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Understanding protein stabilization by small organic compounds is a topic
of great practical importance. The effect of mannosylglycerate, a charged
compatible solute typical of thermophilic microorganisms, on a variant of
staphylococcal nuclease was investigated using several NMR spectroscopy
methods. No structural changes were apparent from the chemical shifts of
amide protons. Measurements of 15N relaxation and model-free analysis,
water–amide saturation transfer (phase-modulated CLEAN chemical
exchange), and hydrogen/deuterium exchange rates provided a detailed
picture of the effects of mannosylglycerate on the backbone dynamics and
time-averaged structure of this protein. The widest movements of the
protein backbone were significantly constrained in the presence of
mannosylglycerate, as indicated by the average 5-fold decrease of the
hydrogen/deuterium exchange rates, but the effect on the millisecond
timescale was small. At high frequencies, internal motions of staphylo-
coccal nuclease were progressively restricted with increasing concentra-
tions of mannosylglycerate or reduced temperature, while the opposite
effect was observed with urea (a destabilizing solute). The order
parameters showed a strong correlation with the changes in the Tm
values induced by different solutes, determined by differential scanning
calorimetry. These data show that mannosylglycerate caused a generalised
reduction of backbone motions and demonstrate a correlation between
protein stabilization and protein rigidification.

© 2009 Elsevier Ltd. All rights reserved.
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The mechanism underlying protein stabilization
by osmolytes is a challenging research topic. In an
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early attempt to explain the effects of stabilizers or
denaturants on proteins, Tanford and Nozaki
proposed that the free energy of transfer of a
protein molecule (either in the native or denatured
state) from water to an osmolyte solution was given
by the sum of the transfer free energies of the
solvent-exposed parts. The individual transfer free
energies were estimated from the solubility of
different peptide model compounds in water and
in osmolyte solutions.1–3 Later, Timasheff and co-
workers showed that, upon unfolding, stabilizing
compounds were preferentially excluded from the
vicinity of the protein, while denaturing agents were
d.
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preferentially bound.4–6 The protecting effect would
then arise from the larger destabilization of the
denatured state over the native state. More recently,
Bolen and co-workers have established the validity
of the transfer free energy model and concluded that
the unfavourable interaction of osmolytes with the
protein backbone is the major driving force in
protein stabilization.7–9 Yet, despite the significant
progress in this area, the molecular mechanism
underlying the osmolyte–protein stabilizing inter-
actions remains elusive. Moreover, the relationship
between protein stability and dynamics remains
obscure.
The terms “osmolytes” and “compatible solutes”

have been used indiscriminately in the literature to
designate low molecular mass compounds, either
organic or inorganic, that accumulate inside the cell
to counterbalance the osmotic pressure of the
external medium. However, it has been shown in
recent years that the role of these compounds goes
beyond osmoprotection. They are involved in the
cell response to other types of stress, such as heat or
free radicals.10 Therefore, throughout this work, the
terms “compatible solute” or the short form “solute”
will be used to discourage the exclusive association
of these protecting compounds with osmotic stress.
With the discovery of hyperthermophiles in the

early 1980s, it became apparent that organisms
adapted to hot environments accumulate compati-
ble solutes that are rarely or never found in
mesophiles: these organic molecules typically
comprise a free carboxyl group or are phosphodie-
ster compounds; hence, they are negatively charged,
contrasting with the zero net charge of solutes
typically found in mesophiles. Comparative studies
on the performance of different solutes have
emphasised the superior ability of negatively
charged solutes to increase the protein melting
temperature (Tm). For example, glycerol and treha-
lose increased the Tm of staphylococcal nuclease
(SNase) by 0.8 and 12 °C/M, respectively, while
mannosylglycerate and mannosyl-lactate induced
increments of 17 and 22 °C/M on the same
protein.11 However, our attempts to rationalise the
relative magnitudes of the stabilization induced by
structurally related solutes on different enzymes
were largely frustrated. Even more surprisingly, the
degree of stabilization rendered by a particular
solute on a series of single mutant proteins varied
significantly.12 These results are difficult to explain
with any of the models proposed for the stabiliza-
tion of proteins by solutes. Putative specific interac-
tions with the surface of the native protein might
account for the observed effects, but their existence
lacks clear evidence.
Numerous factors that can contribute to the in-

trinsic stability of globular proteins, especially those
from hyper/thermophilic organisms, have been put
forward.13 Hydrophobic packing, hydrogen-bond
networks, salt bridges, and Coulomb interactions
can increase the stability of a protein if properly
optimized.14 Thus, it is possible that the mode of
action of stabilizing solutes involves the optimization
Please cite this article as: Pais, T. M., et al., Relationship betwee
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of at least some of these features. This line of thought
leads us to the central question of how solutes can
alter such properties.
It is generally accepted that the structures of

proteins are not affected significantly by the presence
of solutes, and that structural changes probably do
not play a major role in stabilization. On the other
hand, clear alterations in protein dynamics have
been observed by us and by others.15–17 Therefore,
a comprehensive NMR study of the changes induced
by solutes was performed to address the following
questions. Is there a correlation between stabilization
by solutes and rigidification of the protein? Is this
rigidification a global event or is it selective for
specific regions of the protein? Is stabilization
associated with motional restrictions at specific
dynamic regimes?
Protein dynamics consists of a wide range of

motions, from small vibrational fluctuations of bond
lengths (picosecond to nanosecond timescale) to
translations of atom groups (microsecond to milli-
second time frame) to concerted motions of whole
structural elements (second to minute timescale).
For this reason, it is important to access a wide range
of motions and timescales to characterise protein
dynamics. We used NMR spectroscopy and per-
formed spin relaxation measurements to study fast
protein motions at the picosecond to nanosecond
timescale, magnetization transfer experiments [with
the CLEAN chemical exchange-phase modulated
(CLEANEX-PM) sequence] to assess exchange on
the millisecond timescale, and conventional proton/
deuterium amide exchange measurements to probe
events in the minute time frame. The stabilizing
solute mannosylglycerate (potassium form) typical
of hyperthermophilic organisms and a hyperstable
variant of SNase with three amino acid substitutions
(P117G, H124L, and S128A) were selected as the
model system for this work. KCl and glycerol were
used as controls for ionic strength and viscosity,
respectively. Changes in protein dynamics were
correlated with changes in the melting temperature
of the model protein as determined by calorimetric
measurements.
Results

Differential scanning calorimetry

The unfolding transition temperatures (Tm) of
SNase determined in the presence of urea, glycerol,
KCl, and mannosylglycerate are shown in Table 1.
Glycerol and KCl were used to assess the contribu-
tions of viscosity and ionic strength, respectively;
the viscosity of 0.6 M glycerol is identical with that
of 0.25 M mannosylglycerate. In the absence of
solutes, the Tm was 67.4 °C. Mannosylglycerate
increased the Tm in a concentration-dependent
manner. On the other hand, 0.6 M glycerol and
0.25MKCl had little effect, and 0.25Murea decreased
the Tm by 1.6 °C. Furthermore, the presence of
n Protein Stabilization and Protein Rigidification Induced by
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Table 1. Transition temperatures for the unfolding of
SNase obtained by DSC

Conc (M) Tm (°C) ΔTm
a (°C)

No solute 0 67.40±0.41 0
Urea 0.25 65.80±0.23 −1.60
KCl 0.25 66.64±0.10 −0.76
Glycerol 0.60 67.21±0.22 −0.19
Mannosylglycerate 0.15 69.15±0.29 +1.75

0.25 70.58±0.11 +3.18
0.35 72.00±0.15 +4.60
0.50 74.28±0.20 +6.88

a Difference of SNase Tm value in the presence and in the
absence of different solutes.
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mannosylglycerate did not affect the extent of
reversibility of the protein unfolding reaction.

Relaxation data

Transverse relaxation rates (R2) were determined
as a function of protein concentration using samples
with 0.5, 1.0, 1.5, 2.5, and 3.5 mM of SNase in the
presence of 0.35 M mannosylglycerate to test for
possible protein aggregation (not shown). These
results show that there is no significant concentra-
tion dependence of R2 below 3.5 mM, and a protein
concentration of 2.6 mMwas used for the remaining
experiments.
Longitudinal (R1) and transverse relaxation rates

as well as heteronuclear nuclear Overhauser en-
hancement (h-NOE) values were obtained at the
different experimental conditions for a total of 93
backbone amide groups, accounting for 80% of the
backbone NHs previously assigned.18,19 The aver-
age relaxation rates and h-NOE values measured in
the control conditions (absence of solutes) are in
general agreement with those obtained for another
SNase variant (H124L).20

With few exceptions, the calculated R2/R1 ratios
were very homogeneous for the protein backbone in
each of the conditions tested (Fig. 1). The total
correlation time (τc) of the protein was estimated
Fig. 1. Effect of mannosylglycerate and other solutes on th
ratios as a function of mannosylglycerate concentration: 0 M
circles), and 0.35 M (purple circles). Right, R2/R1 ratio of amide g
of 0.25 M KCl (orange circles), 0.25 M urea (open diamonds), a
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from the average R2/R1 ratio, excluding values that
fail the selection criteria described by Tjandra et al.21

This correlation time showed a positive dependence
on mannosylglycerate concentration, while the
opposite effect was observed with KCl and urea,
which appears to be in fair agreement with the
variation of the viscosity of the solution. However,
bulk viscosity was not solely responsible for the
estimated total correlation time, since glycerol
(0.6 M) gave rise to a τc of 8.4 ns, while manno-
sylglycerate, at the same bulk viscosity (0.25 M),
gave rise to a τc of 10.4 ns (Table 2). In the absence of
solutes, an increase in the experimental temperature
caused a decrease in the total correlation time. The
h-NOE values showed no apparent trend as a
function of mannosylglycerate concentration.

Diffusion tensor

The diffusion tensor and all subsequent parameters
of the internal dynamics were obtained from the
experimental data using the crystal structure of the
PHS variant of SNase (PDB entry code: 1EY8) as a
structural model (Fig. 2). This structure is markedly
asymmetric, as shown by the principal components
of the inertial tensor (Ixx/Iyy/Izz=1.00:0.94:0.71).
The rotational diffusion tensor of the SNase was
fitted for each examined condition using relaxation
data from 38 residues that passed the selection
criteria outlined by Tjandra et al.21 in all cases. The
statistical analysis routine embedded in the pro-
gram Tensor222,24 was used to test models for the
diffusion tensor of the protein; the F-test showed
that the fully anisotropic model gave a statistically
significant improvement over the isotropic or the
axially symmetric models in each case (FexpN0.1,
F-test). The data presented in Table 2 characterise
the diffusion tensor of the protein for all tested
conditions.
The orientation of the diffusion tensor relative to

the inertial tensor did not change significantly in the
presence of the four examined solutes or with
temperature. The diffusion rates (Dx, Dy, and Dz)
e R2/R1 ratio of each amide group. Left, variation of R2/R1
(dark blue circles), 0.15 M (light blue circles), 0.25 M (red
roups in the absence (dark blue circles) and in the presence
nd 0.60 M glycerol (green circles). MG, mannosylglycerate.
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were slowed down considerably in the presence of
increasing concentrations of mannosylglycerate. The
addition of glycerol also caused a reduction in the
diffusion rates, but to a lesser extent than that with
mannosylglycerate (0.25 M), while KCl and urea
had the opposite effect. Not surprisingly, increasing
temperatures also gave rise to increasing diffusion
rates.

Internal mobility

The internal mobility of each NH vector was
characterised by one of five possible models (see
Material and Methods) according to the flow chart
proposed byMandel et al.25 In each case, the majority
were fitted by the simplest model (Table 3). The
addition of glycerol and mannosylglycerate did not
appear to change significantly the nature of the
mobility of the amide groups. However, KCl induced
a considerable simplification of the dynamics (22
extra residues were fitted with the simplest model),
mostly due to reduced chemical exchange contribu-
tions (models 3 and 4).
The internal mobility of this protein on the

picosecond to nanosecond timescale is intrinsically
small, with an average S2 value of 0.896 in the
absence of stabilizing solutes at 37 °C; among the
residues that were analysed, only Gly50 and Ala69
have S2 values below 0.80. Still, the presence of
mannosylglycerate induced a further restriction on
the fast-scale movements of the backbone amides
(Fig. 3). The magnitude of this restriction, reflected
by the order parameter average, displayed an almost
linear correlation with the increase of the melting
temperature caused by the addition of mannosylgly-
cerate. This correlation can be generalised by plotting
all of the data as a function of (Tm−T), in which Tm is
the melting temperature of unfolding as measured
by differential scanning calorimetry (DSC) and T is
the experimental temperature (Fig. 4). Solutions
containing glycerol and KCl, as controls for the
effects of viscosity and ionic strength comparable
with that of 0.25 M mannosylglycerate, had a
much smaller influence on S2 values than did
mannosylglycerate (Fig. 4). Urea, a destabilizing
solute, brought about a decrease in the average S2
values.
There was no obvious correlation between S2

values of individual residues and residue solvent
exposure, side chain, or surface charge. However,
secondary structural elements appeared to slightly
influence the effect of mannosylglycerate on the
mobility of amide bonds (the S2 values averaged
over each secondary structural element of the
protein are shown in Fig. 5). Further support for
this observation is obtained by analysing the
average slope for the S2 variation as a function of
mannosylglycerate concentration: this is 30% larger
for the regions of defined secondary structure
(0.10 M− 1) than for the regions of ill-defined
structure (0.07 M−1). The motions of the β-strands
appear to be more restricted by the presence of
mannosylglycerate than those of α-helices.
n Protein Stabilization and Protein Rigidification Induced by
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Fig. 2. Ribbon diagram of the PHS variant of SNase. Elements of secondary structure are labelled. Views were
generated with MOLMOL23 using PDB entry 1EY8.
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Water–amide proton saturation transfer
experiments

In the CLEANEX-PM experiment,26 the depen-
dence of peak volumes on mixing time (τm) is given
by the following equation:27–30

V=V0 = k= R1a + k � R1bð Þ½ �
� exp �R1b� smð Þ � exp � R1a + kð Þsm½ �f g ð1Þ

where k is the normalized rate constant related
to the pseudo-first-order forward rate constant
kAB(NH→H2O)=XB×k, with XB being the molar
fraction of water (≈1); V the peak volume obtained
from the (CLEANEX-PM)–fast heteronuclear single
quantum coherence (FHSQC) spectra at a given
mixing time, τm; and V0 the reference peak volume
Table 3. Number of residues assigned to each dynamic mod

Modela
32 °C

No solute Urea, 0.25 M No solute KCl, 0.25 M Gly

1 (S2) 72 54 51 73
2 (S2, τc) 6 4 6 2
3 (S2, Rex) 9 17 19 10
4 (S2, τc , Rex) 4 3 6 1
5 (S2s, S

2
f, τc) 2 13 11 7

Not fitted 0 2 0 0
a S2 is the square of the generalised order parameter characterising t

time for the internal motions; Rex is the exchange contribution to T2;
respectively. MG, mannosylglycerate.

Please cite this article as: Pais, T. M., et al., Relationship betwee
Mannosylglycerate, J. Mol. Biol. (2009), doi:10.1016/j.jmb.2009.09.01
obtained with the fast-HSQC spectrum. The R1a and
R1b parameters refer to the longitudinal relaxation
rates of the amide and of the water molecules,
respectively. At very short mixing times, Eq. 1 can
be approximated by:

V=V0 = k � sm ð2Þ
and thewater–amide exchange rates can be calculated
from the initial slope of the plot V/V0 versus τm. The
degree of water saturation in each experiment was
determined and used to correct the values obtained
from the initial slope analysis31 simply by dividing k
by the fraction of unsaturated water.
In the absence of solutes and at 37 °C, a 35-ms

CLEANEX-PMmixing time allowed the observation
of 18 assigned resonances: H8, A17, D19, G20, K28,
G29, T33, N68, K70, T82, G86, G96, K97, M98, A102,
el at different experimental conditions

37 °C 42 °C

cerol, 0.60 M MG, 0.15 M MG, 0.25 M MG, 0.35 M No solute

54 64 58 48 57
2 2 4 5 13
24 15 10 20 11
1 2 2 3 4
9 10 18 16 8
1 0 1 1 0

he amplitude of the internal motions; τc is the effective correlation
and the subscripts “f” and “s” indicate fast and slow timescales,

n Protein Stabilization and Protein Rigidification Induced by
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Fig. 3. Changes in the generalised order parameters (S2) induced by the presence of 0.35 M mannosylglycerate.
Subscripts “MG” and “NS” refer to 0.35Mmannosylglycerate and no solute addition, respectively. Elements of secondary
structure are also represented.
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N119, T120, and Q123. Some of these resonances
(D19, G20 N68, K70 T82, G86, A102, and T120) were
not detected in the CLEANEX-PM spectra with
shorter mixing times, and thus their exchange rates
were not calculated. Resonances of L14, G55, and
K70 were additionally detected in the presence of
KCl, but only with the 35-ms mixing time.
The water–amide proton exchange rates of all

accessible resonances, except K97, were lower in the
presence of glycerol and mannosylglycerate (Fig. 6).
Mannosylglycerate induced a marginally larger
reduction of the exchange rates than glycerol. KCl
induced only a slight decrease in the magnitude of
the exchange rates. On average, mannosylglycerate
induced a 1.8-fold decrease in the exchange rates,
Fig. 4. Plot of the average S2 values as a function of the
shift away from the melting temperature. The (Tm−T)
parameter is the difference between the temperature at
which relaxation values were measured and the Tm of the
protein in the presence of a given solute. NS, no solute;
Gly, glycerol; Ur, urea; MG, mannosylglycerate. The
subscripts give the concentration of the solute (M) and
the superscripts are the experimental temperatures (°C).
The errors bars represent the error of the average
calculated from the individual S2 uncertainties.

Please cite this article as: Pais, T. M., et al., Relationship betwee
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while glycerol and KCl caused an average reduction
of 1.5- and 1.2-fold, respectively. The ratio between
exchange rates in the presence and in the absence of
solutes was similar for all accessible residues, with
an SD of 17% in the case of mannosylglycerate and
12% in the case of glycerol and KCl. There is no
clear correlation between these effects and the
stability of SNase.

Hydrogen/deuterium exchange rates

The amide protons of the PHS variant of SNase
exchange with deuterium from the solvent at widely
different rates, from milliseconds to several hours.
Amide protons with lifetimes shorter than the
experimental dead time of 25 min could not be
observed by this method. In the presence of KCl
(0.25 M) at 37 °C, the exchange rates of 66 amide
protons could be determined (Fig. 7); 22 other amides
were detected only in the first spectrum, having
lifetimes close to the dead time, and one other, V99,
exchanged extremely slowly. With mannosylglyce-
rate, five extra resonances were detected in the first
spectrum but the rates of exchangewere too fast to be
measured. The hydrogen/deuterium exchange rates
displayed a general decrease in samples containing
mannosylglycerate, with a maximum 38-fold for V66
at 37 °C. In the presence of glycerol (viscosity
control), a decrease of the exchange rates (as
compared to KCl) was also observed, but it was
much smaller than with mannosylglycerate. Solute-
induced changes showed no obvious correlation with
properties such as accessible molecular surface,
residue charge, or hydrophobicity. Nevertheless, a
slight trend was observed with the effect of manno-
sylglycerate being more pronounced for the most
protected amide protons (Supplementary Fig. S1).
According to the scheme shown in Eq. 3, the

hydrogen exchange rates can provide information
on the thermodynamics of the structural opening
reaction that allows the hydrogen/deuterium
exchange.32 In stable folded proteins, the so-called
n Protein Stabilization and Protein Rigidification Induced by
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Fig. 5. Average S2 values of the secondary structural elements of SNase as a function of the shift away from the
melting temperature. The amide protons were grouped as a function of secondary structural elements, and the respective
S2 values were averaged. The different experimental conditions are specified on top of the plots. NS, no solute; MG,
mannosylglycerate (subscripts indicate solute concentration in molar units).
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EX2 regime holds (kclNNkch)33,34 and Eq. 4 can be
used to estimate the free energy of the structural
opening reaction (ΔGHX).

NHclosed f
kop

kcl
NHopen Y

kch
Exchange ð3Þ

DGHX = � RTlnKop¼� RTln kex=kchð Þ ð4Þ

Here, kch represents the chemical exchange rate of a
freely accessible amide proton and depends on a
variety of factors (pH, temperature, neighbouring
side chains, and isotopic effects) that have been
calibrated by Bai et al.35 The kex is the experimentally
observed exchange rate for a given amide proton.
The ratio kex/kch is defined as the protection factor.
Please cite this article as: Pais, T. M., et al., Relationship betwee
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Assuming that the solute does not change the kch
significantly, and the results from the CLEANEX-
PM experiments indicate that there is less than a
2-fold change, the variation of the free energy values
(δΔGHX) caused by the solute can be determined
using the following equation:

dDGHX = � RTln kex=ksoluteex

� � ð5Þ

At 30 °C (lowest examined temperature), the esti-
mated free energy values for the structural opening
reaction varied between 23.6 and 43.5 kJ mol−1,
while at 47 °C, the free energy values ranged
between 21.3 and 31.6 kJ mol−1. The presence of
mannosylglycerate (0.25 M) caused a general in-
crease of the ΔGHX values. The values of δΔGHX
Fig. 6. Fast water–amide proton
exchange rates (in s−1) obtained for
SNase using the CLEANEX-PM
technique. The plot depicts amide
protons that exchange with the
solvent in the millisecond range at
37 °C and pH 7.3 (10 mM phosphate
buffer). Rates were measured in the
absence of solutes (open bars) and in
the presence of 0.25 M KCl (striped
bars), 0.60 M glycerol (grey bars),
and 0.25Mmannosylglycerate (solid
bars).
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Fig. 7. Effect of mannosylglycerate on the amide hydrogen/deuterium (H/D) exchange rates. The plot illustrates the
exchange rates of amide protons of SNase at 37 °C in the presence of 0.25 M of mannosylglycerate (green bars), 0.25 M of
KCl (red bars), and 0.60 M glycerol (blue bars). The rates are shown on a logarithmic scale, and the horizontal axis
represents the amino acid sequence. For each residue, the bars are ordered according to the magnitudes of the exchange
rates, with the lowest exchange rate at the front, and overlaid. Thus, the dominant green colour shows that the lowest
rates generally occur in the presence of mannosylglycerate.

Table 4. Added stability of SNase induced by the
presence of 0.25 M mannosylglycerate as measured by
the variation of proton exchange rates at 42 °C

Average ΔGHX (kJ mol−1)a
δΔGHX

(kJ mol−1) No. of
residues
includedNo sol MG MG−no sol

β-Strand 1 24.83 (±0.17) 27.81 (±0.15) 2.98 (±0.23) 4
β-Strand 2 27.64 (±0.08) 32.30 (±0.14) 4.66 (±0.16) 6
β-Strand 3 29.75 (±0.10) 34.29 (±0.52) 4.54 (±0.53) 6
α-Helix 1 27.33 (±0.08) 32.91 (±0.17) 5.58 (±0.19) 6
β-Strand 4 27.06 (±0.04) 32.42 (±0.24) 5.36 (±0.24) 2
β-Strand 5 29.24 (±0.07) 34.54 (±0.27) 5.30 (±0.28) 6
α-Helix 2 29.53 (±0.04) 35.71 (±0.38) 6.18 (±0.38) 7
α-Helix 3 26.94 (±0.12) 30.50 (±0.07) 3.56 (±0.14) 7
Global 28.04 (±0.03) 32.70 (±0.08) 4.66 (±0.08) 59

Secondary structure elements are numbered from the N-terminus
to the C-terminus in the SNase sequence.

a The values represent the average of all the residues in a
particular secondary structural element that could be measured in
the absence and in the presence of mannosylglycerate. Associated
errors were estimated from the individual uncertainties of each
ΔGHX value using the fundamental equation of error propagation.
No sol, no solute; MG, mannosylglycerate.
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(Eq. 5) obtained at 42 °C (the temperature that
allowed the comparison of the largest number of
ΔGHX values) showed that the residues involved in
α-helix 2 are significantly more stabilized than the
residues in other secondary structural motifs,
whereas β-strand 1 and α-helix 3, located at the
N- and C-termini, respectively, were much less
stabilized by mannosylglycerate (Table 4). The
ΔGHX values obtained from the 30 amide groups
that were accessible at all studied temperatures were
averaged to obtain a global ΔGHX as a function of
temperature (Fig. 8). This shows that mannosylgly-
cerate has a stabilizing effect over the full temper-
ature range.

Chemical shift variation of amide protons

The chemical shift of 97 amide protons was
measured as a function of the concentration of the
different solutes. Mannosylglycerate caused very
small chemical shift variations, but the majority of
the residues showed a linear trend as a function of
solute concentration, with the chemical shifts being
displaced towards higher frequencies (Supplemen-
tary Fig. S2). Fairly linear chemical shift variations
were also observed with increasing amounts of the
other tested solutes. This allowed the determination
of an NH solute coefficient (Δδsol), defined as the
change in chemical shift with concentration (Fig. 9).
The mean coefficients were 0.22±0.04 ppm M−1

for mannosylglycerate, 0.20±0.06 ppm M−1 for
KCl, 0.16±0.01 ppm M−1 for glycerol, and −0.55±
0.03 ppm M−1 for urea (error values represent the
SD). These values show that the chemical shift
variations are not correlated with stabilization of
Please cite this article as: Pais, T. M., et al., Relationship betwee
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the protein. Weak correlations (correlation coeffi-
cients R2b0.2) were found between individual NH
solute coefficients obtained with mannosylglycerate
or KCl and parameters such as hydrogen-bond
score (estimated by the WHATIF web interface),36

relative surface exposure (accessibility of residues
as if they were mutated to an alanine), or side-
chain accessible molecular surface (Supplementary
Fig. S3).
Mannosylglycerate had little effect on the varia-

tion of NH chemical shifts with temperature
n Protein Stabilization and Protein Rigidification Induced by
2

http://dx.doi.org/10.1016/j.jmb.2009.09.012


Fig. 8. Free energy of the structural opening reaction
associated with hydrogen/deuterium exchange of SNase
as a function of temperature with or without mannosyl-
glycerate. The global free energy values (ΔGHX) for
protein unfolding were estimated by averaging the values
for the 30 amide protons with exchange rates that were
accessible at all the temperatures used. The error
associated with the global free energy values was lower
than 0.5 kJ mol−1. Solid circles represent measurements
with 0.25 Mmannosylglycerate, and open diamonds those
with 0.25 M KCl.
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(Supplementary Fig. S4). The average NH temper-
ature coefficient was found to be −3.2 ppb K−1 in the
presence and in the absence of mannosylglycerate.
This supports the notion that solutes do not have
any measurable impact on the structure of the native
state.
Fig. 9. Variation of the NH chemical shifts in SNase as a fun
the chemical shift variation for each amide proton. The va
concentrations in the range 0 to 0.25 M solute (0–0.6 M in the
extrapolated to 1 M. Values for KCl (open diamonds), mannos
urea (grey circles) are expressed in ppm M−1.
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Discussion

Understanding the mechanisms for stabilization
of proteins by compatible solutes is of great
importance from a fundamental as well as an
applied point of view.37,38 It is generally accepted
that solutes do not affect the structure of proteins in
a significant way, but alterations in the pattern of
protein dynamics have been reported.15–17,39 How-
ever, the relationship between flexibility and stabil-
ity remains debatable.40,41 Studying the influence of
solute concentration on protein stability has a
number of advantages over studies of pairs of
systems such as proteins from mesophilic and
hyperthermophilic organisms, point mutants,
enzymes with and without bound substrates, or
oxidised and reduced centers.20,42–44 In each of those
cases, it is difficult to separate the effects of the local
differences from the effects that correlate directly
with protein stability. The present work allowed the
dynamic properties of a single protein to be
measured as its stability was varied. To ascertain
whether the stabilization rendered by solutes is
associated with changes in internal mobility, we
performed a thorough characterisation of the effect
of mannosylglycerate on the internal motions of a
model protein, using different NMR experiments to
access multiple times scales.
A strong correlation was observed between the

stability of SNase in each of the conditions studied
and the respective generalised order parameters. In
particular, a linear correlation was found between S2

values and the melting temperature at increasing
concentrations of mannosylglycerate (Fig. 4). Curi-
ously, the addition of mannosylglycerate (0.35 M at
ction of solute concentration. Δδsol represents the slope of
lues were obtained by fitting measurements made with
case of glycerol) at pH 5.1 (acetate buffer) and 37 °C and
ylglycerate (black diamonds), glycerol (grey squares), and
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37 °C) resulted in a restriction of the SNase fast
motions comparable to that brought about by a
reduction of 5 °C in the working temperature. This
correlation is further strengthened by the observa-
tion that an increase in the experimental tempera-
ture, or the addition of urea, resulted in a decrease of
the generalised order parameters. Interestingly, the
effect of mannosylglycerate appears to be greater on
residues involved in α-helices and β-strands than on
less structured regions of the protein, such as loops,
turns, and termini, suggesting a strengthening of
intramolecular interactions in the protein.
These results suggest a link between induced

protein stabilization and backbone rigidification, as
the effect of mannosylglycerate on protein dynamics
in the picosecond to nanosecond timescale clearly
correlates with extra stability conferred by this
solute. However, this does not mean that a more
stable protein will necessarily be more rigid, since
differences in amino acid composition may confer
added stability through other mechanisms.14 In-
deed, comparison of homologous proteins from
thermophilic and mesophilic origins has shown a
marked reduction in picosecond to nanosecond
timescale motions in the more stable proteins in
some cases, but not in others.40,42,43

The CLEANEX-PM experiment is used to quantify
water–NH exchange in the millisecond range.31 The
presence of mannosylglycerate decreased the values
of all the exchange rates measurable by this
technique by similar factors (a decrease of 1.5- to
2.5-fold). However, the viscosity of the solution
appears to have a comparable effect, and thus it is
difficult to draw conclusions about its relevance to
the stabilization of SNase. As the residues in
question are poorly shielded from solvent access,
these small effects might be caused by the influence
of the water structure in the hydration shell of the
protein (i.e., a change in kch, the exchange rate for
unprotected protons). A study of Pyrococcus furiosus
rubredoxin at high pH45 found amide proton
exchange occurring throughout the structure on
the millisecond timescale, despite the high stability
of the native protein. Similarly, the addition of 1 M
sucrose to ribonuclease A increased the stability by
5 °C46 but had little effect on fast and intermediate
exchange.17 Thus, it seems that proton exchange on
the millisecond timescale is not related to protein
stability.
The most slowly exchanging amide protons are

only expected to exchange with deuterium through
motions that lead to partial protein unfolding. These
motions are expected to be much slower and larger-
scale than those characterised by the S2 parameter.
The large reduction induced by mannosylglycerate
in the exchange rates of the most protected amide
protons implies that the fraction of time that the
protein remains in the partially unfolded state has
also decreased; this means that the protein mobility
has decreased in the sense that the time-averaged
structure is tighter. However, the rate constants for
closing and opening are not determined (Eq. 3).
Exchange rates may also be affected by changes in
Please cite this article as: Pais, T. M., et al., Relationship betwee
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kch, but the effects observed using CLEANEX-PM
place an upper limit on this and show that it is not a
major factor.
Several authors defend the existence of interme-

diate states in the folding pathway of SNase,
proposing more or less complex models.47,48 How-
ever, the exchange reaction for each individual
proton is always described by a two-state model
where the proton can only be in the closed or open
state, with a constant kch, independent of the
conformational state of the rest of the protein. In
this sense, the closed state for a specific proton is a
native-like environment for that proton, although it
may not be the native state of the entire protein.
Whatever the detailed mechanism of SNase folding,
the exchange rates (accessible by the method
employed here) that are slowed due to the presence
of mannosylglycerate imply a shift in the equilibri-
um towards the closed state. Hence, if a generalised
reduction of the amide proton exchange rates is
observed, then it remains true that the time-
averaged structure of the protein is more compact.
In the case of SNase, the exchange rates of the very

slowly exchanging amide protons located at the
center of secondary structural motifs appear to be
more affected by mannosylglycerate than those
located at the periphery (Supplementary Fig. S5).
This points to a cumulative effect of the solute on the
exchange rates of the amide protons located within
a structural motif or within the same sublocal
unfolding unit—the foldons.49,50 At 42 °C, half of
the measured hydrogen exchange rates (i.e., 29)
were from residues involved in these foldon
substructures. The presence of mannosylglycerate
resulted in a reduction of the hydrogen exchange
rates of more than 7-fold for 24 residues within
foldons, whereas only 4 (out of 28) of the residues
that were not within foldons experienced similar
variations of their amide proton exchange rates.
This suggests that mannosylglycerate affects pri-
marily the concerted, wider motions of the protein
backbone in the latter stages of unfolding, rather
than more local and non-concerted motions. Fur-
thermore, glycerol, which was used as a control for
the effect of viscosity, had a relatively small influence
on the exchange rates.
The average values of δΔGHX calculated for each

secondary structural motif further support this
concept (Table 4); the smallest variations of the
free energies were found in β-strand 1 and α-helix 3,
which are closest to the N- and C-termini, respec-
tively. Structural elements further away from the
termini are involved in a larger number of intramo-
lecular interactions and exhibit larger variations of
the free energy values upon solute addition. In
summary, mannosylglycerate restrains protein
motions at this slow timescale, especially of residues
in the core of the protein, as observed by other
authors with stabilizing osmolytes such as sucrose,
glycine, or glycerol.17,39,51
Mannosylglycerate causes only small changes in

NH chemical shifts (Supplementary Fig. S2), which
is consistent with the view that the solute does not
n Protein Stabilization and Protein Rigidification Induced by
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induce appreciable modifications of the protein
structure. Nevertheless, the chemical shift variations
showed a linear behaviour with respect to solute
concentration. A weak correlation was found with
the protein relative surface exposure and side-chain
accessible molecular surface but not with backbone
accessible molecular surface, suggesting that the
mannosylglycerate-induced chemical shift variations
occur via solute side-chain interactions. However, the
evidence for mannosylglycerate binding is rather
weak.

Concluding remarks

Mannosylglycerate was shown to induce restric-
tion of the protein motions on all the timescales that
were studied, but the effect on proton exchange on
the millisecond timescale was weak. A strong
correlation was established between restriction of
the high frequency motions and the increased
stability of SNase as a function of mannosylglyce-
rate concentration, and this was not a consequence
of an increase of the ionic strength or the viscosity of
the solution. It should be stressed that this correla-
tion does not imply an obligatory connection
between the intrinsic stability and the rigidity of
individual proteins. Actually, an increasing number
of experimental data have challenged the intuitive
association between highly stable proteins and high
rigidity.40,41 Further studies on the effect of stabiliz-
ing solutes on protein dynamics will be necessary to
determine how general the established link between
protein rigidification and stabilization is.
Materials and Methods

Protein production

The PHS variant of SNase protein includes three
substitutions: P117G, H124L, and S128A. This protein is
considerably more stable than the wild type.52 The
respective ribbon diagram generated with the program
MOLMOL23 is depicted in Fig. 2.
The plasmid containing the gene for PHS SNase was

transformed in Escherichia coli BL21(DE) for overexpression.
Cells were grown at 37 °C on 15N-labelled defined
medium16 (or LB medium) supplemented with kanamycin.
Protein overexpression was started by adding β-D-thioga-
lactopyranoside (1 mM final concentration) to the cell
culture at an OD600 nm of 0.6. The cells were harvested 5 h
after the induction by low-speed centrifugation (2000g,
10 min). Protein purification proceeded as described
elsewhere53 with some modifications: the urea buffer was
adjusted to pH 8; the protein solution was loaded onto a
single column (Sepharose Fast Flow, Pharmacia Uppsala
Sweden); acetone was not used for the precipitation steps;
and the final dialysis was carried out first in 1 M KCl and
then in distilled H2O.
The final protein concentration was calculated by

measuring the absorbance at 280 nm and using an
extinction coefficient of 0.93 (cm mg ml−1). Purity was
above 95% as assessed by SDS-PAGE with Coomassie
staining. The purified protein was flash-frozen with liquid
nitrogen in small drops and stored at −80 °C.
Please cite this article as: Pais, T. M., et al., Relationship betwee
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Differential scanning calorimetry

DSC was performed on a MicroCal VP-DSC MicroCal-
orimeter equipped with 0.51 ml cells and controlled by the
VP-viewer program (Microcal, Century City, CA). Tem-
perature and heat flow were calibrated according to
MicroCal instructions. Stock solutions were prepared by
extensive dialysis of concentrated SNase against phos-
phate buffer (10 mM, pH 7.5). A volume of 2 ml of
phosphate buffer with or without solute was prepared
and divided equally into two Eppendorf tubes. An aliquot
of the concentrated protein solution or an equal volume of
phosphate buffer was added to each of the tubes. These
solutions were then used to fill the sample and reference
cells, respectively. DSC scans were run from 20 to 90 °C at
a constant heating rate of 1 °C/min. Reversibility was
assessed by performing two sequential DSC scans with the
same protein solution. The transition temperature was
determined, in each case, on the basis of three independent
runs. The tested solutes were mannosylglycerate (0.15,
0.25, 0.35, and 0.50 M), glycerol (0.60 M), urea (0.25 M),
and KCl (0.25 M).
NMR spectroscopy

Water–amide proton saturation transfer experiments
(CLEANEX-PM) were acquired on a Bruker AVANCEIII

800 spectrometer (Bruker, Rheinstetten, Germany) operat-
ing at 800.33 MHz, using a 5-mm inverse detection probe
with field gradients on the z-axis. All other NMR
experiments were performed on a Bruker DRX 500
spectrometer (Bruker) at 500.13 MHz, with a broadband
inverse detection 5-mm probe head with triple axis pulsed
field gradients. All NMR data were collected using 1H–15N
HSQC detection schemes. The control sample used for the
NMR experiments contained uniformly 15N-labelled
SNase (2.6 mM) and acetate-d4 buffer (60 mM, pH 5.1),
except for the CLEANEX-PM experiments where phos-
phate buffer (10 mM, pH 7.3) was used instead. Other
samples differ from the control by the presence of one of
these solutes: mannosylglycerate (0.15, 0.25, and 0.35 M),
glycerol (0.60 M), urea (0.25 M), or KCl (0.25 M). Glycerol
and KCl were used to assess the contributions of viscosity
and ionic strength, respectively, to the results observed
with 0.25 M mannosylglycerate. The viscosity of 0.6 M
glycerol is identical with that of 0.25 M mannosylglycerate.
The viscosity of mannosylglycerate solutions was deter-
mined using an Ubbelohde type viscometer.
The assignment of the resonances present in the HSQC

spectrum was performed by comparison with previously
published data on the SNase structure.18,19 The resonances
corresponding to the mutated residues were not assigned,
since NMR information was not available at the time of
this study.
15N relaxation measurements and analysis

15N relaxation rates were measured for the amide
groups of SNase at 37 °C in the absence (control) and in
the presence of four solutes: mannosylglycerate (0.15,
0.25, and 0.35 M), urea (0.25 M), glycerol (0.60 M), and
KCl (0.25 M). Studies with higher concentrations of
mannosylglycerate were hampered by severe line broad-
ening. Two additional sets of relaxation measurements
were carried out for the control sample (no solutes) at 32
and 42 °C. Longitudinal (T1) and transverse (T2)
relaxation times and 1H–15N steady-state heteronuclear
n Protein Stabilization and Protein Rigidification Induced by
2

http://dx.doi.org/10.1016/j.jmb.2009.09.012


12 Mannosylglycerate and Protein Stabilization

ARTICLE IN PRESS
NOE (h-NOE) values were measured using conventional
sequences54 with some modifications regarding water
suppression. For T1 measurements, a 3-9-19 WATER-
GATE sequence was used,55 while in the case of T2,
water suppression was achieved by a WATERGATE
sequence with selective inversion of the water signal. In
the h-NOE experiment without proton saturation, water
suppression was achieved by selective inversion of the
water resonance and by the use of gradient pulses to
select for the 15N→1H coherence transfer pathway.
T1 relaxation rates (R1) were obtained with relaxation

periods of 0, 20, 50, 100, 250, 500, 1000, 1250, and 1500 ms.
Values for the T2 relaxation rates (R2) were obtained with a
Carr–Purcell–Meiboom–Gill spin-echo period of 500 μs
and relaxation periods of 0, 16, 32, 48, 56, 64, 96, and
144 ms. In order to measure h-NOEs, spectra acquired
with and without saturation of protons were recorded in
an interleaved manner to minimize systematic differences.
1H saturation was achieved by the application of 120°
pulses spaced at 5-ms intervals for 3 s.56 The total
recycling delay for both experiments was 4.2 s.
The number of scans accumulated per t1 increment for

the T1, T2, and h-NOE experiments was 24, 32, and 36 scans,
respectively. The peak intensities were measured using
XWinNMR software (Bruker). The h-NOE values were
calculated using the ratio between the volume of each
1H–15N correlation peak in the presence or absence of
proton saturation. Relaxation rates for T1 and T2 were
determined by nonlinear least-squares fitting of the peak
volumes to a mono-exponential decay function. Error esti-
mates were obtained from the SD of the fitting coefficients.
The Tensor2 program22,24 was used to characterise the

diffusion tensor of the SNase by analysing the R2/R1 ratios
obtained for each of the examined conditions. Residues
with significant internal motion or in fast chemical
exchange were excluded from the characterisation of the
diffusion properties of the protein.21 Error estimates were
obtained from 600 Monte Carlo simulations, while χ2 and
F-test analyses were used to evaluate the quality of the fit
and the statistical significance of introducing an extra
parameter to the diffusion model (isotropic, axial, or fully
anisotropic diffusion). The same program was used to
select the dynamic model that best described the internal
mobility of the protein backbone based on the relaxation
data collected. This software uses the Lipari–Szabo type
analysis.57,58 The analysis was performed using an
average amide bond length of 1.02 Å and a chemical
shift anisotropy value approximated to −170 ppm for 15N
nuclei.59

Five increasingly complex models were tested iteratively
as described by Mandel et al.25 optimizing the parameters
S2, τe, Rex, S

2
f, and S2s, where S2 is the generalised order

parameter characterising the amplitude of the internal
motions, τe is the effective correlation time for the internal
motions, Rex is the exchange contribution to T2, and
subscripts “f” and “s” indicate fast and slow timescale
motions, respectively.
Model selection was done automatically by the program

Tensor2, and error estimates were obtained by 600 Monte
Carlo simulations. This procedure was repeated with the
data collected from all the other conditions at which 15N
relaxation experiments were performed.
Water–amide proton saturation transfer experiments

Water–amide proton exchange rates in the millisecond
range were measured by saturation transfer spectroscopy
using the phase-modulated CLEAN chemical exchange
Please cite this article as: Pais, T. M., et al., Relationship betwee
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technique (CLEANEX-PM) with a fast-HSQC detection
scheme.26,31,60 This technique has been shown to suppress
NOE contributions from other protons with chemical
shifts coincident with water (e.g., CαH) as well as
contributions from exchange-relayed NOEs of rapidly
exchanging protons. Thus, it was possible to measure pure
exchange rates for the observed amide groups. The
experiments were performed at 37 °C on a Bruker
AVANCEIII 800 spectrometer. Four samples of SNase
were prepared in 10 mM phosphate buffer (pH 7.3)
without solutes or with one of the following additives:
mannosylglycerate (0.25 M), KCl (0.25 M), and glycerol
(0.60 M). As stated already, glycerol and KCl were used as
controls for the viscosity and ionic strength of manno-
sylglycerate (0.25 M), respectively.
The CLEANEX-PM experiments were collected with

mixing times of 5, 8, 10, 15, 20, and 35mswith repetition of
the 20-ms mixing time experiment to estimate the SD of
peak volumes. These spectra were acquired with 2048
complex data points, 256 time increments, and 8 scans per
increment. A delay of 3 s was used between scans to
minimize the level of water saturation.
Additional NMR experiments were necessary to quan-

tify water–amide exchange rates accurately.31 These
included (i) fast-HSQC spectra for determination of
reference peak volumes, (ii) measurements of water
saturation level in the CLEANEX-PM sequence, and (iii)
inversion recovery spectra for water T1 determination,
according to the method described by Hwang et al.26

Proton/deuterium exchange rates

Proton/deuterium exchange experiments were per-
formed to monitor exchange rates of slowly exchanging
amide protons (minute to hour timescale), using protein
samples with KCl (0.25M), mannosylglycerate (0.25M), or
glycerol (0.60 M). Exchange rates were measured for the
protein samples at six temperatures: 30, 33, 37, 42, 44, and
47 °C. Glycerol-containing samples were only examined at
37 °C. The proton/deuterium exchange reaction was
initiated by dissolving the lyophilised protein samples in
99.9% 2H2O. The resulting pH of 5.7 was measured with a
glass electrode without further corrections.
The exchange rates were determined by measuring the

volume of amide cross-peaks in HSQC spectra as a
function of time. Spectra were acquired with 2048 complex
data points, 256 time increments, and 8 scans per
increment. All experiments started less than 25 min after
the exchange reaction was initiated. Standard Bruker
pulse sequences were used to collect HSQC spectra with
sensitivity enhancement. The peak volumes were mea-
sured with XWinNMR software (Bruker) and fitted to a
first-order decay curve by nonlinear regression, providing
the exchange rate for each amide proton.

Amide proton chemical shift variation

Chemical shift variation as a function of solute con-
centration was followed at 37 °C by 1H–15N HSQC spectra
with the same acquisition parameters as in the hydrogen/
deuterium exchange experiments. Increasing amounts of
KCl or mannosylglycerate (up to 0.25 M final concentra-
tion) were added to an initial control sample (no solutes)
and HSQC spectra were recorded for each condition.
Protein samples containing either 0.25 M urea or 0.60 M
glycerol were also examined by 1H–15N HSQC spectra.
The temperature dependence of amide proton chemical

shifts was also evaluated for SNase samples in the absence
n Protein Stabilization and Protein Rigidification Induced by
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of solutes and in the presence of 0.35 M mannosylglyce-
rate. A temperature range of 22 degrees (27– 49 °C) was
used to determine the amide proton temperature coeffi-
cients of all accessible resonances. The chemical shifts
were measured using the TOPSPIN 2.0 software (Bruker)
and referenced to dioxane in a capillary.
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