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Abstract

We report site-resolved observation of hydrogen exchange in the micro-crystalline protein Crh. Our
approach is based on the use of proton T, -selective 'H-"*C-'3C correlation spectra for site-specific
assignments of carbons nearby labile protein protons. We compare the proton T, selective scheme to
frequency selective water observation in deuterated proteins, and discuss the impacts of deuteration on
3C linewidths in Crh. We observe that in micro-crystalline proteins, solvent accessible hydroxyl and
amino protons show comparable exchange rates with water protons as for proteins in solution, and that
structural constraints, such as hydrogen bonding or solvent accessibility, more significantly reduce
exchange rates.

Abbreviations: SSNMR — solid state NMR; MAS — magic angle spinning; Crh — catabolite repression
histidine-containing phosphocarrier protein; HPr — histidine-containing phosphocarrier protein; MRI —
magnetic resonance imaging; PEG — polyethylene glycol; DSS — 2,2-dimethylsilapentane-5-sulfonic acid;
CP — cross polarization; PDSD — proton driven spin diffusion

Introduction structural and dynamical information of the pro-

tein. For proteins in solution, the analysis of slow

The hydration of a protein, involving the structure
and dynamics of surrounding water, is important
to such key features as the stability and the folding
(or misfolding) of the protein. Notably, hydrogen
exchange between protein protons and water pro-
tons has been shown to be an indicator for solvent
accessibility, and the implication of protein protons
in hydrogen bonds, and thus yields valuable
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hydrogen exchange, as observed by 'H/°H chemical
exchange, allows a wide variety of studies, includ-
ing protein folding (see for example Buck et al.,
1994; Raschke and Marqusee, 1998; Krishna et al.,
2004). Magnetization transfer techniques have
been successfully applied to study fast exchange
processes between solvent water and exchangeable
sites in biomolecules (Dobson et al., 1986; Spera
et al., 1991; Liepinsh et al., 1992; Béckmann et al.,
1996; Mori et al., 1996; Hwang et al., 1998; Bock-
mann and Guittet, 1997). Water—protein chemical
exchange has also been extensively studied in vitro
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and in vivo (see for example van Zijl et al., 2003) in
regard to its importance in magnetization transfer
processes in magnetic resonance imaging (MRI)
(Liepinsh and Otting, 1996).

Few studies, however, exist on hydrogen
exchange in solid proteins. Early work from
Harbison et al. reports fast exchange of Lysine
eNH; " protons in Bacteriorhodopsin (Harbison
et al., 1988). Dobson and coworkers analyzed
slow hydrogen exchange in crystals of lyzsozyme
(Bentley et al., 1983; Pedersen et al., 1991); a
similar study was conducted by Woodward and
coworkers in BPTI (Gallagher et al., 1992). *H
magnetic relaxation dispersion in crystalline BPTI
showed the dominant contribution of rapidly
exchanging deuterons to the relaxation mecha-
nism (Venu et al., 1999). Several types of MRI
studies imply magnetization transfer from the
solid lattice molecules to water in tissues (Navon
et al., 2001; Neufeld et al., 2003); due to the
complexity of the system, it has however been
difficult to analyze the exchange processes in a
site-resolved manner.

Over the last few years, magic-angle spinning
(MAS) solid-state NMR (SSNMR) has emerged
as a complementary tool to X-ray crystallography
and solution NMR for the structural character-
ization of biomolecules. Remarkable advances in
spectrometer hardware, sample preparation, as
well as methodological developments, have re-
cently allowed the sequential resonance assign-
ments of several model proteins in the solid-state
(Pauli et al.,, 2001; Bockmann et al., 2003;
Igumenova et al., 2004a,b; Marulanda et al.,
2004), as well as the first structure determination
of a micro-crystalline protein (Castellani et al.,
2002).

The recent use of deuterated proteins has
allowed the study of the interactions between
water and biomolecules in the solid state (Lesage
and Bockmann, 2003; Paulson et al., 2003a).
Deuteration for SSNMR studies was initially
motivated by the reduction of the strong 'H-'H
dipolar couplings in the sample (McDermott et al.,
1992), as well as the possibility of distance mea-
surements between re-exchanged amide protons in
proteins (Reif et al., 2001; Reif et al., 2003) or
carbon spins near selectively re-protonated sites
(Morcombe et al., 2004). Unexpectedly, deutera-

tion has also allowed unambiguous identification
of interactions between water and proteins in the
micro-crystalline state (Lesage and Boéckmann,
2003; Paulson et al., 2003a). Indeed, while in
protonated proteins Ho resonances are often
found near or at the water frequency, this problem
does not exist for deuterated samples. Thus, in 2D
proton—carbon or proton—nitrogen correlation
spectra, one can observe at the water frequency in
the indirect dimension unambiguous water—pro-
tein cross signals. In analogy to proteins in solu-
tion, several mechanisms could be at the origin of
the observed cross peaks, such as chemical ex-
change between a labile protein proton and a
water proton, exchange relayed magnetization
transfer, direct dipolar contacts between the water
molecules and the protein, or, as proposed for
micro-crystalline Ubiquitin (Paulson et al., 2003a),
intermolecular nOe.

We have recently reported the observation of
chemical exchange signals in 'H-'>C CP-MAS
HETCOR spectra of the micro-crystalline protein
Crh (Lesage and Bockmann, 2003). Indeed, all
cross signals observed belong to amino acids with
exchangeable groups, like threonine, serine,
tyrosine, and lysine. This shows that chemical
exchange dominates water—protein magnetization
transfer in this type of experiment in Crh. Still,
other mechanisms can not be excluded and we
currently investigate this more quantitatively in
detail in a forthcoming contribution (manuscript
in preparation). In the present paper, we con-
centrate on assignment strategies for water—pro-
tein interactions. We first consider the effects of
deuteration on the NMR spectra of micro-crys-
talline Crh. We then perform a detailed analysis
of the signals previously observed at the water
frequency, in both 'H-'>C and 'H-'°N correla-
tion spectra. In particular, by using a proton T, -
selective "H-'3C-'3C correlation experiment, we
are now able to provide site-specific assignments
of the interacting residues. We compare the T,
selective scheme to the observation of water—
protein interactions at the water frequency. Fi-
nally, we correlate the observed exchange
behavior of the serine and threonine hydroxyl
protons, as well as lysine side chain amide pro-
tons, to structural features of the protein, par-
ticularly at the Crh dimer interface.



Materials and methods
Sample preparation

N, 3C labeled Crh was prepared as described
previously (Béckmann et al., 2003). *H, '*C and
SN-enriched Crh was prepared by growing bacte-
ria in >98% *H, '*C, >N labeled medium (Silan-
tes). Exchangeable protons were re-exchanged
under denaturing conditions (8 M Guanidinium
Chloride). The proteins were renatured by tenfold
dilution into 20 mM NH4HCO; buffer, and were
afterwards desalted. The protein was crystallized as
described previously (Béckmann et al., 2003) by
precipitation in the presence of 20% PEG 6000 in a
crystallization plate over a 2 M NaCl solution. The
precipitate resulting from about 8 mg of protein
was centrifuged directly into a 4 mm CRAMPS
rotor, and the rotor cap was sealed.

NMR experiments

All the spectra reported in this paper were
recorded on a Bruker Avance spectrometer oper-
ating at a proton frequency of 500 MHz. The
temperature of the sample was regulated at 267 K,
corresponding to an actual sample temperature of
about 5-10 °C, depending on the spinning speed.
One-dimensional (1D) cross-polarization (CP)
spectra and two-dimensional (2D) refocused
INADEQUATE (Lesage et al., 1997) spectra were
obtained using a 4 mm MAS "“C—*H-'H triple
resonance probe at a spinning frequency of
10 kHz. A 2 ms ramped CP (Metz et al., 1994) was
used with radio-frequency (RF) fields of 56 and
83 kHz on the carbon and proton channels,
respectively. SPINAL-64 proton decoupling (Fung
et al., 2000) was applied during acquisition at a
RF field of 66 kHz. When applied, deuterium de-
coupling was achieved using the Phase-Alternated
Decoupling (PAD) sequence (Fu et al., 1996) at a
decoupling power of 900 Hz and with intervals of
90 ps between the phase shifts. PAD *H decou-
pling was first optimized on a sample of 99.9%
deuterated L-alanine (obtained from Sigma) where
a reduction of the carbon linewidths of about
10 Hz could be observed (data not shown). For
2D refocused INADEQUATE spectra, an evolu-
tion period of 3.8 ms was used for the creation and
re-conversion of double quantum coherences.
Quadrature detection in t; was achieved using the
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TPPI method (Marion and Wiithrich, 1983). For
the refocused INADEQUATE spectra on deuter-
ated Crh, 300 #; increments were recorded with 256
scans each, yielding a total acquisition time in #; of
4.3 ms. On the protonated sample, 700 increments
were recorded with 16 scans each. The other
experimental parameters were the same as the ones
used for the 1D spectra.

Two-dimensional '"H-'*C and "H-"°N hetero-
nuclear correlation (HETCOR) (van Rossum
et al., 1997) spectra were recorded using a double
resonance MAS probe at a spinning frequency of
12.5 kHz according to the pulse sequence
described in detail elsewhere (Lesage and Bock-
mann, 2003). Homonuclear proton decoupling
during ¢;, was done using the DUMBO-1 decou-
pling scheme (Sakellariou et al., 2000) with a RF
field of ~83 kHz. During ¢,, the SPINAL-64
sequence (Fung et al., 2000) was applied at a
decoupling power of 66 kHz. The recycle delay
was set to 3 s. A X-channel 180° pulse was applied
in the middle of the ¢, evolution time to refocus
carbon—proton or nitrogen—proton scalar cou-
plings, thereby improving the resolution in the
proton dimension. In the ®; dimension, proton
chemical shifts were corrected by applying a scal-
ing factor of 0.46, as determined experimentally
from a 'H spectrum of L-Alanine recorded under
similar conditions (Lesage et al., 2003). Proton
and carbon chemical shifts were referenced exter-
nally to DSS (Markley et al., 1998). For the
"H-'*C HETCOR experiment, 116 ¢, increments
with 80 scans each were recorded. The total
acquisition times in ¢ and ¢, were 8.12 and 10 ms
respectively. A carbon n pulse of 7 ps was applied
in the middle of the #; evolution period. A 2 ms
ramped CP was used with 56 and 83 kHz on the
carbon and proton channels, respectively. Quad-
rature detection in ®; was achieved using the
States method (States et al., 1982). The 'H-'>N
HETCOR spectrum was recorded with similar
parameters except for the number of scans, which
was set to 160, and the nitrogen 7 pulse which was
set to 8 ps.

The 1D T, selective spectra were acquired using
512 scans each and with dephasing times of 1, 2, 3,
and 4 ms. Proton 90° pulses were 3 ps. A 2 ms
ramped CP was used with 56 kHz on carbon and
83 kHz on the proton channel. Heteronuclear de-
coupling was achieved with SPINAL-64 at
66 kHz. The 2D T, -selective 'H-'*C-'3C proton
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driven spin diffusion (PDSD) spectrum was ac-
quired with a dephasing time ty, of 1 ms. The
mixing time was set to 20 ms. 1.2 ms were acquired
in the indirect, and 15 ms in the direct dimension.
Sixty-four increments were collected, with 512
scans, yielding a total acquisition time of 27 h.
Pulse programs and phase cycles used here are
available on our website (http://www.ens-lyon.fr/
CHIMIE/Fr/Groupes/NMR) or upon request.

Results

Effects of deuteration on >C NMR spectra of
micro-crystalline Crh

Figure la shows the one-dimensional carbon-13
spectrum of deuterated micro-crystalline Crh. For
comparison, the 1D spectrum of the protonated
form is shown in Figure lc. It is obvious that the
very high resolution observed for the protonated
protein is not reproduced in the deuterated sample.

(a)

(b)

(©)

200 180 160 140 120 100 80 60 40 20
13 C Chemical Shift (ppm)

Figure 1. One-dimensional carbon-13 CP-MAS spectra of
deuterated (a and b) and protonated (c) micro-crystalline Crh.
In (b), *H decoupling was applied in addition to proton
decoupling during acquisition. 1024 scans were accumulated
with a recycle delay of 3 s. The '>C signal to noise is weaker for
the deuterated sample due to (i) a lower amount of protein in
the rotor and (ii) the poor efficiency of the cross-polarization
from the dilute bath of protons.

One possible origin for the observed broadening of
the carbon resonances might be residual *H-"*C
dipolar couplings (these couplings are however
quite small, of the order of 500 Hz for a direct
carbon—deuterium coupling, and are expected to be
fully averaged out by the sample rotation) or, more
likely, the H-">C scalar couplings (about 20 Hz
for a sp’ carbon). Deuterium decoupling was
therefore applied, in addition to proton decoupling,
during the acquisition of the carbon signal in order
to suppress these two possible sources of broaden-
ing. The resulting 1D spectrum, obtained with PAD
’H decoupling, is shown in Figure 1b. It does not
exhibit significant improvement in terms of reso-
lution compared to the proton-only decoupled '*C
spectrum  (Figure 1a). Other *H decoupling
schemes did not yield better resolution. This
behavior is confirmed in Figure 2 which shows
refocused INADEQUATE spectra of deuterated
Crh acquired with (Figure 2b) or without (Fig-
ure 2a) “H decoupling applied during the whole
length of the pulse sequence. As already observed in
the 1D spectra, deuterium decoupling does not
improve the resolution of the carbon resonances.
Neither did increasing the proton decoupling power
or the spinning frequency (up to 12 kHz) improve
the '*C lines.

Another possible source for '*C line broaden-
ing could be residual protonation. Indeed, it is
well-known from liquid-state NMR studies (Rosen
et al., 1996) that deuterium isotope effects in
partially deuterated samples lead to multiple car-
bon-13 resonances, which could induce line-
broadening if not resolved. As demonstrated by
heteronuclear correlation experiments (see below),
the deuterated Crh sample is indeed not fully
deuterated. In particular, residual protonation is
observed for the methyl groups, which may cor-
respond to CD,H, CDH, or even CH; groups. It is
difficult however to estimate the percentage of
residual protonation, as no resolved lines are ob-
served for the different species. To this end,
quantitative comparison with the amino proton
portion of the spectrum is also difficult, as
two-bond transfers are involved in the observed
NH-Ca cross peaks. The comparison of two-
dimensional "*C refocused INADEQUATE spec-
tra recorded on the deuterated (Figure 2a) and
protonated (Figure 2c) form show, however, that
the carbon resonances are equally broadened in
the fully deuterated Cu region (see below) and in
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Figure 2. Two-dimensional carbon-13 refocused INADEQUATE spectra of deuterated (a and b) and protonated (c) micro-crystalline
Crh. In (b), deuterium decoupling was applied in addition to proton decoupling after the CP step during the whole length of the pulse

sequence.

the partially deuterated methyl region. The same
observation is made for the carbonyl part of the
2D spectra (data not shown).

The data discussed above therefore suggest
that, despite identical protocols for sample prep-

aration, the relatively poor spectral resolution
observed for deuterated Crh is the result of a
slightly less ordered sample, yielding a larger dis-
tribution of chemical shifts for each individual
carbon resonance. Finally, in analogy to the liquid
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state, we observe shifts of the isotropic '*C fre-
quencies of about 0.3 ppm per directly attached
H, for the deuterated sites, and assignments of the
deuterated carbons can thus be estimated from the
assignments made on protonated Crh.

Effects of deuteration and temperature on 'H
spectra

The 1D proton spectrum of deuterated Crh, ac-
quired after a single pulse, displays two narrow
lines at 5.0 and 4.0 ppm (as referenced to external
DSS, at a spinning speed of 10 kHz), which are
assigned respectively to water and PEG 6000 (data
not shown). The position of the water resonance is
observed to shift to higher field with increasing
MAS frequency. This effect is likely related to the
temperature increase induced by the sample rota-
tion at faster MAS rates. In liquid-state NMR
(Cavanagh et al., 1996), the water chemical shift
decreases with increasing temperatures, and the
same temperature-chemical shift relationship
holds here. The PEG resonance is not affected by
spinning frequency, but seems to be dependent on
sample preparation since it was observed at
3.8 ppm in the protonated sample, for which the
PEG/water ratio is slightly higher than in the
deuterated preparation (1 vs. 0.7 as measured from
the integrated intensity of the proton resonances).

Residual protonation

Heteronuclear correlation spectroscopy performed
on deuterated Crh allows the qualitative investi-
gation of residual protonation. The 2D 'H-'*C
and 'H-""N spectra are shown in Figure 3a and b,
respectively. As expected, correlations involving
the back-exchanged amide protons are clearly
observed with the Ca carbons (Figure 3a) and with
the amide nitrogens (Figure 3b). In the '*C
dimension, correlations with the carbonyl region
are also observed (data not shown). The "*C—'H
HETCOR spectrum displays in addition cross-
peaks in the methyl region. Using the '*C assign-
ments reported recently for protonated Crh, and
taking into account the isotope shift induced by
deuteration (Rosen et al., 1996), correlations could
be assigned for the H31 protons of Ile 47, Ile 64
and the He protons of Met 48, Met 51, as well as
to overlapping Ala, Val and Leu methyl groups as
reported in Figure 3a. This indicates that, despite
the use of a >98% deuterated growth medium, a
fraction of the methyl groups is partly protonated.
Conversely, no signals are observed in the o proton
chemical shift region, providing evidence for
complete deuteration of these sites. Interestingly, a
cross peak at 4.0 ppm in ®; and 72.4 ppm in ®,
can be assigned to PEG, indicating that a fraction
of this compound is sufficiently immobilized to
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Figure 3. Two-dimensional "H-"3C (a) and "H-">N (b) HETCOR spectra of deuterated micro-crystalline Crh. Cross-peaks were
identified by analogy with the '3C assignments reported for the protonated protein.(Bdckmann et al., 2003).



yield cross-polarization. No interactions are how-
ever observed between the PEG and protein car-
bons in the HETCOR spectrum. In the 'H-!°N
correlation spectrum, in addition to backbone NH
cross-peaks, we observe correlations for the back-
exchanged Arg He and Hn side chain protons.
Interestingly, in both heteronuclear correlation
spectra, cross peaks are identified at the proton
water frequency, which are described in more
detail in the following.

Water—protein interactions

Some of the cross peaks observed at the water
frequency in the 2D '"H-'">C spectrum were pre-
viously assigned using chemical shift information
of the protonated micro-crystalline form of Crh
(Bockmann et al., 2003). Signals of Met 1 Ca,
Glu 70 C6 and Tyr 80 CC residues could be
identified, as well as signals of Ser CB, Thr CB,
His Cy, Cdy, Cel, and Lys Ce (Lesage and
Bockmann, 2003). The latter could however not
be site-specifically assigned using 2D spectra. As
all these residues have labile protons known to
display fast exchange rates in solution (Wiithrich,
1986), we concluded in our previous report that
the cross-peaks at the water frequency arise most
likely from chemical exchange with water on the
millisecond time scale, and magnetization transfer
to their neighboring '*C spins during the CP step.
In the 'H-">N HETCOR spectrum, correlations
with water protons are also clearly observed. The
(previously unassigned) oNH;" nitrogen of the
N-terminal Metl is observed at 43.7 ppm in
the >N dimension, and the side-chain Ng2 of the
poly-His tag histidine residues at around
180 ppm. Most of the seven Lysine N reso-
nances at 35 ppm appear to be correlated with
water protons; only a small eNH; " signal is ob-
served around a proton chemical shift of 7 ppm.
In contrast, the Hn and He protons of the three
arginine residues (Arg 9, 17, 28) do not show
interactions with water. As in the '*C-detected
experiment, the correlations observed at the water
frequency in the nitrogen-15 HETCOR spectrum
very likely result from chemical exchange during
the 2 ms spin-lock period between a water proton
and a labile protein NH proton, which then
transfers its magnetization to a nearby nitrogen
nucleus by Hartmann—Hahn transfer. The back-
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bone amide protons do not display any correla-
tions with water molecules.

Ideally, in order to assign unambiguously the
overlapping '>C resonances that correlate with
water protons, a three-dimensional experiment
would be required in which, for example, a carbon
mixing period would be added before direct
detection. Such an approach was however not
practicable in our hands on deuterated Crh within
reasonable experimental time. In order to perform
a site-specific assignment of residues interacting
with water, we therefore employed the pulse se-
quence depicted in Figure 4a. This experiment re-
lies on the application of a proton T, filter inserted
prior to the CP step. As already proposed in the
past by Harbison and co-workers (Harbison et al.,
1988), a t,—m — t,, echo period, with a t,, delay of
the order of a millisecond, allows for the selection
of proton magnetization having long refocused
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Figure 4. (a) Pulse sequence for the T selective 'H-'3C-13C
correlation experiment allowing the edition of residues inter-
acting with water. (b) Carbon-13 trace extracted parallel to ®,
at the water frequency in ®, from the 2D 'H-'C HETCOR
spectrum of Figure 3a. (c) One-dimensional T, selective
"H-'3C spectra of protonated Crh recorded using the pulse
sequence shown in (a) for various lengths of the echo period,
and with 7, and #; set to zero. Arrows indicate signals
observed in the selective spectra, but not in the 2D trace.
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transverse relaxation times T,, such as mobile
water protons. In the absence of decoupling, the
proton magnetization of the solid protein is
expected to dephase much more rapidly, and
should be mostly eliminated by the T, filter. The
protons with long T, then transfer their magneti-
zation to neighboring carbons through a CP step,
followed by #; and a conventional proton-driven
spin diffusion mixing time. The resulting (asymet-
ric) spectrum is expected to selectively retain only
correlations from carbons having fast exchange-
able protons nearby, thereby providing site-spe-
cific identification of these atoms.

Figure 4c shows the 1D water selective spectra
obtained for various values of the echo time t,,
and in Figure 4b for comparison the trace ex-
tracted at the water frequency along ®, from the
2D 'H-'"*C HETCOR spectrum of Figure 3a. It
can be seen that the selective experiment effec-
tively retains, as expected, all carbon resonances
giving cross peaks with water in the HETCOR

spectrum. Only few additional peaks are ob-
served, pointed out by arrows in Figure 4c, and
which correspond to Ce resonances of Met 48, 51
and likely of Met 1 (previously unassigned).
Methionine He protons are assumed to have
longer transverse dephasing times than other
protein protons due to fast methyl group rotation
in addition to the absence of other direct neigh-
boring proton spins. An additional signal can
also be observed in the carbonyl region. Thus,
care has to be taken in interpreting the observed
signals, and double checking with frequency-edi-
ted spectra is recommended.

The clear advantage of this type of experiment is
that, due to selection by T, rather than by chemical
shift, a-protons do not present a problem in this
type of experiment, and the protonated Crh sam-
ple, with its higher S/N and better resolution can be
used. The protonated form also allows the use of a
simple PDSD experiment for further magnetization
transfer. Moreover, the observed signals can
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Figure 5. (a) and (b) are extracts around the water frequency in o, from the 2D "H-">*C HETCOR spectrum of deuterated Crh shown
in Figure 3a. (c) and (d) show the two-dimensional T, selective "H-'*C—'3C correlation spectrum recorded on protonated Crh for the
carbonyl and aliphatic regions, respectively. Horizontal lines connect intra-residue correlations. Vertical lines connect resonances
corresponding to the same carbon spin in the deuterated and protonated form. Note that the carbon-13 resonances in the deuterated
protein (panels a and b) are shifted due to the deuterium isotope effect.



directly be identified using the previously reported
13C chemical shift assignment of Crh.

Figure 5¢ and d show extracts in the carbonyl
and aliphatic regions, respectively, of the
T, -selective 'H-'*C-'3C correlation spectrum
recorded on protonated Crh. Extracts around the
water frequency of the 2D HETCOR spectrum of
Figure 3a (recorded on deuterated Crh) are dis-
played above for comparison (Figure 5a and b).
Using the T, selective spectrum and the '3C
assignment previously reported for Crh (Bock-
mann et al., 2003), the site-specific assignment of
many of the residues interacting with water can be
established. The resonance at 68.5/63.0 ppm
belongs to either or all Thr 30, 59 and 60 CB/Co,
which have nearly degenerate chemical shifts. The
cross signal at 68.7/177.7 ppm in the carbonyl re-
gion allows however to clearly identify the Thr 30
CB/C resonance, and at 69.0/172.5 ppm either one
or both Thr 59/62 CB/C resonances (which also
have degenerate carbonyl chemical shifts). As to
Thr 57, the present spectrum suggests through the
absence of the corresponding Co/Cp cross signal
that Thr 57 Hyl does not exchange with water on
the observed time scale. The spectrum also con-
firms our previous observation that Thr 12, easily
identified by its isolated CP resonance at
73.4 ppm, does not display any exchange cross
peak with water. Thus among the five threonine
residues present in Crh, only Thr 30 and one or
both residues Thr 59 and 62 exhibit hydrogen
exchange with water on the millisecond time scale.

Similarly, the cross-peak observed with water
in the HETCOR spectrum at 64.2 ppm was pre-
viously tentatively assigned to correlations with
Cp resonances of residues Ser 46 and 52, which
have almost degenerate chemical shifts at this
frequency. However, the selective 2D experiment
reveals that only Ser 46, identified by numerous
intra-residue carbon-13 cross-signals (CB/Co, Co/
CB, Ca/CO, and CB/CO), is interacting with water.
No correlations are observed for residue Ser 52, as
well as the two other serines, 31 and 56.

Although not residue-specific, the assignment
of the lysine Ce resonances is confirmed in the 2D
selective spectrum by the observation of Lys Cd/
Ce cross peaks at 28.6/41.7 ppm. The Met 1 Cu
assignment could be cross-validated by studies of
the Crh dimer interface (Etzkorn et al., 2004). In
addition, cross peaks are observed at 55.0/30.9 and
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54.8/171.9 ppm, which then can be assigned to
Met 1 Co/CP g and Cao/C’, respectively.

Several unassigned signals can be observed on
the diagonal in the selective 2D spectrum in
Figure 5d. They correspond to background pro-
tein signal due to uncomplete filtering, especially
originating from protons in flexible parts of the
protein, as for example the C-terminal region
including the LQOxHis extension. In particular,
the C-terminal Val 85 Co, CB chemical shifts, as
well as the statistical His Ca, CB chemical shifts
could explain most of the unassigned diagonal
signals. However, 3D cross signals would be
required for more specific assignments.

Dynamics of chemical exchange

Hydrogen exchange observed in HETCOR
experiments between a labile protein proton and a
water proton takes mainly place during the contact
time of the cross-polarization step (a few milli-
seconds) and thus corresponds to residence times
on the order of milliseconds. The proton reso-
nances at the o, water frequency are about 120 Hz
wide, indicating that exchange affects the line-
widths, as expected for the intermediate exchange
regime. Magnetization buildup curves have been
measured for CP times up to 4 ms, and reveal that
magnetization build-up is still in the initial regime.
Longer CP times would allow a more quantitative
analysis of residence times, but were not attempted
due to excessive sample heating on our system.

Discussion

Hydrogen exchange rates will clearly depend on
some aspects of sample preparation. Water con-
tent in different protein crystals can vary about a
broad range; water diffusion in a crystal can be
more or less restricted. Narrow water resonances
have not been observed in all micro-crystalline
proteins (Chevelkov et al., 2003). The Crh micro-
crystals have a very high water content of about
67%, and the crystal packing results in high solvent
permeability in all three dimensions (Juy et al.,
2003). Also, pH does significantly affect exchange
rates of nearly all exchangeable protons. Neutral
pH, as used here for Crh, is interesting since close
to physiological conditions, but is unusual in
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NMR studies due to problems linked to fast amide
proton exchange.

For proteins in solution, chemical exchange
with water is an indicator for solvent accessibility
and implication in hydrogen bonding. The residue
specific assignment of the Thr and Ser residues in
Crh, together with the known crystal structure of
the Crh dimer (Juy et al., 2003), allows us to
investigate this correlation in solid proteins. Fig-
ure 6 reports the location of all Ser and Thr resi-

dues on the crystal structure. In blue are shown
those which show cross signals with water, and in
pink those which are not observed at the water
frequency. At least two out of five threonines
yielded protein—water cross peaks: Thr 30 and 59
and/or 62. These threonines are located at the
surface of the protein, and their hydroxyl protons
do either not show any hydrogen bonds (Thr 62),
or are hydrogen bonded to surface water (Thr 30),
as observed in the crystal structure (Juy et al.,

Figure 6. Serine and threonine residues with fast exchanging (blue) and slow exchanging (purple) hydroxyl protons illustrated on the
3D Crh dimer structure (PDB entry Imu4 (Juy et al., 2003)). Labels are indicated for chain A only. Structures were drawn using Swiss-
PDBViewer (Guex and Peitsch, 1997) and rendered with POV-Ray™.



2003). Thr 59 Oyl receives a hydrogen bond from
Ser 56 HN, but its hydroxyl proton is not the
donor. The hydroxyl proton of active site Ser 46 is
also observed in the water selective spectra, and is
also hydrogen-bonded to a surface water molecule.

The Ser 31 hydroxyl proton, which does not
show fast exchange with water, is in fact not surface
accessible, and is stabilized by an intramolecular
hydrogen bond with the Asp 69 sidechain. In con-
trast, Ser 52, which does not show an exchange
signal, is surface accessible, and no hydrogen bond
is detected in the crystal structure. However,
molecular dynamics simulations using the
YASARA software (http://www.yasara.org) and
the Amber99 force field (Wang et al., 2000) show
that a hydrogen bond to Gly 49 CO is possible in a
less static structure, which could explain our
observations. The YASARA software was also
used for a detailed analysis of the hydrogen bonds
involving residues Thr 12, Ser 56 and Thr 57.
Hydrogens were added to the crystal structure, the
structure was minimized, and the hydrogen bonds
were analyzed during a 300 ps trajectory. The resi-
dues Thr 12, Thr 57 and Ser 56, all of which do not
show exchange signals, are indeed involved in an
extensive hydrogen bonding network. The insert in
Figure 6 shows in detail the network of hydrogen
bonds to and from these residues, comprising intra-
and intermolecular hydrogen bonds, involving res-
idues from both monomers as well as four water
molecules. Thr 12 Hyl donates a hydrogen bond to
Val 55 C’, and accepts one from Thr 57 HN; Thr 57
Hy1 donates a bond to Leu 10 C’, and accepts one
from a water proton. Ser 56 Hy donates a bond to a
water molecule, and accepts one from Thr 59 HN.
Extensive main chain hydrogen bonds involving
these residues complement this large network
involved in the stabilization of the Crh dimer
interface.

The slow exchange of several hydroxyl protons
is also indicated by the observation of resolved
hydroxyl proton chemical shifts for several serine
and tyrosine residues (Figure 3a). Thr12 Hyl res-
onates at 4.38 ppm, and signals are observed
between 5 and 6 ppm at the CB chemical shift of
the remaining Thr and Ser residues. All these
resonances are shifted downfield with respect to
the statistical Ser and Thr hydroxyl resonances (as
reported in the BMRB), as expected for hydroxyl
protons involved in hydrogen bonds (Berglund
and Vaughan, 1980).
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Doubling of resonances has been observed in
some Crh spectra for several residues, including
Thr 12, indicating local static or dynamic disorder
(Bockmann et al., 2003). Our data indicate how-
ever that this seems not to compromise the
implication of Thr 12 in the hydrogen bonding
network observed in the crystal structure, as
revealed by its hydroxyl proton chemical shift
distinct from bulk water, as well as the absence of
an exchange signal.

Hydroxyl exchange in solution has been thor-
oughly investigated by Otting and coworkers (Lie-
pinshet al., 1992; Liepinsh and Otting, 1996). Rates
around 100 s~' have been observed for free threo-
nine hydroxyl groups at pH 7 and 10 °C (Liepinsh
and Otting, 1996); for proteins, a wider range of
exchange rates has been observed (50-200 s™', at
pH 7 and 4 °C) (Liepinsh et al., 1992), mainly as a
function of solvent accessibility. No correlation
between hydroxyl exchange and involvement in
hydrogen bonding could however be found there
for the protein under study (BPTI). The relatively
slow exchange rates observed here for the hydrogen
bonded hydroxyl protons in Crh could be due to the
extensive hydrogen bonding network found in Crh
at the dimer interface, which might be more
strongly stabilizing than the isolated hydrogen
bonds found for hydroxyl protons in BPTI.

The eNH;" of lysine residues 5, 11, 37, 40, 41
and 76 are totally solvent accessible and not in-
volved in hydrogen bonds. In contrast, the highly
conserved Lys45 residue shows hydrogen bonds
from its eNH;™ protons to carbonyl groups of Phe
29 and Ser 31 (Juy et al., 2003). These hydrogen
bonds are also present in the homologous protein
HPr (Jia et al., 1993). Lys 45 is the neighboring
residue to the active site Ser 46, and probably plays
a role in stabilizing the local conformation. Lys 45
is the only lysine residue whose side chain is not
oriented towards the solvent, but is lying flat on
the protein surface. Lys 45 would thus be a good
candidate for the non-exchanging eNH;" proton
signal observed at 7 ppm. In solution, lysine
eNH;" exchange rates were determined to have an
average frequency of about 600 s™! at pH 7 and
10 °C (as extrapolated from measurements at 36
and 20 °C (Liepinsh and Otting, 1996)).

None of the side chain protons of the three
arginine residues 9, 17, 28 shows fast exchange
with water. Average exchange frequencies of about
100 s~! have been measured, respectively, for sol-
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vent accessible eNH and nNH, protons in arginine
in solution, at pH 7 and 10 °C (Liepinsh and
Otting, 1996). Arginine hydrogen exchange in
micro-crystalline Crh is probably slowed down by
the implication of all three Arginine side chains in
hydrogen bonds. Indeed, Arg 9 is stabilized by an
intra-monomer hydrogen bond to Glu 7, and an
inter-monomer hydrogen bond to Gln 82 side
chains; Argl7 by an inter-dimer hydrogen bond to
the Ser 52 carbonyl group, and Arg 28 by an intra-
monomer hydrogen bond to the Glu 25 side chain.

In the preceding discussion, we have focused on
the effect of the molecular environment on
hydrogen exchange. At given temperature and pH,
exchange rates can in addition be modulated by
the presence of exchange catalysts, or positive or
negative charges at the protein. We do not con-
sider these effects here, as they are more difficult to
estimate (Liepinsh and Otting, 1996); however,
such possible influences on the observed exchange
rates can not be excluded.

Our observations indicate that protein surface
accessibility for water in micro-crystalline Crh
seems to be comparable to that expected in solution;
for solvent exposed hydroxyl or amino protons, we
observe exchange rates on the same order of mag-
nitude as in solution. Most interestingly, in contrast
to proteins in solution, exchange rates seem to be
more significantly reduced if structural constraints,
such as hydrogen bonds or partial burying, are
present. This has also been observed for slowly
exchanging amide protons in crystals of Lysozyme
(Bentley et al., 1983; Pedersen et al., 1991) and
BPTI (Gallagher et al., 1992), and was explained by
damped motion in crystalline proteins compared to
proteins in solution. Indeed, the spectrum of fluc-
tuations giving rise to hydrogen exchange of less
accessible or more stabilized protons might be sig-
nificantly altered by the intermolecular interactions
present within the crystalline state.

Finally, regarding the effects of deuteration, as
solid state NMR on micro-crystalline proteins
advances and more different protein samples are
studied, it is becoming possible to distinguish
general principles from protein-specific features.
For example, no protein resonance line broaden-
ing has been reported for the two other deuterated
proteins studied up to date (Reif et al., 2003;
Morcombe et al., 2004). However, size, crystal

packing, completeness of deuteration and pH are
far from being the same for the different protein
samples. Moreover, the higher size of the deute-
rons compared to protons, as well as the increased
hydrophobicity induced by deuteration, can have a
destabilizing effect on the complex structure of the
domain swapped Crh dimer, notably at the dimer
interface. Even, if little is known today about
reproducibility of sample preparation, for Crh,
most micro-crystalline preparations show compa-
rable linewidths, with some few noteworthy
exceptions including the deuterated samples con-
sidered here. Differences in resolution for virtually
the same sample preparation procedures have also
been reported in the literature (Paulson et al.,
2003b).

Conclusion

Observation of hydrogen exchange is possible in
micro-crystalline protein samples by solid state
NMR techniques. Deuteration has been shown to
allow the unambiguous observation of protein—
water interactions, but is not without side effects
on the quality of the protein spectra, at least in
Crh. Proton T selective carbon edited correlation
spectra allow the use of protonated proteins, as
well as the faster acquisition of higher-dimensional
spectra. However, additional information is nee-
ded to discard cross signals arising from protein
protons with long T, .

Exchange rates for surface accessible, non
hydrogen bonded hydroxyl and amino protons
seem to be comparable to proteins in solution.
However, exchange seems to be more efficiently
damped by hydrogen bonding or reduced surface
accessibility in the crystal than in solution. Solid
state NMR hydrogen exchange studies of addi-
tional proteins should allow to establish a more
general picture in future.
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