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Abstract: Biological processes often involve the surfaces of proteins, where the structural and dynamic
properties of the aqueous solvent are modified. Information about the dynamics of protein hydration can
be obtained by measuring the magnetic relaxation dispersion (MRD) of the water 2H and 'O nuclei or by
recording the nuclear Overhauser effect (NOE) between water and protein protons. Here, we use the MRD
method to study the hydration of the cyclic peptide oxytocin and the globular protein BPTI in deeply
supercooled solutions. The results provide a detailed characterization of water dynamics in the hydration
layer at the surface of these biomolecules. More than 95% of the water molecules in contact with the
biomolecular surface are found to be no more than two-fold motionally retarded as compared to bulk water.
In contrast to small nonpolar molecules, the retardation factor for BPTI showed little or no temperature
dependence, suggesting that the exposed nonpolar residues do not induce clathrate-like hydrophobic
hydration structures. New NOE data for oxytocin and published NOE data for BPTI were analyzed, and a
mutually consistent interpretation of MRD and NOE results was achieved with the aid of a new theory of
intermolecular dipolar relaxation that accounts explicitly for the dynamic perturbation at the biomolecular
surface. The analysis indicates that water—protein NOEs are dominated by long-range dipolar couplings
to bulk water, unless the monitored protein proton is near a partly or fully buried hydration site where the
water molecule has a long residence time.

1. Introduction Much of the experimental information about protein hydration

Most proteins and other biomolecules have been adapted bydynamics has come from magnetic relaxation experiments using

Protein-water interactions therefore play an essential role in (MRD) of the quadrupolafH and 'O nuclei in the water

the folding, stability, dynamics, and function of proteins. Moleculé-? and intermolecular'H—'H nuclear Overhauser
Conceptually, the problem may be analyzed in terms of different effects (NOEs) between water and protein protohsleither
perturbation orders. The first-order effect of the bulk solvent Method can separately observe the hydration layer, because fast
on the protein is often described by solvent-averaged potentials,Water exchange between hydration sites and bulk solvent makes
as in the dielectric screening of Coulomb interactions. To second the water tH, ?H, or *’O) resonance degenerate. Nevertheless,
order, we must acknowledge that the protein modifies the different classes of water molecules can be identified and
properties of the adjacent solvent and that this modification characterized. In the MRD method, a dynamic selection is
reacts back on the protein. The term hydration usually refers to @complished by exploiting the fact that water molecules with
such second-order effects, which range from the highly specific different rotational correlation times give rise to characteristic
entrapment of structural water molecules in internal cavities to frequency dependencies (dispersions) in the longitudinal relax-
the generic perturbation of the water layer covering the external &tion rateRi.2 In the NOE method, the selection is more
protein surface. In the present work, we examine to what extentCOMPplicated, being dependent on both the dynamics and the
the dynamics of the hydration layer differs from that of bulk Spatial proximity of water molecules to protein protons with
water. This is an important question because the primary eventsesolved'H resonanced? While the MRZ™" and NOE~1

in most biological processes, such as enzymatic catalysis,Methods are well-established and complementary tools for
.aSSOCIatlon’ and recognition, take place at the pretesater . (1) Halle, B.; Denisov, V. P.; Venu, K. IBiological Magnetic Resonange
interface. Moreover, because the volume of the hydration Krishna, N. R., Berliner, L. J., Eds.; Kluwer/Plenum: New York, 1999;
monolayer is comparable to the dry volume of a small protein, pp 419-484.

X X (2) Halle, B.; Denisov, V. PMethods EnzymoR001, 338 178-201.
even a small perturbation of the hydration layer can have a large (3) Otting, G.; Liepinsh, EAcc. Chem. Res.995 28, 171-177.
; ; ; (4) Otting, G.Prog. Nucl. Magn. Reson. Spectrod®97, 31, 259-285.
effect on proteln energetlcs and dynamlcs. (5) Denisov, V. P.; Peters, J.;'Hein, H. D.; Halle, B.Nat. Struct. Biol1996
3, 505-509.

; Lund University. (6) Denisov, V. P.; Halle, BFaraday Discuss1996 103, 227-244.
Karolinska Institute. . ) o (7) Halle, B. InHydration Processes in BiologRellisent-Funel, M.-C., Ed.;
§ Present address: Australian National University, Research School of I0S Press: Dordrecht, 1998; pp 23349.
Chemistry, Canberra, ACT 0200, Australia. (8) Otting, G.; Withrich, K. J. Am. Chem. Sod.989 111, 1871-1875.
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identifying and characterizing internal water molecules buried aceton cryosolver€ which was also investigated by MRD.
inside proteins, their application to the study of surface hydration Previously, MRD and NOE results have been compared
presents experimental challenges as well as theoretical problemsquantitatively only for DNA hydratior?2°

The problem faced in MRD studies of surface hydration is
that virtually all water molecules interacting with a protein
surface have rotational correlation times shorter than 1 ns at 2.1. Peptide and Protein SamplesThe trifluoroacetate salt of
normal temperatures, so that the corresponding dispersions occuexytocin was obtained from Bachem Feinchemikalien AG (Bubendorf,
above the highest experimentally accessiblel @r 170) Switzerland). According to the manufacturer’s HPLC analysis (lot no.
frequency of about 100 MHz. MRD experiements can then yield 508590), the purity was 99.1%. Aqueous solutions of oxytocin were
only the average rotational correlation time for the inhomoge- Prepared by weight using water containing 5&¥@nd 17960 (MRD
neous hydration layer. If the correlation time distribution has a S2mPles) or 109%H (NOE sample). pH* (uncorrected for isotope

. ; . . . effects) was adjusted by microliter additions of HCI and NaOH. The

weak long-time tail, as suggested by physical considerations,

h il be h v infl db I b f emulsion sample was made by mixing equal volumes of 41 mM
€ average will be heavlly influenced by a small NUMDET Ot 5q,60us oxytocin solution at pH* 3.5 and heptane containing 5% (w/

strongly motionally retarded water molecules, presumably \ of the nonionic emulgator sorbitan tristearate. A stable emulsion
located in deep surface pocké&tsHere, we report new MRD  wjth mean droplet diameter of 15m was obtained by pressing the
experiments that allow a more detailed characterization of mixture through a stainless steel mesh 20 pore size) 100 times as
surface hydration dynamics. This is accomplished by using an described previousB% The second MRD sample contained 32 mM
emulsion technique to study supercooled protein and peptideoxytocin in a 52/48 (v/v) water/acetone cryosolvent at pH* 3.4. The
solutions down to—30 °C. Because of the order-of-magnitude NOE sample contained 35 mM oxytocin ina 70/30 (V/V) water/acetone-
retardation of molecular motions at such temperatures, someds cryosolvent at pH*3.4. _

of the water molecules at the protein surface give rise to Bovine pancreatlc trypsin inhibitor (BPTI), ge_nerously sgpplled'by
observable dispersions, thereby allowing us to determine their NOV0 Nordisk AS (Gentofte, Denmark), was dialyzed against deion-
correlation times and, by implication, their residence times. By ized, double-distilled water and then lyophilized. An aqueous BPTI

ing the t t th v d lute th solution of pH* 5.2, made from water containing 5244 and 17%
varying the temperature, we can (hus partly deconvoiute the 170, was mixed with an equal volume heptane/emulgator solution and

correlatioh time distribut_ion. _ emulsified as for the oxytocin sample. The BPTI concentration in the
In previous NOE studies of surface hydratigtr* 4 it was aqueous phase, 8.3 mM, was determined from the absorbance at 280
assumed that observed NOEs are dominated by one or a fewnm.
water molecules residing near a given protein proton. However, In an emulsion droplet of 15m diameter, only 0.4% of the solute
unless such nearby water molecules are motionally retarded bymolecules (oxytocin or BPTI) are within 100 A of the interface. Any
several orders of magnitude (as for internal water molecules), perturbation of the solute resulting from its interaction with the interface
the observed NOE contains significant contributions from is therefore not likely to produce measurable effects. Indeed, no effect
thousands of water molecules: that is, it is long-rartetio of the interface could be detected in a control experiment where the
S : e ; . 2H dispersion profile from a 21 mM BPTI solution in,D at pH* 5.3

obtain information about the translational dynamics of hydration . i ) ) .

o and 27°C was recorded with and without confinement to emulsion
water, it is then necessary to use a model that allows the waterdropletsg1
self-diffusion coefficient in the hydration layer to differ from

hat in th K sol h it s | BPTI has recently been shown to self-associate into a specific
that in the bulk solvent. Such a nonuniform diffusion mode decamer structure under a wide range of solution conditfoiecause

has recently been develop&uand we use it here to interpret  of the stoichiometry, the fraction BPTI in decameric form depends
experimental NOE data. strongly on the total BPTI concentration. Extrapolating from previous
The aim of the present work is two-fold: to characterize results at 14.4 mM BPTI and 4 or 2C,2° we expect the decamer
protein and peptide surface hydration dynamics in greater detailfraction to be negligibly small at the BPTI concentration (8.3 mM)
than hitherto possible and to examine whether the MRD and Used for the present MRD experiments. Cold denaturation of BPTI in
NOE methods yield mutually consistent results. To this end, the deeply supercooled solutions investigated here is another potential

we report low-temperatuf and’0 MRD data for the cyclic concerr?* However, BPTI is an exceptionally stable protein and
nonapeptide oxytocin and the 6.5 kDa globular protein bovine extrapolation of the available thermodynamic data on BPTI unfoffling

. R dicates that ith the th disulfide brid di ted Id
pancreatic trypsin inhibitor (BPTI). These results are compared mdicates that, even wi © three (isulide bricges disrupied, co

data f . o5 0 ired with i d denaturation should not occur abovd00 °C.
to NOE data for oxytocin at-25 °C, acquired with improve 2.2. MRD Experiments. Magnetic relaxation dispersion (MRD)

methodology, and with previously published NOE data for BPTI qfiles of the wate?PH and*7O longitudinal relaxation ratg, = 1/T;
at 4°C.111617Because the emulsion adversely affects spectral were acquired at-25 °C (oxytocin samples) or at10 and—30 °C
resolution, the NOE measurements on oxytocin used a water/(BPTI samples). At-30 °C, we only reporfH data because the short
T. severely reduced tHéO sensitivity. Each dispersion profile is based

© %%B&ﬁ-%-%ﬁ%%%? Wingfield, P. T.; Gronenborn, A. Biochemistry on relaxation experiments at-® magnetic field strengths, accessed
(10) Wang, \?.—X.; Freedbérg, D. I.; Grzesiek, S.; Torchia, D. A.; Wingfield, P.
T.; Kaufman, J. D.; Stahl, S. J.; Chang, C.-H.; Hodge, CBMchemistry (18) Otting, G.; Liepinsh, E.; Whhrich, K. J. Am. Chem. Sod992 114 4,

2. Materials and Methods

1996 35, 12694-12704. 7093-7095.

(11) Otting, G.; Liepinsh, E.; Whharich, K. Sciencel991, 254, 974-980. (19) Denisov, V. P.; Carlstro, G.; Venu, K.; Halle, BJ. Mol. Biol. 1997,

(12) Withrich, K.; Otting, G.; Liepinsh, EFFaraday Discuss1992 93, 35—45. 268 118-136.

(13) Clore, G. M.; Bax, A.; Omichinski, J. G.; Gronenborn, A. Btructure (20) Sunnerhagen, M.; Denisov, V. P.; Venu, K.; Bonvin, A. M. J. J.; Carey,
1994 2, 89-94. J.; Halle, B.; Otting, B.J. Mol. Biol. 1998 282 847-858.

(14) Ernst, J. A.; Clubb, R. T.; Zhou, H. X.; Gronenborn, A. M.; Clore, G. M. (21) Jdannesson, H.; Halle, B.. Am. Chem. S0d.998 120, 6859-6870.
Sciencel995 267, 1813-1817. (22) Hamiaux, C.; Pez, J.; PrangeT.; Veesler, S.; Rig-Kautt, M.; Vachette,

(15) Halle, B.J. Chem. Phys2003 119, 12372-12385. P.J. Mol. Biol. 200Q 297, 697-712.

(16) Otting, G.; Liepinsh, E.; Farmer, B. T.; Which, K. J. Biomol. NMR1L991, (23) Gottschalk, M.; Venu, K.; Halle, BBiophys. J.2003 84, 3941-3958.
1, 209-215. (24) Privalov, P. L.Crit. Rev. Biochem. Mol. Biol199Q 25, 281—305.

(17) Brunne, R. M.; Liepinsh, E.; Otting, G.; \hrich, K.; van Gunsteren, W. (25) Makhatadze, G. I.; Kim, K.-S.; Woodward, C.; Privalov, PPlrotein Sci.
F. J. Mol. Biol. 1993 231, 1040-1048. 1993 2, 2028-2036.
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with a Varian 600 Unity Plus, Bruker Avance DMX 100 and 200 NMR
spectrometers and a field-variable iron-core magnet (Drusch EAR-35N)
equipped with a field-variable lock and flux stabilizer and interfaced
to a modified Bruker MSL 100 console. The resonance frequency
ranged from 2.5 to 92 MHZz2() or from 2.2 to 81 MHz {O). The
sample temperature was adjusted with an accuracy of©.by a
thermostated flow of nitrogen gas and was checked with a cepper 3.1. Water 2H and 70O Quadrupolar Relaxation. The
constantan thermocouple referenced to an ice bath. As a furtherrelaxation dispersiony(wg), of the quadrupolar water nuclei
temperature control, the field-independ@&nbf a pure water reference  2H and 70 is usually expressed in the fotih
sample (of the same isotope composition) was measured together with
the oxytocin or BPTI sample at each field. Ri(wg) = Ry + 0.2)(w,) + 0.83(2wy) (2)
The relaxation timeT; was measured by the inversion recovery ) ) )
method, using a 16-step phase cycle, 20 evolution times in random WhereRoui is the frequency-independent relaxation rate of the
order, and a sufficient number of transients to obtain a signal-to-noise bulk solvent, measured separately on a reference sample, and
ratio of at least 100. The accuracy of the repoRedialues is estimated ~ @o = 27 o is the2H or 7O resonance frequency in angular
to 0.5% (one standard deviation). The MRD profiles were analyzed frequency units. All information about hydration is contained
with an in-house Matlab implementation of the Levenbeiprquardt in the frequency-dependent quadrupolar spectral derdity).
nonlineary? minimization algorithn?® To estimate the uncertainty in  In the simplest case, the observed frequency dependeriRe of
the fitted parameters, we performed fits on Monte Carlo generated within the experimentally accessible frequency window, typi-
ensembles of 1000 data sets, subject to random Gaussian noise witltally 1-100 MHz, can be described by a single Lorentzian
0.5% standard deviation. Quoted uncertainties correspond to a confi-dispersion step. The spectral density function is then of the form
dence level of 68.3% (one standard deviation).
2.3. NOE Experiments. High-resolution intermoleculatH—H J _ i

: (0)=a+p 3
nuclear Overhauser effect (NOE) experiments were performed on a 1+ (wrﬂ)z
sample of oxytocin in a cryosolvent at25 °C using a Bruker DMX
600 spectrometer operating att resonance frequency of 600 MHz. Sometimes, a second dispersion step is indicated at higher
The experiments used NOE-NOESY and ROE-NOESY pulse se- frequencies than thg dispersion. This so-calleg dispersion
guence¥ to study waterpeptide 'H—'H cross-relaxation in the is described by a term like the term in eq 3.
laboratory and rotating frames, respectively. In these experiments, the The model used to extract molecular-level information from
water magnetization |s_ excne_d _selectlvely, while t.he pep_tlde regonancesthe amplitude parametetsand and the correlation time
are.def?]cufs Tld t(.) avo.'d. rad.'at'on damping or dprI.a ' f.'eld art]'c@CtZ' recognizes two classes of hydration water, both of which
During the following mixing timery,, water magnetization is transferre exchange rapidly (see below) with bulk wate¥, water

to the peptide resonances by NOE or ROE mixing. The rest of the . . . L
. : . ) . .__molecules have rotational correlation timesthat are signifi-

pulse sequence is identical for the two experiments: peptide magnetiza- . .
cantly longer than the bulk water correlation tingx but

tion precesses during the evolution timgeand is then transferred by .
intramolecular NOEs to other peptide resonances during the NOESY shorter than 1 ns. The effect of this class of perturbed water

mixing time 7z whereupon diagonal peaks and cross-peaks are Molecules is therefore to increase the relaxation Ratabove
recorded during the detection peribdFurther details about the pulse  the bulk water Valu?Rbulk W'FhQUt prOdUC'r.‘g a frequency
sequences can be found in the Supporting Information. dfependence (dispersion) R within the experimentally acces-
At the low temperature and high acetone concentration used, the SIPI€ range £100 MHz). The effect of these water molelcules
labile protons of oxytocin exchange sufficiently slowly to yield resolved 1S described by the parametey which may be expressed'ds

NOE
InoE OLTmi oL )
| ROE ‘g
ROE  ORTm1 R

3. Interpretation of NMR Data on Biomolecular
Hydration

resonances. From the broadening of the large exchange peak in a R, G0
ROESY spectrum, an exchange time of 8 ms was determined for the o= “'kN “ 1 (4)
N-terminal ammonium protons. At such low exchange rates, exchange- Ny *“\Tpui

relayed NOEs can be distinguished from direct NOEs with water by . . ) )
the slower build-up of the two-step magnetization transfer at short WhereNr is the known water/biomolecule mole ratio. Previous

mixing times. Exchange-relayed NOEs, characterized by cross-peakMRD studies have shown that tlhecontribution is produced

intensities with|Inoe/lrogl > 1, were thus observed for CyseH and by the water molecules in contact with the biomolecular surface.

BH, Tyr-2 NH (yields a direct exchange cross-peak at higher temper- The numberN, can therefore be estimated by dividing the

atures),8H andeH, and Cys-63H. solvent-accessible surface area of the peptide or protein by the
For the short mixing times used in the oxytocin study,(= 30 mean area occupied by a water molecule at the surface. In eq

and 15 ms, respectively), the intensities of the diagonal peaks in the 4, [#,Llis the mean rotational correlation time for tNg water
NOE-NOESY and ROE-NOESY spectra are proportional to the cross- molecules comprising the hydration layer.

relaxation ratesoi and og in the laboratory and rotating frames, For small solutes, the term fully accounts for the hydration
respectively. Intensities were measured on the cross-peaks wheneveeffect onR;. Biomolecules, on the other hand, usually contain
the diagonal peaks were unresolved. The ratior of cross-relaxation a small numberlNg, of water molecules with sufficiently long
rates was obtained from the corresponding ratio of peak intensities (>1 ns) correlation times; to produce an observable frequency
according to: dependence iR;. These few water molecules are responsible
for the dispersives term in eq 3, with?

(26) Press, W. H.; Teukolsky, S. A.; Vetterling, W. T.; Flannery, BNBmerical

Recipes in C2nd ed.; Cambridge University Press: Cambridge, 1992. 2

(27) Liepinsh, E.; Otting, GJ. Biomol. NMR1999 13, 73—76. _ Yo

(28) Sobol, A. G.; Wider, G.; lwai, H.; WMarich, K. J. Magn. Reson1998 B= N—Nﬁﬁ 5)
130, 262-271. T
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Table 1. Parameter Values Used To Analyze MRD Data

value for

symbol
parameter (unit) oxytocin? BPTIP
water/biomolecule mole ratio Nr (=) 1350/910 6400
number of surface water molecufes Ne (—) 73 268
biomolecule rotational correlation tirhe 7z (NS) 13/19  14/70

aThe first value refers to pure water, and the second value refers to
water/acetone cryosolvent, both-a25 °C. b The first value refers te-10
°C, the second value refers 30 °C. ¢ Obtained by dividing the solvent-
accessible (1.4 A probe radius) surface area of oxytocin (crystal structure
1XY129) or BPTI (crystal structure 5P39) by 15 A2. 4 Obtained as described
in the Supporting Information. For oxytocimg is not needed to analyze
the MRD data.

Here, wq is the rigid-lattice quadrupole coupling frequency:
8.70 x 10° rad s! for 2H and 7.61x 10° rad st for 170.12
Previous MRD studies have shown that only water molecules
buried in internal cavities or in deep surface pockets have

correlation times exceeding 1 ns (at room temperature). Such

internal water molecules are usually strongly hydrogen-bonded
to the protein, and their highly restricted rotational motions give
rise to an orientational order paramegrthat is usually not

far below the rigid-binding limit of unity. Complete orientational
randomization of internal water molecules takes place by either
(or both) of two independent processes: rotational diffusion of
the biomolecule, with rotational correlation timg or exchange
with bulk water, with mean residence timg, in the internal
hydration site. The correlation times in eq 3 is therefore
determined b¥?

1

Ty Ty

1

1

- ©)
The values ofg, Ny, andNy for the investigated NMR samples
are collected in Table 1.

A water molecule contributes fully to the observed MRD
profile, with amplitude and correlation time as given by eqs 5
and 6, only if it exchanges with bulk water at a rate much higher
than the local spin relaxation rate in the hydration 5&&ven
when this fast-exchange condition is not satisfied, the MRD
profile can still be described by egs 2 and 3, but with apparent
parametersrg app and (\lﬁs,%)app related to the corresponding

whereas the limit /or = —0.5 corresponds to slow dynamics
with j(0) > j(wo) > j(2wo). Here, “fast” and “slow” should be
understood in relation to &b ~ 300 ps (for a'H resonance
frequency of 600 MHz).

NOE data acquired at a single frequency are not as readily
interpreted as MRD data covering a wide frequency range. In
particular, the separation of the strength of the dipalipole
couplings, involving the number of interacting water protons
and their distances from a particular biomolecular proton, from
the rate of modulation of the dipotaipole vectors, containing
the desired information about hydration dynamics, is highly
model-dependertt3233For a pair of protons at fixed separation
run, rigidly attached to a solute that tumbles isotropically with
rotational correlation timerg, the dipolar spectral density
function is$*

(8)

An expression like this, but withir replaced by an effective
correlation time as in eq 6, may be a reasonable approximation
for an NOE with a long-lived water molecule trapped in a cavity
or deep crevicé?

When applied to surface hydration, the intramolecular spectral
density in eq 8 has two major shortcomings: it only takes into
account a single pair of protons, and it neglects their relative
translational motion. Because only one walidrresonance is
observed, the measured cross-relaxation rates are, in principle,
affected by dipole-dipole couplings between a particular
biomolecule proton and all water protons in the sample.
Although the square of the dipetelipole coupling falls off with
distance as % (as in eq 8), the number of water protons at a
given distance increases esand the characteristic time for
angular modulation of the proterproton vector by water
translational diffusion also increasesrdsOn integrating the
resultingr—2 dependent product of these factors from= d
(the distance of closest approach) to infinity, one recovers the
well-knowr?* 1/d scaling ofj(0). Because the contribution from
solvent protons at separatioffalls off asr—2 (rather tharr ),
cross-relaxation between water and biomolecular protons does

parameters in eqs 5 and 6 as described in the Supportingnot in general reflect local hydration dynamics, but is dominated

Information.
3.2. Biomolecule-Water 1H-H Cross-Relaxation. The

by long-range dipoledipole couplings with bulk wate
In the past, waterbiomolecule NOEs have been interpreted

laboratory and rotating frame cross-relaxation rates appearingeither with the intramolecular spectral density in eq 8 (or a
in eq 1 are governed by the reduced dipolar spectral densityvariant that takes internal motions into account) or with an

function j(w) according tét

0 (wg) = KI[0.6)(2wo) — 0.1(0)] (7a)

or(wg) = K[0.3j(w) + 0.3(0)] (7b)
whereK = [(ug/4m)hy?2 = 5.695x 10 A6 52 Becausé(w)
is a monotonically decreasing function, it follows that the ratio
o lor can vary from+1 to —0.5. The limit o/or = 1
corresponds to fast dynamics wifll0) = j(wo) = j(2wo),

(29) Wood, S. P.; Tickle, I. J.; Treharne, A. M.; Pitts, J. E.; Mascarenhas, Y.;
Li, J. Y.; Husain, J.; Cooper, S.; Blundell, T. L.; Hruby, V. J.; Buku, A.;
Fischman, A. J.; Wyssbrod, H. Bciencel986 232 633-636.

(30) Wiodawer, A.; Walter, J.; Huber, R.; $jo, L. J. Mol. Biol. 1984 180,
301-329.

(31) Neuhaus, D.; Williamson, M. PThe Nuclear @erhauser Effect in
Structural and Conformational Analysignd ed.; Wiley-VCH: New York,
2000.

intermolecular spectral density based on a model where the
dipole-coupled water and biomolecule protons reside in spherical
particles undergoing translational and rotational diffusfH.

the water protons are placed at the center of the water sphere,
which is an excellent approximation due to the fast water
rotation, water dynamics enters the model solely via the water
translational diffusion coefficienD. For given values of the
other model parameters, a measuredbr ratio can thus be
transformed into a water diffusion coefficiett1In previous
NOE studies, it has invariably been assumed (explicitly or
implicitly) that the cross-relaxation rates involve only one or a
few water molecules in the immediate vicinity of the observed

(32) Ayant, Y.; Belorizky, E.; Fries, P.; Rosset,JJ.Phys.1977 38, 325-337.

(33) Brischweiler, R.; Wright, P. EChem Phys. Lettl994 229, 75-81.

(34) Abragam, A.The Principles of Nuclear MagnetisnClarendon Press:
Oxford, 1961; Chapter VIII E (c).
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Table 2. Parameter Values Used with the Nonuniform Diffusion correlation time for the intermolecular dipole couplfﬁgn that
Model study, solvent magnetization transfer was used primarily to
value for elucidate the solution conformation of the peptide rather than
parameter symbol (unit) oxytocin® BPTIP for studying solvation per se. More recently, 2D NOESY and
solvent-accessible biomolecule radius (A) 10 15 ROESY spectra of 50 mM oxytocin in water at6 were shown
minimum distance of closest approaah(A) 25 25 to exhibit cross-peaks between water and all observed oxytocin
thickness of hydration layer 9 (A) 15 24 resonance®t The reporteds /or ratios in the range 0:30.5
biomolecule rotational correlation timez (ns) 135 6.7 . . . .
bulk water diffusion coefficient Douk (109M2s) 024 1.2 were taken to imply residence times in the range-1280 ps
translational retardation factor Dpui/Dhyd (—) 3¢ 2c for the water molecules in contact with oxytocin. In a subsequent
water proton number density Ny (Nm-3) 47 67 2D NOESY/ROESY study of oxytocin hydratidf, where
1H resonance frequency vo (MHZz) 600 500

temperatures down te-25 °C were reached with the aid of a

aIn water/acetone cryosolvent a5 °C. ° In water at 4°C. ¢ Values water/acetone cryosolvent, a sign reversabofvas observed
estimated from MRD results. for all resonances between 0 ard5 °C. This result was taken

_ _ ] to imply water residence times of about 500 ps at the
biomolecular proton. However, if the cross-relaxation rates are temperature of zero-crossing and, by implication, considerably
dominated by long-range dipotelipole couplings, the diffusion |onger residence times at25°C. Because water residence times
coefficient D deduced from the model mainly reflects the of several nanoseconds should be directly observable in the
dynamics of bulk water. . . water?H and'’O relaxation dispersion, we decided to examine

To characterize the perturbation of water dynamics by the e hydration dynamics of oxytocin at25 °C by MRD.
biomolecule, that is, the hydration dynamics, a more general 4 1. MRD ResultsWe measured the longitudinal relaxation
model is needed that allows the water diffusion coefficient to 4teR, of the wate”H and’0 magnetizations as a function of
take different values in the hydration IayelBth) and ir! the the resonance frequenay in two oxytocin samples at-25
bulk solvent Dpui). An analytical spectral density function for ¢ |y one sample, oxytocin was dissolved in a water/acetone
such a nonuniform diffusion model has recently been derived.  ¢ryosolvent as in the NOE study. In the other sample, the same
The model describes the peptide or protein as a sphere coveregemperature could be reached without a cryosolvent by dispers-
by a hydration Iaye_r with redu_ced water Q|ffu3|on_coeff|0|ent ing the aqueous oxytocin solution in L8n diameter emulsion
Dhya. In our calculations, the thicknessof this hydration layer — groplets, thereby inhibiting the heterogeneous nucleation process
is determined by the condition that the volume of the spherical in5t causes water to freeze at or nea€s® This sample gives
shell equals the volume occupied by a monolayeNpfvater a more clear-cut picture of hydration dynamics, without the
molecules on the real (nonspherical) protein surface. Becausecomplication of preferential solvation in the mixed cryosolvent.
water translation and rotation are both rate-limited by hydrogen-  \yjith an estimated rotational correlation timeof 13 ns for
bond dynamic$;*5the translational retardation factopyi/Dhyd oxytocin (Table 1) and a residence timey of several
that enters the nonuniform diffusion model can be set equal to nanoseconds for most hydration sités, substantial dispersion
the rotational retardation factat, [ty deduced from MRD is expected (see eq 6). However, no frequency dependence can

data by means of eq 4. Unlike previous models, the nonuniform pe seen in théH MRD data up to 30 MHz (Figure 1). The
diffusion model allows NOE and MRD data to be interpreted gyerage rotational retardation in the hydration layer can be

within_ the same theoretical_ frameyvork_. The parameter values gpiained from the average relative relaxation ra@Rg/Rouil]
used in applymg the nonuniform dlffu3|or1 model to NOE data prom eq 4, witho/Rouk = [Ri/Roukd— 1 andNe/Ny = 0.054
for. oxy.tocm. and BPTI are coIIected' in Table 2 and are (Table 1), we obtain a rotational retardation fadyZroux =
rationalized in the Supporting Information. 3.3+ 0.2. With tpux ~ 17 ps this corresponds ta, 0~ 55
4. Oxytocin Hydration ps. In bulk water, the mean time taken to diffuse one molecular
diameter is close to the rank-1 rotational correlation time (related
to the Legendre polynomi&l;(cos#)), that is, 3 times the rank-2
correlation time (related t&,(cos 6)) measured by NMR4
, | Accordingly, we estimate the average residence time of water
Cys'—Tyr’—lle*~GIn*~Asn—Cys—Prd' —Lel’— Gly’—NH, molecules in the hydration layer of oxytocin as 165 ps-a6

°C, an order of magnitude less than suggested by the NOE
An early double-resonance NMR stidyglemonstrated satura- ~ study?®
tion transfer from water protons to oxytocin protons at°80 To examine the effect of acetone on the hydration dynamics,
In difference spectra, with and without saturation of the water we also performed MRD experiments on a sample of oxytocin
resonance, negative peaks were seen for labile NH protonsdissolved in a water/acetone cryosolvent. As seen frontthe
exchanging with water protons on the millisecersi:cond time MRD data in Figure 1b, there is still no sign of a relaxation
scale, while positive peaks were observed for solvent-exposeddispersion. For this sample, with,/Nr = 0.080 (Table 1), we
nonlabile CH protons experiencing a positive NOE with water, obtain Fqlrpuk = 2.4 = 0.1, significantly less than for the
the positive sign being attributed to the short (subnanosecond)emulsified sample without acetone in the solvent. This does not
mean that the hydration water is more mobile in the cryosolvent

(35) Marchi, M.: Sterpone, F.; Ceccarelli, M. Am. Chem. So@002 124 sample, because the presence of acetone in the bulk solvent
(36) Hruby, V. J. InTopics in Molecular PharmacologyBurgen, A. S. V.,
Roberts, G. C. K., Eds.; Elsevier/North-Holland: Amsterdam, 1981; pp (38) Rasmussen, D. H.; Mackenzie, A. P.Whater Structure at the Water

Oxytocin, a neurohypophyseal hormone, is a cyclic nonapep-
tide with amidated C-terminu:

99-126. Polymer InterfacgJellinek, H. H. G., Ed.; Plenum: New York, 1972; pp
(37) Glickson, J. D.; Rowan, R.; Pitner, T. P.; Dadok, J.; Bothner-By, A. A,; 126-145.
Walter, R.Biochemistry1976 15, 1111-1119. (39) Modig, K.; Halle, B.J. Am. Chem. So@002 124, 12031-12041.
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23 T T conformation in the cryosolvent. The inconsistency with the
(a) NOE study® thus remains.
The’0 MRD data acquired for the two samples (not shown),
] ; +— although less complete {& frequencies) and with more scatter
(due to signal loss during the receiver dead-time for the rapidly
relaxing 1’0 magnetization), are fully consistent with tAe
data (Table 3). The near coincidence of the normal&¢dnd
170 rates indicates that the labile oxytocin hydrogens (N-terminal
NH3z and Tyr-2 OH) exchange too slowly with water a5
°C to contribute significantly to théH relaxation. Indeed, the
201 3 7 intrinsic ?H relaxation time of these labile deuterons is estimated
s 2 3 34 to a few 10Qus, 2 orders of magnitude shorter than the exchange
3 times implied by line broadening in a ROESY spectrum (section
19 — T 2.3).
4.2. NOE Results.To allow a more detailed comparison of
MRD and NOE data, we recorded new NOE data for oxytocin
in a water/acetone cryosolvent at25 °C. The oxytocin

22 F

e
e

21 - B

H relaxation rate, R, )

2

045 (b) ] preparation was the same as used for the MRD study. For these
L E - experiments, we used NOE-NOESY and ROE-NOESY schiémes
- 3 b 8 ] that improve the sensitivity and reduce artifacts as compared
T —?—% - J._ ;_ _%% _______ to the original low-temperature NOE study of oxytoéf.
0.1 % § Diagonal cross sections through thé—1H NOE-NOESY and

1 ROE-NOESY spectra, showing the intermolecular water

il oxytocin NOEs, are displayed in Figure 2. Exchange cross-peaks
L . with water were observed for CyselNH3 and Tyr-2 OH. With

0.05 - 7 protons showing NOEs to these labile protons excludetdir
ratios from 34 direct oxytocinwater NOE cross-peaks were

- . obtained with the aid of eq 1. All ratios are negative, and some

ol L . A are at, or near, the slow motion limit 6f0.5 (Table 4).

1 10 50 According to egs 68, with vo = 600 MHz andrg = 13.5
2H resonance frequency (MHz) ns (Table 2)0./or values between 0 and0.4 correspond to
Figure 1. (a) Water?H relaxation rate versus resonance frequency for an Water residence timesy between 0.3 and 1.0 ns, whereas
emulsified aqueous solution of 41 mM oxytocin at pH* 3.5 andl5 °C or values between-0.4 and—0.5 correspond taw values
(@) and for the bulk solvent (50/50 #/D;0) at the same temperature  |onger than 1 ns. Such an interpretation of the NOE data in

(®). The lines represent averages of the data points shown. (b) Compariso ; ; ; ; ;
of the 2H relaxation data@®, solid line) in subfigure (a) with data from a "Table 4 is not consistent with the MRD results in Figure 1.

solution of 32 mM oxytocin in a 52/48 (v/v) water/acetone cryosolvent at Becau_se the C'_'ySta| _;tructure of oxytc€iroes _not reveal
pH* 3.4 and—25°C (O, dashed line). To remove the trivial effect of acetone hydration sites in cavities or deep pockets, the intramolecular

on the bulk solvent relaxation rate, the data have been normalizBky  spectral density in eq 8 is not appropriate. We therefore turn to

H excess relaxation rate, (R, — Hbulk)/Rbulk

2

(Table 3). the nonuniform diffusion model (section 3.2).

Table 3. MRD Resullts for Oxytocin at —25 °C For the model calculations, we used the parameter values in
sample nucleus Rouk (57 Ry/Rou - 1 o T Table 2 (see also the Supporting Information). For consistency
emulsion 2H 19.6 0.12+ 0.01 3.3+ 0.2 with the MRD results (Table 3), we takbu|k/Dhyd = 3,
emulsion e} 1510 0.14+ 0.03 3.6+£05 somewhat higher than the MRD value to account for the lower
cryosolvent 2 348 011001  24+£01 acetone concentration in the cryosolvent used for the NOE
cryosolvent °© 2610 0.12:0.01 2.4£0.1 experiments. Furthermore, the thickness of the hydration layer

aCalculated from eq 4 witiN, = 73. (where the centers of the perturbed water molecules are found)

is taken to bed = 1.5 A, corresponding to the same number
increasespyk. Noting thatryy is proportional toRyyK, We can (No. = 73) of water molecules in contact with oxytocin as we
use theRyyik values measured for the two solvents (Table 3) to used for the MRD analysis. Comparing the experimental and

normalize to the pure water reference state. We thus[iigd calculateds /o ratios (Table 4), we conclude that the nonuni-
70, = 4.2+ 0.1 for the cryosolvent sample. Hend,, refers form diffusion model rationalizes the NOE data remarkably well.
to pure water (as in the emulsion sample), whilglrefers to The calculatedr /oR ratios are in the same range (frond.44

the hydration layer of oxytocin in the cryosolvent. Furthermore, to —0.06) as the experimental ratios (fror0.50 to—0.03).

if some of the water molecules in the hydration layer are The mean value for the 34 /og ratios is—0.31 (experimental)
displaced by acteone moleculég, should be smaller than 73.  versus—0.22 (calculated). Moreover, the variation in/ogr

For example, ifN, is reduced by 30%, our estimate @f,[1 among different oxytocin protons shows a modest correlation
rgu,k increases from 4.2 to 5.6 (see eq 4). In any case, the effectbetween experiment and model calculatior=(0.67). Because

of acetone on the hydration dynamics is modest, whether it is oxytocin in solution assumes a range of conformati®iisat

a direct consequence of wateacetone interactions in the are not necessarily similar to the crystal structure, the correlation
hydration layer or an indirect effect of an altered oxytocin between experimental and calculated/or ratios, and its
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Figure 2. Diagonal cross sections through NOE-NOESY (upper) and ROE-NOESY (lower) spectra from a sample of 35 mM oxytocin in a 70/30 (v/v)
water/acetonels cryosolvent at pH* 3.4 and-25 °C. The!H resonance frequency was 600 MHz. Resonance assignments above the spectra refer to direct
water—oxytocin NOEs, while those below the spectra identify intramolecular NOEs to exchanging oxytocin protons or direct exchange peaks. Asterisks and
crosses label exchange peaks from ammonium and resonances from unidentified impurities, respectively.
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physical origin, is brought out more clearly by identifying two Further insights into the physical origin of the NOE results
extreme categories of oxytocin protons (labeled C and P in Tableare provided by the model calculations reported in Figure 3.
4). These categories comprise, respectively, backbone atomsFigure 3a and b demonstrates that the ratior depends much
(likely to be protected from solvent access in most conforma- more on the distance of closest approathetween a peptide
tions) and side-chain atoms or atoms near the C-terminus (likely proton and water protons (which, in a real biomolecule, is
to be solvent exposed). closely related to solvent exposure) than on hydration dynamics
The core protons are defined as the 10 cross-peaks with the(via Dy, /Dnyq). While the model calculations in Table 4 used
most negative£—0.34) 0, /o ratios calculated on the basis of g value Dou/Dhya = 3 derived from the MRD data, the
the crystal structure. Eight of these are also among the 10 mostretardation of water diffusion in the hydration layer has a
negative & —0.38) experimental /o ratios. Moreover, the 10 negligible effect on the observed cross-peak intensities. For the
core resonances have the smallest calculatedates (Table 34 oxytocin resonances, the difference between no dynamic
4), and, consistently, all yield weak ROE cross-peaks (Figure pertyrbation at allDyya = Dpui) and a rather large perturbation

2). The peripheral protons are defined as the 10 cross-peaksyith Dpui/Dhya = 5 is merely to chang@ /orfrom —0.20 to
with the least negativex(—0.08) calculated /or ratios. Seven  _q oy

of these are also among the 10 least negatixe-{.23)
experimentalo /or ratios. Moreover, the 10 peripheral reso-
nances have the largest calculaiagl values (Table 4) and,
consistently, 9 out of 10 yield intense ROE cross-peaks (Figure
2). (As expected, the most intense ROE cross-peaks within this
category involve three-fold degenerate methyl protons.) In the
calculation, the different oxytocin protons differ only in the
distance of closest approach to water protons, which-8 &

for the core resonances and the minimum 2.5 A for the
peripheral resonances. As expected, the distance of closes ) |
approach is correlated with the solvent-accessible @#gaof remote water molecules that produce the negativer ratios

the heavy atoms bearing the protons (Table 4). We fkgl= that we observe. The physical origin of this behavior is that the
8 A2 for the core resonances and 44 for the peripheral orientation of a longer protefproton vector is modulated more
resonances. More importantly, the strong correlation betweenSlowly because a water molecule must then diffuse a larger
calculated and measured results for the two Categories Ofdistance to Sample agiven solid angle. The motional “correlation
oxytocin protons indicates that the NOE data report primarily times” probed by the NOE method are thus governed more by

on solvent exposure, rather than on hydration dynamics. A the spatial location of water molecules than by their mobilities.
similar conclusion was drawn on the basis of a theoretical The difference between core and peripheral resonances is that

The insensitivity ofo,/og to the water diffusion coefficient
in the hydration layer indicates that the cross-relaxation rates
are dominated by bulk water. Contributions from water mol-
ecules at different distances from the oxytocin surface can be
assessed by imposing an absorption boundary condition at a
variable distance outside the surfdéale thus find that the
o /og ratio converges very slowly for both core and peripheral
resonances (Figure 3c). Whereas the first few water layers give
positive contributions tas /o, it is the thousands of more

analysis of simplified modef& the exclusion of water molecules from the vicinity of core
protons makes the slowly modulated long-range dipdiipole
(40) Glickson, J. D. InPeptides: Chemistry, Structure, Biolggwalter, R., H ; ;
Meisenhofer, J., Eds.; Ann Arbor Science: Ann Arbor, MI, 1975; pp787 coutpllngs to bulk water even more dominant than for peripheral
802. protons.
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Table 4. NOE Results for Oxytocin at —25 °C OF T T 71 O e T

oilor o de A L x (b) _
residue proton? exp't theoy® (s (A)  (A)  category® d=25
Tyr-2  oH (1) -050 —-0.36 006 51 12 C QI
Tyr-2  O0H(2) -033 -0.20 009 41 13 e | i
lle-3 aH (1) —0.50 —-0.34 0.07 48 5 C
lle-3  BH(1) -050 -0.12 012 28 11 —
lle-3  yH (2) -0.33 -0.09 0.13 26 36 d=6A
lle-3  y2H (3) -0.33 -0.06 0.14 25 40 P B R
lle-3  oH (3) -0.26 -0.08 013 26 66 P ) 2 4 6 8 1
Gln-4 NH (1) -050 -0.37 0.06 52 3 c d (A) Dyuic/ Drya
GIn-4  oH (1) -0.26 —-0.36 0.06 5.0 9 C
Gln-4  BH(2) -0.36 -0.19 010 32 23 1 — :
GIn-4  yH(2) -0.23 -0.08 0.13 26 30 P \ (d)
Gln-4 eNH!(1f -0.07 —006 014 25 47 P \
GIn-4 eNH2(1Y -0.03 —0.06 0.14 25 47 P 05k \
Asn-5 oH(l)  —036 —041 005 65 8 c . \bound
Asn-5 fH (2) -050 —-0.38 006 56 21 C Q_‘ total _ \
Asn-5 ONH!(1)f -0.24 —-031 007 43 31 ©
Asn-5 ONHZ2(1 —-0.12 -0.29 0.08 4.0 31
Cys-6  NH (1) —042 —043 005 7.6 4 C
Cys-6 oH (1) -050 -044 005 80 0 C
Pro-7  aH (1) -0.28 -0.32 007 44 15 0L 1010 10
Pro-7 BHY(1)f -0.23 -0.12 012 28 41 T ()
Pro-7 AHZ(1)  —029 -023 009 35 41 W
Pro-7  vH (2) —029 —027 008 38 34 Figure 3. Ratio of water-oxytocin cross-relaxation rates in the laboratory
Pro-7  OH (2) —-050 —-040 006 59 13 C (o1) and rotating ¢r) frames at 600 MH2H NMR frequency predicted by
Leu-8  NH (1) —0.46 —035 006 49 0 C the nonuniform diffusion model. Unless otherwise noted, the parameter
Leu-8 aH (1) —029 —-006 014 25 4 p values were taken from Table 2. The subfigures show the dependence of
Leu-8 fH(2) -03% -0.14 011 3.1 15 ol /or on (a) the distance of closest approach between water and oxytocin
Leu-8 yH (1) —-03% -023 009 35 2 protons, (b) the ratio of translational mobilities in hydration layer and bulk
Leu-8 o (3) —-0.16 —-0.10 0.12 27 55 solvent, (c) the number of water molecules contributing to the cross-
Leu-8 02H (3) —-0.17 —-006 0.14 25 60 P relaxation rates, and (d) the residence time of a single bound water molecule
Gly-9  NH (1) —-0.38 —-032 007 4.4 0 with the two water protom 3 A from the oxytocin proton. In subfigure (c),
Gly-9 aH(2) —-0.14 —-0.06 0.14 25 45 =] Dhyd = Dypui @and the dashed lines represent the lilit— . In subfigure
Gly-9  NHL (1) —-0.17 —-0.08 0.13 26 51 P (d), the dashed curve and line give thgor ratio produced by the single
Gly-9  NH2 (1) —-0.07 -006 014 25 51 [=] bound water molecule and all mobile water molecules, respectively.

@ Number of contributing protons given within parenthedeSalculated
e T b oh s o e o g5 IS These internal water molecules interact strongly with
were calculated as averages over the individual profoRistance of closest  the protein and must contribute importantly to its stability. They
am?r??:igsgqlfeedn ?ﬁgtgsglr:ggvvgﬁgri gr%oennsa \é\g}sgnrpgrcec g;as?b?:;r;gptidt-:should therefore be present also in solution. NOE studies have
Por the associated’heavy atom, computegd with a probe radius of 1.4 A. For Conf'rm?d this e),(peCtat'O%MRD studies have also det_erm'ned
cross-peaks involving protons bound to more than one heavy atom, thethe residence time (178 20 us at 27°C) and activation
(P, a8 dsfned I he o or nndegenerate gerinal protons, superscripts Lo ameters for the singly buried water molecule (known as
gL and 2 refer to the low-field and h?gh-field rgesonanc%s, resbec?ively. Igor W122p and provided bounds for the residence time (16<ns
the amide groups, the low-field resonance was assigned to the trans protortw < 1 u4s at 27°C) for at least two of the remaining three
with respect to the carbonyl oxygehOverlap between the Leus&H and internal water molecules (known as WHW113)4
low-field SH resonances. . . . .

The dynamics of water molecules interacting with the surface

In the conventional analysis, the more negativérr ratios of BPTI (and other proteins) have not been characterized as
for the core resonances would be interpreted as evidence forthoroughly as the internal water molecules. MRD studies only
longer residence times for water molecules that penetrate moreyield a global measure of surface hydration in the form of the
deeply into the oxytocin structure. However, the core resonancesquantity No(ZoZrouk — 1), whereN, = 268 is the number of
should then have the most intense ROE cross-peaks ( Wwater molecules in contact with the BPTI surface amgllis
increases monotonically with increasing correlation time), the mean rotational correlation time for these water molecules.
contrary to what is observed. Figure 3d shows the effect on Previoust’O MRD studies yieldNy(ZoZrpuk — 1) = 1200+
oLlor of including a single site-bound water molecule with 100 for BPTI at pH* 5.2 and 27C,*? which translates into
residence timey, and with the two water protons ju3 A from Eolrpu = 5.5 £ 0.4. Ther, distribution is thought to have a
the reference oxytocin proton. Note that, while mobile and site- weak longz, tail, so that the averagde,[is strongly influenced
bound water molecules contribute additivelysioandog, this by a relatively small number of more strongly perturbed water
is not the case for the rati@ /og. The counterintuitive increase  molecules, presumably located in surface pockétget even
of oL/or with 7y for 7wy < 100 ps occurs because such water these strongly motionally retarded water molecules must have
exchange dynamics are faster than the modulation of thez, < 1 ns (at 27°C), otherwise they would have been resolved
dominant bulk water dipole couplings. in the MRD profile. Our strategy here is to study BPTI at low
5. BPTI Hydration temperatures where, for these strongly perturbed water

BPTI has served as testing ground for the development of (41) Denisou, V. P Halle, B.; Peters, J.7#an, H. D. Biochemistryl1995

both the MRD and the NOE methods. The crystal structure of (42) Denisov, V. P.; Halle, BJ. Mol. Biol. 1995 245 682—697.

BPTI identifies four internal water molecules buried in two small
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molecules exceeds 1 ns so that they can be observed directly in
the MRD profile. In other words, by lowering the temperature,
we gradually bring more water molecules into the MRD-
accessible frequency window so that their correlation timgs (
can be determined, while the remaining, less perturbed, water
molecules contribute to the decreasing averagel

NOE studies of protein surface hydration are scarce, and most
of the published results refer to BPTI. To establish whether these
NOE data are consistent with the new MRD data, we reanalyzed
the most extensive set of NOE data, pertaining to surface
hydration of BPTI at 4°C11121617 with the aid of the
nonuniform diffusion model.

5.1. MRD Results.We measured the longitudinal relaxation
rateR; of the watePH and’O magnetizations as a function of
the resonance frequeneyin an 8.3 mM BPTI solution at pH*
5.2, dispersed in emulsion droplets to allow measurements in
the deeply supercooled regime. TH¢ and’O MRD profiles
at—10°C are shown in Figure 4a and b. ABO °C, where the
fast1’0 relaxation makes it difficult to obtain accurate measure-
ments, we only report théH profile (Figure 4c). The parameter
values resulting from the mono-Lorentzian fits (shown in the
figures) are collected in Table 5. At these low temperatures (and
pH* 5.2), the labile BPTI protons exchange too slowly to
contribute to the observet magnetizatiort® Both the?H and
the 1’0 data therefore monitor water dynamics exclusively.

The 2H MRD data at—10 °C (Figure 4a) are not well
described by a mono-Lorentzian spectral density function (eq
3). For the estimated 0.5% standard deviatioRjithe F-tesg®
accepts a second Lorentzian component (labeledvith a
probability of 0.93. A bi-Lorentzian fit yields a low-frequency
component withtg app = 11 ns and r@ﬁﬁ)app = 1.5, a high-
frequency component witl, = 1 ns andNySf/ =4, and a
frequency-independent component Wil ((Zqfrpux — 1) =
190. However, because only the; value at the highest
frequency is strongly affected by the high-frequencglisper-
sion, the parameteNVSfV andNy([# o Zrpuk — 1) exhibit a large
covariance and cannot be determined individually with useful
accuracy. To obtain a more accurate measure of surface
hydration dynamics, we therefore performed a mono-Lorentzian
fit to all data points except the one at highest frequency. The
resulting parameter values are given in Table 5. As expected,
the renormalized value My ([, Zrpuk — 1) in Table 5, which
now includes ther component, is numerically close to the sum
of the a and zero-frequency components from the bi-
Lorentzian fit.

The apparent correlation timeg app = 10.7 ns, of the low-
frequency 3 component is close to the expected rotational
correlation timezr = 14 ns, of BPTI at this temperature (Table

H relaxation rate, R, )
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1) and can be attributed to internal water molecules. A mono- Figure 4. Water?H and 'O MRD profiles from an emulsified aqueous

Lorentzian fit to the"’O MRD data at-10 °C (Figure 4b), again

solution of 8.3 mM BPTI at pH* 5.2: (ajH profile at —10 °C; (b) 1O
profile at —10 °C; and (c)2H profile at —30 °C. The dispersion curves

excluding the highest-frequency data point, yields parameter resulted from fits according to egs 2 and 3, with the highest-frequency data

values close to the correspondittgjvalues (Table 5). The small
but significant differences can be explained by the higher

qguadrupole frequency, making the fast-exchange condition more

restrictive than foPH (see the Supporting Information).
Turning now to the?H dispersion at-30 °C, we note that

the mono-Lorentzian fit (with the highest-frequency point

excluded) yields aN/;SIZ,)appvalue twice as large as atl10 °C,

(43) Denisov, V. P.; Halle, BJ. Mol. Biol. 1995 245 698-709.
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point excluded. In (a) and (b), the uncertaintyRpis comparable to the
size of the data symbols. The solid line represents the mean of the measured
Rouik values, and the dashed line correspondRda + a.

whereasrg app is Virtually the same (Figure 4c and Table 5).
This means that the dispersion is dominated by water molecules
at the protein surface, rather than by internal water molecules.
Indeed, on the basis of residence times and activation energies
established at higher temperatures, we do not expect any of the
four internal water molecules to contribute significantly-&30
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Table 5. MRD Results for BPTI at —10 and —30 °C

T Reui® No((ZoD

(°C)  nucleus (s (NﬁS/Z})appb T4app” (NS) Touk — 1) ZoTrpud
-10 2H 744 1.7+0.1 10.7+£0.7 620+50 3.3+0.2
-10 YO 564 1.2£0.2 89+0.9 760+60 3.840.2
-30 2H 322 33t£04 11+1 290+40 2.14+0.2

aMean of Ry at all frequencies, 0.5% standard deviatibApparent
guantities defined by eq S1 in the Supporting InformatfoBalculated from
eq 4 withN, = 268.

°C (see the Supporting Information). We therefore attribute the
2H dispersion at-30 °C entirely to water molecules interacting
with the external surface of BPTI. Because= 11 ns is much
shorter than the rotational correlation time of BPTH0 °C

peaksl’ at least one proton is withi5 A of ahydroxyl proton
(10), a carboxyl oxygen (10), or a proton in one of the three
long-lived internal water molecules (2). For three more cross-
peaks, there are hydroxyl, carboxyl, and/or internal water protons
within 5—6 A. In a conservative approach, these cross-peaks
were excluded from the following analysis of surface hydration,
although NOEs to carboxyl protons are usually elusive.

For the remaining 20 cross-peaks, calculations based on the
nonuniform diffusion model yieldr = 0.064 0.01 s*and a
water contribution tawr between 64% and 99%. The parameter
values used in the calculations are given in Table 2 and
rationalized in the Supporting Information. As all of the
examined BPTI protons are highly exposed, we uset dmin
= 2.5 A for all of them. This is in contrast to oxytocin, where

(Table 1), these water molecules must have residence times in 4 iations ind (or solvent exposure) were found to be the major

the range 1615 ns (see eq 6).
The vaIueNﬁSE = 3.3 + 0.4 implicates three such water

cause of variation i /o (section 3.2). For BPTI, variations
in the calculated /og ratio are thus entirely due to contributions

molecules, or more if they are orientationally disordered. These to the cross-relaxation rates from dipelgipole couplings with

must be the water molecules responsible fontlispersion at
—10°C (with 7w &~ 1 ns). Indeed, bi-Lorentzian fits to i

and0 data at-10 °C yield N, S, = 3—4 (albeit with large
errors). Ay dispersion is also evident at30 °C (Figure 4c),

labile BPTI protons and internal water protons (see above), both
of which exchange with bulk water during the mixing time. As
for oxytocin, we make the identificatidDyui/Dhyd = Lok,

but with Dyui/Dhya = 2 (Table 5) and = 2.4 A (corresponding

indicating that a new group of water molecules acquire residenceto a sphere of radius 15 A covered Ry = 268 hydration water
times of about 1 ns at this temperature. In the mono-Lorentzian molecules). The experimental and calculatedor ratios for

fit, these water molecules are included in the frequency-
independent paramet®,((Zqlrpux — 1), which corresponds
to a rotational retardation factét,Zrpux = 2.1+ 0.2. For the
vast majority of theN, = 268 water molecules in the hydration
layer, (74 [Irpux must therefore be less than 2.1. Withy = 4
ps at 4°C (the temperature of the NOE experiments on BPTI,
see below§? the MRD-derived retardation factor of 2 corre-
sponds to an average residence time of only 3 x 4 = 24
ps (where the factor 3 converts to the rank-1 correlation time).
5.2. NOE ResultsTo determine whether the MRD and NOE
methods yield mutually consistent results for the surface

the 20 cross-peaks with dominarit §0%) calculated water
contributions toog are given in Table S1 in the Supporting
Information. In agreement with the experimentalor ratios,

the calculated values are positive, although on average a factor
of 2 smaller. The overall correlation between experimental and
calculatedo, /or values is, however, weak & 0.4—0.5). The
most plausible explanation is that too sma#{ values were
measured from the ROE-TOCSY spectra, which had been
recorded without off-resonance compensation péts€snd
with ROE mixing times of 25 ms, where the onset of transverse
relaxation may no longer have been negligible. This explanation

hydration of BPTI, we present here a reanalysis in terms of the iS further supported by /or values of 1.0, as reported for 10

nonuniform diffusion model of an extensive set of NOE data,
acquired at £C on a 20 mM BPTI solution (with 10% D)

at pH* 3.511.12.16.17These data were recorded with homonuclear
3D NOESY-TOCSY and ROESY-TOCSY experiments ata
resonance frequency of 500 MH&Table 5 of ref 17 lists 44
BPTI-water cross-peaks with positive values. For one-half
of these cross-peaks, the (inconsistent) uniform diffusion riddel
suggests residence times in the range-1800 ps based on the
experimentab /o ratios!’ In contrast, the nonuniform diffusion

model predicts much shorter residence times, in agreement with{Urther from its Nw

the MRD data.

As intramolecular NOEs to labile protons yield negatiye
rates, water protein cross-peaks with positive values cannot
be attributed exclusively to exchange-relayed NOEs, that is
NOEs with labile protein protons appearing at the water

chemical shift due to rapid exchange. Cross-peaks with positive

of the 44 cross-peaks.In the diffusion modelg/or = 1.0 is
only obtained in the unphysical limid — 0, where the
contribution from long-range dipolar couplings with bulk water
becomes negligible (see Figure S3c). The calculations in Figure
S3 indicate thatn /or should not be much larger than 0.5 under
the conditions of the NOE study. This is a consequence of long-
range dipole-dipole couplings to bulk water, which are even
more important for BPTI than for oxytocin. (This can be seen
by comparing Figures 3c and S3c, where, for &8ky o, /or is

— oo limit for BPTI than for oxytocin.)
The slower convergence of /or with Ny for BPTI is mainly

due to the 5-fold higher bulk water mobility at the higher
temperature of the BPTI study (Table 2). The larger influence
of long-range dipolar couplings makes/or less sensitive to

" hydration dynamics for BPTI than for oxytocin (Figures 3b and

3b).

o, rates thus present unambiguous evidence for NOEs with 6. Concluding Discussion

water? As positiveoy rates are invariably small, the size of the

corresponding cross-peaks is easily affected by competin
poncing P \ Y y pet %hydration layer surrounding proteins was thought to be much

magnetization transfer pathways, in particular exchange-relaye
NOEs. Calculations with the nonuniform diffusion model
indicate that a labile proton at a distance of at®# can affect
both o, and or rates significantly. An analysis of the crystal
structure 5PT¥ shows that for 21 of the 44 reported cross-

6.1. Proteins versus Small Moleculed-or many years, the

(44) Liepinsh, E.; Rink, H.; Otting, G.; Whrich, K. J. Biomol. NMR1993 3,
253-257.

(45) Griesinger, C.; Ernst, R. R. Magn. Reson1987, 75, 261-271.

(46) Otting, G.; Liepinsh, E.; Farmer, B. T.; Whrich, K. J. Biomol. NMR
19911, 209-215.
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Table 6. Rotational Retardation of Hydration Water from 2H and
170 Relaxation

solute Niye® Eyallrpuk T(°C) ref
BPTIP 265 3.3+ 0.2 -10 this work
BPTIP 265 2.1+ 0.2 -30 this work
oxytocin 73 3.3+t 0.2 -25 this work
glycine 12.4 1.8 25 53
alanine 14.4 19 25 53
valine 17.7 2.1 25 53
leucine 195 29 25 53
methanol 12 14 25 54
n-propanol 17 18 25 54
t-butanol 19 2.2 25 54
benzene 23 1.6 25 55

aNumber of water molecules in contact with solute, estimated as solvent-
accessible area (1.4 A probe) divided by 15 BExternal surface, including
(—10°C) or excluding 30 °C) about 3 water molecules in surface pockets.
¢ Obtained from originat’O relaxation data using thishyq values given
here (based on solvent-accessible arésE)ese results agree quantitatively
with results derived frori’O-induced dipolatH relaxation?® demonstrating
that any perturbation of the wat&iO quadrupole coupling constant by the
solute is unimportant.

less mobile than bulk watéf.Such a view implies that a protein

protein surface thus appears, on average, to have the same effect
on water dynamics as a typical small solute: a two-fold
retardation.

This conclusion is based on a comparison of BPTI hydration
at —30 °C with small-molecule hydration at 25C. If the
activation energies ofnyq and oy differ significantly, this
comparison may not be valid. For the alcohols, temperature-
dependent’O relaxation data have been reported for the range
1-50°C%* and for benzenéH data are available from18 to
30 °C 55 These data show that, for nonpolar solutegq has a
significantly stronger temperature dependence thap. Ex-
trapolating the data te-30 °C, we find [#nydlltbux values of
3.5, 9, 14, and 6 for methanol, propartelit-butyl alcohol, and
benzene, respectively. The usual explanation of this phenomenon
is that a clathrate-like hydration shell forms around such
nonpolar solutes, with watewater hydrogen bonds that are
stronger than in bulk water and considerably more long-lived
because of the inability of the apolar (part of the) solute to
participate in the fluctuating hydrogen-bond network.

In contrast to these small solutes, our low-temperature MRD

surface has a much larger effect on water dynamics than a smallresults for BPTI show thathdlrouk decreases at lower

solute. While recent NMR studiésand computer simula-
tions®>48-50 have demonstrated that water in the hydration layer
is only weakly perturbed by the protein, few experimental

temperatures. We have rationalized this decrease in terms of a
few strongly perturbed water molecules that give rise to an
observable dispersion at low temperatures. The remaining high-

studies have directly compared the hydration of proteins and frequency excess relaxation rate is not compatible with a strong

smaller solutes?H and 17O MRD studies invariably yield a
rotational retardation factditnyqZrnui in the range 46 for the
hydration layer of globular proteins at 2C 57 This is only a

temperature dependence of the kind seen for small nonpolar
solutes. We conclude, therefore, that clathrate-like hydration
structures are not prevalent at the surface of BPTI. This is

factor of 2-3 more than for amino acids or other molecules of nderstandable, because few side chains protrude from the
similar size (Table 6). It has been suggested that the larger valuesyrface to the extent that they can be surrounded by a clathrate
for proteins, which is an average over hundreds of water cage in the same way as for a small solute. For BPTI, and for
molecules, is dominated by a small number of strongly most other native globular proteif&5® about 60% of the

motionally retarded water molecules located in pockets and gojvent-accessible surface area is contributed by nonpolar atoms.

clefts on the protein surfade. The important role of surface
topography in controlling hydration struct3é2and dynam-
ics*®~%0 has also emerged from molecular simulations. The low-

temperature MRD data presented here provide direct experi-

mental support for this view.

As the temperature is lowered sufficiently for a group of
strongly motionally retarded water molecules to enter the
accessible MRD frequency window (correlation tirmel ns),

the remaining water molecules at the protein surface which are
then responsible for the high-frequency excess relaxation rate

are less perturbed on average. Betwed® and—30 °C, about
three strongly perturbed water molecules thus move into the
MRD window, and, as a consequentigydr,ux decreases from
3.3 to 2.1 (Table 5). Also at-30 °C, the MRD data indicate

that a few water molecules have correlation times around 1 ns

(Figure 4c). If there are three such water molecul®ggllryuik
would be further reduced to 1.8 for the remaining ca. 260 water
molecules in the hydration layer. Neither of these values (2.1
or 1.8) differs significantly from the values found for apolar

amino acids or short-chain alcohols (Table 6). With a few special
hydration sites in deep surface pockets and clefts excluded,

a

The inferred absence of classical hydrophobic hydration struc-
tures at the surface of BPTI, which would have cauSeg/

Thulk tO increase strongly at lower temperatures, suggests that
the entropic penalty for the residual exposure of nonpolar groups
at the surface of the native protein may be smaller than expected
on the basis of small-molecule solvation thermodynamics (for
the same overall nonpolar surface area). If this is true,
hydrophobic side chains stabilize native protein structures not
only through burial in the protein core, but also, albeit to a lesser
extent, when partly exposed at the protein surface.

For oxytocin, we find Enydlroux = 3.3 at =25 °C, as
compared to 2.1 for BPTI at 30 °C. This difference suggests
that oxytocin contains one or a few more strongly motionally
retarded hydration water molecules that make a substantial
contribution to Fnydlthuk. Indeed, measurements at 92 MHz
(°H) and 81 MHz t70) are significantly below the average level
shown in Figures 1 and 2. As in the case of BPTI, this indicates
one or two water molecules with a correlation time of about 1
ns at—25 °C. If these are excludetnydlrpuk Would decrease
to about 2, as for BPTI.

(47) Kuntz, I. D.; Kauzmann, WAdv. Protein Chem1974 28, 239-345.

(48) Makarov, V. A.; Andrews, B. K.; Smith, P. E.; Pettitt, B. Biophys. J.
200Q 79, 2966-2974.

(49) Luise, A.; Falconi, M.; Desideri, AProteins200Q 39, 56—67.

(50) Sterpone, F.; Ceccarelli, M.; Marchi, M. Mol. Biol. 2001, 311, 409—
419.

(51) Cheng, Y.-K.; Rossky, P. Nature1998 392 696-699.
(52) Carey, C.; Cheng, Y.-K.; Rossky, P.Chem. Phys200Q 258 415-425.
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(53) Ishimura, M.; Uedaira, HBull. Chem. Soc. Jprl99Q 63, 1-5.

(54) Ishihara, Y.; Okouchi, S.; Uedaira, Bl.Chem. Soc., Faraday Trark997,
93, 3337-3342.

(55) Nakahara, M.; Yoshimoto, Yd. Phys. Chem1995 99, 10698-10700.

(56) Ludwig, R.Chem. Phys1995 195, 329-337.

(57) Harpaz, Y.; Gerstein, M.; Chothia, Structure1994 2, 641-649.

(58) Murphy, L. R.; Matubayasi, N.; Payne, V. A.; Levy, R. Mold. Des.
1998 3, 105-118.
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In summary, our analysis of the new MRD data indicates 02T T T T
that more than 95% of the water molecules in contact with the (a)
surfaces of BPTI or oxytocin have rotational correlation times
that are merely a factor 2 longer than in bulk water at the low
temperatures investigated here. Because of the difficulty of
forming complete clathrate cages at protein or peptide surfaces,
it appears thatznydlrnuk has a much weaker temperature
dependence than for small apolar molecules. In any case, the oL
rotational retardation should not be larger than a factor of 2 at
room temperature. Because rotation and translation of water are
both governed by hydrogen-bond dynamics, these motions
should be retarded to the same extent. Consequently, the mean
residence time is only increased by a factor of 2 for more than
95% of the water molecules at the surface of BPTI or oxytocin,
in essential agreement with the results of molecular simulation
studies of protein hydration dynamics at room temperafin®.

6.2. Interpretation of Intermolecular NOEs. As argued here
and elsewher®&, intermolecular NOEs between water and solute
protons are affected by long-range dipetipole couplings with
a large number of water molecules outside the hydration layer.
Even though individual dipole couplings with remote water 3 4
molecules are much weaker than couplings with nearby water d (A)
molecules, they are more numerous and are modulated more_ - . . .

. . igure 5. Variation of the intermolecular cross-relaxation rates in the
slowly at a rate that depends on the internuclear separation anaporatory ) and rotating ¢r) frames with the distance of closest approach
the diffusion coefficient aB1/r2. Quantitative information about  for (a) oxytocin at—25 °C and (b) BPTI at 4°C, as predicted by the
hydration water m0b|||ty can be extracted from intermolecular nonuniform diffusion model with parameter values from Table 2. In

. P TR comparison, the intramolecular cross-relaxation rates of a proton pair with
NOEs only with the aid of a model that explicitly incorporates separation 3.0 A would be, = —1.04 5* andor = 2.08 S in the case

dynamic heterogeneity, for example, by assigning different of oxytocin and—0.52 and 1.04 s, respectively, in the case of BPTI.
values to the diffusion coefficient of hydration water and bulk
water. In the present work, we have used such a nonuniform of the ratioo /or of cross-relaxation rates for the surface protons
diffusion model to interpret intermolecular NOE data on surface of BPTI is mainly due to variations in the burial depth or
hydration dynamics for oxytocin and BPTI. Moreover, we have solvent-accessibility of the observed BPTI proton, rather than
compared the results of this analysis to MRD results obtained to variations in the mobility of hydration water. This conclusion
on the same systems. is in line with a previous theoretical studyNonetheless, the
Our model calculations show that the sign reversal observed observation of positive NOEs with the surface protons of BPTI
for water—oxytocin NOEs at subzero temperatufesan be (at temperatures above°Q) provides an upper bound of ca. 1
explained by the reduced diffusion coefficient of bulk water. A ns for the residence time of water molecules withind3A of
negative NOE should therefore not be taken as evidence forthese protons (see Figure S3d), as concluded previélsly.

substantially prolonged residence times of hydration water.  |fintermolecular proteir-water NOEs are dominated by long-
Individual hydration water molecules can dominate the NOE range dipole couplings to bulk water molecules, then NOEs with
only if they are located near the observed solute proton and if jnternal protons should not be much weaker than for surface
their mobility is very much reduced as compared to bulk water. nrotons. This expectation is confirmed by the oxytocin results
This is the case for water molecules trapped in cavities inside (Table 4), wheresg is only a factor 2-3 smaller for the core

proteins, like the four internal water molecules in BPEnd protons @ = 5-8 A) than for the peripheral protons & 2.5
for water molecules in the narrowed minor groove of AT-tracts R). As seen from Figure 5a, the laboratory-frame cross-

in B-DNA.99%In such cases, watebiomolecule NOES can  g|axation rates, is nearly independent af in the range 3-8
be in_terpreted in terms of an intramoleculgr spectral density & The difference in the ratio /or between the two classes of
fupectlon (egs 6 and 8), where the strong distance dependence,sions is therefore mainly due to the variatiorwia A similar
(rHH) provides a geometric constraint on the location of long- picture would hold for BPTI at-25°C. However, at the higher
lived water molecules. temperature (2C) of the NOE experiments on BP¥1:16 no

The MRD results presented here show that the vast majority cross-peaks between water and internal protons were observed
of water molecules in contact with the surface of BPTI, and that could not be attributed to nearby internal water molecules
presumably all proteins, have a mobility that is only marginally - or |abile protons. The absence of long-range water contributions
(on average, a factor of 2) lower than in bulk water. According to NOESY cross-peaks can be explained by the 5-fold faster
to our model calculations, such small dynamiC hydration effects bulk water diffusion (as Compared to the oxytocin experiments
cannot be quantified by intermolecular NOEs with surface at—25°C), renderings. more sensitive to the distance of closest
protons. The calculations indicate that the observed variation approach and placing the zero-crossing at 6 A (Figure 5b).
The absence of long-range water contributions to ROESY cross-
peaks, on the other hand, can be attributed to fast transverse
(60) Halle, B.; Denisov, V. PBiopolymers1998 48, 210-233. relaxation and spin diffusion, suppressing the NOE build-up

o, & o, (sh

(59) Liepinsh, E.; Otting, G.; Wthrich, K. Nucleic Acids Res992 20, 6549
6553
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