHCl concentration dependence of
the solubility of an Ala versus a Trp side chain indicate that the
change in the meq should be ∼0.19 kcal mol−1 M−1 for the
transfer of the full side chain into a GdnHCl solution.64 The
change in meq observed here for the NH5A-2 and AW(10)
variants versus the AW(4) and AW(4,10) variants indicates that
∼50% of the solvent-exposed surface area of the Trp side chain
in the fourth position from the end of the 28-residue denatured
state His−heme loop is buried upon loop formation.
In our previous host−guest study, the guest Trp was at the

fifth position from the His(−2) end of the denatured state
His−heme loop, yielding a ΔΔGloop(His) of −0.44 ± 0.11 kcal/
mol in 3.0 M GdnHCl. In this study, ΔGloop(His) ∼ −0.65
kcal/mol in 3.0 M GdnHCl for the AW(4) and AW(4,10) guest
variants with a Trp at the fourth position from the His(−2) end
of the 28-residue denatured state His−heme loop. Thus,
placing the guest residue one position closer to the His(−2)
end of the loop increases the stability of the loop by ∼0.2 kcal/
mol in 3.0 M GdnHCl, demonstrating that the stabilizing effect
of the guest residue increases as the residue moves closer to the
end of the denatured state His−heme loop.
Comparison of ΔΔGloop(His) values for AW(4), AW(10),

and AW(4,10) at 1.5, 3.0, and 6.0 M GdnHCl shows that the
individual effects of the two Trp guest residues in AW(4,10)
appear to be additive, within error. There is no indication of a
cooperative interaction between the two Trp guest residues
when the 28-residue denatured state His−heme loop forms
with the AW(4,10) variant. Our work on a series of Ala-rich
variants with loop sizes from 22 to 46 residues indicated that
there is still steric strain in the 28-residue loop formed by the
NH5A-2 variant.10 Thus, we cannot rule out the possibility that
the lack of a cooperative interaction between the two Trp
residues in the AW(4,10) variant results from inadequate
flexibility in the 28-residue denatured state His−heme loop to
allow the two Trp residues to interact.
Transition State for Loop Formation. The activation free

energy for denatured state His−heme loop breakage, ΔGb
⧧,

cannot be directly evaluated from our data. However, the effect
of the guest residue on the relative height of the barrier for
denatured state His−heme loop breakage can be evaluated
from kb,His for the host and guest variants as given by eq 741

ΔΔ =⧧G RT k kln[ / ]b b,His(host) b,His(guest) (7)

where kb,His(host) is the rate constant for denatured state His−
heme loop breakage for the NH5A-2 variant at a given GdnHCl
concentration and kb,His(guest) is the rate constant for denatured
state His−heme loop breakage for one of the guest variants at
the same GdnHCl concentration. The ΔΔGb

⧧ values listed in
Table 5 show that the barrier for denatured state His−heme
loop breakage increases somewhat as the GdnHCl concen-
tration decreases from 6.0 to 1.5 M.

Comparison of ΔΔGloop(His) and ΔΔGb
⧧ at 6.0 M GdnHCl

in Table 5 shows that within error, ΔΔGb
⧧ = −ΔΔGloop(His).

The simplest interpretation of this observation is that, in 6.0 M
GdnHCl, the Trp guest residue stabilizes the closed-loop form
of the 28-residue denatured state His−heme loop and has no
effect on the stability of either the transition state (TS) or the
open-loop form. In other words, the stabilizing interaction
induced by the guest residue is not formed in either the open-
loop form or the TS for denatured state His−heme loop
formation in 6.0 M GdnHCl. In analogy to ϕ values used in
protein folding,60 we can define a similar parameter for
denatured state loop formation to quantify the effect of a
residue at a particular sequence position of the loop on
structure stabilization in the TS versus the ground states for the
loop equilibrium. For the loop equilibrium in the denatured
state in the direction of loop breakage, we will refer to this as a
δb value as defined in eq 8.

δ =
ΔΔ

−ΔΔ

⧧G
G (His)b

b

loop (8)

When δb = 1, the contact that stabilizes the closed-loop form of
the denatured state loop in the guest variant breaks completely
in the TS. When δb = 0, the contact does not break on the way
to the TS.
The δb values for all guest variants at all GdnHCl

concentrations are listed in Table 5. We note that because
ΔΔGloop(His) is small for the AW(10) variant, the errors in δb
are large for this variant and thus δb for the AW(10) variant
should be viewed with caution. In 6.0 M GdnHCl, δb = 1,
within error, for the AW(4) and AW(4,10) variants.
Remembering that the m values in Table 3 indicate that the
TS for denatured state His−heme loop formation is near the
closed-loop form, one possible interpretation for δb = 1 in 6.0
M GdnHCl is that the search for the TS for loop formation
from the open-loop form is mostly entropic. In other words, no
significant polymer−polymer interactions occur in the TS for
denatured state His−heme loop formation in 6.0 M GdnHCl.
Such behavior might be expected for a polymer in a good
solvent.
By contrast, δb = 0.5−0.6 in 1.5 and 3.0 M GdnHCl. In

analogy to analysis of ϕ values for protein folding,60 fractional
δb could be interpreted as resulting from partial breakage of a
contact in the TS or from parallel pathways with and without
the contact broken in the TS. Either way, the conclusion
remains the same. Under poorer solvent conditions, polymer−
polymer contacts are now able to stabilize the TS for forming a
simple loop in the DSE. In contrast to good solvent conditions
(6.0 M GdnHCl), much of the increase in ΔΔGloop(His) at
lower GdnHCl concentrations caused by a Trp guest residue
near the end of the loop occurs in the TS. Thus, our host−
guest model system shows that residual structure in the DSE
near the rim of the folding funnel has funneling behavior in
poorer solvents.

Implications for the Specificity of Residual Structure
in the DSE. Studies of the DSE of a number of proteins show
that aromatics, in particular Trp, are often involved in residual
structure.15,16,19,22,29,30,35−38 In the case of lysozyme,29,30 Trp
mediates long-range interactions in the DSE. Our data show
that at lower GdnHCl concentrations, Trp stabilizes residual
structure in the DSE relative to Ala. Linear extrapolation of the
data in Figure 3A to 0 M GdnHCl indicates that a single Trp,
four residues from the end of a denatured state loop, can
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provide 0.9−1.1 kcal/mol of stabilization to residual structure
in the DSE relative to Ala. Thus, in the absence of denaturant at
25 °C, a single Trp has a >5-fold stronger tendency to form
contacts in the DSE than Ala. Thus, it is not surprising that Trp
is commonly observed as a component of residual structure in
the DSE. Our data also show that the proximity of the side
chain to the point of contact is important for stabilizing residual
structure in the DSE. Thus, when two residues contact each
other in the DSE, the persistence of that contact, and thus its
ability to bias the conformational distribution of the DSE (and
by extension the folding process), will depend on the sequence
adjacent to the residues that make contact.
The evidence for transient long-range interactions in the

DSE is substantial.25−31 Although, long-range interactions are
not always observed.33,34 Lysozyme29,30 and Im733,34 provide
an interesting point of comparison. Lysozyme contains multiple
Trp residues. Substitution of any of these tryptophans results in
a loss of residual structure throughout the protein.29,30 Im7, on
the other hand, contains only a single Trp and shows no
evidence of mutation-induced long-range effects on residual
structure in the DSE. The generality of this observation
certainly requires further testing, but this comparison suggests
an important role for Trp in mediating long-range interactions
in the DSE. The significant stabilization of a His−heme loop we
observe when Trp is near a contact interface and the denaturant
dependence of this stabilization show that a single Trp can shift
the population of species by >5-fold in the DSE. Our previous
host−guest study41 indicated that Phe and Tyr have similar
stabilizing effects on His−heme loop formation in the DSE in
3.0 M GdnHCl. However, the denaturant concentration
dependence of the solubility of the Trp side is significantly
higher than for Phe and Tyr,64 particularly in urea solutions, the
denaturant in the lysozyme and Im7 studies.29,30,33,34 Thus, the
advantage of Trp as an agent to stabilize residual structure,
particularly at long-range, should be substantial in the DSE in
aqueous solution.

■ CONCLUSIONS

Using a host−guest approach, we have shown that residues
proximal to the end of a loop are more important for stabilizing
a loop in the denatured state than residues farther from the end
of the loop. Relative to Ala, a single Trp four residues from the
histidine end of a loop can stabilize a 28-residue denatured state
His−heme loop by 0.6−0.7 kcal/mol in 1.5−3.0 M GdnHCl.
At a position 10 residues from the histidine end of the loop, the
ability of Trp relative to Ala to stabilize the 28-residue
denatured state His−heme loop approaches 0 kcal/mol at all
GdnHCl concentrations. Furthermore, under good solvent
conditions, the guest Trp provides no stabilization of the TS for
denatured state loop formation. However, as solvent conditions
become poorer, the guest Trp is able to stabilize the TS for
denatured state loop formation, demonstrating the energetically
downhill nature of formation of simple loop contacts under
solvent conditions that approach folding conditions.
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