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Abstract

The hydration of uncomplexed RNase Was investigated by NMR spectroscopy at pH 5.5 and 313 K. Two-
dimensional heteronuclear NOE and ROE difference experiments were employed to determine the spatial proximity
and the residence times of water molecules at distinct sites of the protein. Backbone carbonyl oxygens involved
in intermolecular hydrogen bonds to water molecules were identified baskgyencoupling constants. These
coupling constants were determined from 2D-H(CA)CO &Md-HSQC experiments with selective decoupling

of the 13C* nuclei during ther; evolution time. Our results support the existence of a chain of water molecules
with increased residence times in the interior of the protein which is observed in several crystal structures with
different inhibitor molecules and serves as a space filler betweentikéx and the centr@i-sheet. The analysis of

1Jno coupling constants demonstrates that some of the water molecules seen in crystal structures are not involved
in hydrogen bonds to backbone carbonyls as suggested by crystal structures. This is especially true for a water
molecule, which is probably hydrogen bonded by the protonated carboxylate group of D76 and the hydroxyl group
of T93 in solution, and for a water molecule, which was reported to connect four different amino acid residues in
the core of the protein by intermolecular hydrogen bonds.

Introduction 1985; Edsall and McKenzie, 1983; Rupley et al., 1983;
Picullel and Halle, 1986; Thanki et al., 1988; West-
Water molecules are essential for the stabilization of hof, 1993; Denisov and Halle, 1995a,b; Denisov et al.,
protein structure, for mediating polar interactions and 1995).
for introducing flexibility to intermolecular interfaces Direct observation of protein hydration is possi-
(Jeffrey and Saenger, 1991; Wang et al., 1996). They ble by X-ray and neutron diffraction analysis. Protein
connect different protein sites in the tertiary structure. molecules are not only hydrated in solution, but also
When complexes are formed, water molecules must bein crystals, where 20% to 90% of the crystal volume
removed from the binding sites which is often accom- may consist of water molecules (Jeffrey and Saenger,
panied by an entropic effect. It is assumed that these 1991). However, there are major differences between
water molecules support the gliding of ligands into the crystallographic studies and NMR investigations in so-
binding sites of a protein like a lubricant (Jeffrey and lution. The detection of crystal water is independent
Saenger, 1991). Protein hydration was studied by var- on its residence time, but requires that a water mole-
ious methods such as Raman, IR (infra-red) and NMR cule always returns to the same position (positionally
spectroscopy, calorimetry, X-ray and neutron diffrac- ordered water molecules) thereby giving rise to an
tion and molecular dynamics simulations (Kuntz and observable electron density (Levitt and Park, 1993).
Kautzmann, 1974; Finney, 1979; Finney et al., 1982, In general, hydration water molecules show exces-
_— sive thermal motion. Water molecules seen in crystal
*To whom correspondence should be addressed. structures are mostly directly or indirectly hydrogen-
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bonded, forming a network with other water molecules a twofold larger impact ort Jyc than intraprotein

or polar backbone or side-chain groups of the protein. hydrogen bonding (Juranic et al., 1996).

Usually, only the position of the water oxygen atom In this study, we investigated the hydration of
can be determined, whereas the orientations of the nucleotide-free RNase1T(ribonuclease 9) in solu-

two O—H bonds mostly remain invisible (Jeffrey and tion employing multidimensional heteronuclear NMR
Saenger, 1991). No information on kinetic parameters spectroscopy. This enzyme has been a target of ex-
is available from crystal structures. tensive biochemical and biophysical studies. RNase

In contrast, the detection of water molecules by Ti1 from the fungusAspergillus oryzaeconsists of
NMR spectroscopy does not require uniform order- 104 amino acids (Takahashi, 1965) and cleaves single
ing of the bound water molecules. Water molecules stranded RNA specifically at thé 8nd of guanosine
can be observed by through space magnetization trans-nucleotides (Egami et al., 1964; Egami, 1966; Egami
fer from water hydrogens to hydrogens of the protein and Nakamura, 1969). Guanosine monophosphates
(Otting and Wiuthrich, 1989; Clore et al., 1990; Bil- (for instance ZGMP and 3GMP) act as competitive
leter, 1995). Therefore water molecules must reside inhibitors of this catalytic reaction. Base binding and
at least several hundred picoseconds in close proxim- catalysis occur in adjacent but different regions of the
ity (=~ 4 A) of the protein. The exact position of the enzyme. The backbone amide protons of N43, N44
water molecule is not accessible. Dipolar interactions and Y45 as well as the carboxylate group of E46
between spins leading to NOE (nuclear Overhauser ef- and the backbone carbonyl of N98 are involved in
fect) or ROE (rotating frame Overhauser effect) effects the recognition of the guanine base (Heinemann and
are not only dependent on the distance between corre-Saenger, 1982; Sugio et al., 1988). Thereby, the rings
sponding spins but also on the correlation time of the of Y42 and Y45 sandwich the guanine ring system.
interatomic vector in the static magnetic fielg. In The amino acid residues H40, E58, R77 and H92 are
case of intermolecular magnetization transfer the cor- located in close proximity to the phosphate group of
relation time is approximately equal to the residence the guanine nucleotide in protein-inhibitor-complexes.
time (treg) Of the water molecules near the protein. These amino acids are the catalytic centre of the en-
The ROE cross relaxation rate is positive for all cor- zyme (Takahashi et al., 1967; Takahashi, 1970, 1973,
relation times, whereas the NOE cross relaxation rate 1976; Arata et al., 1976; Nishikawa et al., 1987). The
changes sign apyBotres = 1.12 (Solomon, 1955; three-dimensional structure of nucleotide-free RNase
Abragam, 1961; Bothner-By et al., 1985). Monitoring Tj is known from X-ray (Martinez-Oyanedel et al.,
both ROE and NOE effects provides an estimate of 1991) as well as from NMR (Pfeiffer et al., 1997)
the residence times of water molecules located nearand is characterized by an N-terminal two-stranded
non-labile protons of the protein (Clore et al., 1990; antiparalleB-sheet followed by an-helix, and a cen-
Otting and Wiithrich, 1989; Otting et al., 1991). The tral five-stranded antiparall@tsheet (Figure 1). The
accuracy of this measurement is limited as a con- cysteine residues 2 and 10 as well as 6 and 103 are
sequence of several assumptions (Brischweiler andconnected by disulphide bridges.

Wright, 1994). Furthermore, an indirect magnetiza-

tion transfer between water and the protein must be ]

excluded using structural information and knowledge Materials and methods

about the exchange rates of labile protons.

Water molecules are frequently attached to the
protein by hydrogen bonds. There is a characteristic
dependence of thk/yc coupling constant of a pep- . _ _ - )
tide bond in solution on the nature of hydrogen bonds dUéncies andza-axis gradient faC|I|ty3. Aﬂfxperlments
at either CO or NH groups of peptide groups (Klotz were performed with a .umforml} C/-°N labelled
and Franzen, 1962; Berger, 1978; Walter and Wright, 2 mM RNase T sample dissolvedin 59@ H20 con-
1979; Eberhardt and Rains, 1994; Juranic et al., 1995)_ta|n|ng 8% DO at pH 5.5. Thé'__' carrer was seton
Hydrogen bond formation at the carbonyl oxygen in- the water resonance frequency in all experiments.
creases the coupling constant about twice as much
as hydrogen-bonding of amide protons decreases it.

Molecular dynamics simulations of ubiquitin in wa-  NOE and ROE experiments for the identification of
ter have shown that hydrogen-bonding to water has water molecules near protein protons were performed

NMR spectra were recorded at 313 K with a Bruker
DMX-600 spectrometer, equipped with a triple reso-
nance probe tuned fH, 13C and°N resonance fre-

NOE and ROE experiments



Figure 1. MOLSCRIPT drawing (Kraulis, 1991) of the tertiary
structure of RNase {. For better orientation, some residues are
indicated in the secondary structure elements by their sequence po-
sition. The N-terminal two-stranded antiparalfesheet comprises
residues 4-6 and 9-11 followed by tlehelix including residues
13-29. The central five-stranded antiparafietheet consists of the
residues 38-40, 56-61, 76-81, 86-91 and 100-103.

separately for amide and aliphatic protons of the en-
zyme. The HO-ROEZ°N-HSQC (heteronuclear sin-
gle quantum coherence) experiment previously de-
scribed by Grzesiek and Bax (1993b) was utilized for
the observation of water molecules in the vicinity of
the>N bound protons of the protein. This experiment
allows to distinguish between chemical exchange and
magnetization transfer via ROE. The experiment com-
prises a selective inversion of the water resonance with
a subsequent 9(ulse followed by a ROE mixing pe-
riod. Two spectra are recorded in an interleaved mode,
with the water magnetization aligned either parallel
(+z) or antiparallel ¢z) to the magnetization of all
other!H spins before rotating it into the spin-lock axis.
After the mixing period the magnetization is detected
in an ®N-HSQC module.’®N-HSQC spectra were
acquired with 512 real data points in th&N dimen-
sion and 1024 complex data points in the acquisition
domain with sweep widths of 3953.09 H¥K) and
8992.81 Hz ¥H), and a relaxation delay of 1.9 s. The
ROE mixing time was 30 ms with an rf field strength of
4.5 kHz for the spin-lock pulse. Experiments used for
detection of water molecules near aliphatic protons of
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RNase T followed the same principle. Pulse schemes
of the H,O-NOE+3C-ct-HSQC and HO-ROE+3C-
ct-HSQC experiments were similar to those described
by Grzesiek and Bax (1993a) and Clore et al. (1994)
with addition of the WATERGATE flip-back method
for water suppression (Piotto et al., 1992; Grzesiek
and Bax, 1993a). Th&C-ct-HSQC spectra were ac-
quired with 148 real data points in tA8C dimension
and 768 complex data points in the acquisition do-
main with sweep widths of 10563.542 H¥C) and
8992.806 Hz YH), respectively. The relaxation delay
was setto 1.8 s. The NOE and ROE mixing times were
60 ms and 30 ms, respectively. The spin-lock pulse for
the ROE experiment had an rf field strength of 10 kHz.

1Jno coupling constants

Two different types of 2D experiments were per-
formed to determine the values of théyc coupling
constants of RNase;TFirst, thel Jyo coupling con-
stants of the peptide bonds were observed using a
13¢C'-coupled™>N-HSQC experiment with a selective
decoupling of the'3C® carbons during thé®N evo-
lution period as described previously (Delaglio et al.,
1991) using the WATERGATE flip-back methodology
for water suppression (Grzesiek and Bax, 1993a). Se-
lective decoupling of thé3C* carbons was achieved
by an on-resonance G3-pulse with a duration of
256s. The spectrum was acquired with 900 real data
points in the®N dimension and 1024 complex data
points in the acquisition domain using sweep widths
of 2250.26 Hz °N) and 8992.81 HzH). The re-
laxation delay was set to 1.0 s. Second, values of the
1Jno coupling constant were extracted from gradient-
selected 2D-H(CA)CO experiments with a selective
decoupling of the'3C* carbons during; (Figure 2).
Here, selective decoupling of tHé€C* carbons was
obtained by an off-resonance G3-pulse with a dura-
tion of 1 ms. A total of eight 2D experiments were
performed for the determination of théyc coupling
constants:

(1) 2D-15N-HSQC in KO at 313 K with selective
13ce-decoupling duringy,

(2) 2D-H(CA)CO in HO at 313 K (pulse scheme
in Figure 2),

(3) 2D-H(CA)CO in D20 at 313 K (pulse scheme
in Figure 2),

(4+5) 2D-H(CA)CO in HO at 313 K with°N-
decoupling during acquisition,

(6+7) 2D-H(CA)CO in D20 at 313 K withoN-
decoupling during acquisition,
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Figure 2. Pulse scheme of the 2D-H(CA)CO experiment for the measurement 61‘1;1]‘@ coupling constants. Narrow and wide pulses

correspond to 90and 180 flip angles, respectively. Pulses for which the phase is not indicated are applied along the x-akid. CEineer
frequency is set to the 40 resonance, th&3c* and13CO carrier frequencies are set to 54 ppm and 174 ppm, respectivelyl.3tlil"mrrier

is changed before and after theevolution period13C decoupling is accomplished using GARP modulation with a 1.7 kHz rf field. Shaped
pulses on3CO have the shape of the centre lobe abimx)/x function and a duration of 12ds. Shaped pulses drRC® nuclei are 1 ms
G3-pulses. The first and last 1Bpulse ont3C* nuclei is applied with an rf power of 18.8 kHz. All other rectangular pulse$3@? nuclei

are applied with reduced rf power of 4.6 kHz. The rf field strength is 26 kHz f&lHatbuIses. Pulsed field gradients have a sine-bell amplitude
profile with a strength oG = 25 G/cm,G, = 44 G/cm andG3 = 11.066 G/cm at their centre. Their durations &3 = 2.5, 1.0,

1.0 ms. Delay durations ale= 1.7 ms andl’ = 4.0 ms. Phase cycling is as follow$; = y, —y; ¢2 = 2(x), 2(—x); $3 = 4(x), 4(—x);

Acg. = x, —x, —x, x, —x, x, x, —x. Echo and anti-echo coherence transfer pathways are recorded alternatively by changing th&sign of
and combining the FIDs as described by Davis et al. (1992).

(8) 2D-H(CA)CO in D20 at 308 K (pulse scheme real data points. Subsequently, the two corresponding
in Figure 2). processed data sets were subtracted from each other.

Experiments 4 and 5 as well as 6 and 7 were identi-  The data matrices of all 2D experiments aimed
cal. An experiment at 308 K was performed necessary to measure théJyc coupling constants of the pep-
to resolve overlapping correlation signals. All experi- tide bonds were multiplied with a cosine-bell window
ments were acquired with 800 real data points in the function int; and with a 20 shifted sine-bell window
13C dimension and 384 complex data points in the ac- function in#; prior to Fourier transformation. Finally,
quisition domain with sweep widths of 2263.664 Hz the spectra were zero-filled up to a size of 1024 real
(13C) and 3592.954 Hz'H) using a relaxation delay  data points inw, and 8096 real data points ;.

of 1.0s. The values of Jyo coupling constants were then ob-
tained by the difference in tHéN and3CO chemical
Data processing shifts of the doublet components ity, respectively.

In principle, all eight 2D experiments should give
The two interleaved data sets for the NOE and similar results. Therefore, the corresponding values
ROE experiments were separated using a simple C-of 1y~ coupling constants were averaged over the
program. The FIDs of the two corresponding data experiments and averaged values were used for the
sets were multiplied in both dimensions by a cosine- fyrther analysis.
bell function. After Fourier transformation, the data Assignments of the resonance Signa|s were based
matrices of the experiment for the amide protons on thelH, 15N and3C chemical shift values of RNase
consisted of 102dv1) x 2048w>) real data points, T, described previously (Pfeiffer et al., 1996). All

whereas the data matrices of the experimentS for the Spectra were evaluated using the programs XWIN-
aliphatic protons consisted of 10@41) x 1024 wy)



NMR and AURELIA (Bruker Analytische Mef3tech-
nik GmbH, Rheinstetten, Germany). Molecules were
visualized using SYBYL (Tripos Inc., St. Louis, MO).

Results

ROE/NOE spectra of amide protons

The HO-ROEI°N-HSQC difference spectrum is

shown in Figure 3. Three mechanisms were consid-
ered (Otting and Liepinsh, 1995) to give rise to cross
peaks: (A) a direct ROE transfer between water and
protein protons, (B) a ROE interaction between a
protein proton and a rapidly exchanging proton, and
(C) chemical exchange of the amide proton with water

5

supposed to comprise all hydroxyl protons of thre-
onine, serine and tyrosine residues, and the labile
protons of lysine, arginine and histidine residues. The
only exception is the hydroxyl proton of Y11 which
was observed in NOESY spectra with presaturation
at 10.5 ppm, indicating that this hydroxyl proton is
in slow exchange with water protons. Furthermore,
the 'H chemical shift difference of about 0.3 ppm
compared to random coil (Liepinsh et al., 1992) sug-
gests a hydrogen bond involving Y11"HIn addi-
tion, all amide protons with class C cross peaks in
the HO-ROE4°N-HSQC difference experiment (Fig-
ure 3) were considered to exchange sufficiently fast
to cause a two-step magnetization transfer. Also all
correlation signals in the difference spectrum which
could potentially arise from an intramolecular dipolar

protons. interaction with the terminal Nkigroup or the amide
The ROE cross relaxation rate is always positive. proton of G70 at 4.84 ppm were omitted from the
This implies that the cross peaks in the difference discussion. These amide protons might be selectively
spectrum are negative in case of mechanism A or B jnyerted together with the water proton resonance at
(Ernst et al., 1987). In contrast, a positive ROE cross 4.64 ppm. As indicated in Table 1, the backbone amide
peak implies that the magnetization transfer via chem- protons of S17, A19, E28, L62, V67, Y68, 190 and
ical exchange dominates the interaction between the 102 and the side-chain amide protons of Q20 and
water protons and the amide protons of the protein, w59 are at least 4.0 A from all labile protons in the
i.e. mechanism C (Table 1). Twenty-four backbone ensemble of the solution structure of RNaseahd
amide protons have positive cross peaks in th®H  \yere therefore classified as type A. These cross peaks
ROE°N-HSQC difference spectrum (Figure 3) and  jgentify unambiguously the spatial proximity of water
are assigned to class C. Class C cross peaks weramolecules because the corresponding amide protons
also observed for the side-chain amide protons of N36, are well isolated from labile protons. The remaining
N43, R77,N83, Q85, N98 and N99. Measurements of cross peaks in Figure 3 were classified as type A/B

the amide proton exchange rates at pH 5.5 and 313 K since these amide protons are within 4.0 A of rapidly
(Pfeiffer, 1997) have shown that nearly all of these exchanging protons of RNase.T

amide protons have exchange rates grater tharr.0 s
atpH 5.5.

Mechanisms (A) and (B) cannot be distinguished
using relaxation data. The distinction was made by The methyl region of the'*C-ct-HSQC reference
searching for rapidly exchanging protons in a 4.0 A spectrum of RNase fTis illustrated in Figure 4A,
sphere around the considered protein protons in thetogether with the corresponding region of theCQH
solution structure of RNase; [Pfeiffer et al., 1997).  NOE-13C-ct-HSQC and HO-ROE43C-ct-HSQC dif-
(This distance seems reasonable because one expecterence spectrum (Figures 4B and 4C). Positive and
that the maximal distance observed by ROE interac- negative correlation peaks in ‘2C-ct-HSQC spec-

ROE/NOE spectra of aliphatic protons

tions is not much larger than 3.5 A based on signal-to-
noise limitations.) The conformational space of RNase
T1 in solution was represented by 34 calculated con-
formers whereby the population of each conformer

trum arise from an even and odd number of aliphatic
carbon atoms next to the carbon nucleus of interest
(Vuister and Bax, 1992). Since aliphatic protons are
non-exchangeable, the sign of all ROE cross peaks

was not accessible. Therefore, each conformer wasin the difference spectrum (Figure 4A) is opposite to
examined separately and only dipolar interactions for that observed in the reference spectrum. In case of
protein protons for which no rapidly exchanging pro- a negative NOE cross relaxation rate the sign of the
ton fell in the 4.0 A sphere in all conformers were NOE cross peaks in the difference and in the refer-
considered as direct dipolar interactions with nearby ence!®C-ct-HSQC spectrum is identical (Figures 4A
water molecules. Rapidly exchanging protons were and 4B). Negative NOE cross relaxation rates between



Table 1. NOE and ROE cross peaks of type A and B (see text)]aﬁm;/ coupling constants
listed along with the calculated distances of the closest labile proton in the solution structure
and water oxygens being closest to the protein atom in the crystal structure of RNase T

Residue Atom 1jyo? Clas® Labile nearb§ Crystal watef
Al o) 166+0Hz  na. n.a. 147 (3.68 A)
HP n.a. A/B c2 H (2.00 A) 147 2.78 A)
c2 H2  na A/B T5 H1 (1.97 A) 136 (3.89 A)
HP3  na AB T5 H1 (2.27 A) 136 (2.89 A)
D3 (o] 170+ 05Hz n.a. n.a. 136 (3.87 A)
T5 HN n.a. A/B T104 H1 (2.00A) 136 (3.33A)
HY2  na AB T5 H1 (2.00 A) 175 (2.92 A)
N9 HN n.a. A/B sg N (2.39 A) 167 (3.45 A)
HPZ  na AB T5 H1 (3.45 &) 163 (4.20 A)
H321  na. A/B ss N (1.76 A) 111 (3.03 A)
H322  na, A/B sg N (2.17 A) 134 (2.97 A)
C10 H2  na A/B T5 H1 (2.37 A) 163 (2.72 A)
HP3  na AB T5H1(3.72 A) 163 (3.60 A)
S12 HN n.a. A/B S12 H (2.00 A) 122 (3.63 A)
S13 HN n.a. A/B S13 H (2.00 A) 120 (3.29 A)
D15 HN n.a. A/B S12 H (2.00 A) 123 (3.64 A)
V16 HY1 n.a. A/B Y4 H1 (2.86 A) 153 (3.14 A)
HY2  na. B Y4AH (2.76 A) >45A
S17 HN n.a. A 153 (3.30 A)
T18 HN n.a. B T18H1(1.99A) >45A
HY2 n.a. A/B Ti18H1 (2.44A) 158 (2.51A)
Al19 HN n.a. A 110 (3.50 A)
HP n.a. A 110 (2.92 A)
Q20 H2 n.a. A 156 (3.01 A)
K25 He n.a. A/B K25 H (2.18 A) 148 (4.41 A)
E28 HY n.a. A 133 (5.66 A)
D29 o 163+ 04Hz na. n.a. 202 (2.77 A)
G30 o) 166£0.1Hz n.a. n.a. 176 (3.86 A)
T32 HN n.a. AB T32H1(1.93A) 225(3.26 A)
HY2 n.a. A/B T32H1(2.00A) 141,116 (3.05A)
V33 Hl  na A 222 (2.79 A)
HY2  na. AB G70H' (1.98 8) 191 (3.65A)
N36 H2  na A/B G71H (1.89A) 151 (357 A)
K41 He n.a. AB N43 H2 (1.93R) 126 (4.12 A)
F50 HY n.a. AB 49 HY (3.34 &) 224 (2.53 A)
S51 o] 168+ 02Hz n.a. n.a. >5.0A
V52 HY2 n.a. A/B Y56 H! (3.03 A) 196 (3.04 A)
S54 HN n.a. B S54 K (1.99 A) >45A
He n.a. B S54 H (3.40 A) >45A
Y56 HN n.a. AB N43 H2 (2.52 &) 126 (1.93 A)
W59 Hl  na A 107 (2.44 A)
161 HN n.a. AB R77 H (2.68 A) 106 (3.93 A)
HY2  na. A 106 (4.72 A)
L62 HN n.a. A 108 (2.02 A)
ol n.a. A 135 (2.94 A)

Hd2 n.a. A/B Y56 H (2.00 A) 106 (3.08 A)




Table 1. Continued.

Residue  Atom Lljyo? Clas®  Labile nearb§ Crystal watef
G65 HN n.a. A/B se4 N (2.014) 113 (3.28 A)
o} 164+ 02Hz na. n.a. 124 (2.91 A)
203 (2.92 A)
D66 HY n.a. B se4 ¥ (3.36A) >45A
V67 HN n.a. A 166 (1.95 A)
HY1 n.a. A/B K25 H (3.00A) 191 (3.15A)
HY2 n.a. A/B K25 H (3.04A)  203(3.19A)
Y68 HN n.a. A 107 (1.93 A)
S69 HN n.a. A/B S69H (1.92A)  135(1.89 A)
G70 o) 169+ 03Hz na n.a. 182 (2.70 A)
135 (2.76 A)
P73 H2  na. AB G74H (1.91A) 115(3.724)
HP3  na. B R77H (2.04A) >45A
HY n.a. A/B R77H (2.82A) 151 (2.88A)
AT75 HP n.a. AB To1H1(2.00A) 134 (2.63A)
D76 HN n.a. AB A75HY (1.922) 106 (2.00 A)
R77 H2 n.a. B G741 (2.208) >45A
H¥  na. A/B R77H (1.90A) 121 (4.35A)
V79 H1l  na B N43H' (3.40A) >45A
N81 H2  na. B N83HZ (1.93A) >45A
N83 o] 163+ 0Hz n.a. n.a. 173 (3.93 A)
N83 H2  na. AB N83 H2 (2.15A4) 173 (2.914)
HP3  na A/B N83 H2 (3.39A) 201 (4.13A)
L86 H2 n.a. A/B Y4 H1 (2.20 A) 220 (3.14 A)
V89 H1l  na A 169 (5.50 A)
190 HN n.a. A 169 (5.80 A)
Hol n.a. B Y42 H (2.16 A) >45A
T91 HZ2  na. AB TorH1 (2.114) 117 (3.19A)
T93 HN n.a. A/B T91H1 (2.004) 111 (4.38A)
HY2  na. A/B Go4H 2.00A) 167 (2.76 A)
G944 o) 170+ 02Hz na n.a. 146 (2.66 A)
A95 HP n.a. AB N99 HZ (2.00 &) 215 (2.88 A)
N9s8 o] 165+ 05Hz n.a. n.a. 194 (3.17 A)
E102 HN n.a. A 138 (1.87 A)

@ The given coupling constants are mean values averaged over and standard deviations
derived from eight experiments as described in Materials and methods.
Cross peak classification as described in Results. Dipolar interactions for protein
protons which are close to labile protein protons but more than 4.5 A away from a
water oxygen were classified as type B.
¢ The labile protons within 4.5 A (in case of a NOE) and 4.0 A (in case of a ROE) of
the proton listed in the second column. Interproton distances were calculated in all
34 conformers of the solution structure of RNasge Dnly the closest labile proton
within the ensemble is listed.
Hydrogen atoms were built onto the heavy atoms of the protein using SYBYL
software. Distances were calculated between the protein atoms listed in the second
column and the water oxygens in the crystal structure. Because of the uncertainties in
the orientation of the water protons and in the water oxygen atom coordinates, these
distances have average uncertainties of 1.0-2.0 A. Only the closest water oxygen is
listed.
n.a. means ‘not applicable’.
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Figure 3. The H,0-ROEL®N-HSQC difference spectrum of uniformiyN/13C-labelled RNase recorded with a mixing time of 30 ms. Total
acquisition time was 10 h. Dashed contours indicate negative intensities. Contours are spaced by a factor of 1.3. The amide correlation peaks
are assigned with one-letter amino acid code and residue number. Negative cross peaks which arise not exclusively from direct water-protein
contacts (see text) are marked with an asterisk. The correlation signals of G70 and R77 are outside of the displayed spectral region. The intensity
of the correlation signals of A19 and the side-chain amide protons of N99 is smaller than the chosen threshold.

water molecules and the aliphatic (non-exchangeable)classified as type A. These aliphatic protons are also
protons indicate residence times of water molecules at least 4.5 A from the closest labile proton in the
of more than 300 ps (Otting and Wauthrich, 1989). solution structure of RNase;T The remaining cross
Since the ROE cross relaxation rate is always positive, peaks were classified as type A/B or B.

cross peaks appear in the;®FROEZ3C-ct-HSQC

spectrum (Figure 4C) for dipolar interactions between Intermolecular hydrogen bonds

the protein and water molecules with residence times

of approximately 300 ps, whereas the NOE cross re- Representative parts of tHéC'-coupled'>N-HSQC
laxation rate vanishes for this correlation time at a and the >N-coupled 2D-H(CA)CO spectrum of
spectrometer frequency of 600 MH@dtres ~ 1.12). RNase T are shown in Figures 5A and 5B, respec-
Cross peaks in the difference spectra withih5 ppm  tively. Out of 103 values otJyc coupling constants,

of the water resonance were omitted in the analysis 102 could be obtained. The missing value belongs to
because of baseline distortions due to the incomplete the peptide bond between the residues 69 and 70. The
water suppression. Examination of Table 1 shows that coupling constants range from 13.2 Hz to 17.0 Hz.
5 of the aliphatic cross peaks were caused by direct Juran¢ et al. (1996) derived an equation for the depen-
dipolar interactions with water molecules. They were dence of théJnc: coupling constants from intermole-
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cular as well as from intramolecular hydrogen bonds bonds into account (Martinez-Oyanedel et al., 1991)
J (hb): we considered in the crystal structure of nucleotide-
free RNase T all water oxygens which are less than

J(hb)/Hz = 14.3 + 4.1(COinter) + 1.6(COntra) 4.0 A away from carbonyl oxygens of peptide bonds
—2.1(NHinter) — 0.8(NHintra) with a coupling constant/yc > 16.2 Hz. This
distance includes 1.0 A for the H-O bond whose ori-
entation is unknown in the crystal. In case of dipolar
interactions, we considered all water molecules which
are less than 6.0 A away from protein protons for
which direct NOE or ROE interactions were observed.
This distance accounts for the unknown orientation of
the O—H bond and the uncertainty of the atomic co-
ordinates of the water oxygen atoms of about 1.0 A.
Table 1 shows the water molecules closest to the cor-
responding protein atoms in the crystal structure. In
this way, 22 out of the 121 crystal water molecules
were unambiguously supported by the NMR data in
solution. They are associated with temperature factors
of 6.6-50.57 & in the crystal. We see three differ-
ent reasons why the remaining water molecules in the
crystal cannot be identified by NMR spectroscopy:
(1) They are more than 4.5 A away from aliphatic or
amide protons of the protein. (2) They are less than
4.5 A away from aliphatic or amide protons of the pro-
tein, but these protein protons themselves are less than
4.5 A away from rapidly exchanging protein protons
(Table 1). (3) The residence time of these water mole-
cules is too short for the observation of intermolecular
ndipolar interactions (shorter than 50—100 ps).

The correlation shows a dominant role of intermole-
cular C=0---HOH protein-solvent hydrogen bonds
(COinter) ON thel/ne coupling constant. High val-
ues of thelJyc coupling constant were described
as unambiguous indicators for the high population of
hydrogen bonds between water hydrogens and the pro-
tein backbone carbonyl oxygen (Juraet al., 1995,
1996). We chose a cut-off value &fyo > 16.2 Hz

for the average values of thdyc coupling constants,
because ndJyc coupling constant below 16.0 Hz
was determined for the corresponding peptide bonds.
The maximum standard deviation of these latdgc
coupling constants was 0.5 Hz. From this analysis
it was concluded that the backbone carbonyl oxygen
of residues 1, 3, 29, 30, 51, 65, 70, 83, 94 and 98
unambiguously accept intermolecular hydrogen bonds
from water molecules. For all of these acceptors no
or only slightly populated intramolecular hydrogen
bonds were detected in the solution structure of RNase
T1 (supplementary material in Pfeiffer et al., 1997).
Generally, CO sites may accept two hydrogen bonds.
Thus, one intramolecular hydrogen bond within the
protein involving a backbone carbonyl oxygen not
necessarily excludes a second hydrogen bond betwee
the oxygen and a water proton.

Values oflJye < 14 Hz may indicate the ab-
sence of intermolecular hydrogen bonds at the car-
bonyl site of the peptide bond. For five peptide bonds
average! Jyc coupling constants smaller than 14 Hz
were obtained: S12-S13 (B3 0.3 Hz), Y42—-N43
(132 &+ 0 Hz), E58-W59 (13t + 0.2 Hz), L62-
S63 (134 + 0.4 Hz) and N81-E82 (13 + 0.3 Hz).
These decreasetye coupling constants might be
hints to hydrogen bonds between the amide proton of
the peptide bond and a water molecule provided that
intraprotein hydrogen bonds involving the NH site of
these peptide bonds do not exist.

Discussion

The following discussion will focus on distinct hy-
dration sites of RNase jTobserved by NMR which
correspond to conserved water molecules in crystal
structures or to water molecules to which special at-
tention was paid in the crystal structure analysis of the
nucleotide-free enzyme.

A hydrogen-bonded chain of 10 conserved wa-
ter molecules was described in crystal structures of
RNase T with different inhibitor molecules (Malin
et al., 1991). Four of these water molecules were also
described in the crystal structure of the nucleotide-
free RNase T (Martinez-Oyandel et al., 1991): water
In the crystal structure of nucleotide-free RNase T Mmolecules 107 (122), 108 (123), 110 (120) and 113
(Martinez-Oyanedel et al., 1991) 121 positions of wa- (116). Numbers in brackets correspond to the num-
ter oxygen atoms were reported. A number of 30 water bering of water molecules in Malin et al. (1991). The
molecules was considered to be conserved in crystalchain of these four water molecules is anchored at
structures of RNase{Twith different inhibitors (Ma- W59 H and stabilizes the loop structure formed by
lin et al., 1991). Taking also three-centered hydrogen residues 60—68 in the crystal structures (see Figure 1).

Application of the NMR data to the crystal structure
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Figure 5. Region from thel3C’-coupled®N-HSQC (A) and the!®N-coupled 2D-H(CA)CO spectrum (B) of uniform&PN/3C-labelled

RNase T recorded with; max = 200 ms and 178 ms, respectively. The total acquisition time was 8 h for spectrum (A) and 4.3 h for spectrum
(B). Data were processed using an exponential filter function imtbemain and zero-filled to yield digital resolution of 0.2 Hz per data point

in the wq dimension. ThéJNC/ coupling constants were obtained from the difference of the doublet componestsrieasured in Hz.

The mutation of W59 to Y doubles the catalytic ac- and the backbone carbonyl oxygens of P60, L62 and
tivity of RNase T;. All of these water molecules have D66, respectively, cannot be confirmed by the NMR
low temperature factors. Water 107, 108 and 110 form data: The values of th&/yc coupling constants of
hydrogen bonds with protein amide protons whereas the corresponding peptide bonds are4ls 0.3 Hz,

the water molecule 113 was supposed to form a hy- 134 + 0.4 Hz and 150 4+ 0.4 Hz, which would be
drogen bond with the backbone carbonyl group of L62 in contradiction to a high population of intermolecular
in the crystal. Indeed, dipolar interactions were ob- hydrogen bonds at these CO sites. Although water 113
served for water 107/W59 ¥4 water 108/L62 1Y, is within 3.5 A of 161 H'1 and H1, no dipolar interac-
water 108/Y68 W, water 110/A19 ¥ as well as tions were observed. These observations suggest that
for water 110/A19 H in solution. These three wa- the residence time of water 113 is only a few hundred
ter molecules are buried and the corresponding crosspicoseconds.

peaks of A19 H, w59 H?!, L62 HN and Y68 H In several crystal structures (Malin et al., 1991),
are comparably strong as depicted in Figures 3 andtwo of the 10 water molecules interact with the N-
4. The solvent exchange rates of these three amideterminal side-chains of the-helix. In solution, a
protons range between 1Hs 1 and 106 s~ (slow dipolar interaction was detected between the water
exchange). No or less populated intramolecular hy- molecule 153 and S17"4 Water 153 (117) was also
drogen bonds were detected for these amide protonsdescribed to be conserved. The ROE cross peak for
in the solution structure of RNase TPfeiffer et al., S17 HY is very weak implying a larger distance to the
1997). The NOE cross peak for A19%Hs associ- water 153 and a rather short residence time of a few
ated with a negative cross relaxation rate. In summary, hundred picoseconds.

this indicates short water-protein distances and resi-  Water 106 has the lowest temperature factor in the
dence times greater than 300 ps (Otting and Wiithrich, crystal structure of nucleotide-free RNase Tt do-
1989). This observation is consistent with the crystal nates two hydrogen bonds, to 161 O and P73 O, and
structures in which the mentionéeN-bound protons  accepts two hydrogen bonds, from A7% ldnd D76
(except A19 HY) are involved in intermolecular hydro-  HN (see Figure 1). A ROE but no NOE cross peak was
gen bonds with the described conserved internal water observed between this water molecule and 16%.H
molecules 107, 108 and 110. The proposed hydrogenThe absence of a NOE cross peak suggests a residence
bonds between the water molecules 107, 113 and 108time of about 300 ps. All other potential contacts be-
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182 acceptor regarding the distance of 3.05 A between the
D49 two oxygen atoms. The observable protein protons
- g-o-8-d within 3.5 A of water 111 comprise C6/, N9 H2L,
e D76 o« N9 H22, A75 HB, T93 H'2 and T93 H. With the
i exception of C6 ¥ and T93 H, dipolar interactions
were observed for all of these protons which could
/ arise also from water 111 besides other water mole-
180 o cules. However, all observed dipolar interactions were
of type A/B because the protein environment of water
111 is ‘*bristling’ with rapidly exchanging protons in
the solution structure of RNase,Trendering all pos-
179 - H sible intermolecular dipolar interactions ambiguous.
/ eoo o

181 4

noo-o®® The 13CY chemical shift of the carboxylate group of
D76 does not change much in the pH range of the
titration curve (Figure 6). The carboxyl carbons of
178 | e the other aspartate residues of RNageappear be-
oo-U tween 176 and 178 ppm for the protonated state and
between 180 and 182 ppm for the deprotonated state.
177 ' ‘ ' . . . As an example, the titration curve of D49 is shown in
2 3 4 5 6 7 8 Figure 6. (See Pfeiffer et al., 1996 for calibration of
the 13C chemical shifts.) The carboxyl carbon of D76
resonates between 178.4 and 178.9 ppm which is half-
Figure 6. Titration curve of_the carboxylate group of D_76 monitored  way between the expected chemical shift values for the
ey o o i et o e protonated and deprotonated state of the carboxyl car-
B-methylene protons with tHeC chemical shifts of the carboxylate bons of aspartate residues in RNageHowever, this
carbon nucleus’COO). The variation of thd3C chemical shift carboxylate group must be protonated because its en-
dependent on the pH value is shown for D76 in comparison with - vironment lacks any positive charge for compensation
D49. A ~°C chemical shift value of 175-178 ppm is expected for. of a negatively charged (deprotonated) carboxylate
protonated carboxylate groups, whereas a value of 180-182 ppm is . . .
expected for deprotonated carboxylate groups of RNas€dither group. The increasedCY chemical shift values there-
details of the titration will be described elsewhere (N. Spitzner, to fore suggest that the proton at the carboxylate group
be published). is involved in a hydrogen bond, namely with water
111. Regarding the geometry of the crystal structure
near D76 (Martinez-Oyanedel et al., 1991) the water
molecule 111 might accept a second hydrogen bond,
from T93 O (Figures 7 and 8). In agreement with the
NMR data the water protons are too far away from C6
O for hydrogen bonding: th&/yc coupling constant
of the peptide bond is too small (I&+ 0 Hz) for an
intermolecular hydrogen bond with a water molecule.
The hydroxyl proton of Y11 exhibits a hydrogen bond
to the second carboxylate oxygen of D76. This hy-
drogen bond is supported by the observed downfield
shift of the 1H resonance frequency of this hydroxyl
proton compared to a random coil conformation and
by the NMR solution structure of RNase.TA hy-
drogen bond between the side-chain amide protons
of N9 and D76 ® was also observed in the solution
structure of RNase 1I This arrangement of the wa-
ter molecule 111 would be consistent with the NMR
data. No resonance distinct from that of water could be
identified for they-hydroxyl protons of T91 and T93

13 COO chemical shift
~—

pH value

tween the protein and water 106 are ambiguous owing
to the proximity of labile protons like the amide pro-
ton of A75, which shows a strong positive ROE cross
peak. The proximity of A75 N led to a classification

of the very strong and negative ROE cross peak for
D76 HN as type A/B. Thé Jyc coupling constants for
the peptide bonds involving 161 O and P73 O exhibit
no extreme values. At best, the value for P73 is slightly
increased (1® £ 0.3 Hz). Thus, some or all of the
proposed intermolecular hydrogen bonds to backbone
carbonyls are absent in solution.

Attention was paid to the conserved water mole-
cule 111 (111) in the structure for RNase. Tt was
reported to be completely buried in crystal structures
and could be hydrogen bonded to D78-Qo T93 H'1
and T93 O (see Figure 1). In the crystal structure
(Martinez-Oyanedel et al., 1991) the backbone car-
bonyl oxygen of C6 might also serve as hydrogen bond



13

Figure 7. Stereo view of the amino acid residues surrounding the water molecule 111 in the crystal structure of nucleotide-free RNase T
(Martinez-Oyanedel et al., 1991). The orientation of the O—H bonds was modelled using the NMR data and a standard energy minimization
of SYBYL. The amino acid residues are indicated by the one-letter code and their corresponding sequence position. The length of the two
hydrogen bonds involving the water oxygen is given. Sulphur, oxygen, nitrogen and carbon atoms are yellow, red, blue and white, respectively.
Protons are coloured cyan.

Figure 8. Space-filling representation of the protein surface surrounding the water molecule 111 in the crystal structure of nucleotide-free
RNase T (Martinez-Oyanedel et al., 1991). The amino acid residues relevant for hydrogen bonding are indicated by the one-letter code and
their corresponding sequence position. Colours of atom types are the same as in Figure 7. In addition, the hydroxyl protons of Y11, T91 and
T93 as well as the side-chain amide protons of N9 and the proton at the carboxylate group of D76 are coloured orange. The water molecule 111
is coloured green.
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indicating high exchange rates with the solvent rang-
ing between 203! and 103 st (Wiithrich, 1986).
The hydroxyl group of T91 is located at the bottom
of the surface groove ‘behind’ the water molecule 111
(Figure 8). It is very likely that the water molecule
must be removed from the surface-groove to allow for
the chemical exchange of T91YHThus, the exper-

difference experiment, it seems to be possible that a
short-living water molecule forms a hydrogen bond
to this amide proton, namely the water molecule 140.
The position of water 140 in nucleotide-free RNage T
is equivalent to guanine N7 in RNase ¢omplexes.

In contrast to the crystal structure of nucleotide-free
RNase T no water molecule binds simultaneously to

imental data associated with water 111 indicate that the CO sites of Y42 and N43 in the base binding site

it is not as tightly bound to RNase;Tas suggested

in solution. It can be assumed that these missing in-

from the crystal structures. It should be remembered termolecular hydrogen bonds for water 129 (bridging

at this point that we investigated RNaseiifi solution
without calcium ions (C&"). In the crystal structures
of RNase T, the calcium ion is co-ordinated at the
D15 carboxylate in the neigbourhood of D76. Small

changes of the hydration due to the absence of the

calcium ion are imaginable.

Y42 O and N43 O) and 140 (bridging Y43 O and Y43
HN) might cause increased flexibility of the tripep-
tide Y42—-N43-N44 as described previously for the
solution structure of RNase; {Pfeiffer et al., 1997).

Some water molecules are hydrogen-bonded to Conclusions

backbone CO (or NH sites) in solution (Table 1). Fre-

qguently, no unambiguous NOE or ROE interaction In summary, this NMR study supports the phenom-
could be detected in the environment of these CO sites enon that water molecules which are structurally con-
rendering the estimation of the residence times of the served in different crystal structures of RNagecdm-

water molecules difficult. Water molecule 194 plays plexed with inhibitors have increased residence times

an important role because it is hydrogen-bonded to
N98 O which belongs to the base binding site. The
water molecule bound to the CO site of N98 in so-
lution occupies the position of a guanine functional
group in RNase T complexes. In case of substrate
binding this water molecule must be removed from

compared to bulk water molecules in solution. Sev-
eral water molecules reported in the crystal structure
of nucleotide-free RNase;Tcould also be identified

in solution. The investigation of crystal water mole-
cules near rapidly exchanging protons of the enzyme
was possible only under special circumstances. How-

the protein. As mentioned above there are also someever, some backbone carbonyl oxygens which were

peptide bonds of RNase With extremely low values

supposed to be hydrogen bond acceptors of water

of the 1/ye coupling constant corresponding to the molecules in crystal structures seem to exhibit no
absence of intermolecular hydrogen bonds at the CO intermolecular hydrogen bonds in solution. The coin-
site of these peptide bonds. Here, a detailed analysiscidence of the structurally conserved hydration sites
of the hydrogen bonds within the protein is necessary of RNase T identified in crystals with those observed
because thé Jyc coupling constant is much more in solution support a functional role of these water
sensitive to hydrogen bonds at the CO site than at the molecules. Although NOE and ROE interactions with
NH site of the peptide bond. In the case of Y42 in the rapidly exchanging protons of the protein may limit
base binding site of RNase ;Thydrogen bonds to the  the measurement of the kinetics of the hydration water,
CO site within the protein are completely absent inthe a number of water molecules found in crystals could
solution structure. Hydrogen bonds to the NH group be characterized by their residence times in solution.
exclusively within the protein would result in a value

of L/ne > 13.5 Hz. Unfortunately, théJyc coupling

constant of 13.2 Hz for the peptide bond Y42-N43 Acknowledgements
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