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Abstract: Large-scale protein conformational motions on nanosecond—microsecond time scales are
important for many biological processes, but remain largely unexplored because of methodological limitations.
NMR relaxation methods can access these time scales if protein tumbling is prevented, but the isotropy
required for high-resolution solution NMR is then lost. However, if the immobilized protein molecules are
randomly oriented, the water 2H and 7O spins relax as in a solution of freely tumbling protein molecules,
with the crucial difference that they now sample motions on all time scales up to ~100 us. In particular, the
exchange rates of internal water molecules can be determined directly from the 2H or 17O magnetic relaxation
dispersion (MRD) profile. This possibility opens up a new window for characterizing the motions of individual
internal water molecules as well as the large-scale protein conformational fluctuations that govern the
exchange rates of structural water molecules. We introduce and validate this new NMR method by presenting
and analyzing an extensive set of 2H and 'O MRD data from cross-linked gels of two model proteins:
bovine pancreatic trypsin inhibitor and ubiquitin. We determine residence times and order parameters of
four internal water molecules in these proteins and show that they are quantitatively consistent with the
information available from crystallography and solution MRD. We also show how slow motions of side-
chains bearing labile hydrogens can be monitored by the same approach. Proteins of any size can be
studied at physiological hydration levels with this method.

1. Introduction couplings cannot report on internal motions slower than the
protein tumbling time of, typically, several nanosecofduch
slower motions, from tens of microseconds and into the
millisecond range, can be detected via their effects on the
isotropic chemical shift.But this still leaves a significant time
scale gap, 1®—107° s, that cannot be probed directly by
solution NMR relaxation techniques and that is not yet accessible
S%y conventional molecular dynamics simulatidns.

Native proteins adopt unique three-dimensional structures,
but their biological functions usually rely on structural flexibility.
The relative positions of protein atoms undergo thermal fluctua-
tions under the influence of interactions within the protein and
with the solvent. Because of the complexity of the underlying
free energy landscape, the internal dynamics of proteins span
wide range of time scales: from subpicosecond bond libration

to microsecond dihedral jumps and much slower domain If protein rotation can be inhibited, a wider range of time
movements and partial unfolding events. Such motions are scales becomes accessible by nuclear spin relaxation. This is

essential for molecular recognition, binding, gating, signal the case in protein (micro-)crystals and precipitates, which are

transduction, transport, and chemical transformation in all living incr.easirjg_ly being §tpdied with solid-state l\.lMR.teChniqu.es.
systems. While this is a promising development, there is a risk that direct

To characterize the full repertoire of internal protein dynamics plroteln—;t)roéeltr;] cqnttactslnot ?_nly |nh|(kj)|t pr?tzm rlg)ta;uhon but
is a more challenging task than to determine the mean proteinaso pertur € intérnal motions under study. Furthermore,

structure, because no single experimental technique can prob&rUCial system variable_s like pH a_nd temperature are difficult
the wide range of time scales involved. While the structural to control in such experiments. A different approach, where the

database is approaching completeness (with respect to neV\PrOte'.n remains fuIIy. hy.drated, measures residual qlpolar
folds), our knowledge of protein dynamics is still highly couplings from'ap'roteln d|§solved inan aligned medﬁﬂjims
fragmented. Much of the available information about protein method can give information about the angular amplitude of

dynamics has come from methods that exploit nuclear spin |fnter_nﬁltrr]not|clns slower tTatr.] prtc_)teln tur]:ntt;lhng, bUtt.'t cannot
relaxation phenomenfaln a protein solution, all anisotropic umish the rates (or correlation times) of these motions.

nuclear spin couplings (e.g., magnetic dipetépole, magnetic ) VA Stome. M. Them. Re. 2008 106 16241671
shielding anisotropy, electric quadrupole) are averaged to zero égg Palmer. A G.. Massi, Fohem. Re. 2006 106 Iz '

by protein tumbling, so the spin relaxation induced by these (4) Adcock, S. A.; McCammon, J. AChem. Re. 2006 106, 1589-1615.
(5) Krushelnitsky, A.; Reichert, DProgr. NMR Spectros005 47, 1-25.

(6) Lakomek, N. A.; Carlomagno, T.; Becker, S.; Griesinger, C.; Meiled, J.
(1) Mittermaier, A.; Kay, L. E.Science2006 312, 224-228. Biomol. NMR2006 34, 101—-115.
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Here, we present and apply a new nuclear spin relaxationthe tumbling time of the proteil.1® When the protein is
approach that provides access to internal protein motions onimmobilized, the relaxation effect depends instead on the internal
the elusive time scale 16-10"5s. In this approach, the protein  water residence time, which usually is much longer than the
is immobilized by chemical crosslinkingrather than by direct  tumbling time of the free protein. The sensitivity of the MRD
protein—protein contacts. The resulting gel contair®0% technique is thereby greatly enhanced. MRD studies of freely
water, so the protein is fully hydrated. Because protein tumbling tumbling proteins can usually only provide collective lower and
is inhibited, slower internal motions can be studied via Spin upper bounds on the residence times of all rap|d|y exchanging
relaxation induced by anisotropic nuclear couplings, but not via jnternal water molecules in a proteihl8In contrast, when the
the protein resonances, which are too broad to be studied prrotein is immobilized, the actual residence times can be
solution NMR. (Also solid-state NMR is inapplicable, since the accurately determined for the individual internal water mol-
dilute gel would be damaged by fast sample spinning.) Instead, gcjjes, The power of the EMOR/MRD approach is illustrated
we monitor protein dynamics via relaxation effects on the water e by determining the residence times of four internal water
?H and O resonances, conveyed by internal water molecules. y,10ciles in bovine pancreatic trypsin inhibitor (BPTI) and
Nearly all pr_qtelns haye_ one ormore watgr_ molecult_es t.)u”ed n ubiquitin, thus providing new insights into the slow conforma-
internal cavities, providing structural stability by satisfying the tional dynamics of these proteins.

H-bond capacity of the peptide backbdfeSuch internal water o _ _ ) _
g Although it is applicable to proteins of arbitrary size, the

molecules are conserved to the same extent as the amino aci - ’
sequenck and may thus be regarded as the 21st amino acid. EMOR/MRD approach will here be demonstrated and validated

on two small proteins, BPTI and ubiquitin. These proteins have
long served as testing ground for novel NMR techniques and
H-bonds. As long as it remains inside the protein, the water their internal water molecules have been studied in greater detail

molecule is thus orientationally restrained. But once the water than for any oth_er prote_ms. BPTI contains four internal Wgter
molecule escapes from the cavity, its orientation is randomized Molecules” 22 (Figure 1) in a deep grove between two extensive
on a picosecond time scale by molecular rotation in the external'°0PS that mediate the exceptionally strong inhibitory binding
solvent. We monitor this process via the quadrupolar relaxation ©f BPT! to f-trypsin?? One water molecule, labeled W122 in
of water2H and’0 nuclei, which, in contrast to nonexchanging the crystal structure 5PT?,is buried in a tight-fitting cavity
protein nuclei, experience an isotropic system. In aqueous N€ar the 14-38 disulfide bond, where it engages in four, nearly
biopolymer gels, the exchange-mediated orientational random-tetrahedrally arranged, H-bonds with backbone peptide atoms.
ization (EMOR) of internal water molecules is the dominant The remaining three internal water molecules, W1¥113,
relaxation mechanism at low Larmor frequenci€33 By form a H-bonded water chain that penetrates a narrow pore with
recording the Larmor frequency dependence of the-siaittice a small opening near the disordered Glu7 side-cHafThese
relaxation rate, the so-called magnetic relaxation dispersion four water molecules are involved in 11 H-bonds with the
(MRD), over as much as 5 orders of magnitude in frequency, protein, bridging the binding loop backbones in four places and
we can directly determine the residence times of individual water thus contributing to the rigidity that is believed to be essential
molecules at crystallographically identified internal sites. Be- for the inhibitory function of BPTE2 The residence time of
cause internal water exchange is gated by conformational W122, 0.4 ms at 20C, happens to be in a range where it could
fluctuations in the proteif; these residence times report on be determined from temperature-dependent solution MRD
internal protein dynamics on a wide range of time scales. datal4 The residence times of W13W113 have not been
Because internal water molecules exchange with external determined, but solution MRD studies have confined them to
solvent, they cannot be detected directly by solution NMR. In the range 10°—107° s2324 |f the 14—38 disulfide bond is
high-resolution NOE studies of protein solutions, internal water disrupted, also W122 exchanges on this time s&ale.
molecules are detected indirectly via cross-relaxation with  ypiquitin was originally chosen as a model protein in MRD
protein protons® Provided that magnetization transfer pathways - stydies because it has no deeply buried water molecules, but
via chemical exchange of nearby labile protein protons can be the MRD data indicate that one water molecule has a residence
excluded, intermolecular wateprotein NOEs provide an  {ime longer than 10 n& The only likely candidate is W28,

approximate lower bound of0.5 ns on the residence tif®.  rieq in a superficial cavity or deep pocket, depending on how
In solution MRD studies, internal water molecules are detected the protein surface is defined (Figure 1). Present in all crystal

indirectly via their relaxation effect, which is proportional to

A typical internal water molecule is strongly coupled to the
protein structure, being linked to it by three or four strong

(17) Halle, B.; Denisov, V. P.; Venu, K. IBiological Magnetic Resonange

(7) Migneault, I.; Dartiguenave, C.; Bertrand, M. J.; Waldron, KBtech-
niques2004 37, 790-802.

(8) Williams, M. A.; Goodfellow, J. M.; Thornton, J. MProtein Sci.1994 3,
1224-1235.

(9) Park, S.; Saven, J. ®roteins2005 60, 450-463.

(10) Baker, E. N. InProtein-Solent Interactions Gregory, R. B., Ed.; M.

Dekker: New York, 1995; pp 143189.
(11) Halle, B.Progr. NMR Spectrosc1996 28, 137—159.
(12) Vaca Cheez, F.; Persson, E.; Halle, B. Am. Chem. So2006 128 4902~

4910.

(13) Vaca Cheez, F.; Hellstrand, E.; Halle, Bl. Phys. Chem. R00§ 110,
21551-21559.

(14) Denisov, V. P.; Peters, J.;'Hein, H. D.; Halle, B.Nat. Struct. Biol1996
3, 505-509.

(15) Otting, G.; Wthrich, K. J. Am. Chem. S0d.989 111, 1871-1875.
(16) Otting, G.Progr. NMR Spectroscl997 31, 259-285.

Krishna, N. R., Berliner, L. J., Eds.; Kluwer/Plenum: New York 1999; pp

419-484.

Halle, B. InHydration Processes in Biologellisent-Funel, M.-C., Ed.;

10S Press: Dordrecht, The Netherlands, 1998; pp-2Z3®.

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

(20) Parkin, S., Rupp, B., and Hope, Acta Crystallogr. D1996 52, 18—29.

(2

(18)

)

) t : i

) Addlagatta, A.; Krzywda, S.; Czapinska, H.; Otlewski, J.; Jaskolski, M.
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Acta Crystallogr. D2001, 57, 649-663.

Hanson, W. M.; Domek, G. J.; Horvarth, M. P.; Goldenberg, Ol. Rlol.

Biol. 2007, 366, 230-243.

(23) Denisov, V. P.; Halle, BJ. Mol. Biol. 1995 245 682-697.
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Table 1. Composition of Protein Gels Studied by 2H or 17O MRD.

label protein solvent pH/pD Ny Noa

B1 BPTI H70 4.1 3285 26
B2 BPTI DO 6.5 3259 29
B3 BPTI DO 4.4 3615 32
B4 BPTI DO 4.5 2317 32
B5 BPTI DO 4.3 2709 55
Ul ubiquitin H70 4.9 3806 23
U2 ubiquitin DO 5.3 2812 26

groups in BPTI (5) and ubiquitin (8) to participate in cross-links. The

amino groups are fairly uniformly distributed over the protein surfaces.
2.2. Magnetic Relaxation Dispersion.The water?H longitudinal

relaxation rateRi, was measured from 1.5 kHz to 92 MHz using six

different NMR spectrometers, including a fast field-cycling instrument,

a variable-field iron-core magnet, and four superconducting magnets.

The longitudinal R;) and transverseR}) relaxation rates of the water

170 magnetization were measured over 2.5 frequency decades, using

Tecmag spectrometers equipped with iron-core magnets. The sample

temperature was maintained at 240 0.1 °C. Single-exponential

recovery/decay curves were obtained throughout and fits to the MRD

data were made with the Levenbetlglarquardt nonlinear least-squares

algorithm with equal weighting of all data points. Further details about

the MRD experiments are provided in Supporting Information.

Figure 1. Internal water molecules in BPTI (a, c) and ubiquitin (b, d). To facilitate comparison of MRD data from different BPTI gel

Panels a and b show slices through the protein molecules, revealing watersamples, all relaxation rates have been normalizééhte= 3000, using

burial depth and connectivity with external solvent, while panels b, and d the fact thatR; — Ry puk is inversely proportional t\y (see eq 1 and

emphasize surface topography and atomic packing. The images are basegtigyre S1).

on the room-temperature crystal structures SPTBPTI) and 1UBG®

(ubiquitin, H atoms added). They were rendered with PyM®using 1.2 3. Theoretical Basis of the EMOR/MRD Method
A probe radius to define the (external and internal) molecular surfaces of

the proteins and with all atomic radii reduced by 10%. In panel c, the Pro13 ~ 3.1. Mobile versus Immobilized Proteins.The relaxation

alfl“]f Lys_“r% Sidfle Ch?ins OfIBPTI' are ‘StTIOV\tIE in Sﬂctlilfepfes_‘t?maﬁon to tmake rate, Ry, of the longitudinal wate?H or O magnetization

all four internal water molecules visible through the semitransparent mo- . . P

lecular surface. The Glu7 side chain is in the closed (A) conformation in p_rObeS the rOtat,Ional dynamlcs Qf individual water mOIeCL“?S

panel ¢ (yellow-colored atoms) and the open (B) conformation in panel a. via rotatlona”y induced fluctuations of the nuclear electric
quadrupole coupling! The rate of molecular rotatieror its

structures of ubiquitin, W28 makes two strong H-bonds with inverse, the rotational correlation times—can be determined

backbone atom&28 directly from the dependence ¢t on the nuclear Larmor
] frequency,vy, in the frequency range whetey = 211y is of
2. Materials and Methods the order 1#z. For the?H and!’O nuclides, the highest attainable

2.1. Sample PreparationBovine pancreatic trypsin inhibitor (BPTI,  Larmor frequency is-0.1 GHz, so only correlation times >

trade name Trasylol, batch 9104, 97% purity by HPLC) was obtained 1 ns can be determined directly from the MRD proffR(wo).
from Bayer HealthCare AG (Wuppertal, Germany). To remove residual  In bulk water at room temperaturez ~ 2 ps SORy puik IS
salt, the protein was exhaustively dialyzed against Millipore water independent ofvg. The motions of the majority of the water
(Millipore, Billerica, MA) and lyophilized. Ubiquitin was expressed  molecules interacting with the external protein surface are
in E. coli and purified to >99% (see Supporting Information).  ggmewhat slower, but not so much as to rer@efrequency
Lyophilized protein was dissolved in;D or in H,"O. The pHwas  janendent? For a water molecule residing in a small polar
adjusted by microliter additions of HCI or NaOH followed by L . o

cavity inside a protein, the H-bond polarity imposed by the

centrifugation. The protein concentration of the solution (before di tein at frectivel t ¢ tati
crosslinking) was determined by complete amino acid analysis. The surrounding protein atoms efiectively prevents water rotation

protein was then crosslinked by addition of ice-cold 25% glutaraldehyde @nd only allows small-amplitude librations and symmetric°180
(GA) solution as detailed in the Supporting Information. Table 1 shows flips about the water dipole axis. Because these motions are

the composition and pH of all gels examined3yor 'O MRD. The strongly anisotropic, they do not average out the nuclear
protein and GA concentrations are specified as the water/protein mole quadrupole coupling’ Furthermore, they are either too fast
ratio, Nw, and the GA/protein mole ratitNga. (librations) or too infrequent (£Xlips) to contribute significantly

The bifunctional crosslinking reagent GA has been used widely for to spin relaxation. In protein solutions, the residual quadrupole
protein immobilizatiorf. GA reacts primarily with Lys (and N-terminal) - coupling of internal water molecules that remains after partial
amino groups, forming stable cross-links by a mechanism that has notjentational averaging by librations ang @ips is averaged

been firmly establishetThe GA/Lys stoichiometry of the reaction is to zero by the rotational diffusion of the protein carrying the
reported® to be~4 andNga was chosen to allow essentially all amino

(29) DeLano, W. L. The PyMOL Molecular Graphics System (2002). http://

(26) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194, 531— www.pymol.org.

544, (30) Korn, A. H.; Feairheller, S. H.; Filachione, E. M. Mol. Biol. 1972 65,
(27) Alexeev, D.; Bury, S. M.; Turner, M. A.; Ogunjobi, O. M.; Muir, T. W.; 525-529.

Ramage, R.; Sawyer, IBiochem. J1994 299 159-163. (31) Abragam, A.The Principles of Nuclear MagnetisnClarendon Press:
(28) Bang, D.; Makhatadze, G. |.; Tereshko, V.; Kossiakoff, A. A.; Kent, S. B. Oxford, U.K., 1961.

Angew. Chem., Int. EQ005 44, 3852-3856. (32) Halle, B.Phil. Trans. R. Soc. London, Ser.Z2B04 359, 1207-1224.
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orientationally restrained internal water molecules. This is
usually the only significant source of relaxation dispersion. The
correlation time extracted from the MRD profile from a protein

solution is thus the rotational correlation time of the freely

tumbling protein,zgp, typically 5-10 ns.

In isotropic solutions, protein tumbling completely random-
izes the orientation of internal water molecules. The MRD
profile, Ri(wo), is therefore flat at Larmor frequencies <
1l/rrp and does not provide any information about dynamic
processes on time scales longer thap This limitation can
be removed by immobilizing the protein, as in the chemically

has the samérm as the BWR expression for fast exchange
among several water sites or environmétisut it is actually
valid without restrictions on the exchange time (which is also
the correlation time in the EMOR mechanism), provided that
the system is in the dilute regim& & 1 or Ny > 1) and that
the apparent intrinsic relaxation rat,, in sitek is treated by
SLT_11—13

For internal water molecules relaxed by the EMOR mecha-
nism, the intrinsic relaxation rate in the dilute regime can be
expressed as 13

crosslinked protein gels investigated here. Because protein Ry(@0) = @ (LoQu 1) 2
rotation is now inhibited, the residual nuclear quadrupole ) ) ) ]

coupling is averaged to zero by the exchange of orientationally Where 7« is the mean residence time of the internal water
restrained internal water molecules with rapidly rotating bulk- Molecule in site. The residual nuclear quadrupole frequency

like water. We refer to this mechanism as exchange-mediated®@ok defined as in previous solution MRD studiéss partially

orientational randomization (EMORY.13 The exchange rate

or its inverse, the mean residence timg;-of individual internal
water molecules can thus be determined in a direct and
essentially model-independent way from the MRD profile. The
long-time limit is now set by the inverse nuclear quadrupole
frequency rather than by the protein tumbling time, so the range
of accessible correlation times is increased from 1 order of
magnitude (310 ns) for a small protein in solution to 4 orders
of magnitude (10 ns100us for2H) for an immobilized protein
(of any size).

To probe these slow motions, the relaxation rate must
measured at very low Larmor frequencies. ForaHenuclide,
we measuréy; down to 1.5 kHz (corresponding to a magnetic
field strength of 0.2 mT) with the field-cycling technigé&3
For 170, which relaxes too rapidly for field-cycling to be used,
the signal-to-noise deterioration at low fields sets the low-
frequency limit to~0.5 MHz.

3.2. Spin Relaxation Theory. The MRD profile from
immobilized proteins cannot be fully analyzed with the con-
ventional Bloch-WangsnessRedfield (BWR) perturbation
theory of nuclear spin relaxation, which requires the randomizing

be

motion to be fast compared to the nuclear quadrupole frequency,

a3 BWR theory is thus a useful approximation only for
internal water molecules with residence times shorter than
~1 us @H) or ~0.15 us (F’0). The MRD profiles from
immobilized proteins tend to be dominated by internal water
molecules with residence times near these limits (if present).
The quantitative analysis of MRD data then requires a more
general (nonperturbative) relaxation theory,
Liouville theory (SLT)! Fortunately, the MRD profile can still
be obtained in analytical form, or with modest computational
effort, in the dilute regime, where internal water molecules are
greatly outnumbered by bulk water molecules.

The MRD data reported here were analyzed with the
theoretical expression

Ri(wg) = (1 = fg = f)) Ry pui T fsRy (@g) + Z iR (@g) (1)

wherefy = Nk /Nw is the fraction of water molecules in tlkéh
internal sitefi = % fi, andfs = Ns /Ny is the fraction water
molecules that experience a significant dynamic perturbation
due to interactions with external protein surfaces. Equation 1

based on stochastic

averaged by restricted rotational motions in kit time scales
shorter tharrx. This may be formalized by writing

®)

wherewd = 8.7 x 10° s71 (?H) or 7.6 x 10° 571 (170} is the
rigid-lattice (corrected for librational averaging) quadrupole
frequency of water molecules in hexagonali¢mternal water
molecules usually engage in three or four H-bonds so the electric
field gradient should differ little from that in ice. If the field
gradient is the same as in ice, the quarfiitynay be interpreted

as a rank-2 orientational order parameter, ranging from 0
(isotropic orientational averaging) to 1 (no orientational averag-
ing). However, because the field gradient may differ slightly
from the ice value, we regai§i as an apparent order parameter
which may (slightly) exceed 1.

The functionF(L«,Q77x) in eq 2 has three dimensionless
arguments. The motionally induced asymmetry parammter
ranging from 0 to 1, measures the deviation from axial symmetry
of the residual electric field gradient tensor at tAd or 170)
nuclear sité! induced by motions on time scales shorter than
Tk. This quantity is distinct from the rigid-lattice asymmetry
parameterjo, which is incorporated as (¥ 73/3)"2 in the
quadrupole frequencwg.17 If an internal water molecule is
rigidly attached to the protein and if the protein is rigidly fixed
in the gel network, the = 1 (if wox = wg) andix = no. For
2H, the rigid-lattice asymmetry parametgg,= 0.1. Extensively
H-bonded internal water molecules are known to be highly
orderedt*3® so if the protein is also highly immobilized we
expect the order parametes, to be large and, fofH, the
asymmetry parametefy, to be small. Conversely, féH, ax
value close to 1 is not compatible with a lar§evalue.

The reduced Larmor frequencylis = work and the reduced
nuclear quadrupole frequency is defined as

__ 0
wak—wQS(

O‘I 1/2
Q= |——| &g,
i+ g3l O

The spin-dependent numerical factgrequals 3/2 fofPH (spin,
| = 1) and 15/16 fo’O (I = 5/2). The SLT resultin eq 2 is
exact for any values of the dimensionless quantitieand Q.
In particular, it is valid for arbitrary long residence timg, In
general, the spin-dependent functidfi(Ly,Qx7x) must be

(4)

(33) Noack, F.Progr. NMR Spectroscl986 18, 171-276.
(34) Ferrante, G.; Sykora, &dv. Inorg. Chem2005 57, 405-470.

(35) Denisov, V. P.; Venu, K.; Peters, J.; it#n, H. D.; Halle, B.J. Phys.
Chem. B1997, 101, 9380-9389.
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Figure 2. Relative?H relaxation enhancement at zero frequency from a
single internal water molecule with residence timgandS, = 1) against

a background of 3000 bulk water molecules (WRhoux = 2.6 s1). The
solid and dashed curves refer to an immobilized protein itk O or 1,
respectively. For comparison, the dastotted curve shows the correspond-
ing relaxation enhancement for a freely tumbling protein wigh= 10 ns.

computed numerically as an orientational average over certain
supermatrix elements. Rather than reproducing the lengthy
exact expressions used in the analysis ofth&IRD data, we
indicate the general structure of the function by giving an
approximate analytical result (T. Nilsson and B. Halle, to be
published) which coincides with the exact result everywhere in
theLx —Qx plane, except for the small region whepg~ Ly >

1. For2H (I = 1), the approximate result is

=21

B 1 U 0.2
F1(LQuin) = E(l + ?) Z A,

+

1+AQ+ L

— ®
1+AQE+4LE

where

(6)

In the BWR regime of short residence times, defineas<
1 + L2 this more general result reduces to the fanfiiar
expression

0.2 0.8
2 + 2
1+12 14412

F1(Le Qo) = (7)

MRD is among the few methods that can detect individual
internal water molecules in a protein solution with a vast excess
(up to 1G-fold) of bulk water. Insolution this is possible
because a water molecule buried in a protein with a typical
tumbling time of 10 ns, rotates 5000-fold slower than a water
molecule in the bulk solvent. This difference is manifested
directly in the relaxation rate at frequencies below the MHz
dispersion, becaus® (0) is proportional to the correlation time.
For animmobilizedprotein, the dynamic weighting is even more

water molecule with Jus residence time in the presence of a
3000-fold excess of bulk water enhances the low-frequency
relaxation rateRy(0), by a factor 50, whereas only a doubling
of Ry(0) is obtained in the solution case. SinBg can be
measured with £2% accuracy over the whole frequency range,
an enhancement oRy(0) by 10% of Ry pux can easily be
measured. Therefore, as seen from Figuft2VIRD can detect
individual internal water molecules with residence times in the
range 10 ns100us. If a protein contains one or more internal
water molecules withy ~ 1 us, then they will dominat&,;(0)
and it will be more difficult to simultaneously detect other
internal water molecules with much shorter or much longer
residence times (Figure 2).

The general shape of the curves for immobilized proteins in
Figure 2 follows directly from the theory. In the cage= 0,
eq 5 (which is exact abo = 0) yields with eq 2:

_2
W KTk

R, (0)= —>~*
1K 1+a (c‘o(‘)vkrk)2

®)

Thus, for residence times shorter tharivd{( ~ 1 us, the
relaxation enhancement increases linearly wittwhereas, for
residence times longer thaniy, the relaxation enhancement
is proportional to 1.

Because of the larger quadrupole frequenoyy, the 170
nuclide cannot detect the most long-lived internal water
molecules that can be seen?yMRD. For the proteins studied
here, the internal water molecules that contribute significantly
to the 1’0 MRD profile have residence times on the shqut-
side of the maximum in Figure 2, where the dependence on the
asymmetry parameter, is negligibly weak. We therefore
analyze thé’O data with the following analytical approximation
to the exactx = O result (T. Nilsson and B. Halle, to be
published):

0.2
1+ QG+ L2

|

with Qx defined by eq 4. In the BWR limitQ? < 1 + L2, this
expression reduces to eq 7.

0.8
1+ Qi +4LE
0.2

1+ 4Q2+ L2

2 5
FeaLQu0) = 7 7

058
1+ 4Q2 + 4L

4, Results and Discussion

4.1. BPTI: 2H MRD Profile. Figure 3 shows wateéiH and
170 MRD profiles from immobilized BPTI. All MRD profiles
presented here exhibit a high-frequency dispersion component
with a correlation time of a few nanoseconds. This universal
contribution, which we attribute to external hydration, is
analyzed in section 4.7. Here, we focus instead on the low-
frequency components that directly reflect exchange of internal
water molecules via the EMOR mechanism (section 3). As
shown in section 4.3, labile BPTI deuterons do not contribute
significantly to Ry at pD 6.5 (sample B2, used for the
measurements in Figure 3a).

The residence time of the singly buried W122 (Figure 1) has
previosuly* been determined b¥H and 17O solution MRD:
wizz = 0.4 ms in DO solution at 20°C. Sincedq wi2twi22

pronounced because the correlation time is now the residence> 1, the contribution of W122 t&; is negligibly small. Indeed,

time, which can be much longer than the tumbling time of the
free protein. In the example shown in Figure 2, a single internal
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from eqs 1 and 8, this contribution can be estimatedf@g,2
(3rwi20) ~ 0.6 s'L. For 170, the corresponding estimate is 0.4
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T T T T T T T T T T T T T T T T Table 2. Results of Fits to 2H and 17O MRD Profiles from
1 Immobilized BPTI?

a |

value

parameter (unit) ’H 0

| 71 (us) 5.8+ 0.3 [5.8p

S (-) 0.854 0.04 [0.85)
() 0.264 0.04

1 2 (ns) 90+ 3 50+ 3

1 S (-) 1.1140.01 1.06+ 0.02

100

50

Relaxation rate, R, (s™')

i aForN; = 2 andN, = 1. b Parameter values within brackets were frozen
in the fit.

or N; = 2 andN,; = 1. Component 1 is nearly in the slow-
N NN RIS, exchange limit,Qf + L > 1, where theR; contribution is
108 104 105 108 107 108 proportional toNy/zx (section 3) soN; cannot be determined
Larmor frequency, v, (Hz) from the fit. Fits withN; frozen to either 1 or 2 are of similar
quality, but theN; = 1 fit yields an unphysically large
asymmetry parametet;; ~ 0.8 (section 3). We therefore
conclude thalN; = 2, and hencél, = 1. The fit then yields the
residence times; = 5.8 us andr, = 90 ns (Table 2). Since
W111 is closest to the protein surface (Figure 1) and has fewer
H-bonds than W112 and W113, it should have the shortest
residence time. We therefore assign component 2 to W111.
Because component 1 is close to the slow-exchange limit,
the dispersion frequency is governed dyy rather than
(section 3). In this limit, information about the residence time
is only conveyed by the dispersion amplitude, which is
proportional to 1#;. The residence timer;, deduced for
component 1 should therefore be interpreted as a harmonic
average

== =L TITTT] T T T TTITT] T T T TTTTT
—

1000

500 |-

Relaxation rates, R, &R, (s™')

0 IR s 11 S R S W 7] R S R I N AT
5 & U 8
10 10 10 10 1 1 1 1
Larmor frequency, v, (Hz) =5 + (10)

71 ATwiz  Twnn

Figure 3. Water?H (a) and*’O (b) MRD profiles from immobilized BPTI

at 20°C. The data were measured on samples B2 (a) and B1 (b) and are, ;.: .1 : . - -
normalized tdw — 3000. Filled and open circles represBandRy data, which is dominated by the shorter of the two residence times.

respectively. The solid curves were obtained by fitting the model t&kthe It iS possible that both water molecules exchange in the same
data as described in the text. The broken curves are the contributi®s to  partial unfolding event, in which casgyi12 = twi1s = 5.8 us

from internal water molecules W112 and W113 (red) and W111 (blue) and (Table 2). But it is also conceivable that one of them (presum-
from bulk and surface hydration water (green). The parameter values

resulting from the fits are given in Table 2. In panel b, the dashqutofile ab'Y the m_OSt deeply buried W113) has a somewhat 'Pnger
was computed from the parameters obtained fromRht. residence time than the other one. In any event, both residence

times must be longer than/2 = 2.9 us (this follows from eq

s 1. We can thus safely neglect the contribution of W122 to 10) and neither of them can be much longer than.8since
the 2H and 1’0 MRD profiles. The low-frequency dispersions this would bring us back to the reject&édd = 1 scenario).
observed with immobilized BPTI (Figure 3) must therefore be  The effective order paramet&;, = 0.85, for W112 and W113
produced by the mutually H-bonded chain of internal water is high, consistent with each of these water molecules being
molecules, W111, W112, and W113 (Figure 1). restrained by four H-bond$:22 The motionally induced asym-

If these three internal water molecules have residence timesmetry parametetj, = 0.26, is relatively small, as expected for
in the range 108—1075 s, as indicated by previous solution highly ordered water molecules in a highly immobilized protein
MRD studies?324and if the three residence times are sufficiently (section 3).
different from each other, then ti#&l MRD profile in Figure Since the true order parameter cannot exceed 1, the effective
3a should reveal three distinct (albeit overlapping) EMOR order parameteiGyii; = 1.11, deduced from the fit indicates
components. However, a fit with three EMOR components that the rigid-lattice quadrupole frequency for W111 is slightly
yields an unphysically large asymmetry paramejer- 1, for larger than the ice reference valu% (section 3). This would
the slowest component (section 3). We therefore reject this be the case if one of the deuterons of W111 is not involved in
scenario and proceed on the assumption that two of the threea strong H-bond (or is H-bonded only part of the tirfdndeed,
residence times are so close that they are not resolved by oull high-resolution crystal structures of BPTI show W111
data. engaged in two or three H-bonds, whereas each of the other

A fit with two EMOR components yields one residence time internal water molecules makes four strong H-botfd3? In
(k — 1) of severalus and another oné<(= 2) on the order of the hlgh-pH crystal form®20 W111 donates one H-bond to

0.1/45 (Table 2)' These_two componen_ts can be aSSIQned to the(36) Pennanen, T. S.; Lantto, P.; SilldépA. J.; Vaara, JJ. Phys. Chem. A
three water molecules in two ways: eitiér = 1 andN, = 2 2007, 111, 182-192.

J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008 1779



ARTICLES

Persson and Halle

Pro8.0 and another to Glu7.0OE and accepts one H-bond from
W112. But the Glu7 side chain is disordered, and in the “open”
conformation (30 or 47% population) Glu7.OE is more than 6
A away from W111, which then donates only one H-bond. In
the decameric crystal form at neutral gH2 Glu7 is entirely

in the high-pH “open” conformation (that does not H-bond to
W111), but then a sulfate-coordinated water molecule is within
H-bonding distance of W111. It is not clear whether this H-bond
arrangement would prevail also in the absence of sulfate ions.
In any case, W111 is less extensively and less symmetrically
H-bonded than the other three internal water molecules, which
is consistent with a larger quadrupole frequeffty.

4.2. BPTI: 170 MRD Profile. We now turn to thé’O MRD
profile in Figure 3b. Because the rigid-lattice quadrupole
frequency,w%, is nearly an order of magnitude larger f60
than for 2H, the slow-exchange limit is reached for shorter
residence times. Therefore, W112 and W113, with residence
times of several microseconds, contribute very little tott@

Ry dispersion, even though they dominate #hedispersion.
Indeed, the'’O R, profile in Figure 3b is well described by a
single EMOR component, apart from the ubiquitous nanosecond
component (section 4.7). The expected contribution from W112
and W113 is too small (Figure 3b) to be resolved and it was
therefore included with fixed parameter values taken from the
2H fit (Table 2).

The single-fitted EMOR component, which accordingly is
assigned to W111, yields a residence timg@,1 = 50 ns, similar
to, but significantly shorter than, the value, 90 ns, derived from
the 2H data. The ratio of 1.8 of these residence times can be
attributed to the different isotopic composition of the solvent
in the two cases: O for thel’O data and BO for the?H data

T T T T T 77T T T TTI T T TTTm

15

Relaxation rate difference, AR, (s™)

Ll

107

Lol ol
105 108
Larmor frequency, v, (Hz)

Ll

104

I

108

108

Figure 4. Difference of watePH MRD profiles from immobilized BPTI

at pD 4.4 and 6.5. The data were measured on samples B2 (pD 6.5) and
B3 (pD 4.4) and were normalized kw = 3000 before taking the difference.
The solid curve was obtained by fitting the model to Byalata as described

in the text. The dashed curves are the two COOD components.

mechanism. Scalar relaxation of the second kind, by proton-
exchange modulation of th#1—170 J coupling, can produce
such an offset, but the scalBs is less than 13 at pH 4.1 in
bulk H,O3%” and presumably even less in the presence of protein
(which also catalyzes proton exchange).

4.3. BPTI : 2H pD Dependence Whereas!’O relaxation
exclusively monitors the dynamics of water moleculéd,
relaxation may also contain a contribution from labile protein
deuterons that exchange sufficiently rapidly with water deuter-
ons1”38 This labile-D contribution can dominaf, at low or

(Table 1). The solvent isotope effect is not necessarily the samepjgh pp13 but in the pD range 4.4 6.5 of our BPTI samples

for all internal water molecules (section 5.2), and it was therefore
ignored in the fixed’O R; contribution from W112 and W113.
Because this contribution is small, a factor-2 isotope effect
would only change the fitted W111 parameters by a few percent.
As we found from the’H data, the effective order parameter,
Swi11 = 1.06, is slightly larger than 1. The likely explanation
is the same: the incomplete and unsymmetrical H-bond comple-
ment of W111 makes th€O rigid-lattice quadrupole frequency
slightly larger than the ice reference vaIm%.36

For 1’0, we also measured the transverse relaxation Rate,
(open circles in Figure 3b). Because a general SLT result for
transverse relaxation by the EMOR mechanism is not available,
we did not include thdR, data in the fit. Instead, we used the
parameter values derived from tiR fit to “predict” the R,
dispersion profile by replacing eq 9 with

FoalQuO) =222+ — 0> 02 1,5
N1+QF 1+QA+L2 1+Q+4a 7
0.3 0.5 0.2
2 2 2 2 2 (11)
14+4Q7 1+4Q+12 1+4Q2 +4L2

This is not a rigorous result, but rather an ad hoc interpolation
formula that reduces correctly to the known forms in the low-
field (L < 1 + Q) and BWR Q < 1) limits. Provided that

a frequency-independent offset of 120'ds included, this
formula reproduces the experimeraldispersion profile rather
well (dashed curve in Figure 3b). The origin of the offset may
be a deficiency in the ad hoc eq 11 or a secondary relaxation

1780 J. AM. CHEM. SOC. = VOL. 130, NO. 5, 2008

it is quite small. Nevertheless, after normaliziRgto the same
protein concentration (sani&y value), we find that théH MRD
profile recorded at pD 4.4 lies significantly above the one
measured at pD 6.5 (Figure 4). At these pD values, ND
deuterons exchange too slowly to contributedRid=3-38 Further-
more, the 8 hydroxyl deuterons in BPTI all have acid-catalyzed
exchange rate constants less thah 0! s™1 at 20°C3839s0
that, even at pD 4.4, the hydroxyl deuteron residence time is
greater than 1 ms. As for W122 (with a residence time of 0.4
ms), theR; contribution from the hydroxyl deuterons is therefore
negligibly small.

The R; difference shown in Figure 4 must therefore be
produced by labile deuterons in carboxyl groups. TKgv@alues
of the 5 COOD groups in BPTI have been determined from
13C shift titrations?? After applying a small temperature
correction! we obtain, for the mean number of COOD
deuterons in BPTINcoop= 1.23 at pD 4.4 antcoop= 0.015
at pD 6.5. The?H MRD profile at pD 6.5 (Figure 3a) can
therefore be attributed exclusively to water deuterons.

We assume that the EMOR contributions from W414113
as well as the high-frequency hydration contributions are
independent of pH, so that they cancel out in the difference,

(37) Halle, B.; Karlstion, G.J. Chem. Soc., Faraday Trans19283 79, 1031~
1046.

(38) Denisov, V. P.; Halle, BJ. Mol. Biol. 1995 245 698-709.

(39) Liepinsh, E.; Otting, G.; Whrich, K. J. Biomol. NMR1992 2, 447—
465.

(40) Richarz, R.; Wthrich, K. Biochemistryl978 17, 2263-2269.

(41) March, K. L.; Maskalick, D. G.; England, R. D.; Friend, S. H.; Gurd, F. R.
N. Biochemistry1982 21, 5241-5251.
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AR; = Ry(pD 4.4)— Ry(pD 6.5). This assumption is consistent 140 — ' T L

with previous solution MRD studies of BPTI over a wide pD

range3® The difference dispersion, which we thus attribute 120

entirely to COOD deuterons, clearly contains two components -

(Figure 4). The fit yields two correlation timesgoop,1 = 0.8 » 100

+ 0.2 us and tcoop2 = 44 + 8 ns, and two amplitude 0:: PR

parametersNcoop,Soop,; = 0-10+ 0.03 andNcoop, Soop 2 g 8 / S §

= 0.62 £ 0.05. These amplitudes were obtained with a rigid- 5 .0 .

lattice quadrupole frequencyug = 8.2 x 10 s, derived § 60 [ 7 Soo

from NQR studies of amino acid crystal hydrafés. o < S~
The dominant exchange mechanism for the COOD deuteron aops o~ a

is thought to involve a cyclic H-bonded configuration with two T~ i o

water molecules linking the carboxylic oxygen atoms. With this 20[ o~

mechanistic assumption, NMR relaxation data on acetic acid ol ]_ L e e

solutions yield a COOD deuteron residence time of8.8.1 0 100 20 30 40 50 60
us in acetic acid/BO solution at 25C.*3 Considering that Glu
and Asp COOD groups in proteins are only partla_lly SOIVe_nt_ Figure 5. Temperature dependence of watirrelaxation rateRy, at 1.5
exposed, we expect somewhat longer COOD residence timescHz for immobilized BPTI at pD 4.4 (sample B8y = 3615). The solid

in BPTI. The correlation time, 0.&s, for component 1 is  curve was obtained by fitting the model to tRe data as described in the

therefore most likely a COOD residence time. text. The broken curves are the contributionsRofrom internal water
y . . . molecules W111 (blue), W112 and W113 (red), and W122 (magenta) and
The shorter correlation, 44 ns, might reflect more efficient from bulk and surface hydration water (green).

deuteron transfer in a COOD/CO®air linked by one or two
water molecules, as proposed for partially neutralized poly- relaxation rateR;, has reached its zero-frequency linf,-
(acrylic acid)** The COOD groups of Glu49 and Asp50 are (0). At low temperatures, where the internal water molesule
sufficiently close 6 A) for this mechanism to operate. On s in the slow-exchange limitafgxzk > 1), Rix(0) is inversely
the basis of the I§, values of these residues, we would then proportional to the residencey, and therefore increases with
haveNcoop,2= 0.55 and thusscoop 2= 1.06 £ 0.04. But an temperature ag becomes shorter. At high temperatures, in the
order parameter near 1 is unlikely for the highly exposed Glu49, fast-exchange or BWR regim@§xr < 1), Rix(0) is propor-
considering thaBcoop = 0.35 for the similarly exposed Asp  tional to 74 and therefore decreases with temperature. Each
and Glu side chains in the collagen triple héfix. EMOR componenk should thus give rise to a maximum in
We therefore favor an alternative interpretation, where Ri(0) at the temperature whemg ~ 1/, Which is on the
component 1 represents the exchange (EMOR mechanism) oforder 10°® s for 2H. This behavior is illustrated, for the special
all 1.23 COOD deuterons and component 2 reflects slow internal casezjx = 0, by eq 8 and Figure 2.
motions of one or more of the Glu and Asp side-chains. (At At low frequencies, théH relaxation rate is dominated by
pD 4.4, the two Glu residues account for 67%Nfoon.) The component 1, assigned to internal water molecules W112 and
amplitude of component 1 then yiel@oop = 0.29 & 0.04, W113 (Figure 3a). Since the residence times= 5.8 us, at 20
more in line with the collagen resuft.Side-chain conforma-  °Cis longer than Iqx, we expect a maximum iR, at slightly
tional dynamics occurs on several time scales and we canhigher temperature. To test this prediction, we measured the
associate separate order parameters with fast (picosecondjvater?H relaxation rateR;, at the lowest accessible frequency,
librations @, and with slower (nanosecond) larger-scale 1.5 kHz, for immobilized BPTI (sample B3) as a function of
conformational transitionsSa6,). An indication that Glu7  temperature. A maximum is, indeed, observee® °C (Figure
does, in fact, undergo a slow conformational transition is 5).
provided by crystal structures implying that the COOD group  For the quantitative analysis of the temperature dependence
of Glu7 moves by~5 A between two conformations with  in Figure 5, we modeR; as a sum of four components. Three
comparable populatiort8*The order parameteBcoop = 0.29, of these are the same as in Figure 3a, with the only difference
that appears in the amplitude of component 1 is the product that the small COOD contribution (9% & at 20°C) present
oo Sany and the amplitude of component 2 Mcooo( at pD 4.4 is lumped together with W111 as component 2. The
AL — (2% 3. With Neoop = 1.23, as for component  fourth component is W122, which only contributes at higher
1, this yieldsS2,p, = 0.77 andSia%, = 0.38. We note that  temperatures. At 1.5 kHz, all EMOR components can be taken
this analysis is based on the assumption that the protein is highlyto be in the zero-frequency (“extreme narrowing”) limit, since
immobilized in the gel network (section 4.7). Li < 1 for 7w < 30 us and for longer residence times the
4.4, BPTI : 2H Temperature Dependence.The EMOR contribution toR; is negligibly small.
mechanism, which attributes the relaxation dispersion to ex- The small contribution from bulk and surface hydration water
change of internal water molecules, makes definite predictions was forced to agree with the fit in Figure 3a at 2D and was
about the temperature dependenceRaf This dependence is  taken to have the same relative temperature variatidt) ag.*°
particularly simple at low frequencies, where the intrinsic EMOR component 1 (W112 and W113) and 3 (W122) were
described with the exact SLT expression (section 3) with fixed

(42) Edmonds, D. TPhys. Rep1977, 29, 233-290. 7k = 0.26 (Table 2). The temperature dependence of the
(43) Lankhorst, D.; Schriever, J.; Leyte, J.Chem. Phys1983 77, 319-340.

(44) Lankhorst, D.; Schriever, J.; Leyte, J. Il@acromolecules984 17, 93—
100. (45) Hindman, J. CJ. Chem. Phys1974 60, 4488-4496.

Temperature (°C)
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residence times was modeled with two parameters in an 60—
Arrhenius expression
. e a

S i i
7(T) = 7 (To) eXl{ﬁ(; - T_o)

with the reference temperatufg= 293 K. For W122, we adopt
73(To) = 0.4 ms and the activation energ:}; = 90 kJ mof?,
from a previous solution MRD study. The order parameter,
S = 0.95, is taken from the same sout¢€omponent 2 (W111
and COOD) is in the BWR regime at all investigated temper-
atures, so it can be modeled as

(12)

Relaxation rate, R, (s™')

Ef1 1
2
Ry AT) = Ry To) exf{ﬁ(f - ?o)

~ ’ .
(13) 0 TR R TTT1 I B R AT 11| B RN (1T S SN = 11| B W A TTT)
10° 104 10° 108 107 108
Larmor frequency, v, (Hz)

wheref, Ry oTo) is forced to agree with the fit in Figure 3a at
20°C. 600 ———T T
The fit in Figure 5 gave the following parameter valuds;: ——iy Lo S b
=16+ 2 kJ mol 4, Ej{ =43+ 1 kImoll, 74(Tg) =3.94+ 0.1 L Roge
us and S = 0.45 £+ 0.01. Bearing in mind the several
simplifying assumptions in this analysis, the close agreement
for the residence time; (for W112 and W113), deduced from
the full dispersion profile at 20C (5.8 us) and from the
temperature dependence at 1.5 kHz (859 is reassuring. The
activation energy, 43 kJ mol, is also in the expected range,
intermediate between the faster exchanging W111 and the more
long-lived W122. The order paramete;, deduced from the
temperature dependence (0.45) is significantly lower than the - . -
one obtained from the full dispersion profile (0.85), IB4¢0) “a
depends only weakly o& near the maximum so this parameter 0 T R R S
is likely to absorb any short-comings of the simplified model. 108 108 107 108
Another notable result, apart from consistenvalues, is the Larmor frequency, v, (Hz)
small amplitude of th&; maximum. The measurdgi(0) values Figure 6. Water2H (a) and’0 (b) MRD profiles from immobilized
vary by only 25%, as compared to more than a factor 2 in a ubiquitin at 20°C. The data were measured on samples U2 (a) and U1 (b)
similar experiment on an agarose &lThe temperature and are normali;ed iy = 3000. Filled and open cjrcles represaatand
dependence iR, is weaker for BPTI because the different :?z data, respectively. The solid curves were obtained by fitting the model
o the R; data as described in the text. The broken curves are the
EMOR components have opposite temperature dependenciegontributions toR; from the internal water molecule W28 (blue), from
(Figure 5). On the low-temperature flank of the maximum, the COOD deuterons (red), and from bulk and surface hydration water (green).
increase o, (0) is counteracted by the decreaseR(0) 11 PSISTICL Ve tesult o e e re ghen 1 T e
and the bulk and surface hydration contribution. On the high- the R, fit.
temperature flank, the decrease Ryf1(0) is counteracted by
the sharp increase & 3(0) owing to the high activation energy  onds, which we attribute to external hydration (section 4.7). In
of W122. The contribution from W122 is predicted to produce addition, one {O) or two @H) low-frequency EMOR compo-
another maximum iRy (0) near 75°C. Although BPTI should nents are evident. Whereas the number of resolved EMOR
remain folded at this temperature, our measurements at these&eomponents in the MRD profile is the same as for BPTI, their
high temperatures were not included in the analysis because ofamplitudes are much smaller for ubiquitin (cf. Figures 3 and 6,
doubts about the integrity of the gel network. At the reported where all MRD profiles refer to the same water/protein mole
temperatures, no significant irreversible changes were detectedratio, N = 3000). This difference is in the expected direction,
4.5. Ubiquitin: 2H MRD Profile. Whereas BPTI contains  but a detailed analysis is required to ascertain whether the MRD
four internal water molecules, ubiquitin has only one (Figure data are quantitatively consistent with the known differences
1). This water molecule, labeled W28, is superficially buried in structural hydration between BPTI and ubiquitin.
and makes only two H-bonds with protein backbone atéfiT?s. The fit to the?H MRD profile in Figure 6a requires two
A third H-bond involves an external water moleciilé or, EMOR components. The correlation times are sufficiently short
possibly, the side-chain of Lys2927With regard to burial depth  that the BWR limit is applicable. The fit therefore yields the
and H-bonding, W28 in ubiquitin is similar to W111 in BPTI. amplitude parameten\lkaf, rather thanNy and S separately,
We therefore expect the residence time of W28 to be of the and it is independent ofk. The residence times for the two
same order of magnitude as for W111. components are; = 0.78 us andr, = 83 ns (Table 3). The
Figure 6 shows watefH and 1O MRD profiles from dominant component 1 must be assigned to COOD deuterons,
immobilized ubiquitin. As for BPTI, the profiles show a high- because it is not present in thO profile (see below).
frequency dispersion with a correlation time of a few nanosec- Moreover, the residence time, 8, for component 1 coincides

Q0D fe-meemmmr e e

200 -

Relaxation rates, R, & R, (s™)
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Table 3. Results of Fits to 2H and 7O MRD Profiles from motion of water molecules interacting with the external surface
Immobilized Ubiquitin of the protein. In solution MRD, this surface hydration contribu-
value tion is operationally defined as that part 8 x which is
parameter (unit) H ) frequency-independent belowl00 MHz (the highest accessible
71 (ms) 0.78+ 0.03 2H or 7O Larmor frequency}’”-*2The water molecules respon-
NiSi2 (—) 0.34+0.02 sible for this contribution must have correlation times shorter
72 (ns) 83+ 5 23+3 than ~1 ns. At room temperature, about half of the surface

2 (—
N2 () 0.58+0.03 0.35+ 0.07 hydration contribution comes from relatively few hydration

water molecules located in surface pockets and with residence

with the COOD residence time in BPTI (section 4.3). Ubiquitin {imes of several hundred 5§f‘7 _ . N
contains 12 COOD groups, including several Glu residues with The surface hydration contribution observed for immobilized
upshifted K, values. From the knownKa values and Hill proteins differs in two ways from that observed for the same
coefficients*® we find (after a small temperature correctiyn proteins in solution. First, the excess relaxation rRis(wo),

Neoop = 1.99 at pD 5.3 (sample U2). We thus expect a larger &t ~100 MHz is about twice as large as in solution. Second,
COOD contribution than for BPTI (wittNcoop = 1.23) and there is a universal dispersion component with a correlation time

this is, indeed, the case (cf. Figures 4 and 6a). \Mith= 1.99, of a few nanoseconds, which we also attribute to surface
the amplitude parametemlﬁ yields Scoop = 0.42 & 0.01 hydration (see below). Both of these contributions are repre-
slightly higher than for collagéa (0.35) or BPTI (0.29). sented by the second term in eq 1. The simplest description of

Component 2 is assigned to the single internal water molecule the surface hydration contribution consistent with these observa-

(W28) in ubiquitin. WithN, = 1, the amplitude parametél, tions is of the form

yields Sy2s = 0.76 £ 0.02. As for W111 in BPTI (section fast fast Slowrslow,
fl), the incomplete H-bonding of W28 is likely to increase its TR o) — Rypud =TSR B slvbu"‘] tis 858(0)
quadrupole frequency above the ice reference value, so the true o o
order parameter of W28 is probably slightly lower than 0.76. 1+ (wots 1+ (2wgts
Furthermore, component 2 might contain an unresolved con-
tribution from slow internal motions of Glu and Asp side chains
(as for BPTI, see section 4.3). This would increase the apparent
order parametefs, and could shift the apparent residence time

] (14)

where fs = 2" + 3% and Ri"‘;‘”(o) > Rypuk. The three

independent surface hydration parameters are chosen as the

correlation time,ré""‘”, and the two amplitude parameters

in either dirgctioln, depending on whether the iqternal motion N t f fos

\(;\(/);r;latmn time is shorter or longer than the residence time of mf ;sr[@ag —Rypud =N és(m _ ) (15)
y ég Ut?jlquitin: 1|7O NIIRD Prgl;\i/lleo. RAs expectecil, thr?? Ne .

assign o infernal water W23, (For consistency wih the e SO=NEET a9)

profile, this component is labeldd= 2.) The residence time

obtained from the fit is 23 ns, a factor 3.6 shorter than the Since our focus was on the low-frequency EMOR components,
correspondingH residence time (Table 3). WitN, = 1, the ~ We did not sampleR; densely at frequencies above 10 MHz.
amplitude parametemz$ yields Syzs = 0.59 + 0.06, signifi- The values of the surface hydration parameters derived from
cantly smaller than théH-derived value (0.76). The factor 3.6  the fits are therefore sensitive to small measurement errors.
2H/170 residence time ratio is larger than the expected solvent Nevertheless, a consistent picture emerges, where both proteins
isotope effect (section 5.2). This discrepancy, as well as the and both nuclides yield similar parameter valud§(r&/rou
larger?H order parameter, suggests that component 2 ifthe ~ — 1) = (1.9 — 2.6) x 103, Ng*(S")2 = 2—-3 anded*" = 27
MRD profile is the unresolved sum of the W28 contribution nS.

and a contribution from internal motions in Glu/Asp side chains ~ The values foNS (z&z,ux — 1) obtained here are larger
on the 50-100 ns time scale. than the value, (1.2 0.1) x 1, derived from solution MRD

As for BPTI (Figure 3b), the transvers&j MRD profile studies of BPTI and ubiquiti?®38 To see if this difference can
was predicted with the aid of eq 11, and the parameter valuesbe accounted for by the hydration of the glutaraldehyde (GA)
derived from the fit to theR; data. By adding a frequency-  crosslinking reagent, we measured #® relaxation rate in a
independent offset of 20 we obtain reasonable agreement H-O solution of GA without protein, obtainin®ls™(ts"/zouk

with the experimentaR, data (dashed curve in Figure 6b). — 1)=15.6+ 0.1 at 20°C. Here,NS" is the number of water

Although smaller than for BPTI, the offset is an order of molecules interacting with one GA molecule. By multiplying

magnitude larger than the scalar relaxation rate in bui® kit NSA (S rouk — 1) with the GA/protein mole ratiodNga, from

pH 4.9%7 Table 1, we find that GA hydration can account for at most
4.7. Surface Hydration. The MRD profiles presented here half of the increase oNfSaS‘(rfsaSt/rbum — 1) in the protein gels.

are dominated by dispersion components belo®0 MHz, Moreover, the frequency-dependent part of the surface hydration

produced by exchange of long-lived 10 ns) internal water contribution, modeled by the second term of eq 14, is not present

molecules. But the excess relaxation ra@ge{wo) = Ri(wo) in solution. If it existed in solution, this dispersive component

— Ry bulk @IS0 contains a contribution from the retarded rotational would not have escaped detection, since it would be comparable

(46) Sundd, M.; Iverson, N.; Ibarra-Molero, B.; Sanchez-Ruiz, J. M.; Robertson, (47) Modig, K.; Liepinsh, E.; Otting, G.; Halle, Bl. Am. Chem. SoQ004
A. D. Biochemistry2002 41, 7586-7596. 126, 102-114.
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tion, as measured by the paramet&®(z2/z,, — 1), will be
larger than in a protein solution, where the protein molecules
tend to stay as far apart as possible. Some protein molecules in
the gel may be sulfficiently close to produce hydration sites with
nanosecond residence times, thus accounting for the dispersive
_ surface hydration component. The actual situation is likely to
Figure 7. Transmission electron micrographs of ubiquitin gel sample U2 be more complex Fhan can be ffathFEd by our parsimonious
(A and B) and BPTI gel sample B3 (C). 3-parameter description. In particular, the external hydration
water in the gel may exhibit a wide range of correlation times,

in amplitude and frequency to the internal water contribution. from a few picoseconds to a few nanoseconds. Hydration
Consequently, the additional fast surface hydration contribution dynamics in protein gels is of interest per se, for example, as a
and the nanosecond surface hydration contribution must bothmodel for more complex biological systems, but our objective
be, direct or indirect, effects of protein crosslinking. here is to characterize protein and internal water dynamics. The

The protein concentrations used here (Table B1T% by nanosecond hydration dynamics then simply defines a lower
volume, are comparable to or lower than the BPTI and ubiquitin limit of ~10 ns for the time scales of internal dynamics that
concentrations used in previous solution MRD studies of these ¢&n be studied by the present method.

R e

proteinsl423.24.35.3847 43 he water/protein mole ratity, is an 4.8. Validation of the EMOR/MRD Method. Proteins can
order of magnitude higher than the numbdg,= Nfsast+ N§'°"" be immobilized by direct proteinprotein interactions, as in

of water molecules in the first hydration layer of the protein. Physical gels or crystals. Chemical crosslinking is an attractive
On average, the protein molecules are separated1fywater alternz_;\tlv_e, because the protein remains fu_IIy hydrated. Id(_aally,
diameters, a distance that could easily be spanned by Crossg:ros_slmklng quenches_ the glopal translatlor_lal and rgtatlonal
links of ~8 GA molecules (as implied by the 4:1 GA:Lys Motions without affecting the internal protein dynamics. To
stoichiometry of the crosslinking react®h So if the protein ~ Validate the EMOR/MRD method for studying internal protein
molecules were uniformly distributed in space, we should see dynamics, we must show that this ideal is at least approached
essentially the same surface hydration contributioRitas in in crosslinked gels. We have done this by varying the composi-
solution. Because this is not the case, we conclude that thefion of the gel and by comparing with solution MRD results.
spatial distribution of protein molecules in the gel is inhomo-  AS discussed in Supporting Information, the results in Figure
geneous. S1 demonstrate that the protein dynamics that govern internal
BPTI is known to self-assemble into a compact decamer at v_vater_ exchaqge are esse_ntially unaffecteq by substantial varia-
high salt concentratiorf§:4° Based orfH MRD studies of~7 tlpns in proteln a_md crosslinker concentrations. At low frequen-
vol % BPTI solutions, it was estimated thaB% of the protein €S, Ru is dominated by EMOR component 1 (W112 and

is present in decamer form in the absence of added&ate W113), which is roughly inversely proportionalt@ Since the
decamer fraction in our samples should be even lower, becausé‘?s'denCe times determlqeq here span sgveral orders. of mag-
of cross-link interference. While decamer formation may affect nitude, a few percent var|at|qn is clearly |ncopsgquent|al. We
the slow conformational fluctuations that govern the rate of note also_bthatdthe shoulder in the MRD profile just belowhl
internal water exchange, the burial of protein surface in the MHz, ?tm ute t(_) EI\|/|IOR fc_:lomponent 2 (W111), occurs at the
decamer should decrease, rather than increase, the surfacg®M€ frequency in ail profiies. _
hydration contribution. Using parameter values derived from MRD profiles of
Although a uniform distribution of crosslinked protein immobilized proteins and an independent estimate of the protein

. . . rotational correlation timesrp, we can predict the solution MRD
molecules is geometrically feasible, the actual gel structure may rofile. By comparina predicted and measured solution MRD
be formed under kinetic control. Once two protein molecules P - BY paring p

have been connected by a cross-link, the next cross-link is moreproﬁles, we can then check the mutual cor15|stenc_:y of the_ two
likely to bridge the already connected pair than to involve a methods. Solution MRD does not usually yield residence times

new protein molecule. The gel might thus consist largely of directly (only lower and upper bounds), so we focus on the

. ’ . amplitude parameter. The effective amplitude parameter ob-
dense clusters of highly crosslinked protein molecules, connected, . . )
. . - . “tained from a solution MRD profile 13
by less extensively crosslinked protein molecules. Morphological
characterization by transmission electron microscopy (the sample

preparation protocol is decribed in Supporting Information) NS oy = NS 17)
showed that the (translucent) BPTI gel is homogeneous on T+ (038 trerd

length scales above a few hundred A, whereas the (opaque)

ubiquitin gel containsum-sized domains of higher protein In the fast-exchange limit, which for an internal water

density (Figure 7). However, heterogeneity on shorter length molecule in a freely tumbling protein is defined Bg(0)rx <
scales cannot be excluded at this resolution. The gel structure1, the denominator in eq 17 is unity and the MRD profile yields
is not regular so there must exist a distribution of protein  the true amplitude parameteﬂkﬁ_

protein separations. If this distribution is sufficiently wide that With parameter values from Tables 2 and 3 inserted into eq
the hydration layers of some protein molecules make contact17, we can calculate the total effective amplitude parameter,
or even overlap, then the observed average dynamic perturba{Ng]q4 = Zk[Nki]efr. that would be obtained from MRD
profiles of D,O solutions of BPTI and ubiquitin at 2. Since

(33) Famace. . Fror T Prantes. vostor M- RioKaut M vachee,  the early MRD studies of BPTI and ubiquitin usegdsolutions
P. J. Mol. Biol. 200Q 297, 697—712. also for 17O measurement$;2324 we use residence times
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Table 4. Predicted and Measured Solution MRD Amplitude
Parameters

[NeSett

protein water, k H o] data source
BPTI, immobilized W11l 1.23 0.03 1.11+0.04 Table2
BPTI, immobilized W112-113 1.43+0.13 0.98+0.09 Table 2
BPTI, immobilized W11%+113 2.664+0.13 2.09£ 0.10 Table 2
BPTI, solution W11+113 2.7+0.1 2.1+ 0.2 ref 24
ubiquitin, immobilized W28 0.3%0.07 Table 3
ubiquitin, solution W28 0.3:0.1 ref2®

aBPTI-G36S in DO, Nw = 1890, pD 5.6, 27°C, bi-Lorentzian fit.
b Ubiquitin in DO, Nw = 3523, pD 5.8, 27C, bi-Lorentzian fit.

pertaining to this solvent. For BPTI, we consider the Gly36Ser
mutant, lacking the most long-lived internal water molecule,
W1221424\We find that the fast-exchange limit is valid to within
1% or better in all cases considered, except for the BPTI W112
113 component of the!’O dispersion profile, where the
denominator in eq 17 equals 1.48 (g = 5 ns). The effective
correlation time for this component should be reduced by the
same factor as the amplitudfewhich explains why the effective
2H correlation time was found to be 20% longer than the
effective’O correlation time. At the high BPTI concentration
(Nw = 1890) used in the solution MRD stud$2*a significant
fraction of the protein may have formed decanférspnsistent
with the observed deviation from single-Lorentzian dispersion
shapé#24We therefore redetermined the amplitude parameter
from a bi-Lorentzian fit.

As seen from Table 4, the effective amplitude parameter

data agrees with the crystal structures and the residence times
and order parameters of these water molecules are quantitatively
consistent with the (less detailed) results obtained from previous
solution MRD studies. (ii) The non-monotonic temperature
dependence dR; is consistent with the values of the residence
times and with their expected strong temperature dependence.
(iii) The pD dependence of thi#H MRD profile is consistent
with the known number of labile deuterons and their exchange
rate constants.

Several groups have reportéid or 2H MRD profiles from
crosslinked or otherwise immobilized proteins, but the data have
been interpreted with models based on ad hoc assumptions that
are inconsistent with the current understanding of hydrated
proteins. Thus, théH relaxation dispersion from immobilized
bovine serum albumin (the only immobilized protein studied
by 2H MRD up to now) was attributed to slow motions of
hydration water at the protein surfat®e>3? If this hypothesis
were correct, MRD data would provide little or no information
about protein conformational dynamics. More specifically,
Kimmich et al. assumed that spin relaxation is induced by water
reorientation mediated by slow translational diffusion of water
molecules over the rugged protein surfd&ddowever, this
mechanism can account for the observed MRD profile only if
most of the several hundred water molecules at the protein
surface have residence times exceedingsl 5 orders of
magnitude above the value established by subsequent MRD and
simulation studieg?

Koenig et al. postulated that proteins have a small number

predicted from the present data on immobilized proteins agrees(two in the case of serum albumin) of special hydration sites

quantitatively with the corresponding parameter derived from
the solution MRD profile. This agreement, for both BPTI and
ubiquitin, strongly supports our proposal that watérand1’O
relaxation from immobilized proteins is governed by the EMOR
mechanism.

A further important implication of this agreement is that the
orientational order parameteg,, of internal water molecules
is essentially the same in immobilized and freely tumbling
proteins. This need not be the case, becaSsaeflects
orientational averaging on very different time scales in the two
cases. For freely tumbling proteir§, can only be affected by
internal motions faster than the protein tumbling timgs, or
~5 ns for the proteins considered here. For immobilized
proteins,S, is averaged by all internal motions experienced by
the water molecule during its residence tinag,or ~6 us for
W112 and W113 in BPTI. We can thus conclude that internal

with 1 us residence time on their surfacds®® According to

the EMOR mechanism, the MRD profile would then be
dominated by water exchange from these sites. Koenig proposed
that water molecules that can make four H-bonds to protein
surface atoms have a residence time ofud However,
subsequent MRD studi€s8-54and molecular dynamics simula-
tions of many proteins have shown that only buried water
molecules have residence times longer thal0 ns (at room
temperature). Long water residence times are not produced by
water—protein H-bondger se which are not stronger than the
short-lived waterwater H-bonds. Instead, the long residence
times result from entrapment of water molecules in small cavities
within the protein structure, which is maintained by intramo-
lecular residueresidue interactions as well as by (global)
protein—water interactions. Indeed, it is because the residence
times of buried water molecules are determined by structural

motions slower than a few nanoseconds do not contribute fluctuations that the MRD profile can provide information about

significantly to orientational averaging of internal water mol-
ecules. It seems likely that most of this averaging is effected
by water librational modes on the picosecond time séale.

5. Concluding Discussion

5.1. Spin Relaxation MechanismA typical internal water
molecule is highly restrained by H-bonds to protein atoms, but
once it escapes into the external solvent its orientation is

randomized within picoseconds. We have developed a theory

of nuclear spin relaxation by this mechanism of exchange-
modulated orientational randomization (EMORjNd we have
shown here that it accounts quantitatively for #iveand’O
MRD profiles from immobilized BPTI and ubiquitin. (i) The
number of internal water molecules deduced from the MRD

protein dynamics.

The present work departs from these earlier MRD studies
also with regard to the underlying spin relaxation theory. The
conventional perturbation theory of nuclear spin relaxation is
not valid for correlation times on an order ofus and longer
(in the case ofH relaxation)3! To analyze MRD profiles from
immobilized proteins, which are usually dominated by micro-
second motions, it is therefore necessary to use a more general

(50) Kimmich, R.; Gneiting, T.; Kotitschke, K.; Schnur, Biophys. J.1990
58, 1183-1197.

(51) Koenig, S. H.; Brown, R. D.; Ugolini, RMagn. Reson. Medl993 29,
77—-83.

(52) Koenig, S. H.; Brown, R. DMagn. Reson. MedlL993 30, 685-695.

53) Koenig, S. HBiophys. J.1995 69, 593-603.

(54) Denisov, V. P.; Halle, BFaraday Discuss1996 103 227—244.
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relaxation theory. Our data analysis is based on a rigorous theorygel$’ are also explained by the EMOR model, modified to
of spin relaxation by the EMOR mechanism, valid for arbitrarily include cross-relaxation effect¢These studies provided new
long residence times.If MRD data from immobilized proteins  information about structure, dynamics, and hydration in these
are analyzed with the EMOR model but within the framework structurally complex gels. However, the BPTI and ubiquitin gels
of the conventional relaxation theoty;53 the number of long- examined here allow us to test the EMOR model in a more
lived water molecules will be severely underestim&fedven decisive way, since the structure and internal hydration of these
more importantly, the failure to recognize that the conventional proteins are known. We have also measured tHeMRD
relaxation theory breaks down for long correlation times led profiles from crosslinked BPTI and ubiquitin. These results,
previous workers to postulate the existence of universal hydra-which will be reported elsewhere, underscore the central
tion sites with a temperature-independent residence time of 1importance of the EMOR mechanism for understanding the
us51753 |n fact, this apparent correlation time is the inverse of molecular basis of watéH relaxation in biological tissues and
the deuteron quadrupole frequency, which acts as an intrinsicof endogenous image contrast in clinical magnetic resonance
low-frequency cutoff on the molecular motions that can induce imaging.

spin relaxatior® 5.2. Protein Dynamics.In this first application of the MRD/
The great majority of previous MRD studies of immobilized EMOR method to proteins, we have determined the residence
proteins have utilized th&H nuclide. The interpretation dH times of four internal water molecules. These buried water

MRD data from immobilized macromolecules is complicated Molecules are an integral part of the protein structure and their
by effects of cross-relaxation and spin diffusfS¥? Koenig et exchange is inextricably linked to the structural dynamics of
al. have analyze#H MRD profiles from immobilized proteins  the protein. Our results thus provide direct evidence for large-
in much the same way & profiles, that is, by postulating ~ scale conformational fluctuations on time scales from 20 ns to
long-lived surface hydration sites and by using conventional 6 4s. As expected, the residence times correlate with burial
relaxation theory:~53 More recently, Korb and Bryant have depth. The most superficially buried water molecules, W111
used a radically different approach to analy#eMRD data in BPTI and W28 in ubiquitin, have residence times of-80
from crosslinked lysozym&-6 They argue that the molecular NS (in DO at 20°C). The exchange mechanism for these water
motions responsible for the watés MRD profile are small- molecules likely involves dihedral transitions in one or two
amplitude collective vibration modes in the protein on the8t0 obstructing side chains, to allow an external water molecule to
1075 s time scale. The relaxation mechanism invoked by these replace the internal one in a more or less concerted manner,
authors is known to operate in solitfshut it fails by orders of where each water molecule retains at least two H-bonds at all
magnitude to account for tHel MRD profile from immobilized times. In the case of W111 in BPTI, the crystallographically
proteins unless one postulates that the vibration modes propagatéisordered side chain of Glu7 is most probably involved in the
in a space of reduced dimensionality. Similar models, featuring €xchange mechanism (Figure 1 and section 4.1). The most long-
overdamped vibrations in a polymer ch@if? or one-dimen- lived water molecule, W122, in BPTI (0.4 ms at 2@, as
sional diffusion of structural defect®* had been proposed ~determined by solution MRB) is buried in a densely packed
earlier to interpret watetH relaxation data from biological ~ '€gion near the 1438 disulfide bridge. The remaining two
materials. To account for the obsend MRD profile, Korb water molecules, W112 and W113, are intermediate between
and Bryant assume that the vibrational density of states for the W111 and W122 in burial depth as well as in residence time (6
protein scales as3 from 10* to 10 Hz. However, both us). The exchange mechanism for W112 and W113 is likely to
vibrational spectroscof§®® and computer simulatiofs8 involve rotation of the Lys41 side chain, exposing these two
indicate a classicab? scaling up to~10"2 Hz, as expected for water molecules to external solvent (Figure 1c), and a slight
a three-dimensional solid. Apart from its questionable physical SeParation of the backbones of the two flanking loops, allowing

basis, this model cannot explain the dependence of the presenfXternal water molecules in the groove to replace W112 and
data on temperature or pD and it cannot rationalize the large W113 in @ concerted manner. The MRD data imply that both

difference between the MRD profiles from BPTI and ubiquitin. 112 and W113 have residence times of a fesvso they
We have previously reporte# MRD data from physical probably exchange together. An alternative exchange mechanism

3 ' can be envisaged, where the three water molecules W111
gels of agaros@ and gelatin'3 Those extensive data sets could W113 exchanae by stepwise iumps of the three-water chain in
be quantitatively rationalized in terms of the EMOR model. ge by step Jump

Moreover, we have shown that thd MRD data from the same and out of the |nta_ct pore (Figure 1a)._ Howevgr, W113 would
then have a considerably longer residence time than W112,

which is not consistent with our MRD data.

(55) Halle, B.; Denisov, V. PBiophys. J.1995 69, 242—249.

(56) Halle, B.Magn. Reson. Med200§ 56, 60—72. A detailed account of the exchange mechanisms for these
(57) Vaca Cheez, F.; Halle, BMagn. Reson. Med200§ 56, 73—81. ; i

(38) Korb, 3P+ Bryant. R, GI. Chem. Phys2001 115 10964-10974. and other |ntern_al water r_nole(_:ules may be _prowded by
(59) Korb, J.-P.; Bryant, R. GMlagn. Reson. Med2002, 48, 21-26. molecular dynamics simulations in the not too distant future.

(60) Korb, J.-P.; Bryant, R. GBiophys. 2005 89, 2685-2692. A 200 ns simulation of ubiquitin was recently reported that

(61) Rorschach H. E.; Hazlewood, C. F.Magn. Reson1986 70, 79—88. . -
(62) Hackmann, A.; Ailion, D. C.; Ganesan, K.; Laicher, G.; Goodrich, K. C.; might have revealed the exchange mechanism of W28, but

Cutillo, A. G. J. Magn. Reson. B996 110, 132-135. : f :
(62) Nusser, Wy Kimma e Wintor. B Phys Chomi1088 92, 6806- hydration was not analyzed in that stuyAs microsecond
6814. B ) protein simulations become commonplace, experimentally de-
Eggg g'hna‘mméc%"?fa’\:ﬁzﬁer,;:'\.’vﬁfn?gg'sngA"ﬁé!'%’;iﬂrfigfﬂq.4S‘ufgi?,_ ?éO?M termined residence times of internal water molecules will serve

Phys. Chem. 2004 108 10077-10082. as benchmarks for assessing the quality of the force field.
(66) Xu, J.; Plaxco, K. W.; Allen, SJ. Protein Sci.2006 15, 1175-1181.
(67) Moritsugu, K.; Smith, J. CJ. Phys. Chem. R005 109, 12182-12194.
(68) Balog, E.; Smith, J. C.; Perahia, Phys. Chem. Chem. Phy2006 8, (69) Nederveen, A. J.; Bonvin, A. M. J. J. Chem. Theory Compu2005 1,

5543-5548. 363-374.
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Both BPTI%-72 and ubiquitif®>~7> have been subjected to  which like the present gels have the required spatial isotropy.
several’™N relaxation studies, yielding peptide-NH order If water molecules participate directly in the functional events,
parameters and effective correlation times for motions faster their residence times are crucial parameters. More generally,
than the protein tumbling time of a few nanoseconds. ThéiN structural water molecules can be used to probe the dynamics
groups that donate H-bonds to internal water molecules (Fyr10 of the large-scale conformational changes that govern their
W112 and Lys4+W113 in BPTI and Leu43W28 in ubiquitin) exchange rates.
have large orientational order parameters, consistent with the 5.3. Scope and Limitations.Here, we have determined
structure stabilizing role of these water molecules. TheHN residence times from 20 ns ta# directly from the frequency
order parameters derived from residual dipolar couplings are dependence dr;, but correlation times as long as 1026 can
significantly smaller, as expected since they sample motions be determined indirectly from the amplitude of the low-
up to the millisecond rangeHowever, like the watefH and frequency plateau in the MRD profile (Figure 2). If a protein
170 order parameters reported here, the peptideHNorder contains many internal water molecules, the individual contribu-
parameters are dominated by the most populated conformationgions may not be separable in the MRD profile. However,
in the equilibrium ensemble. The “open” conformations that difference-MRD experiments with protein mutants or water-
allow internal water molecules to exchange are likely to be much displacing ligands can be used to assign residence times to
more short-lived than the native “closed” conformation. These unique hydration sites, as previously done in solution MRD
transient conformational states will therefore have too small studies’
equilibrium populations to be detected via order parameters. To isolate contributions from labile deuterons and as an
The very small equilibrium population of such high-energy additional check on the MRD/EMOR method, we recoréf&al
conformational states also makes it difficult or impossible to MRD profiles as well agH profiles in this work. If the labile
detect them via the relaxation effects induced by the associateddeuteron contribution can be excluded or controlféti MRD
chemical shift changes. Such relaxation measurements have beeis more generally useful owing to the wider range of accessible
used to monitor transitions among different conformers of the frequencies and motional time scales. In addition, by comparing
14—38 disulfide bond in BPTF77 and local conformational ~ 2H MRD profiles at different pD values, it is possible to probe
exchange processes of certain residues in ubiq{fitihHow- side-chain dynamics (section 4.3). Other crosslinking agents than
ever, these particular motions involve regions remote from the glutaraldehyde can be used to allow pD variation over a wider
internal water molecules studied here and occur on much longerrange.

(millisecond) time scales than water exchange. By comparing théH and’O order parameters, it is usually

The primary role of the internal water molecules in BPTI Possible to decide if an internal water molecule performas C
and ubiquitin is probably to stabilize the native protein structure. flips during its residence tim€.If this is the case, then the
In BPTI, W111-W113 connect the two extended loops that direct relaxation contribution from the flip motion should be
are involved in the recognition of and tight binding to manifested in théH MRD profile. The flip rate can thus be
B-trypsini®-22 In ubiquitin, W28 links the last residue (Leu50.0) determined and used to characterize the underlying cavity
of the -sheet with the fourt-strand (Leu43.N§é-28 thereby fluctuations in much the same way as has been done for aromatic
stabilizing the nearby hydrophobic patch (centered around lle44)fing flips# _ _
that mediates interactions with many ubiquitin-binding do- N quantitative comparisons 6H and *’O MRD profiles
mains8! While the internal water molecules in BPTI and @acquired on different samples, H/D isotope effects must be
ubiquitin may be indirectly linked to function, these proteins considered. As illustrated by the present results, residence times
were chosen here to demonstrate the capabilities of the MRD/OPtained from O samples are generally longer than theioH
EMOR method. A variety of applications of this method to counterparts because—)D---Y'bonds are slightly stronger'than
problems of high biological relevance can be envisaged. For X—H:*Y bond$? and, possibly, because the protein is less
example, water exchange, displacement or transport in conneclexible when dissolved in BD.% These complications can be
tion with substrate binding or large-scale conformational transi- @voided by recording théH and *’O MRD profiles from the
tions can be monitored in crosslinked or otherwise immobilized Same sample, prepared witfO-enriched 0.
proteins of any size at physiological hydration levels. Membrane  Acknowledgment. We thank Hanna Nilsson and Hans Lilja
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