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Dry molten globular (DMG) intermediates, an expanded form of
the native protein with a dry core, have been observed during
denaturant-induced unfolding of many proteins. These observa-
tions are counterintuitive because traditional models of chemical
denaturation rely on changes in solvent-accessible surface area,
and there is no notable change in solvent-accessible surface area
during the formation of the DMG. Here we show, using multisite
fluorescence resonance energy transfer, far-UV CD, and kinetic
thiol-labeling experiments, that the guanidinium chloride (GdmCl)-
induced unfolding of RNase H also begins with the formation of
the DMG. Population of the DMG occurs within the 5-ms dead time
of our measurements. We observe that the size and/or population
of the DMG is linearly dependent on [GdmCl], although not as
strongly as the second and major step of unfolding, which is
accompanied by core solvation and global unfolding. This rapid
GdmCl-dependent population of the DMG indicates that GdmCl
can interact with the protein before disrupting the hydrophobic
core. These results imply that the effect of chemical denaturants
cannot be interpreted solely as a disruption of the hydrophobic
effect and strongly support recent computational studies, which
hypothesize that chemical denaturants first interact directly with
the protein surface before completely unfolding the protein in the
second step (direct interaction mechanism).
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Denaturants such as guanidinium chloride (GdmCl) and urea
are classic perturbants used to probe the thermodynamics

and kinetics of protein conformational changes, although their
mechanism of action is poorly understood (1–15). In some of
these studies, a dry molten globular (DMG) state has been ob-
served on the native side of the free-energy barrier (16–18). The
DMG is an expanded form of the native protein in which at least
some of the side-chain packing interactions are disrupted with-
out solvation of the hydrophobic core; it was originally postu-
lated to explain heat-induced unfolding of proteins (19, 20).
Recently, unfolding intermediates resembling the DMG have
also been observed in the absence of denaturants, and it has been
suggested that the DMG exists in rapid equilibrium with the
native state (21–23). The fact that the DMG can be observed by
the addition of denaturants is, however, counterintuitive, because
traditional models of chemical denaturation rely on changes in
solvent-accessible surface area (SASA) (3, 24, 25) and there is no
notable change in SASA during the formation of the DMG.
Recent computational studies have suggested an alternative

model of chemical denaturation in which denaturants first in-
teract directly with the protein surface, causing the protein to
swell, and then penetrate the core (the so-called “direct in-
teraction” mechanism) (9, 11, 12, 26). One of the consequences
of this model is that denaturants unfold proteins in two steps (9,
12). In the first step, denaturant molecules displace water mol-
ecules within the first solvation shell of the protein or domain.
The enhanced presence of denaturant molecules compared with
water allows them tighter binding with the protein surface
through stronger dispersion interactions (12, 27). This leads to
the formation of the dry globule-like intermediate. In the second
step, denaturant and water molecules penetrate and solvate the

hydrophobic core, resulting in global structural disruption. Ex-
perimental support for this model has, however, been scarce and
indirect (4, 6, 13, 26).
Here, we demonstrate that the well-studied protein Escherichia

coli ribonuclease HI (RNase H) (28–30) also rapidly populates
a DMG state when exposed to denaturant and use this observation
to explore the denaturant dependence of the DMG. We use
multisite fluorescence resonance energy transfer (FRET) and
kinetic thiol-labeling measurements to dissect the temporal or-
der of protein expansion, side-chain disruption, and water sol-
vation during GdmCl-induced unfolding. The FRET experiments
indicate that unfolding begins with the expansion of the protein
into an intermediate state that has an average expansion of 3–4 Å
more than the native protein along two measured axes. Thiol-
labeling experiments suggest that the core of the intermediate is
dry and highly protected from solvent. The kinetics of unfolding
measured by both thiol labeling and far-UV CD indicate that
solvation and global unfolding take place in the second, slower
step. Finally, the size and/or population of the DMG is linearly
dependent on [GdmCl], although not as strongly as the second
(major) step of unfolding. This rapid GdmCl-dependent pop-
ulation of the DMG indicates that GdmCl can interact with the
protein before disrupting the hydrophobic core and strongly
supports the two-step direct interaction mechanism of protein
denaturation by GdmCl. These results also imply that the effect
of chemical denaturants cannot be interpreted solely as a dis-
ruption of the hydrophobic effect.

Results
Thionitrobenzoate Quenches the Fluorescence of Tryptophan in
a Distance-Dependent Manner. The absorbance spectrum of thio-
nitrobenzoate (TNB) overlaps with the emission spectrum of
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tryptophan (Trp) (forming a FRET pair), and this pair has been
used to measure distance changes during conformational tran-
sitions of proteins (18, 31). Ideally, a single fluorescent donor
(Trp) and a single acceptor (TNB) should be used to measure
expansion of a protein using FRET. However, in many cases, it is
difficult to obtain protein samples containing a single Trp resi-
due. In those cases, multiple donors (Trp residues) and a single
acceptor are used (32). RNase H has six tryptophan residues
located in one region of the protein (near the so-called basic
protrusion area of the protein) (30) (Fig. 1A). In this study, this
cluster of Trp residues served as the fluorescence donor (D), and
a TNB adduct attached via the thiol of an engineered single
cysteine variant (Cys36 or Cys136) (Fig. 1A) served as the FRET
acceptor (A). Cys36 is located in the third β-strand, and Cys136 is
located in the middle of the C-terminal helix (Fig. 1A), creating
two distinct measured axes. The fluorescence emission spectra
are similar for the two unlabeled variants, S36C and L136C (Fig.
1 B and C), in both the folded and unfolded states. The fluo-
rescence of the Trp cluster is quenched dramatically in the native
state of S36C-TNB and L136C-TNB, but to different extents
(Fig. 1 B and C), and is also quenched to a lesser extent in the
corresponding unfolded states. The observation that the extent
of quenching of fluorescence of the Trp cluster depends on the
position of the C-TNB in the protein, and that there is more
quenching in the compact native state than in the expanded un-
folded form, indicates that the quenching is distance-dependent
and hence due to FRET between the donor (Trp cluster) and the
acceptor (TNB).
All four variants, S36C, L136C, S36C-TNB, and L136C-TNB,

have similar secondary structure and thermodynamic stability
(Fig. S1), as expected because both residues, 36 and 136, are on
the surface of the protein (Fig. 1A). Hence, the data on un-
labeled and corresponding TNB-labeled proteins can be com-
pared directly for FRET experiments.

GdmCl-Induced Unfolding of RNase H Begins with a Fast Expansion of
the Protein. To probe any fast changes in the dimensions of the
protein during GdmCl-induced unfolding, we studied the unfolding
kinetics of unlabeled and TNB-labeled proteins. Both the unlabeled
proteins, S36C and L136C, have maximum change in fluorescence
intensity at 320 nm upon unfolding (Fig. 1 B and C) and show
monophasic unfolding kinetics when monitored at this wavelength
(Fig. 2 A and B). For both, the kinetic traces extrapolate at t = 0 to
the signal of fully native protein, i.e., there is no burst-phase change
in fluorescence.
To monitor unfolding by FRET, the changes in the fluores-

cence of the donor alone (FD) and donor−acceptor (FDA) proteins
need to be compared (Eq. 1). To avoid complications arising from
donor-only fluorescence, it is ideal to perform FRET experiments

under conditions where there is minimum change in donor-only
fluorescence. Therefore, because for both S36C and L136C the
Trp fluorescence in the native and unfolded states is similar near
360 nm (Fig. 1), we chose this wavelength for the FRET experi-
ments. As expected, there is only marginal change in Trp fluo-
rescence intensity during unfolding at 360 nm (Fig. 2 A and
B, Insets).
Unlike the unlabeled proteins, both TNB-labeled proteins,

S36C-TNB and L136C-TNB, show biphasic unfolding kinetics
(Fig. 2 C and D) when monitored using the change in fluores-
cence at 360 nm. For both, the unfolding traces do not extrap-
olate at t = 0 to the signal for native protein and a fraction of the
total change in fluorescence intensity occurs in an apparent burst
phase. This is followed by a single exponential increase in the
fluorescence signal (Fig. 2 C and D). The fluorescence intensity
increases during the unfolding reaction because the D−A dis-
tance is expected to increase as the protein unfolds. The rate
constants for the observed phases of unfolding in the unlabeled
and corresponding TNB-labeled protein are very similar at all
concentrations of GdmCl (Fig. S1 E and F). In total, these results
indicate that the GdmCl-induced unfolding of RNase begins with
a fast initial expansion of the protein, followed by a slower ex-
pansion. The β-strand containing residue 36 and the α-helix
containing residue 136 move away from the region containing
the Trp cluster in the initially expanded state.

The Average Change in D−A Distances in the Initial Expanded State Is
Dependent upon [GdmCl]. If the initial expansion of the protein
surface is induced by interaction with GdmCl, then the pop-
ulation, or extent of expansion, in the intermediate is expected
to show some dependence on denaturant concentration. The
unfolding burst-phase, final amplitudes, and equilibrium de-
naturation curves, as measured by the change in fluorescence at
360 nm, are shown for S36C and S36C-TNB in Fig. 3A and for
L136C and L136C-TNB in Fig. 3D. For the TNB-labeled pro-
teins, a significant fraction of the initial increase in fluorescence
during unfolding occurs in the burst phase, and the t = 0 point
reflects the amplitude of this phase. This burst-phase amplitude
increases linearly with [GdmCl] and extrapolates to the linear
GdmCl dependence for the equilibrium GdmCl-dependent fluo-
rescence of the native protein.
RNase H has six Trp residues, making it difficult to assign the

Trp moiety that serves as the fluorescence donor in the current
study (the Trp nearest to TNB in the native structure is the most
likely candidate), and to extract exact changes in distances be-
tween the donor and the acceptor. It is, however, possible to de-
termine average changes in distances between the region containing
the Trp clusters and the region containing the residues Cys36 and
Cys136 [Cys36 and Cys136 are located diagonally opposite to Trp

Fig. 1. TNB quenches the fluorescence of Trp in
a distance-dependent manner. (A) Structure of
RNase H. The location of I7, A24, S36, I53, and L136
that were replaced by cysteine is shown along with
the cluster of Trp residues. The structure was drawn
from PDB file 2RN2 by using the program PyMOL
(www.pymol.org). Residues 7, 24, and 53 are buried
in the native protein and were used for thiol-
labeling experiments. Residues 36 and 136 are on
the surface of the protein and were used for FRET
experiments. S36 and L136 were mutated in-
dependently to Cys, to yield two different single-
cysteine-containing mutant proteins, S36C and
L136C, respectively. The sole thiol moiety in each of the two proteins was labeled with TNB that quenches the fluorescence of Trp in a distance-
dependent manner. The TNB-labeled proteins are named as S36C-TNB and L136C-TNB. (B and C ) Fluorescence emission spectra of unlabeled and TNB-
labeled proteins. In both B and C, the solid cyan line and the solid dark red line denote the fluorescence spectra of unlabeled and TNB-labeled native
proteins, respectively. The dashed cyan line and the dashed dark red line denote the fluorescence spectra of unlabeled and TNB-labeled unfolded
proteins, respectively. All of the fluorescence spectra in B and C were collected in an identical manner, with the excitation wavelength set to 295 nm.
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clusters in the structure of RNase H (Fig. 1A)]. We used the data on
unlabeled and TNB-labeled proteins (Fig. 3 A and D) to estimate
the change in FRET efficiency (E) and apparent change in
distances (R) between the two ends of the protein, in the initially
expanded state during unfolding, as well as of completely native
protein, at each concentration of GdmCl using Eq. 1:

E = 1−
FDA

FD
=

 
1+

R6

R6
0

!−1

: [1]

For each [GdmCl], the fluorescence at t = 0 for unfolding of
the unlabeled protein was taken as FD, and the corresponding
fluorescence at t = 0 for unfolding of the labeled protein was
taken as FDA. The Forster’s distance, R0, of the Trp-TNB FRET
pair has been shown to lie between 22 and 23 Å in [GdmCl] ranging
between 0 and 6 M for several different proteins (18, 31). In this
study, we used a mean value of 22.5 Å for R0. The donors as well
as the acceptors appear to rotate freely at rates faster than fluo-
rescence decay rate of donor tryptophans as required for FRET
measurements (SI Text).
The FRET efficiencies of both the burst-phase intermediate

and the equilibrium native state decrease in a continuous mono-
tonic manner with an increase in [GdmCl] (Fig. 3 B and E).
Therefore, both calculated intramolecular distances increase
continuously with [GdmCl] (Fig. 3 C and F).

Initial Expansion Is Not Accompanied by Disruption of Secondary
Structure. For both TNB-labeled proteins, the kinetic traces of
far-UV CD-monitored unfolding extrapolate at t = 0 to the signal

of the native protein (Fig. 4 A and B). The kinetic amplitudes of
unfolding match the equilibrium amplitudes (Fig. 4 A and B,
Insets), and the entire expected change in the far-UV CD signal
(which represents the dissolution of hydrogen-bonded secondary
structure) during unfolding occurs in a single exponential phase
the rate of which is similar to the rate of observed unfolding phase
by fluorescence. These results indicate that the initially expanded
state has native-like secondary structure and amide−amide
H-bonds are not replaced by amide−water H-bond. The disso-
lution of the secondary structure and global structure disruption
occurs during the slow, observed phase of unfolding.

Initial Expansion Is Not Accompanied by Solvation of Protein Core. To
probe whether the initial burst-phase expansion is accompanied
by solvation of the protein core, we monitored the solvent ac-
cessibility of buried thiol groups during unfolding using three
single-cysteine-containing variants of RNase H (Fig. 1A). Resi-
dues 7 and 24 (Cys7 and Cys24) are buried positions near the
surface of the RNase H, and residue 53 is buried inside the hy-
drophobic core of the protein (Fig. 1A). We used two different
thiol-specific labeling reagents, 5,5′-dithiobis (2-nitrobenzoic acid)
(DTNB) and methyl metahnethiosulfonate (MMTS), both of
which react rapidly with exposed thiolate groups (33–35), to
measure the changes in solvent accessibility during unfolding
(Fig. 5 A−C). DTNB is relatively large, contains aromatic rings,
and is negatively charged, whereas MMTS is small, neutral, and
highly soluble in water. The use of reagents with different sizes
and chemical properties allows us to evaluate the size of the
structural opening and the possible penetration of solvent in the
initially expanded globule.
For DTNB labeling, under the conditions used for our experi-

ments (pH 8, 1.3 mM DTNB, 25 °C), the unique thiol in all three
proteins gets labeled rapidly in the unfolded state [within the dead
time (∼10 s) of the manual mixing experiments] but reacts very
slowly in the native state (Fig. 5 A−C). When the unfolding
process was monitored by DTNB, no unfolded-like reactivity was
seen in the dead time of the experiment (Fig. 5 A−C).
For MMTS labeling, we applied a 6-ms pulse of 20 mM

MMTS at different time points of unfolding (Fig. 5 A−C). The
pulse is ∼15,000-fold shorter than the time constant of global
unfolding and fully labels solvent-exposed thiols but does not
label buried thiols, such as in the native protein (Fig. 5D). This
pulsed approach is ideal for measuring any transient exposure of
buried thiols during unfolding. When the unfolding process was
monitored by MMTS, none of the three thiols showed any label
in the initially expanded globule (Fig. 5 A−C), suggesting that
the solvent is unable to penetrate the hydrophobic core in this
initially expanded state.
For both the labels, we observed single exponential slow for-

mation of thiol reactivity (Fig. 5 A−C) with a rate that matched
the global unfolding as monitored by Trp fluorescence (Fig. S2).
Together, these data indicate that the protein core is largely
undisrupted and dry (not accessible to solvent) in the initially
expanded state during unfolding and the solvation of the protein
core occurs upon global unfolding in the slow phase of unfolding.

Protection in the Core of the Protein Is Similar in the Native State and
the Initially Expanded State. To determine the degree to which the
initially expanded state is protected against solvation, we mea-
sured the level of protection to labeling by MMTS by monitoring
the extent of modification as a function of pulse intensity. The
duration of the 20 mM labeling pulse was varied from 6 to 600 ms
using the Cys53 variant. In unfolded RNase H, Cys53 RNase H is
fully labeled by the shortest pulse of 6 ms (Fig. 5D), whereas in
native RNase H, Cys53 is highly protected and does not show any
measureable label when the duration of pulse is increased to
200 ms, and is labeled only to ∼5% during a 600-ms labeling
pulse (Fig. 5D). Fig. 5D also shows the extent of labeling after

Fig. 2. Unfolding kinetics of unlabeled and TNB-labeled proteins monitored
by change in Trp fluorescence in 3.2 M GdmCl. (A) S36C; (B) L136C; (C) S36C-
TNB; and (D) L136C-TNB. In A and B, the solid cyan line represents the change
in fluorescence intensity of unlabeled proteins at 320 nm during unfolding.
The data are normalized to the value of 1 for the signal of unlabeled native
protein at 320 nm (dashed cyan line). A and B (Insets) show the change in
fluorescence intensity of unlabeled proteins at 360 nm (solid cyan line) during
unfolding, which is normalized to the value of 1 for the signal of unlabeled
native protein at 360 nm (dashed cyan line). C and D show the change in
fluorescence intensity of TNB-labeled proteins at 360 nm (solid dark red line)
during unfolding. The data in C and D are normalized to the value of 1 for the
signal of TNB-labeled native protein at 360 nm (dashed dark red line). In A−D,
the black solid line is a single exponential fit to the observed data.
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unfolding for 500 ms in 3.4 M GdmCl, which corresponds to a
time of unfolding when the initially expanded globule is fully
formed but only ∼0.5% of the global unfolding reaction has oc-
curred. Cys53 does not get labeled at all in the initially expanded
state when the duration of pulse is increased 10-fold to 60 ms and
gets labeled to only ∼10% when the duration of pulse is increased
100-fold to 600 ms. These results strongly indicate that the core of
the initially expanded globule is strongly protected against solva-
tion and its protection is very similar to the native protein.

Discussion
A large body of work in protein folding has focused on un-
derstanding how proteins collapse and fold when diluted from
a solution containing a high concentration of denaturant (good
solvent). The reverse process of unfolding, swelling of the native
protein into a random coil, however, has received much less

attention and is poorly understood. In particular, we do not fully
understand how common denaturing agents, like GdmCl, initiate
the unfolding process. It has been proposed theoretically that
denaturants unfold structure either in a single step by an indirect
mechanism, which involves alteration of water structure (2, 3, 36,
37), or in two stages, by first directly interacting with the protein
surface (5, 12, 15) and then unfolding the protein.
The direct interaction mechanism hypothesizes that, initially,

denaturant molecules replace water molecules from the first
solvation shell of the protein. This helps the denaturant mole-
cules to interact directly with the protein surface, causing the
protein to swell into an ensemble of native-like intermediates
(12). This initially swollen globule is called a “dry globule” due to
the lack of water in the core. In the second step, denaturant
molecules enter the hydrophobic core followed by water mole-
cules, causing global structural disruption. Although well studied
theoretically, to date, it has not been possible to experimentally
distinguish between these two mechanisms because the interaction
between denaturants and proteins is very weak.
A DMG has been observed as an early intermediate during the

unfolding of several proteins (16–18). It has been suggested that
the DMG exists in rapid equilibrium with the native state of
proteins (21–23) and that such states may be a general in-
termediate on the native side of the free energy barrier (38, 39).
Here we find that the protein RNase H forms such a DMG and
provide direct kinetic evidence that GdmCl-induced unfolding of
RNase H occurs via expansion of the protein in two distinct
stages. In the first stage, RNase H expands into a DMG state
whose dimension or population depends upon the concentration
of GdmCl, indicating that protein swelling is dependent on in-
teraction with the denaturant, presumably binding of the de-
naturant to the protein surface (Figs. 2 and 3). At least two
different secondary structural elements (β-strand containing
residue 36 and the C-terminal α-helix) appear to move away
from the Trp cluster in the initially expanded state (Fig. 3). Lack
of accessibility to thiol labeling indicates that the expanded
globule does not have a solvated core, and CD suggests that its
secondary structure is very similar to the native protein (Figs. 4
and 5). Disruption of secondary structure and solvation of the
hydrophobic core occurs during the second, slower and more
denaturant-dependent step of unfolding (Figs. 4 and 5).
Although small compared with global unfolding, formation of

the initial DMG shows a denaturant dependence. The average
dimensions of the transient unfolding intermediate show a linear

Fig. 3. Dependence of the amplitude of the initial
fast phase of unfolding on the concentration of
GdmCl. Kinetic versus equilibrium amplitudes of the
unfolding of unlabeled and TNB-labeled proteins as
monitored by the change in fluorescence at 360 nm.
(A) S36C and S36C-TNB; (D) L136C and L136C-TNB. In
A and D, the cyan circles represent the equilibrium
unfolding transition of the unlabeled protein. The
solid cyan line through the data represents a fit to
a two-state native (N) ⇌ unfolded (U) model. The
cyan inverted triangles and the cyan squares rep-
resent the t = 0 and t = ∞ signals, respectively,
obtained from fitting the kinetic traces of unfolding
of the unlabeled protein to a single exponential
equation. The dark red circles represent the equi-
librium unfolding transition of the TNB-labeled
protein, the continuous dark red line represents
a fit to a two-state N⇌ U model, and the dotted dark red line is a linear extrapolation of the native protein baseline. The dark red squares represent the t =∞
signal, and the dark red inverted triangles represent the t = 0 signal, obtained from fitting the kinetic traces of unfolding of the TNB-labeled protein to
a single exponential equation. The error bars, where shown, represent SDs of the measurements from at least three separate experiments. In B and E, the
FRET efficiencies in the forms of each protein, which are populated before commencement of the observable unfolding phase, are plotted (inverted triangles)
against the concentration of GdmCl for S36C-TNB and L136C-TNB, respectively. Also shown (circles) are the FRET efficiencies in the native forms of each
protein, which are populated in the GdmCl concentrations that define the native protein baseline of the equilibrium unfolding transition. The data in B and E
were converted into apparent change in distances by using Eq. 1, and the distances are shown in C and F for S36C-TNB and L136C-TNB, respectively.

Fig. 4. Kinetics of change in secondary structure during unfolding as moni-
tored by change in far-UV CD signal at 222 nm. (A) S136C-TNB; (B) L136C-TNB.
In A and B, the solid dark red line shows the kinetic trace of unfolding in 2.5 M
GdmCl, and the solid black line through the data is a fit to a single exponential
equation. The data are normalized to the value of 1 for the signal of native
protein (solid and dashed blue lines). Insets compare the kinetic versus
equilibrium amplitudes of unfolding. The circles represent the equilibrium
unfolding transition, and the continuous line through the data represents a fit
to a two-state N ⇌ U model. The triangles represent the t = 0 signal, and the
squares represent the t = ∞ signal, obtained from fitting the kinetic traces of
unfolding to a single exponential equation. The black dotted line is a linear
extrapolation of the native protein baseline. The error bars, wherever shown,
represent the SDs of measurements from three separate experiments.
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denaturant dependence, which appears to be continuous with
that of the denaturant dependence of the average dimensions of
the protein under native conditions (Fig. 3 C and F). Although
not fully explored, some denaturant dependence was also ob-
served in the NMR studies on the unfolding of RNase A, which
first observed the DMG as an unfolding intermediate (16).
The steady-state FRET experiments used in this study cannot

distinguish between denaturant-dependent changes in the size of
the DMG versus a change in the population of the two states (N
and DMG). Moreover, because formation of the DMG occurs
within the 5-ms dead time of our stopped-flow measurements,
the DMG conformations of RNase H may be members of the
native state ensemble with increasing [GdmCl] biasing the en-
semble toward the DMG. Consistent with this hypothesis, we do
not observe a sigmoidal transition between the fully native and
the DMG state, suggesting that the two might not be separated
by a single rate-limiting barrier but by many small, distributed
barriers. However, resolving the difference between such a co-
operative and noncooperative transition may be outside of the
resolution of our experiments. Pressure-induced unfolding of
ubiquitin has shown that under native-like conditions, the native
protein exists in equilibrium with energetically equivalent dry
globules with fluctuating side-chain structures (23); 17O NMR

relaxation dispersion experiments on three structurally unrelated
proteins have revealed that their molten globule states closely
resemble the native proteins with regard to internal hydration
and surface topography (40). Triplet−triplet energy transfer
experiments on HP35 also suggest that the DMG is in rapid
equilibrium with the native state (21). Future time-resolved
FRET experiments on RNase H may shed light on the nature of
the barrier between these two states.
Nevertheless, our kinetic FRET experiments unequivocally

show that the addition of GdmCl populates the DMG and that
the average dimension of this state depends on [GdmCl]. These
observations indicate that GdmCl interacts with protein surface
before the entry of water molecules inside the protein core and
strongly support the direct interaction mechanism of protein
denaturation by GdmCl.
Direct denaturant binding to amino acid-like model compounds

without hydrophobic side chains was first postulated by Robinson
and Jencks (26) to explain their data on the effects of guanidinium
and urea on the solubility of acetyltetraglycine ethyl ester. Calo-
rimetric data on binding of GdmCl and urea with proteins also
point toward a direct interaction between denaturants and pro-
teins (6). The change in heat capacity of unfolding measured with
heat unfolding and denaturant-induced unfolding are different,
indicating that chemical denaturant may participate directly in the
process (41). Discrete denaturant binding sites and low B-factors
of surface residues have also been observed in the X-ray crystal
structures of proteins in the presence of GdmCl (7, 8, 42).
Neutron diffraction studies have revealed that guanidinium

ions interact very weakly with water and have no recognizable
hydration shell (10). This weak hydration promotes the partial
dehydration required for these ions to interact with the protein
surface. It also enhances the solubility of hydrophobic side chains
by reducing the local water density and preempting the space in
the solvation shell around the hydrophobic side chains that could
otherwise be occupied by water molecules (10). Not surprisingly,
theoretical studies predict that guanidinium ions are capable of
intercalating between nonpolar groups (11, 27). Although we do
not observe that the thiol-labeling reagents present in the solvent
penetrate the hydrophobic core in the initially expanded state
(Fig. 5), it is possible that some of the protein-bound GdmCl in
the first solvation shell might enter and interact with hydro-
phobic groups in the core and facilitate subsequent unfolding, as
predicted by a recent theoretical study (12).
The role of packing interactions in the stability of proteins has

been widely debated (43–45). Although hydrophobic interactions
are considered the major determinant of protein stability, the
observation of a state in which the core is loosely packed but dry
highlights the importance of packing interactions for the stability
of the protein fold. Because initial events during unfolding are
similar to the last step during folding, the results of this study
support the model that tight side-chain packing might be the last
event during the folding of proteins.

Materials and Methods
Protein Expression, Purification, and TNB Labeling. All of the single-cysteine-
containing variants of E. coli RNase H used in this study have been charac-
terized in a previous study (29) and were purified as described earlier (29).
The TNB-labeled proteins were obtained as described in SI Text.

Fluorescence and Far-UV CD Spectra. Fluorescence spectra were collected on
a Spex Fluoromax 3 spectrofluorimeter, with the excitation wavelength set to
295 nm. Far-UV CD spectra were collected on an Aviv 410 spectropolarimeter
as described earlier (29).

Fluorescence-Monitored Equilibrium and Kinetic Unfolding Experiments. The
equilibrium unfolding reactions of the unlabeled and TNB-labeled proteins
were carried out in an identical manner. For S36C and S36C-TNB, a Spex
Fluoromax 3 spectrofluorimeter was used, and for L136C and L136C-TNB, the
stopped-flow module (SFM-400) from Biologic was used. The native protein

Fig. 5. Kinetics of core solvation during unfolding by monitoring the re-
activity of buried thiols against labeling by DTNB and MMTS. Three single-
cysteine-containing variants of RNase H, (A) I7C (Cys7), (B) A24C (Cys24), and
(C) I53C (Cys53), were generated, and each of them was diluted in solutions
containing 1.3 mM DTNB and 0 M (red), 3 M (magenta), and 3.4 M (blue)
GdmCl (A−C). The unfolding reaction was monitored by the change in ab-
sorbance at 412 nm due to the release of TNB molecules and is shown
according to the left y axis. The solid black line through the data is fit to
a single exponential equation. The kinetics of change in cysteine accessibility
during unfolding as monitored by MMTS labeling is shown in green according
to the right y axis. Fractional labeling (green circle) is plotted against the time
of application of the labeling pulse (6-ms pulse of 20 mM MMTS) after the
commencement of unfolding in 3.4 M GdmCl. The green solid line is a fit of the
MMTS labeling data to a single exponential equation. D shows the accessibility
(protection factor) of Cys53 to MMTS labeling in the unfolded protein (3.4 M
GdmCl) (green triangle and green dashed line), the native protein (0 M GdmCl)
(blue circle and blue solid line), and the initially expanded globule (red squares
and red dashed line). The lines through the data are drawn only to help visual
inspection. The extent of labeling is plotted against the duration of the la-
beling pulse containing 20 mM MMTS. For the initially expanded globule, la-
beling pulse was applied 500 ms after the initiation of the unfolding reaction
in 3.4 M GdmCl.
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was incubated in different concentrations of GdmCl ranging from zero to 5M
for 12 h, and the equilibrium fluorescence signals were measured. Sample
excitation was carried out at 295 nm, and emission was monitored at 360 nm.
The unfolding kinetics for S36C and S36C-TNB was measured on the Spex
Fluoromax 3 spectrofluorimeter, and for L136C and L136C-TNB on SFM-400.
The unfolding reactions of the unlabeled and TNB-labeled proteins were
carried out in an identical manner. Sample excitation was carried out at 295
nm, and emission was monitored at 360 nm. The unfolding reactions of the
unlabeled proteins were alsomonitored at 320 nmupon excitation at 295 nm.
All of the experiments were performed at pH 8with buffer containing 50mM
Tris and 50 mM KCl.

Thiol-Labeling Experiments. For DTNB-labeling experiments, the single cys-
teine containing variants of RNase H were diluted in solutions containing
1.3 mM DTNB and 0 M, 3 M, and 3.4 M GdmCl at pH 8 with buffer containing
50 mM Tris and 50 mM KCl. The unfolding reaction was monitored by the
change in absorbance at 412 nm due to the release of TNB molecules.

MMTS-labeling experiments were performed as described previously (33,
35). In brief, RNase H was unfolded in 3.4 M GdmCl inside a quenched-flow
machine (SFM-400 Q/S from Biologic), and a 6-ms pulse of 20 mM MMTS was
applied at different times of unfolding. The labeling reaction was quenched
by excess cysteine hydrochloride. Following this, the reaction mixture was
desalted and the total protein concentration was determined by measuring
absorbance at 280 nm. The amount of unreacted (free) thiol was determined
by absorbance at 412 nm after reaction with excess DTNB.

CD-Monitored Equilibrium and Kinetic Unfolding Experiments. Equilibrium and
kinetic unfolding of all of the proteins using far-UV CD was monitored on an
Aviv 410 spectropolarimeter as described earlier (29). The dead time of the
measurement for the manual kinetic experiments was ∼8–10 s.
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Preparation of TNB-Labeled Proteins. The TNB-labeled proteins
were obtained by incubating the guanidinium chloride (GdmCl)-
unfolded protein with a 100-fold molar excess of 5,5′-dithiobis
(2-nitrobenzoic acid) (DTNB) in 6 M GdmCl at pH 8.5. After
completion of the reaction, the labeled protein was separated
from free dye and GdmCl by the use of a PD-10 column (GE
Health Care Life Sciences). All of the proteins were found by
mass spectrometry to be >98% labeled, with an expected 197 Da
increase in the mass because of the addition of the TNB moiety.
Protein concentrations were determined by measurement of the
absorbance at 280 nm, using an extinction coefficient of 40,500
M−1·cm−1 for the unlabeled proteins. Because the TNB group
contributes to the absorbance measured at 280 nm, a correction
for its contribution was done for the labeled proteins, as de-
scribed earlier (1).

The Donors and Acceptors Appear to Rotate Freely Faster than the
Fluorescence Decay Rate of Donor. The value of R0, the Forster’s
distance, in Eq. 1 can be determined by using the equation:

R0 = 0:211
�
QDJκ2n−4

�1
6: [S1]

In Eq. S1, QD is the quantum yield of donor fluorescence, J is
the overlap integral, κ2 is the orientation factor, and n is refractive
index of the medium (2). Most of these parameters except the

orientation factor can be determined experimentally and have
been evaluated for Trp-TNB FRET pair in previous studies (1,
3). The Forster’s distance, R0, of the Trp-TNB FRET pair has
been shown to lie between 22 and 23 Å in [GdmCl] ranging
between 0 and 6 M for several different proteins, assuming
a value of 2/3 for κ2.
The value of κ2 depends on the relative orientation of the

transition dipoles of the donor and the acceptor. At present,
there is no direct way to measure κ2 in nonrigid experimental
setup. If the donor and the acceptor are oriented randomly with
respect to each other, the value of κ2 is 2/3 (2). This condition is
typically met when at least one of the two chromophores is ro-
tating freely at rates faster than the fluorescence decay.
In the case of RNase H, all of the tryptophan donors and the

residues S36 and L136 to which acceptor TNB moiety is attached
are on the surface of the protein. Side chains of the surface
residues of proteins rotate between different rotamers on the
timescale of tens of picoseconds (4). This timescale is faster than
the time constant of fluorescence decay of tryptophans (∼4–5 ns).
During unfolding, the segmental flexibility of dry molten globule
is likely to make the averaging of the orientations of donor and
acceptors even faster. Hence, using a value of two-thirds for κ2

appears reasonable. This is more justified in view of the fact that
tryptophan has multiple absorption transition dipoles, and there-
fore mixed polarizations (5).
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Fig. S1. TNB labeling does not perturb the secondary structure, stability, and kinetics of unfolding. (A, C, and E) S36C and S36C-TNB; (B, D, and F) L136C and
L136C-TNB. A and B show the far-UV CD spectra of the unlabeled native (solid cyan line), TNB-labeled native (solid dark red line), unlabeled unfolded (dashed
cyan line), and TNB-labeled unfolded (dashed dark red line) proteins. C and D show the equilibrium unfolding transitions of the unlabeled (cyan circles) and
TNB-labeled (dark red circles) proteins as monitored by change in fluorescence. The data for unlabeled proteins is collected at the emission wavelength of 320
nm and for TNB-labeled proteins at 360 nm after excitation at 295 nm. The fraction of unfolded protein is plotted against GdmCl concentration. The black
continuous lines through the data represent nonlinear least-squares fits to a two-state native⇌ unfolded model. E and F show the dependence of the observed
rate constants of unfolding on the concentration of GdmCl as monitored by the change in fluorescence signal at 320 nm for the unlabeled proteins (cyan
circles) and at 360 nm for TNB-labeled proteins (dark red circles), after excitation at 295 nm.

Fig. S2. Unfolding rate of (A) I7C, (B) A24C, and (C) I53C as measured by DTNB-labeling (filled triangles), MMTS-labeling (empty squares), and fluorescence
(empty circles).
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