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ABSTRACT: The role of van der Waals (vdW) packing interactions compared to the
hydrophobic effect in stabilizing the functional structure of proteins is poorly
understood. Here we show, using fluorescence resonance energy transfer, dynamic
fluorescence quenching, red-edge excitation shift, and near- and far-UV circular
dichroism, that the pH-induced structural perturbation of a multidomain protein leads to
the formation of a state in which two out of the three domains have characteristics of dry
molten globules, that is, the domains are expanded compared to the native protein with
disrupted packing interactions but have dry cores. We quantitatively estimate the
energetic contribution of vdW interactions and show that they play an important role in
the stability of the native state and cooperativity of its structural transition, in addition to
the hydrophobic effect. Our results also indicate that during the pH-induced unfolding,
side-chain unlocking and hydrophobic solvation occur in two distinct steps and not in a concerted manner, as commonly
believed.

The nature of physicochemical forces that stabilize the
functional native structure of proteins is poorly under-

stood.1−12 It is commonly believed that seclusion of hydro-
phobic amino acids from water (hydrophobic effect) is the
major contributor to the protein stability.1−4 The hydrophobic
amino acids are also tightly packed inside the protein core,
similar to the crystals of small organic molecules,13 in order to
maximize the strength of the van der Waals (vdW) interactions.
However, the role and energetic contribution of vdW
interactions relative to hydrophobic effect in stabilizing protein
molecules is not yet clear.5−8,11,12

Wet molten globules (WMG) have been observed as
equilibrium and kinetic intermediates during the folding of
many proteins.14−20 WMG possess substantial secondary
structure and a fluctuating tertiary structure with perturbed
side-chain packing and water-solvated hydrophobic core.
Theoretical studies of the thermodynamics of protein unfolding
predict that a side-chain unlocking step, resulting in the
formation of dry molten globules (DMG), precedes hydro-
phobic solvation during protein unfolding.21,22 According to
these theoretical studies, DMG are expanded forms of the
native protein in which tight side-chain packing interactions are
ruptured, but the water molecules have not penetrated the
hydrophobic core. In contrast to WMG, experimental evidence
for DMG have come mainly from kinetic studies in which they
have been observed as transient initial intermediates during
protein unfolding.23−29 It is important to identify them under
equilibrium conditions where detailed structural character-
ization using high-resolution probes can be done and
thermodynamic contribution of hydrophobic desolvation and
side-chain locking in protein stability can be dissected.
However, until date DMG have been reported at equilibrium

in limited cases and involve only small single domain
proteins.19,30,31

Various fundamental questions related to DMG remain
unanswered.11,27,32 Are DMG universal protein folding
intermediates and form during all kinds of unfolding reactions?
Is the core of DMG solid-like as in the native protein or like a
molten liquid? What is the protection factor of DMG? When
does the hydrophobic solvation occur? Are side-chain packing
interactions disrupted uniformly or only in selective regions of
the protein structure? In DMG, are all regions of the
hydrophobic core of the protein dry or is the dryness only in
patches? It becomes more important to determine the answers
to these questions for multidomain proteins because for large
proteins there exists a possibility that some regions have
characteristics of DMG whereas others behave like WMG.
However, to the best of our knowledge, DMG-like domains
have not been identified in any multidomain protein until date.
In this study, we have used a battery of spectroscopic probes

including near- and far-UV circular dichroism (CD),
fluorescence resonance energy transfer (FRET), dynamic
fluorescence quenching, and red-edge excitation shift (REES)
to dissect the pH-induced structural perturbation of a well-
studied multidomain protein, human serum albumin (HSA)
(Figure 1A), into distinct structural events characterized by
changes in secondary and tertiary structure, protein expansion,
side-chain unlocking, hydrophobic solvation, and solvation
dynamics of the protein matrix. The structure of HSA consists
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of three domainsI, II, and IIIand each of them is divided
into two subdomains, A and B (Figure 1A). It has been
demonstrated earlier that in the low pH forms of HSA, domain
III remains fully unfolded, but there are only subtle structural
changes in domain I and II.33 Here, we report that decrease in
pH of the solvent leads to the formation of a state, in which
domain I and domain II of the protein have characteristics of
DMG. We discuss the implications of this observation for
protein stability and the mechanism of pH-induced protein
denaturation.
We observed that the fluorescence of the sole tryptophan

residue, W214, of HSA changes in two distinct sigmoidal steps
on decreasing the pH from 7.0 to 1.0 (Figure 1B), indicating
that the protein undergoes two structural transitions, coupled
to the protonation of two ionizable groups [see the Supporting
Information (SI)]. The midpoints of the two transitions are
estimated to be at pH 3.7 and pH 2.7. It has been reported that
the native form (N) of HSA transforms into a fast migrating
form (F) between pH 5.0 and 3.5 (N ⇌ F transition), and the
F form converts into an acid-expanded or the extended (E)
form below pH 3.5 (F ⇌ E transition).33−36 Our biphasic pH
titration data monitored by W214 fluorescence supports this
conclusion. The pH titration of the protein was also monitored
by far-UV CD signal at 222 nm (Figure 1B). We observed that
there is no apparent change in the secondary structure during F
⇌ E transition and the change in secondary structure from the
N to either F or E form occurs in a single sigmoidal step, with
the midpoint of transition at pH 3.6.
We explored whether the formation of the E form (at pH

2.2) from N form (at pH 7.0) is accompanied by any expansion
in the dimension of the protein using FRET. W214, which is
located in a helical segment of domain II, served as the donor
(D) fluorophore. There are 35 cysteine residues in HSA, 34 of

which form 17 disulfide bridges. The sole free thiol moiety,
C34, located at the N-terminal of helix 3 in domain I, was
labeled with the fluorescent dye 5-((((2-iodoacetyl)amino)-
ethyl)amino)naphthalene-1-sulfonic acid (1,5-IAEDANS),
which served as the acceptor (A) fluorophore. We observed
that C34 can be quantitatively labeled with 1,5-IAEDANS (SI,
Figure S1), as has been observed previously for other
fluorescence dyes,37 and that the secondary structure and
thermodynamic stability of the unlabeled (HSA) and the 1,5-
IAEDANS labeled (HSA-IAEDANS) proteins are similar (SI,
Figure S2). The absorbance spectrum of C34-IAEDANS
overlaps with the emission spectrum of W214 (SI, Figure S3)
(forming a FRET pair), and this pair has been used previously
to monitor the change in distances during folding and
unfolding of proteins.38 The fluorescence of W214 is quenched
significantly in the N form of HSA-IAEDANS (Figure 1C)
because of the spatial proximity with C34-IAEDANS. However,
it is not quenched in the urea unfolded protein (U form), both
at pH 7.0 and at pH 2.2 (Figure 1C and D), where W214 and
C34-IAEDANS are farther than the FRET distance. This
observation indicates that C34-IAEDANS quenches the
fluorescence of W214 in a distance-dependent manner. The
extent of quenching of W214 by C34-IAEDANS in the E form
is significantly less than that in the N form (Figure 1D). We
used the data on HSA and HSA-IAEDANS, in Figure 1C and
D, to quantitate the change in FRET efficiency (E) and D−A
distance (R) during N ⇌ E transition, using eq 139
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The fluorescence signal of W214 in HSA at the wavelength
of the maximum emission was taken as FD and that in the HSA-
IAEDANS was taken as FDA. We experimentally determined the
value of Forster’s distance, R0, in the N form to be ∼25.8 Å, and
in the E form to be ∼23.8 Å, respectively (SI, Figure S3 and
Table S1). The D−A distance in the N form was determined to
be ∼29.6 Å and that in the E form to be ∼33.1. This result
indicates that the protein is expanded by ∼3.5 Å in the E form
compared to the N form, along the axis connecting C34-
IAEDANS and W214. Because vdW interactions have a steep
dependence on the interatomic distances, the movement of the
helix containing C34-IAEDANS in domain I and the helix
containing W214 in domain II away from each other by ∼3.5 Å
in the E form must be accompanied by severe disruption of the
side-chain packing interactions involving these helices. We also
observed that the fluorescence of 18 tyrosine residues that are
distributed throughout the structure of HSA is quenched
dramatically in the N form due to FRET with W214, but the
extent of quenching decreases significantly in the E form (as in
the U form) (SI, Figure S4), suggesting that in the E form the
expansion of the protein might be global in nature.
We next investigated the water solvation of protein core in

domain I and domain II. The fluorescence Stokes shift of a
fluorophore is a very sensitive measure of the polarity of its
surrounding medium. We monitored the changes in the
hydrophobicity of domain I by monitoring the wavelength of
the maximum fluorescence emission, λmax

em , of C34-IAEDANS as
a function of pH. In the N form, C34-IAEDANS is buried
inside the hydrophobic core and its λmax

em is 468 nm, which shifts
toward red to 489 nm in the water-solvated U form (Figure
2A). We observed that in the E forms at pH 2.2 and pH 1.0,
λmax
em of C34-IAEDANS are 470 and 468 nm, respectively,

Figure 1. pH dependence of conformation of HSA. (A) Structure of
HSA drawn from PDB file 1AO6 using the program PyMOL. (B)
Change in fluorescence emission of W214 at 340 nm and the mean
residue ellipticity at 222 nm are plotted against pH, according to the
left and the right y axis, respectively. The blue and red lines through
the data are fits to a 2-state and a 3-state pH titration model,
respectively (eqs S1 and S2, SI). pH-induced expansion of HSA
monitored by FRET at (C) pH 7.0 and (D) pH 2.2. Fluorescence
emission spectra of HSA and HSA-IAEDANS are shown in the
absence (N form and E form) and the presence of 9 M urea (U form).
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indicating that inner core of domain I retains its native-like
hydrophobicity and is not accessible to water.
In the N form, W214 is partially buried in the hydrophobic

core of the domain II and its λmax
em is ∼342 nm (Figure 2B). In

the U form, W214 is fully solvated by water, and we observed
that the λmax

em is red-shifted to ∼348 nm (Figure 2B). In the E
forms at pH 2.2 and pH 1.0, λmax

em is blue-shifted to ∼333 nm,
indicating that the inner core of domain II is hydrophobic and
not accessible to water. It appears that the loosening of side-
chain packing in domain II due to protein expansion allows the
movement of W214 side-chain to more hydrophobic environ-
ment. It is possible that this movement of W214 brings it in the
proximity of disulfide bonds, histidine residues, or carboxyl
groups, any of which can quench its fluorescence intensity39

(Figure 1B).
Because the cores of domain I and domain II are

hydrophobic but loosely packed in the E forms, we next
employed dynamic fluorescence quenching experiments39−41

and explored whether transient structural fluctuations allow the
buried C34-IAEDANS and W214 side-chains to come in
molecular contact with quencher molecules on the periphery of
the protein structure. Dynamic fluorescence quenching is
described by the Stern−Volmer equation as39

τ= + = +
F
F

K Q k Q1 [ ] 1 [ ]0
SV q 0 (2)

We measured the fluorescence intensities of C34-IAEDANS
(Figure 2C) and W214 (Figure 2D) in the absence (F0) and in
the presence (F) of different concentrations of acrylamide (Q),
a neutral collisional quencher of IAEDANS and tryptophan
fluorescence, in the N form, E forms, and the U forms. (F0/F)
was plotted against [acrylamide] (Figure 2C and D) and the

slope of the straight line yielded the value of Stern−Volmer
constant, KSV (eq 2). The values of KSV under different
conditions are listed in Table S2 (SI). We observed that for
C34-IAEDANS, the values of KSV in the E forms at pH 2.2 and
1.0, are intermediate between that in the N form and the U
form (Figure 2C). For W214, the values of KSV in the E forms
at pH 2.2 and 1.0, are slightly lower than that in the N form
(Figure 2D). Using the values of KSV, we determined the values
of k q, the bimolecular rate constant for the formation of the
molecular contact between the fluorophore and acrylamide in
the photoexcited state of the fluorophore (KSV = k qτ 0). The
values of τ0, the intensity averaged fluorescence lifetime, were
measured separately under above conditions (SI, Figure S5)
and are listed in Table S2 (SI).
We observed that for C34-IAEDANS, the value of kq is 3.7 ×

108 M−1 s−1 in the water-exposed U form, which decreases to
1.2 × 108 M−1 s−1 in the N form (Figure 2C (inset)) due to the
burial of C34-IAEDANS in the protein structure. For W214,
the value of kq is 4.4 × 109 M−1 s−1 in the U form, which
decreases to 1.0 × 109 M−1 s−1 in the N form (Figure 2D
(inset)). The values of kq in the N and U forms are only 3.1-
fold and 4.4-fold different, respectively, for C34-IAEDANS and
W214. This difference, however, is significant as the errors in
the values of kq are unlikely to be more than ±10%, considering
the small errors associated with the determination of the slopes
of the straight lines (values of KSV) and in the measurement of
the fluorescence lifetimes (values of τ0). We observed that for
C34-IAEDANS, the values of kq in the E forms at pH 2.2 and
pH 1.0 are 1.9 × 108 M−1 s−1 and 1.8 × 108 M−1 s−1,
respectively, which are intermediate between that in the N form
and the U form (Figure 2C (inset)). For W214, the values of kq
in the E forms at pH 2.2 and pH 1.0 are 1.1 × 109 M−1 s−1 and
0.9 × 109 M−1 s−1, respectively, which are similar to that in the
N form (Figure 2D (inset)). Fluorescence quenching for the
fluorophores that are buried inside the hydrophobic core of
proteins occurs through nanosecond (ns) structural fluctuations
that expose the fluorophore to the quencher.40,41 The above
results suggest that in the E forms, the core of domain I exhibits
faster structural fluctuations than the native protein, whereas
domain II has native-like structural flexibility.
It is not fully understood whether the inner core of DMG is

solid-like as in the native proteins or like a molten liquid as
expected by disruption of the side-packing interactions.11,27,32

We explored the solvation dynamics of the protein matrix in
domain II using REES experiments39,42 on W214. In general,
λmax
em of a fluorophore does not depend on the excitation
wavelength. However, we observed that the λmax

em of W214 in the
E forms at pH 2.2 and pH 1.0, respectively, shifts to ∼339 nm
and ∼338 nm from ∼333 nm, when it is excited at 305 nm (at
the red-edge of the excitation spectrum) compared to 295 nm
(Figure 3A and B). In contrast, the λmax

em of W214 remains
constant at ∼348 nm in the U form (Figure 3A (inset) and B)
and changes nominally from ∼342 nm to ∼344 nm in the N
form (Figure 3B), when the excitation wavelength is changed
from 295 to 305 nm.
REES is a special case of fluorescence emission that occurs

for polar fluorophores when (a) there exist a heterogeneous
distribution of solvent dipoles around the fluorophore resulting
in a broad distribution of solvent-fluorophore interaction
energies and (b) the relaxation of solvent dipoles is slower
than the fluorescence lifetime of the fluorophore, as in a highly
viscous solvation environment.39,42 In the U form, no REES is
observed because W214 is surrounded by highly dynamic water

Figure 2. pH dependence of the solvation of hydrophobic core of
domains I and II. Comparison of fluorescence spectra at different pH
of (A) C34-IAEDANS and (B) W214. For comparison, each spectrum
in A and B is normalized to the value of 1 at its emission maximum.
Stern−Volmer plots for quenching of fluorescence of (C) C34-
IAEDANS and (D) W214 by acrylamide. The solid lines through the
data are fits to the equation ((F0/F) = 1 + KSV[Q]). Insets in panel C
(C34-IAEDANS) and in panel D (W214) compare the values of the
bimolecular quenching constant, kq (see text).
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molecules. In the N form, W214 is located in a partially
exposed hydrophobic cavity. The small magnitude (∼2 nm) of
REES observed in the N form implies that the complex
solvation environment around W214 is less dynamic than the U
form. In the E forms, W214 is buried in the hydrophobic core
of domain II (Figure 2B and D). Hence, the large magnitude
(∼5−6 nm) of REES observed in the E form indicates that in
this dry globular form the solvation environment created by the
dipoles of protein matrix is highly heterogeneous and is similar
to a molten and viscous liquid.42

We compared the global secondary structure and side-chain
packing in the N form and the E form using far-UV and near-
UV CD spectrum (Figure 4A and 4B). The mean residue
ellipticity (MRE) at 222 nm, a measure of the α-helical content
in proteins, is −28350 ± 3550 deg cm2 dmol−1 in the N form,
−6500 ± 1000 deg cm2 dmol−1 in the U form, and −21400 ±
2000 deg cm2 dmol−1 in the E forms at pH 2.2 and pH 1.0.
These results indicate that E forms retain ∼68% of the α-helical
content of the N form. It has been demonstrated previously
that domain III gets fully unfolded in the E form,33 which
apparently corresponds to melting of roughly one-third of the
protein structure and contributes to ∼32% change in the
hydrogen-bonded secondary structure during N⇌ E transition.
The changes in the fluorescence of W214 during pressure-
induced denaturation also reveal that domain III of HSA
unfolds prior to domain II.43

There are 31 phenyl alanine residues packed tightly in the
hydrophobic core of the N form and the near-UV CD spectrum
appears to be dominated by their chirality. The observed near-
UV CD spectrum has fine structures mainly in the 255 to 270
nm region (Figure 4B). The MRE at 261 nm in the N form is
−275 ± 25 deg cm2 dmol−1. The MRE at 261 nm in the E
forms at pH 2.2 and pH 1.0 are −200 ± 15 deg cm2 dmol−1

which is very similar to the value of −175 ± 15 deg cm2 dmol−1

in the U form. As expected for a dry molten globular structure,
these results indicate that the core packing interactions are
severely disrupted in the E form compared to the N form.
In the E forms, domain I and II retain their secondary

structure and have dry cores, but vdW packing interactions are
severely disrupted. We used these observations to estimate the
relative contributions of vdW interactions and hydrophobicity
of the protein cores, in domain I and II, in the stability of the N
form (see the model energy diagram in Figure 5). We measured

the thermodynamic stabilities of the N form and the E form by
the urea-induced equilibrium unfolding transitions at pH 7.0
and pH 2.2 which, respectively, represent N ⇌ U and E ⇌ U
transitions, using fluorescence (Figure 4C) and far-UV CD
(Figure 4D). For N ⇌ U transition monitored by both
fluorescence and far-UV CD, the equilibrium values,
respectively at 340 and 222 nm, show a cooperative or
sigmoidal dependence on the concentrations of urea. The
values of the free energy of unfolding (ΔGN−U) and the slope of
the transition (mN−U, which represents the change in the
solvent accessible surface area), as extracted from fitting the
data to a two-state equation,44 are 5.2 kcal mol−1 and 1.21 kcal
mol−1 M−1 for fluorescence monitored transition and 5.1 kcal
mol−1 and 1.24 kcal mol−1 M−1 for far-UV CD monitored
transition.

Figure 3. Dependence of wavelength of maximum fluorescence
emission (λmax

em ) of W214 on the wavelength of excitation (λex) as a
function of pH. Panel A and its inset, respectively, show the
representative fluorescence emission scan of W214 at pH 2.2 and in
the U form when excited at different λex. For comparison, each
spectrum in (A) and its inset has been normalized to the value of 1 at
its emission maximum. (B) λmax

em is plotted as a function of λex. In panel
B, the solid lines through the data are drawn to guide the eye.

Figure 4. Changes in the secondary (A) and the tertiary structure (B)
and the changes in the stability (C, D) of HSA as a function of pH.
Urea-induced equilibrium unfolding transitions of the N form and the
E form monitored by the change in fluorescence of W214 at 340 nm
(C) and by the change in far-UV CD signal at 222 nm (D). In the
inset of panel C, fraction of unfolded protein is plotted against [urea].
The solid lines in panel C (and its inset) and through pH 7.0 data in
panel D are fits to a two-state model.44 The solid red line through pH
2.2 data in panel D is drawn to guide the eye.

Figure 5. Model energy diagram.
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The E form appears to be severely destabilized compared to
the N form. The E ⇌ U transition monitored by fluorescence
appears sigmoidal, and the values of ΔGE−U and mE−U,
extracted from the two-state fit, are 2.1 kcal mol−1 and 0.82
kcal mol−1 M−1 (Figure 4C). These values can be used to
determine ΔGN−E (ΔGN−E = ΔGN−U − ΔGE−U) and mN−E
(mN−E = mN−U − mE−U). The value of mN−E is 0.39 kcal mol−1

M−1. It is important to note that the value of mN−E corresponds
to ∼32% of mN−U, indicating that ∼32% of the protein core is
accessible to water in the E form due to the unfolding of
domain III, which is in a very good agreement with the results
of far-UV CD experiments (Figure 4A). Hence, the change in
m-value during N ⇌ E transition is not due to the water
solvation of domain I and domain II. The value of ΔGN−E = 3.1
kcal mol−1. Assuming an intermediate state E* (see Figure 5) in
which domain III is completely solvated and unfolded but side-
chain packing interactions in domain I and II remain intact,
ΔGN−E can be divided into two parts: (a) ΔGN−E*, due to the
unfolding of domain III during N ⇌ E* transition; and (b)
ΔGE*−E, due to the disruption of vdW packing interactions in
domain I and II during E*⇌E transition. If we assume that N
form loses roughly ∼32% of its stabilization energy (ΔGN−U)
due to the unfolding of domain III during N ⇌ E* transition,
as suggested by the m-value and the far-UV CD measurements
(see above), then the value of ΔGN−E* will be 1.7 kcal mol−1

and the value of ΔGE*−E will be 1.4 kcal mol−1. The total
contribution of domain I and II in the stability of the N form
will be, then, given by the sum of ΔGE*−E and ΔGE−U, which is
3.5 kcal mol−1. A comparison of ΔGE*−E with ΔGE−U (which is
mainly due to the hydrophobic solvation of the cores of domain
I and II) reveals that vdW packing and hydrophobic desolvation
in domain I and II contribute in a 40:60 ratio in the
thermodynamic stability of the N form.
We observed that the secondary structure in the E form

unfolds in a gradual and noncooperative fashion (Figure 4D).
This result suggests that (a) DMG might not be discrete states
but an ensemble of loosely packed forms and (b) the
cooperativity of the structural transition observed during the
folding reaction of proteins is closely associated with the
development of the side-chain packing interactions.45,46 This
result also supports the phase diagram of the previous
theoretical studies,21,22 which predicted that the transition of
DMG to the fully unfolded state upon entry of water into
protein interior is a continuous swelling process.
It is important to note that DMG-like expanded state was

originally postulated to be the hypothetical transition state
during the unfolding reaction of proteins.21,22 However, here
and in a few other studies, they have been observed as
unfolding intermediates,27,32,47 which probably lie on the
native-side of the free-energy barrier. DMG-like intermediates
have been observed when the free-energy landscape of proteins
have been modulated by denaturants,23−26,29 pressure,31,48 and
pH.19 For the small protein HP35, the DMG-like state has been
shown to exist in equilibrium with the native state.30 It has also
been observed that the unlocked and conformationally flexible
DMG-like state of HP35 is compact in volume than the native
state,49 but the transition state for native to DMG transition is
expanded.49 Recent NMR studies on a mimic of the initial
kinetic intermediate of RNase H suggest that the intermediate
states with dry cores can probably also form on the unfolded-
side of the free-energy barrier.50 DMG-like states have also
been observed in molecular dynamic simulations of folding
transitions of model hydrocarbon chains.51 In total, above

studies appear to suggest that DMG-like intermediate states
might be a general feature of the free-energy landscape of
protein folding as predicted in a recent theoretical study.52

In summary, we have shown that the domain I and domain II
of HSA resemble a DMG in the low pH state of the protein
implying that DMG-like characteristics can be localized in a
multidomain protein. We observed that (a) the domains are
expanded at low pH compared to the native protein and that
the side-chain packing is disrupted, but the hydrophobic core is
not solvated by water; (b) the hydrophobic core of domain I
exhibits ns structural fluctuation and that of domain II
resembles a viscous and molten liquid in the DMG-like state;
(c) the secondary structure in the DMG-like state unfolds in a
gradual manner; (d) side-chain packing interactions contribute
significantly to the protein folding cooperativity; and (e) the
vdW interactions and hydrophobic effect in domain I and
domain II relatively contribute in a 40:60 ratio toward the
stability of the native state, indicating that side-chain packing
plays a significantly important role in protein stability. Our
observation of DMG-like intermediate during the pH-induced
unfolding has an important implication for the mechanism of
action of protons in unfolding proteins. According to the
traditional mechanism, the electrostatic repulsion created by
the protonation of surface residues results in protein swelling,
side-chain unlocking and water penetration into the hydro-
phobic core in a single concerted step.2,3 Our results, however,
indicate that rupture of tight side-chain packing interactions
and hydrophobic solvation are two distinct structural events
during the pH-induced unfolding of proteins. DMG-like
intermediates are usually not very stable under equilibrium
conditions. In the case of HSA, it appears that the loss in
enthalpy due to disruption of side-chain packing interactions is
fairly compensated by the gain in conformational entropy of the
protein, providing enough stability to the DMG-like state to be
populated at equilibrium. Finally, the results of this study have
important implications for signaling and other proteins where
the function is dictated by entropy-driven conformational
changes.32,53−55
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