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Hydration of denatured and molten globule

proteins

Vladimir P. Denisov’, Bengt-Harald Jonsson? and Bertil Halle'

The hydration of nonnative states is central to protein folding and stability but has been probed mainly by indirect
methods. Here we use water 70 relaxation dispersion to monitor directly the internal and external hydration of a-
lactalbumin, lysozyme, ribonuclease A, apomyoglobin and carbonic anhydrase in native and nonnative states. The
results show that nonnative proteins are more structured and less solvent exposed than commonly believed. Molten
globule proteins preserve most of the native internal hydration sites and have native-like surface hydration. Proteins
denatured by guanidinium chloride are not fully solvent exposed but contain strongly perturbed occluded water.
These findings shed new light on hydrophobic stabilization of proteins.

The current view of protein folding and stability is largely based on
a generic structural classification into native (N), compact dena-
tured or molten globule (MG), and unfolded or denatured (D)
conformational states'~!?. Whereas the N state has been character-
ized at high resolution, many aspects of the D and MG states are
still poorly understood. Considering the widely acknowledged
importance of protein—solvent interactions for stability and fold-
ing, remarkably little is known about nonnative protein hydration.
Structural studies of the D and MG states have naturally focused
on the properties of the polypeptide chain; its degree of compact-
ness, secondary structure, tertiary fold, and side-chain packing.
Inferences about hydration have usually been indirect (where the
peptide chain is not, there is solvent) or have relied on uncertain
premises. Small-angle X-ray scattering (SAXS), dynamic light
scattering (DLS), optical rotation and viscosity data have often
been taken to indicate that the D state induced by strong denatu-
rants (and disulfide reduction) approaches a random coil!, imply-
ing that the polypeptide chain is exposed to bulk solvent. This
view of the D state is implicit in all solution transfer models of pro-
tein stability!"'2. Evidence is mounting, however, for residual non-
random structure in the D state of many proteins®®°. For the N —
MG transition, the typical 30% volume expansion derived from

HolLA

SAXS and DLS data'>' and the extensive exposure of hydropho-
bic residues suggested by the finding that the heat capacity of the
MG state is midway between that of the N and D states” have been
taken to imply that hundreds of water molecules penetrate the MG
protein (except for a relatively small hydrophobic core)>”#17-19,
Accordingly, theoretical models of the MG state invariably invoke
a substantial internal hydration?-22,

Protein hydration, even for the N state, has long been shroud-
ed in controversy?*. In recent years, however, high-resolution 'H
nuclear Overhauser effect (NOE) spectroscopy? and 7O mag-
netic relaxation dispersion (MRD)? have provided unambigu-
ous structural and dynamic information about the internal
(buried) and external (surface) hydration of globular proteins in
solution. These two NMR techniques are largely complemen-
tary; while the MRD method lacks the intrinsic spatial resolution
of the NOE method, it provides more direct information about
the extent (number of water molecules), order (orientational
order parameter) and dynamics (rotational correlation time and
residence time) of hydration water. Moreover, slow conforma-
tional exchange and side-chain disorder, which severely impair
the resolution in 'H spectra of nonnative proteins, do not pose
any problems in MRD work.

Fig. 1 Crystal structures of human a-lactal-
bumin (PDB file THML), lysozyme (2LZT) and
ribonuclease A (7RSA) showing potentially
long-lived internal water molecules, disul-
fide bonds (yellow), and the Ca2+ ion (green)
in a-lactaloumin. All displayed water mole-
cules have thermal B-factors <20 A2 and are
extensively hydrogen bonded?’; they are col-
ored red (buried, solvent-accessible area, Ag
= 0), magenta (partly buried, As <10 A2), or
orange (metal coordinated). For a-lactalbu-
min, only water molecules conserved in the
human and baboon structures are shown
(the structure of the bovine protein has not
been reported).
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Table 1 Hydration parameters derived from 7O MRD data from solutions of native,

denatured and molten globule proteins

interpretation of volumetric and calori-
metric data and have important implica-

tions for the understanding of protein

Protein State' C,2(mM) pH* [GdmCI] (M) Npq (103) N;Sg2 15 (Ns) . .
BaLA N 19 84 - 1834006 32202  69s04 Stabilityandfolding
I?R 13 ;g 2:2 3.63-2003.04 037 f 008 638 f 19 Intte_rnal antd_external hydration of
M 120 20802 16202 74208 \p Ll S of the water 7O longitudi-
D 39 5.0 7 2300 0452010 42s1 nal relaxation rate, R, over a wide fre-
bR 39 50 7 2,30 = 0.05 B B quency range can discriminate between
RNase A N 38 40 - 21001 23203  36s03 nternal hydration by water molecules
b 38 40 4 2525003 021£006 56+13 trapped in cavities or deep surface pockets
DR 38 40 4 359 +0.02 B B ?md external ‘hydratlon bY. water moleculgs
apoMb N 2.0 5.9 - 28+02 1264017 88«12 1contactwith the protein surface®. This
MG 20 43 B 25401 0815011 89411 d1scr1m1nat10n is ba§ed on the water resi-
D 20 22 - 1802006 0332005 106217 9¢NCetime Ty, thatis, the mean time that
HCAIl N 25 9.0 _ 702044 814120 Meg & part{cular water molecule occupies a
b 55 8.7 4 105+ 0.6 B B given site. Only water n?olecu!es Wlth Tw
MG 075 30 i 6.9+ 03¢ 914040 26+ 3 longer than ~1 ns contribute significantly

to the frequency dependence of R, (the

N, native; D, denatured; DR, denatured and reduced; MG, molten globule.
2Protein concentration (before addition of dry Gdmcl).
3Parameter value frozen in the fit.

4Average parameters obtained from bilorentzian fit to longitudinal and transverse MRD data.

relaxation dispersion). The dispersion fre-
quency yields the correlation time Tg =
(1/Tg + 1/Ty)"", where Ty is the rotational
correlation time of the protein (5-10 ns

A recent study of thermally denatured bovine ribonuclease A
(RNase A) demonstrated the potential of the MRD method for
characterizing the hydration (and side-chain flexibility) of non-
native proteins?. Here we report the results of a water 7O MRD
study of eight isothermally prepared nonnative protein states:
the acid-induced MG states of bovine O-lactalbumin (BaLA),
horse apomyoglobin (apoMb) and human carbonic anhydrase II
(HCAII), the guanidinium chloride (GdmCl)-induced dena-
tured (D) and denatured-reduced (DR) states of hen lysozyme
(HEWL), BaLA, RNase A and HCAII, and the acid-denatured
state of apoMb. For reference, we also studied the N state of these
five proteins as well as amino acid mixtures. To our knowledge,
this is the first direct study of the state of water interacting with
nonnative proteins in molten globule and extensively solvent-
denatured states.

Our results indicate that nonnative proteins are more struc-
tured and less hydrated than commonly believed. The three
investigated MG proteins all contain long-lived (>10 ns) water
molecules in numbers comparable to the N state, indicating
native-like and persistent tertiary structure at these internal loca-
tions. Furthermore, we find no support for the view that the
N — MG transition is accompanied by a massive influx of water.
For the three investigated proteins, the surface hydration of the
MG state closely resembles that of the N state.

Surprisingly, BaLA, HEWL and RNase A were all found to
contain long-lived (internal) water in the fully GdmCl-dena-
tured state, indicating persistent residual structure. For each of
these proteins, disruption of the four disulfide bonds eliminated
the long-lived hydration sites. In contrast, the GdmCl-denatured
state of HCAII contains no long-lived water, consistent with the
absence of disulfide bonds in this protein. According to the MRD
results, the external hydration of acid-denatured apoMb resem-
bles that of a fully solvent-exposed polypeptide chain, whereas
the GdmCl-denatured and disulfide-reduced proteins seem to
adopt a more compact structure where the occluded water is
more dynamically perturbed. The present MRD results on the
hydration of nonnative proteins are at variance with the usual
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here), while the magnitude of the disper-

sion step provides the product, NgSg?, of
the number, Ng, and mean-square orientational order parame-
ter, Sg?, of long-lived water molecules (see Methods). Previous
MRD studies of native proteins have established that internal
water molecules (buried or otherwise trapped) are sufficiently
long-lived to contribute to the dispersion?”-?. The potentially
long-lived water molecules can usually be identified from high-
resolution crystal structures, as illustrated in Fig. 1 for three of
the proteins studied here.

At frequencies above the dispersion region, the relaxation rate
remains well above the bulk solvent value. This high-frequency
relaxation enhancement is due to a large number, N, (~500 for a
15 kDa protein) of short-lived (Ty, <1 ns) water molecules in
contact with the protein surface. The MRD data provide a global
measure of this external hydration in the form of the product
NgPg> involving the relative dynamic retardation py = (Ty /
Tyux-1), with T, the rotational correlation time averaged over all
surface sites and T, the rotational correlation time in the bulk
solvent (~3 ps in D,0 at 27 °C).

As a reference point, we consider first the hydration of native
proteins. Provided here are the 7O MRD profiles of the native
forms of BOLA, HEWL and RNase A (Fig. 2). The quantities NP,
NpSg? and Tg derived from these profiles (see Methods) are listed in
Table 1. These three proteins have similar mass (13.7-14.2 kDa),
volume (16.2-16.4 nm?) and solvent-accessible surface area
(65.1-71.5 nm?), and all have four disulfide bonds. They also have
similar amounts of internal hydration, with six to seven potentially
long-lived water molecules (Fig. 1). The magnitude of the disper-
sion step, proportional to the product of NgSg? and Tg (see equation
1), is smallest for RNase A since all of its six potentially long-lived
water molecules reside in surface pockets and, consequently, have
relatively short residence times, Ty, = 8 ns at 27 °C?, accounting for
the short T in Table 1. BALA and HEWL have closely similar NgSg?
values, despite the presence of two calcium-bound water molecules
(presumably long-lived?) in BaLA. As expected from their struc-
tural homology, BaLA and HEWL have identical external hydra-
tion (NgPq), slightly smaller than for RNase A. Estimating N, by
dividing the solvent-accessible surface area by 15 A2, we obtain a
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Fig. 2 Frequency dependence of water 70 excess longitudi-
nal relaxation rate from solutions of a-lactalbumin,
lysozyme and ribonuclease A in the native (O), GdmCl-dena-
tured (@) and GdmcCl-denatured-reduced (X) states. The
HEWL and RNase A data have been scaled to the same
water/protein mole ratio (N; = 28,500) as used for BaLA. The
curves represent fits according to equation 1. Solution con-
ditions and fitted hydration parameters are given in Table 1.

lived sites in the N state). The residence time of this

@ 20

water molecule would have to be longer than Tg (~5
ns) and shorter than (wy?SgTy)! = 5-10 ps®.
Alternatively, the small dispersion step from the
disulfide-intact D state could be produced by a larger
number of weakly ordered water molecules that
remain within a constrained region for >5 ns.
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relative dynamic retardation Py in the range 3.9-4.4, as for other
small proteins?’.

To elucidate the molecular basis of the dynamic retardation
factor py for native and nonnative proteins, we measured the
water 7O relaxation rate in aqueous amino acid mixtures
(pH* 1.2-1.6, 27 °C) of the same composition and concentration
as in the investigated BALA and RNase A solutions. As expected,
the relaxation rate was independent of frequency (data not
shown). We thus obtained Nyp, = 1470 £ 100 per ‘protein’ for
both BOLA and RNase A. Since the difference in py between free
and polymerized amino acids is <10% (ref. 30), this result can be
taken as a reference value for a fully solvated polypeptide chain
of ~120 residues. With N, estimated as described above, we
obtain py = 1.3 £ 0.1, in accord with a previous 7O relaxation
study of amino acid solutions®. The larger dynamic retardation
factor, pq = 4, at the surface of native proteins is probably domi-
nated by a minority (<<N,) of water sites with concave (groove)
geometry and good hydrogen-bonding possibilities. (One third
of the water molecules at protein surfaces in crystals make two or
more hydrogen bonds to protein atoms?'.)

Hydration of proteins denatured by GdmCl

The complete unfolding of a native globular protein into a
solvent-exposed polypeptide coil should be strongly manifested
in the MRD profile. The relaxation dispersion should vanish,
since all cavities and pockets containing long-lived water mole-
cules are disrupted. The net effect on the high-frequency plateau
(NgPq) is less obvious. On the one hand, N, should increase by as
much as a factor of three as a result of the larger solvent-accessi-
ble area of the unfolded polypeptide chain. On the other hand,
the loss of surface sites with strong dynamic retardation should
decrease p, by a similar factor. Both of these trends will be mod-
ified by the presence of denaturant at high concentration in the
bulk solvent and at the polypeptide surface.

As predicted, the relaxation dispersion has vanished for BaLA,
HEWL and RNase A in the DR state, that is, denatured by high
GdmCl concentration and with the disulfide bonds reduced by
dithiothreitol (Fig. 2). For all three proteins, however, a small but
significant dispersion step remains in the D state, that is, when the
disulfide bonds are intact (Fig. 2). This dispersion can be account-
ed for by a single, moderately ordered water molecule trapped in a
small region with persistent structure, presumably near one of the
disulfide bonds (and not necessarily related to any of the long-
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‘ 50 i If disulfide reduction leads to further unfolding of
the polypeptide chain, it should also affect the
hydration parameter Nyp, that determines the
high-frequency plateau of the MRD profile. This is

the case for RNase A, but not for the homologous BAaLA and
HEWL (Fig. 2). Since the MRD profiles from the denatured
forms of BOLA and RNase A refer to similar GdmCl concentra-
tions (4.4 and 4.0 M), they can be compared directly. The data in
Fig. 2 thus indicate that the DR states of these two proteins have
nearly the same solvent exposure. When HEWL and BaLA are
studied at the same GdmCl concentration (7.0 M), nearly identi-
cal MRD profiles are obtained for the denatured states. The
smaller relaxation enhancement for HEWL seen in Fig. 2 is a
result of competitive solvation, with more surface water being
displaced at the higher GdmCI concentration (see below). Even
without a detailed analysis of competitive solvation, we can con-
clude that the DR states of the three investigated proteins are very
similar with respect to hydration (Nyp,) and, therefore, are like-
ly to have similar configurational statistics. The homologous
BaLA and HEWL also have very similar D states, whereas the
smaller relaxation enhancement for RNase A shows that the
hydration of its D state is less extensive (smaller N) or less
dynamically perturbed (smaller py). This is consistent with
reports of substantial residual helix content and aromatic side-
chain clustering in GdmCl-denatured RNase A>3,

To analyze quantitatively MRD data from solvent-denatured
proteins, we must recognize that GdmCl not only unfolds the
protein but also competes with water for solvation sites. To dis-
entangle these effects, we recorded '7O MRD profiles for BALA at
several GAmCI concentrations. The hydration parameters NP,
and NgSg? derived from these profiles (Fig. 3) are well described
by a two-state N — D transition with the free-energy difference
decreasing linearly with GdmCl concentration®. The coinci-
dence of the Nyp, and NgSg? transitions (Fig. 3) shows that the
release of the long-lived internal water molecules present in the
N state occurs in the same cooperative unfolding event as the
influx of short-lived water molecules into the expanded D state.
The apparent two-state behavior also shows that the MG inter-
mediate, which is maximally populated at GdmCl concentra-
tions of 2-3 M (ref. 5), cannot have a much larger number (Np)
of long-lived (internal) water molecules than the N state. A fit to
the combined Nyp, and NpSg? data yields a midpoint concentra-
tion, ¢y, 0f 2.6 + 0.2 M and an m value of 4.8 + 1.7 k] mol' M.
The close agreement of these values with those derived from the
far-UV CD curve®* suggests that the major hydration changes on
GdmCl denaturation are correlated with the disruption of sec-
ondary structure.
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Fig. 3 Variation with GdmCI concentration of the hydration 4

parameters NgSg2 (left) and Nqp, (right) derived from 70
MRD profiles from a-lactalbumin solutions. The solid curves
resulted from a fit of equations 2 and 3 to the combined
NgSg? and Nqp, data. The dashed curves show the effect of
displacement of surface water by GdmcCl on N,p, for the D
and N states .

According to the analysis of the GdmCl denatura-
tion data in Fig. 3, the reduction of Nypy above the
unfolding transition is due to the gradual replacement
of water by GdmCl at the surface of the denatured pro-
tein. This effect was modeled (see Methods) as a weak
binding of GdmCl at independent sites’>3, and the fit
in Fig. 3 gave an average GdmCI-binding constant (for
the D state) K, = 0.16 £ 0.07 M-, in good agreement
with calorimetrically determined K, values for HEWL
and RNase A%, This analysis allows us to extract
from the fit an intrinsic hydration parameter, [NyPq]p
= 5,600 £ 900, for the D state in the absence of GdmCl
competition (see the dashed curve in Fig. 3). Since this
value is a factor of 3.8 larger than for a fully hydrated polypeptide
chain, as estimated from measurements on amino acid mixtures,
we conclude that the D-state hydration is much more dynamically
perturbed (by at least a factor of four in py) than water in contact
with a fully exposed polypeptide chain. This suggests that a sub-
stantial fraction of the water molecules that penetrate the dena-
tured protein interact strongly with several polypeptide segments
and, therefore, that the structure of the D state contains relatively
compact domains. This view is consistent with the presence of a
collapsed core in 0-lactalbumin at high urea concentrations®. The
finding that NPy is unaffected by reduction of the four disulfide
bonds in BaLA and HEWL (Fig. 2) implies that the compact
domains are not due to topological constraints, although the loss
of the residual dispersion suggests that these domains become
more dynamic. While these qualitative conclusions about the
nature of the D state follow rather directly from the data, the quan-
titative inferences rely on several assumptions and are therefore
less firm. In particular, the deduced value of [Np,]p relies heavily
on the accuracy of the two points (4.4 and 7.0 M) above the
unfolding transition, on the validity of the weak-binding model,
and on the assumption that neither the configurational statistics
of the polypeptide chain nor the dynamic retardation factor pgy
(which is defined with respect to the bulk solvent) vary with the
GdmCl concentration in this range.

Hydration of molten globule proteins

According to the prevalent view, the N - MG transition is
accompanied by an influx of hundreds of water mole-
cules>”$17-22_Tf this is correct, a drastic change of the MRD pro-
file is expected. The dispersion step would vanish if the water
molecules buried in the native structure become accessible and
therefore short-lived. On the other hand, if some of the penetrat-
ing water molecules are long-lived (T, >1 ns) and at least moder-
ately ordered, the dispersion step would increase markedly. The
high-frequency relaxation enhancement (N,pq4) is expected to
increase, since most of the hundreds of penetrating water mole-
cules should be strongly retarded in their rotational dynamics
(even more so than in the GdmCl-induced D state).

The 70O MRD profiles from BaLA, apoMb and HCAII in their
N and acid-induced MG states are compared in Fig. 4, which also
includes MRD profiles from acid-denatured apoMb and
GdmCl-denatured HCAIL The results for the MG proteins are
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noteworthy in two respects. First, the MG state yields a sizeable
dispersion, comparable in magnitude to that of the N state.
Second, the high-frequency relaxation enhancement is nearly the
same for the N and MG states. As argued below, both of these
observations seem to be inconsistent with a major solvent pene-
tration of the MG.

For the native proteins, the magnitude of the dispersion step,
NgSg? = 3.2, 1.5 and 8.1 for BALA, apoMb and HCAII, correlates
well with the number of potentially long-lived water molecules
(Ng = 6, 2, and ~20, respectively) in crystal structures (PDB files
IHML, 1HRM and 2CBA, respectively). In native BOLA,
the Ca?" ion coordinates two (probably long-lived®®) water
molecules and resides in the same cavity (between the a- and
-subdomains) as three additional potentially long-lived water
molecules (Fig. 1). The 50% reduction of NSg? can therefore be
largely attributed to the loss of Ca?* affinity in the MG state04!.
Several studies have indicated that the 0-lactalbumin MG at pH
2 has a bipartite structure with an expanded 0-domain with
native-like tertiary fold and a predominantly unfolded
B-domain'®#2, Since there are no internal water molecules within
the native 0-domain (Fig. 1), the two or more (NySg? = 1.6) long-
lived water molecules in the MG state might be unrelated to the
native internal water molecules.

Native apomyoglobin has the smallest internal hydration
among the five proteins investigated here (Table 1). Native myo-
globin has an exceptionally loose packing, with internal cavities
(280 A3 in holoMb?) that appear to be empty in crystal struc-
tures. For holoMb, a previous MRD study?” gave NySg? = 2.3 +
0.2, slightly more than found here for apoMb, but the location of
the responsible internal water molecules has not been estab-
lished. According to 'H and C NMR, the structure of native
apoMb closely resembles native holoMb, except for the disor-
dered F helix near the empty heme pocket*>*. Also the MG state
of apoMb is highly structured, with essentially intact A, B, G and
H helices*, whereas the acid-denatured state (pH 2.3) retains
significant (20-35%) helicity only in helices A, D and H*. Unless
our 2 mM sample of acid-denatured (pH* 2.2) apoMb contains a
substantial fraction (~40%) of MG state, the small but signifi-
cant dispersion observed for this sample (Fig. 4) implies that the
residual structure in the D state is able to trap at least one long-
lived water molecule. In contrast to the GdmCl-denatured pro-
teins, acid-denatured apoMb has a smaller high-frequency
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Fig. 4 Frequency dependence of
water 7O excess longitudinal relax-
ation rate from solutions of a-lactal-
bumin, apomyoglobin and carbonic
300 anhydrase Il in the native (O) and
molten globule (®) states, and from
solutions of acid-denatured apoMb
- (X) and GdmCl-denatured HCAII (X).
Transverse relaxation data are also
shown for the N and MG states (A,A)
41200 of HCAII and for the D and MG states
b (A,A) of apoMb. The apoMb and
HCAIl data have been scaled to the
1 same water/protein mole ratio (N; =
28,500) as used for BaLA. The curves
represent fits according to equation
100 1, except for HCAIl, where a
bilorentzian fit to the combined lon-

L
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gitudinal and transverse relaxation
data was performed. Solution condi-
tions and fitted hydration parameters
are given in Table 1.
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relaxation enhancement than the N state (Fig. 4). The Nyp, value
obtained for the acid-denatured state is consistent with a fully
hydrated polypeptide chain, with p, estimated from measure-
ments on amino acid mixtures. The apoMb MG dispersion,
however, is closer to the N state with respect to both Nyp, and
NgSg? (Fig. 4, Table 1). The dispersion step can be accounted for
by one or two long-lived water molecules, possibly correspond-
ing to (but less ordered than) those in native apoMb. The apoMb
sample had a very high viscosity, which was markedly reduced on
acid denaturation (pH* 2.2). This large variation in macroscopic
viscosity was not reflected in the correlation time T (Table 1).

For HCAII and the homologous bovine carbonic anhydrase B,
acid (pH 3-4)- and GdmCl (1-2 M)-induced MG states have
been identified>*>%, The latter has a native-like B-sheet structure
in the central part, and a large associated hydrophobic cluster
remains stable even at high GdmCl concentrations*>*. The
MRD data (Fig. 4) show that HCAII denatured in 4 M GdmCl is
devoid of long-lived water molecules. For the N and MG states of
HCAII, the absence of a low-frequency plateau in the MRD pro-
files indicates some protein association. Transverse relaxation
data, which are more sensitive to slow motions (rotational diffu-
sion of protein oligomers), show that association is more pro-
nounced for the MG (Fig. 4). The reported hydration parameters
(Table 1) are population-weighted averages obtained from a
bilorentzian fit to the combined longitudinal and transverse
MRD data. (Since the average NgSg? is proportional to the inte-
gral of the dispersion curve, it is hardly affected by the
low-frequency data*.) The near invariance of NgSg? under the
N — MG transition (Table 1) indicates a high degree of corre-
spondence between the long-lived water molecules in the two
states, suggesting that the MG has a predominantly native-like
and persistent (>10 ns) structure.

The striking convergence of the MRD profiles from the N and
MG states at high frequency (Fig. 4) implies that, for all three
proteins, the external (short-lived) hydration is similar for these
states. The ratio Nypy (MG) / Ngpy (N) is 1.1 + 0.1 for BaLA,
0.9 £0.1 for apoMb and 1.0 + 0.1 for HCAII, which may be com-
pared with Nypq (D) / NoPy (N) = 0.64 + 0.06 for acid-denatured
apoMb. From the N,pq values (Table 1) and hydration numbers
estimated from the solvent-accessible areas of the native proteins
(Ng = 470, 550 and 780 for BaLA, apoMb and HCAII), we
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obtain for the relative dynamic retardation p, = 3.9, 5.1 and 9.0,
respectively. The larger value for HCAII is attributed to the
abundance of hydrated surface pockets (seen in the crystal struc-
ture) and to slow internal motion of some of the ~20 potentially
long-lived internal water molecules (as previously suggested for
trypsin?’). The large variation in (native) structure among the
three proteins strongly suggests that the near equality of NP, for
the N and MG states is not accidental (increased N, compensat-
ed by decreased p,). We therefore conclude that the external
hydration of the investigated MG proteins differs little from that
of the corresponding native proteins, both in its extent (N) and
in its dynamics (Py). Since Py for the N state appears to be domi-
nated by strongly interacting surface water molecules in grooves
(see above), the present results suggest that most of these hydra-
tion sites are preserved in the MG state.

Implications for protein stability and folding

The present MRD data on GdmCl-denatured proteins show that
loss of specific internal water sites and influx of external solvent
are concomitant with disintegration of secondary structure (as
seen by CD). This is consistent with the view that disruption of
O-helices and B-sheets is promoted by water acting as a competi-
tive hydrogen bond partner®. The large dynamic retardation
inferred for the D state suggests that water penetrating the
GdmCl-denatured protein differs substantially from the hydra-
tion shell of a fully exposed polypeptide chain. Taken together
with the residual dispersion from the D state of all three investi-
gated proteins, this suggests that even strongly solvent-
denatured proteins contain relatively compact domains. This is
consistent with the finding that mutations can exert their
destabilizing effects directly on the denatured state®’.
Furthermore, for BaLA and HEWL, disulfide bond cleavage
appears to affect the flexibility of the denatured protein more
than its average structure. Our data thus suggest that, even under
extremely denaturing conditions (such as 7 M GdmCl + DDT),
proteins are far from the idealized random-coil state.

The conclusion from the present water 7O MRD study that
the molten globule states of three structurally unrelated proteins
closely resemble the native proteins with regard to internal
hydration and surface topography contrasts with the picture of
a highly water-penetrated MG inferred from several other (less
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Another argument for strongly enhanced
hydration of the MG is based on the insignif-
icant heat capacity difference between the
MG and D states>>*. More recent calorimet-
ric data, however, indicate that the heat
capacity change for the N — MG transition
is comparable to”*, or even less than®!, that
for the MG - D transition. On the premise
that heat capacity differences are due mainly
to exposure of hydrophobic side chains, this
nevertheless implies a substantial water pen-
etration of the MG’. This premise is based on

calorimetric data for bulk solution transfer
of small molecules and may not be quantita-
tively valid if the properties of water inside
denatured proteins differ markedly from the
hydration shell of a solute immersed in bulk
water. Furthermore, there may well be other
significant contributions to the heat capacity
difference®%.

A growing body of evidence suggests that
equilibrium MG states are closely related to
early kinetic intermediates on the folding

pathway>*#5457. Qur finding that the inter-
nal and external hydration of the MG differ
little from the N state therefore has implica-
tions for the folding mechanism. In particu-
lar, the presence of much of the native
internal hydration in the MG suggests that
these specific water molecules, which may be
viewed as an extension of the secondary
structure, are in place before the native ter-
. tiary structure is fully formed. Conversely,
the exchange of these buried water molecules

a Fig. 5 Circular dichroism spectra from
0 r . aqueous solutions of the proteins
F 4 studied in the MG state by MRD. a, 3
[ ] UM apoMb in D,0 at pH* 5.7 (curve
-5 C - 1), 4.2 (curve 2) and 3.0 (curve 3). b,
[ E 10.6 pM (far UV) and 317 uM (near
[ ] UV) BaLA in D,O at pH* 8.4 (curve 1)
-10 C - and 2.0 (curve 2). Near-UV spectra
F 4 from the undiluted NMR samples are
i ] also shown (curves 1',2'). ¢, 42 UM
-15 = s (far UV) and 250 puM (near UV) HCAII
r ] in D,O at pH* 9.0 (curve 1) and 3.0
F g curve 2).
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direct) studies. Scattering measurements that probe the com-
pactness of the MG state suggest that its volume is at least 30%
larger than for the N state'>-16. It has been argued that a large
amount of water must therefore be incorporated into the
MG>7:817-22 A 30% volume expansion of a 14 kDa protein cor-
responds to ~5000 A3, or 200 water molecules (with 24 A3 mol-
ecule’; ref. 31). Such a massive influx of water into the MG
structure is incompatible with the present MRD data, since it
would substantially alter the hydration parameters Nyp, and
NgSg?. According to the MRD data in Fig. 4, the hydration para-
meter NoPq is nearly invariant under the N - MG transition.
Since Ngpy is known to vary greatly with protein size (mainly
through N;) and with surface structure (p, = 4 for a native pro-
tein surface versus Py = 1.3 for a fully hydrated polypeptide
chain), a major change in hydration at the N -~ MG transition
would have been clearly seen in the MRD data. The present
MRD results thus call for a reinterpretation of the small-angle
scattering data that does not invoke solvent penetration of the
MG. According to diffuse X-ray scattering, side-chain disorder
can increase the volume of the MG by ~10%* without creating
cavities large enough to accommodate water®. Furthermore,
the radius of gyration and the hydrodynamic radius could be
affected by local unfolding and conformational heterogeneity
at levels that would not significantly affect the MRD hydration
parameters.
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with bulk water under native conditions
must involve excited conformational sub-
states that are more unfolded than the MG.
The time scale for this exchange is generally
in the range 10 ns to 1 ms at room temperature?*?>%”. (For one of
the buried water molecules in BPTI, the exchange time is accu-
rately known?$: 170 + 20 ps at 27 °C). It thus appears that native
proteins access MG-like states by thermal fluctuations on a sub-
millisecond time scale. Temperature-dependent MRD studies of
MG proteins may shed further light on the mechanism and
dynamics of unfolding.

Methods

Sample preparation. Bovine a-lactalbumin (type I), hen egg-white
lysozyme (L 6876), bovine pancreatic ribonuclease A (type XlI-A) and
myoglobin from horse skeletal muscle (M 0630) were purchased
from Sigma as lyophilized powders. Recombinant human carbonic
anhydrase Il was expressed and purified as described?s.
Apomyoglobin was prepared from myoglobin by acid 2-butanone
extraction®®, followed by extensive dialysis against pure water at
8 °C. a-Lactalbumin was dialyzed against pure water and RNase A
was purified by chromatography as described?¢, with subsequent
lyophilization for all proteins. Protein solutions were made from
pure D,0 enriched to 21.9 atom% 7O (Ventron). The desired pH*
value (quoted without H/D isotope correction) was obtained by
minute additions of 1 M HCl or NaOH. For HCAII, small amounts of
0.1 M NaOH, H,SO, and ZnSO, were added before lyophilization.
For all proteins, the reported pH* values were measured directly in
the NMR tube. Protein concentrations were determined from the
optical absorption (after 60-fold dilution in 6 M GdmcCl, 20 mM
phosphate, pH 6.5), using calculated extinction coefficients32.
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ones recorded after sixfold dilution (Fig. 5b). The '"H NMR
spectra were recorded with the actual MRD samples (apoMb)
or with subsequently prepared replicas of the MRD samples
(BaLA and HCAII). These spectra (Fig. 6) are closely similar to
the ones reported in the literature465. In particular, the
upfield methyl resonances are absent from the MG spectra of
all three proteins.

Magnetic relaxation dispersion (MRD) measure-
ments. The 7O longitudinal relaxation rates, R;, of the
water resonance was measured as described® at magnetic
fields in the range 0.38-14.1 T, using three Bruker and three
Varian NMR spectrometers and a Drusch EAR-35N iron mag-
net. The relaxation rate, Ry, of the bulk solvent at differ-
ent GdmCI concentrations was also measured, using water
with the same solvent isotope composition as in the protein
solutions. All measurements were done at 27.0 £ 0.1 °C. The
MRD data, that is, R; as a function of the resonance fre-
quency w, were analyzed with the theoretical expres-
Sion25,27

R1 = Roui = @ + B[0.2 j(uwy) + 0.8 j(20)] (1

with a lorentzian spectral density function j(w) = 15/ [1 +
(wTp)?]. The three parameters o, B and 15 were determined
from a nonlinear fit and converted to molecular hydration
parameters according to Nup = 0N/ Ry and NgSg? = BNy /
wq?, with Ny the water/protein mole ratio and wq = 7.61 x
106 rad s' the 70 (rigid-lattice) quadrupole frequency?.

In the GdmCI titration experiments, the hydration para-
meters (P = Nyp, or NgSg?) obtained from the dispersion fit
were assumed to be exchange averaged according to

P=fyPy+ (1-f)Pp (2)

The fraction native protein was expressed as fy=1/(1 + Kp),
with the denaturation constant given by33

ppm

Fig. 6 'H NMR spectra from aqueous solutions of the proteins studied in the MG
state by MRD: a, BaLA (N), b, BaLA (MG), ¢, apoMb (N), d, apoMb (MG), e,
apoMb (D), f, HCAII (N), and g, HCAIl (MG). Solution conditions are the same as
for the MRD samples (Table 1). Chemical shifts are referenced relative to DSS.

Kp = exp[m(c - ¢;;,) / (RT)] (3)

Competitive solvent binding was taken into account by
multiplying [Nypaly and [Nypqlo by the factor [1 - Kya/ (aw +
Kya)l, with the GdmCI activity a (molarity scale) and water
activity ay (mole fraction scale) taken from the litera-
ture3335. By adopting this solvent exchange model353¢, we
attribute the direct effect of GAmCl on Np, (at fixed pro-

Guanidinium chloride (ultrapure) was purchased from U.S.
Biochemical and dithiothreitol (>97%) from Wako. Disulfide reduc-
tion was performed (after GdmCl denaturation) directly in the NMR
samples by addition of 100 mM dithiothreitol and incubation at
room temperature and neutral pH for at least 1 h.

The presence of the MG state in our MRD samples was verified by
CD spectra (Fig. 5), recorded at 27 °C on a JASCO J-720 spectropo-
larimeter, and by high-resolution '"H NMR spectra, recorded at 27 °C
on a GE Omega 500 MHz spectrometer. For the CD measurements,
the MRD samples were diluted [(180-600)-fold and (3-10)-fold for
the far- and near-UV spectral regions, respectively]. The dilution was
done with D,0 adjusted to the pH* of the protein solution with HCI,
after which pH* was measured again. Wavelength scans were per-
formed with 0.5 nm resolution using 1 mm optical cells. For the
apoMb and BaLA MGs, our CD spectra (Fig. 5a,b) are very similar to
those reported in the literature34406061, and for HCAIl they closely
resemble the ones reported for the MG state induced by 1.5 M
GdmCl* and for the MG state of the homologous bovine enzyme at
pH* 3.0 6263, Near-UV CD spectra from the undiluted NMR samples
of BalA, recorded with a 0.1 mm optical cell, were similar to the

nature structural biology ¢ volume 6 number 3 « march 1999

tein conformation) to Ny, neglecting any variation in p, due
to a difference in the GdmCl-induced perturbation of water
dynamics between the solvation layer and the bulk solvent.
Since Ry (proportional to 1,,) increases by merely 30% from 0 to
7 M GdmCl, and since p, involves the ratio 1, / Ty the dynamic
effect should be negligible compared to the threefold variation of
N,p, due to protein unfolding. Moreover, linear extrapolation
from the two highest GAmCI concentrations yields essentially the
same [Nyp.]p as the fit based on the solvent exchange model. Since
any p, variation should be linear, it would only affect the apparent
binding constant K.

The solvent-accessible area of unfolded proteins was taken from
the literature®’.
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