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The simultaneous use of transverse and longitudinal relaxation
rates, together with a transverse triple-quantum-filtering NMR
sequence, was estimated for the adequate characterization of O-
water relaxation behavior in protein solutions. A complementary
contribution to transverse relaxation was found, which was inter-
preted as chemical exchange of 7O-water between different sites of
the proteins. This contribution was estimated via calibration mea-
surements. Then, for other similar samples, faster experiments
could be performed. The analysis of the results obtained in this
way gave adequate values of the relaxation rate of water in fast
motion, of the fraction of water in slow motion, and of its corre-
lation time. Hence, it permitted the complete characterization of
the sample in a reasonable experimental time. © 2001 Academic Press

Key Words: lysozyme; NMR, "O-water; buried water; quadru-
polar relaxation; triple-quantum-filtered spectra.

INTRODUCTION

strengths. Also, if both transverse and longitudinal relaxatic
are studied with triple-quantum-filtered sequences, the mett
allows an independent determination of the number of stronc
bound water molecules and of their average correlation tir
(8). It can also be used to determine the mobility and tt
number of water molecules trapped in a protein—inhibitor cor
plex, whatever its size, contrary tel NOE techniques. Results
obtained in this way are consistent with those obtained by ott
methods. Unfortunately, as the longitudinal triple-quantun
filtered signal is particularly small, the measurement can
very time consuming, particularly for samples in which th@
is at natural abundance or only slightly enriched. It would k
particularly interesting to develop a faster method, so as
enable the study of biological samples where enrichment
impossible, or when a rapid measurement is required.

The apparent transverse relaxation time of water contal
information about the mobility and fraction of water in slow
motion, as does its longitudinal relaxation tin.(These two

The water—protein interaction has long been recognized agefaxation times have been used at different field strengths

major determinant of chain folding, conformational Stab”ity@haracterize the hydration of proteinfs:),( 14. But then, the
internal dynamics, and binding specificity of globular proteingorrelation time of water interacting with lysozyme was dif
(1,2). In recent years, the study of water/protein systems lrent whenT, and T, of O-water were analyzed.4) from
various NMR techniques has led to a better understanding\ghenT, only of water was analyzed by botf© and deuterium
water behavior in the presence of proteins. Different ways gfvR (6). This was explained by the existence of a suppls
analyzing the hydration have been developed. A few specifitentary contribution toT, of O-water, corresponding to
hydration molecules of low mobility were detected on smalcalar relaxation of the first kind). Despite this contribution,
proteins by'H NOE techniques3). The simultaneous study of sne may wonder whether the information the transverse rels
water 'O and deuterium longitudinal relaxation dispersion &ftion time of "O-water brings could still replace those of the
different field strengths enabled the estimation of the fractighngitudinal triple-quantum-filtered experiment, for th&
of water in slow motion and its mobility4-6). Comparable NMR analysis of water at one field strength.

results were obtained vidi NMR in dilute samples?). Also,  This paper reports the use of transversal triple-quantu
the study, via triple-quantum-filtering sequences, of '@ fijtering pulse sequences together with standard (longitudir
multiexponential behavior in the presence of biological magng transverse) relaxation measurements, to determine
romolecules enabled the detection of strongly bound or burigdmper of water molecules in slow motion per protein, the
water 8-12). This last method has the advantage over relaxprelation time, and the relaxation rate of water in fast motio
ation-dispersion measurements in that it does not require exgjrst pasic principles of quadrupolar relaxation and chen

periments to be performed at a wide range of magnetic figld| exchange are applied t80-water relaxation. Then, the

possibility of deducing univocally the fraction and correlatiol
' To whom correspondence should be addressed.Fa310)2 51 1257 12. time of water in slow motion from measurements at one fie
E-mail: Evelyne.Baguet@chimbio.univ-nantes.fr. strength from transverse and longitudinal relaxation times 1
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12 LEHOUX, KRZYSTYNIAK, AND BAGUET

gether with the transverse triple-quantum-filtered (TQF) signplexity (number of eigenstates) of the system, gnds its
is estimated. Finally, the validity of standafd measurements coherence order. In this new basis, and for uncoupled spins,
by Hahn echoes is estimated, for the characterization of watemponents of odd and even rank vary independently. T
interacting with protein mobility. For that, different proteininitial state of the magnetization for relaxation measurements
solutions of bovine serum albumin and hen egg white ly-S, andS, for longitudinal and transverse relaxation, respe:
sozyme are studied via a method already validated: the studytioély. In the irreducible tensor basis set, these operators car
longitudinal and transverse TQF signals together with longitdecomposed to give

dinal relaxation, from which the desired parameters—the re-

laxation rate of water in fast motion, the correlation time, and 35 70
the fraction of water in slow motion—are deduced. From these S, = \7 (T2 —Ty41) and —-S,=— \T
results, a theoretical value of the water transverse relaxation

rate is estimated, which is compared to the measured relaxation )

rate of water. After that, a sample, where the transverse TQFS the rank of these operators is one, and we assume !
signal and the transverse and longitudinal relaxation are mﬁ]ﬁre is no quadrupolar splitting, only odd ranksTof, wil

sured, is studied. The parameters concerning water in slow &pear during the magnetization relaxation. Then, itis possi
fast lotion are estimated, together with their precision. to study only the components oft) which have odd rank, so
as to describe the time course of magnetization.

The free precession of the magnetization does not mod
the orderp of the irreducible operators. So, when the transver
I. Basic Principles magnetization is studied, the density matrix is the sum of tl
T, terms withp = =1. For reasons of symmetry, it is

Two phenomena play a key role ifO-water relaxation in syfficient to determine the coefficients for= =1. The only
the presence of proteins: the quadrupolar relaxation of watergart of o(t) one needs to study is then

the different states with various mobilities and the chemical
exchange between these states. The quadrupolar relaxation of p=+1 1

: : : : . : : t) = {b(t), b(t), b (t)}. 3
water in an isotropic system will be first described as a function o (1) = {b1a(D), bai(t), br(V)} (3]
of the mobility of nuclei. We will then describe chemical . .
exchange between the different sites and its consequences Upbfime evolution is given by
the time course of magnetization.

Tio [2]

THEORY

d
. . . . =+1 — _pr@ =+1
a. Relaxation of’O-Water in the Presence of Proteins dt Toad (1) = —R"Pafe (1), [4]
The NMR relaxation behavior of quadrupolar nuclei, such as .- _ _
YO in water, is best described by using the irreducible tenSUhefeR'(_) is the Redfield matrix for pure quadrupolar relax
operator formalismi5, 1. In this basis set, the density matrixation of single-quantum coherences with odd rank, express

o(t) is decomposed to give in the irreducible operator basi&f),
21 | A/ Dr 0
a(t) =2 2 b,O)Tp, [1] R'W=K|D" B E, [5]
1=0 p=—I 0 E C

wherel is the rank of the operator, which describes the comvith the elements

(

16 6
A =" (33 + 53, + 23y), D =5V/ﬁ(JO—J2)
o2 .20
B' = ¢ (1230, + 3700, + 4973, E' = 314 (3Jy + 143, — 17J,)

4 (6]

3 [(e’gQ\? n?
\K‘sooo( A )(“3)
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and the spectral densities for isotropic motidp= 27./(1 + They are

(nwOTc)z)'
In the inversion-recovery experiment, the order of the co- Rop + Ky + Rog + kg + iAw
herence will bep = 0 after the initial inverting pulse. So, to A= 2
determine the magnetization time course, one only needs to _ ,
determine the density operatdbel(t) = bl (t) — obad|eq - ((RzA + ko + Ryg + kg + iAw)
= {Ab{®?, AbY), Ab%} which is given by the relation 4
d - (RZA + kA)(RZB + kB)
— AoP30(t) = —R"OAGPA(1). 7 . vz
gt A0os V) 7oas (1) 7l + Kake — 1Aw(Rpa + kA)> : [11]

Here againR’“ is the Redfield relaxation matrix with odd\yhen the chemical exchange is slow, the real and imagin:
rank, expressed in the irreducible operator bas, ( parts of\, correspond to the relaxation rate and frequency
A whereasA _ characterizes B. When the chemical exchanc
PP S 0 becomes faster, the two peaks approach one anotheruntil
RO=K|lS Q T/, [8] reaches the weighted mean frequent§)(
0 T R
® = 0aAPa + wgPg = Awpg, [12]
with the elements
and its real part is equal to

144

2 _
5 \7 (J;,— Jy) R, = paRoa + psRas. [13]

32
P’=€(Jl+4‘]2), S

4 5 [9] : . . .
Q' =-(82),+83),), T=40 \[(‘]l —J,) At the same time, the other solution has a chemical shift

5 7 symmetrical tow with respect to the averagaw/2 and its real
part becomes very large, finally not corresponding to a physit
solution anymore. In the intermediate state, that is, wh
In this basis set, the relaxation matride<” andR’® of water Aw/kg cannot be neglected compared to 1, the value.ddlso
in fast motion, for whichwe,r. < 1, may be obtained by depends omw andke. Of course, Egs. [12] and [13] are na
replacingJ, by 2r.. They are then diagonal, with the diagonalonger valid. On the contrary, the longitudinal relaxation rate
terms equal tRyuk, (33/8) Ruu, and (15/8)Ruu, Which cor  still the weighted average of A and B longitudinal relaxatio
respond to the relaxation rates of the single-, triple-, arigtes.
fifth-quantum coherences, respectively. These matrices ardor a quadrupolar spin system with several states under
called Ry . ing fast exchange, the relaxation matrix for a given coheren

n obeys an equation similar to Eq. [13]9). This is formally
b. Fast Chemical Exchange between the Different Types €xpressed by
of Water

R = 20(2\]]_ + \]2)

R\(A?;ter: 2 piRi(n)l [14]

Consider first the simple case where there is chemical ex-
change between two populations A and B whose magnetiza-
tions evolve exponentially. The fractions of A and B are Ca”e\%hereR-‘”) is the relaxation matrix for staiein the absence of
p. andpg, respectively; their transverse relaxation rates in tr& :
absence of chemical exchange &g andR,s, respectively,
whereask, andkg are the unidirectional rates of transforma
tion of A to B and B to A, respectively. A is on resonance an
the chemical shift of B id\w. It is assumed tha®,, < R,z and
p. > ps. To determine the lineshapes of A and B in th
presence of chemical exchange, it is sufficient to find the ro
of the matrix (7)

change an® )., is the global relaxation matrix of water in
exchange between the different states. These states car
ivided into two groups, water in fast motion, which obeys th
lationshipw,7. < 1 and for which the relaxation matrices
R{™ are diagonal, and water in slow motion, whose transver
8nd longitudinal relaxation can be described by thex 3
qaaxation matrices given in Egs. [5]-[6] and [8]-[9]. Then, a
water in fast motion (free water and water in small interactior
with the proteins in solutions) can be described by a glob
relaxation matrixR,,, which is fully described by the relax

R.n + ka —kg
) ation rateR,,,, the average relaxation rate of water in fas

“Ki Ryt kstide [10]
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motion. If the different types of water in slow motion have &ion-recovery pulse sequence can be determined approxima
close correlation time, whose average value will be catled by a perturbation treatmen22). It is equal to

is also possible to consider their global relaxation matriR€s

whosg values are given in Egs. [5]-[6] and [8]—[9] yvhere the R = pK 2(J; + 43,) + (1 — po) Roue [17]
generic namer, is replaced byr,. The global relaxation ma

trices of water are then L .
whereas the transverse magnetization relaxation rate dete

" ® after aT, measurement is approximately
Rwater: pSRs + (1 - ps) Rbulkr [15]

(D) ~ K 16 _
where n is equal to 0 or 1 for longitudinal or transverse R™ = pKF(3Jo + 51, + 2J;) + (1 = pJ Rour [18]

magnetization, respectively, apd is the fraction of water in . )
slow motion. The relaxation rateR{” and R’ are more easily deducted

One should note that Eq. [15] is also only valid if thdrom the study of the function 2(t) and (D), themselves
chemical exchange is fast enough, that is, if (1) the excharff@ined by applying, at the end of the evolution time,
between water in slow and fast motion and (2) the exchanggccession of pulses which constitutes a multiple-quant.
between the different types of water in fast motion (i.e., fredter (23). The functionf{,(t), for a spinl = 3, can be studied
water and surface water weakly interacting with the proteifflectively via the pulse sequence
are fast enough compared with the difference of chemical shift
between the sites in exchange. The case in which there would 90,74/ 2-18G—7/ 2—70.5  o—7,~9G—Acq tz), [19]
be exchange that was not fast enough between different types
of water molecules in slow motion is less probable. In Iywith ¢ chosen to select the desired multiple-quantum ord
sozyme, these water molecules, which correspond to burigd). In the same way, the functid§)(t) can be deduced from
water, are very few, about £Q, 2J). If there were an accel- the measurements via the pulse sequence
erated decrease of the magnetization because of chemical ex-
change between them, this magnetization would collapse rap- 18G-770.5-90—-Acq(t,). [20]
idly and multiexponential relaxation of water could hardly be
detected 16). With the same approximations done as previously, the fur

o ) tionsf{)(t) are almost biexponentials, with the relaxation rate
c. Characterization of Water Properties R™ andR{. The relaxation rateR{ are given by

For given values op, and 7, the time course of the longi
tudinal and transverse magnetizations can be determined by R = pK £(82J; + 83J,) + (1 — p) ¥R [218]
diagonalizing numerically the relaxation matride@$)., which
permits the calculation of the components of the matrix R = pK & (1233, + 3703, + 497J,)
f(t) = exp(— R{t). The functionsf(}(t), which compose

each matrixf™, can be written 16, 8 + (1 = po) ¥ Roux [21b]
" and the coefficienta{}, anda$?,, are equal to
fivn) = X affexp(—R{), [16] 144 B 3 -3
q=I 17 Y2
a® = -0 =pK - \[ 22a
31 3tm = Ps 5 7RO — RO [22a]

with the relaxation rateR"™, R{”, andR{" classified in in

creasing order. Usual pulse sequences, such as a single 90° a® = -al, = pK 216 Jdo— Y, [22b]
. . . . - s .
pulse—acquire sequence, or spin echo and inversion-recovery ' ' 5421 RiY — R

sequences, access only the functitifi¢t). In protein aqueous

solutions, the fraction of water in slow motion is very small folThe signals obtained after triple-quantum filters are mu
the concentrations studied)( Under these conditions, thesmaller than those obtained in single-quantum experimer
off-diagonal terms of the relaxation matrRR{). can, as a But, they are still larger than the signals obtained after fiftl
“good” approximation, be neglected compared with the omuantum filters, which are almost impossible to detect in
diagonal terms; the longitudinal and transverse magnetizatiorasonable time for the samples considered.

of water evolve almost monoexponentially. This means that forAt first sight, four experimental values characterizing th
the functionsf{?(t), the coefficien@a{?, is close to 1, whereas relaxation behavior of water in the presence of macromolecu
the two othersal?, andal?,, are close to zero. Then, thecan be studied easily for determining its characteristic para
longitudinal relaxation rate constant obtained after an inveatersps, 7., andR,. They are the relaxation rat&" andR”
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One can see that for the simulation of each experiment, afte
transverse triple-quantum filter (dashed line) or for an appar
transverse relaxation rate measurement (straight line), a gi
value corresponds to many different pairs of valuepoénd
Ts. This confirms the results already obtained 19)( At the
same time, one can see that two curves corresponding to
transverse relaxation rate of water and to the signal af
transverse triple-quantum filters do not cross each other m
than once. This means that for a given pair of values, there
no more than one pair gi; and =, which corresponds to the
exact solution.

6 These simulations have been repeated for various values
ps (103) R between 170 and 385 % the extreme limits found for the
different samples studied. Curves similar to the one of Fig.

FIG. 1. Simulation of the transverse relaxation r&g of *O-water in were found in all _cases. ) From these simulations, _one C
exchange between two populations in slow and fast motion for a given vaig@nclude that a unique pair of valuesmfand 7, does fit the
of the longitudinal relaxation ratg®, as a function op, and, the fraction data of the different samples studied in this work. Then, it
and correlation time of water in slow motion. possible to deducge, andr, from the values oR{® andR” and
from the transverse triple-quantum-filtered experiment.

and the signals of coherences 0 and 1 detected after triple- 1. Limitations of the Approximations Made

guantum-filtered sequences. The questions addressed are now , ) , , )
the following: can one employ the parame®s? instead of the For easiness, it was assumed in these simulations that

longitudinal TQF signal to characterize water behavior arffgnsverse and longitudinal signals of water evolved monoe
does this give adequate results? If possible, this would Banentially and that the transverse TQF signals evolved big
particularly interesting for saving time. The first question can onentially. These approximations involve small systema

answered by simulations whereas the second one needs sampf@€®5S on the numerical values, especially for the signal c
be analyzed, which will be performed in the next part. tected after the triple-quantum filter, but without modifyin
’ their behavior significantly. Whereas it is sufficient for a qua

I1. Unicity of the Solution itative study, it is not for a precise analysis of the transver:
TQF signal. Then, this signal will be analyzed thereafter as

The aim is to determine whether a single pair of values:0of g, of three exponentials, from a numerical diagonalization

and 7, fits the experimental values &® and of the signal
detected after a transverse TQF sequence for a given sample
whereR? is known. For that, simulations of the relaxation rate

20
R® and of the signal detected after a transverse triple-quantum

filter are performed as a function pf andr, for a given value 17.5
of R®. For given values op, and,, R, is deduced fronR{®

(Eq. [17]), which is set to 260'S, a value in the range of those 15
found experimentally for various samples. All numerical val-

ues, except the unknowm andr,, are chosen the same as for 12.5

a typical experiment. The values ®&® and of the signal

detected after a transverse triple-quantum filter are then deg, — *°
duced from Egs. [18], [21b], and [22b]. The maximal ampli-

tude in the time domain of the signal detected after a transverse 7.5
TQF experiment is obtained #f), and forr, = t{&,, wheret{,

= (In(RM) — In(RIN/(R™M — RY). Its simulation has al >
ready been represented 24 for various values op, and ..
The signal increases with bofh and 7, in the range studied
(ps between 0.5 and 10% and between 1.5 and 15 ns). The
value of the relaxation ratB" is simulated in the same way ps (10°x)

(Fig. 1). It also increases with both, and 7 in the range _ , ,

. . . . FIG. 2. Contour plot of the maximal transverse triple-quantum-filtere
_StUdled' quever’ no dll’eCt_ conclusion (_:an k_)e given _ConceWQF) signal of "O-water (- - -) and the transverse relaxation mfe (—) of
ing the unicity of the solution. To obtain this assertion, theo.water in exchange between two populations in slow and fast motion. T
contour plots of the two simulation curves are drawn in Fig. 2onditions are the same as those for Fig. 1.
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the 3 X 3 relaxation matrixR$., as in previous publications EXPERIMENTAL
(8,9, 2. Also, the signal detected after a one-pulse sequence

will be considered biexponential, neglecting the smaller term ygan egg white lysozyme, of activity about 70,000 units/my
ailexp(—R{"t). Hence, the approximate formula of the reyas obtained from Fluka (L'Isle d’Abeau, France) and bovir
laxation ratesR{” andRjy will be obtained by diagonalization serym albumin (BSA), fraction V, of purity>96%, from

of the 2> 2 reduced relaxation matrix of water i, D'}, sigma Aldrich (L'lsle d’Abeau, France). Deuterated water :
{D’, B'}}. In this way, and by replacing the relaxation rategg g9os and H"O at 10% were from Eurisotop (CEA, France

the approximate value ®" is .
NMR at 9.4 T. Solutions of BSA and lysozyme were

prepared by dissolving measured weights of the proteins

R = 1 (8Ap. + 8Bp, — 41Pp, + 41R\® — \"‘E) [23a] Pure DO qf I_<nown weight, with no further enrichment in

16 H,"0. Preliminary measurements showed that this water
slightly enriched in*’O. Samples (3 ml) were studied B{O

with NMR on a Bruker DPX400 spectrometer, in a 10-mm (i.d

NMR tube, with a broadband probe, at 54.25 MHz. The 9(

C = 16(4A? — 8AB + 4B? + 16D? + 25AP) p? pulse length was 24s. All experiments were performed with

an acquisition time set to at least 42 ms, corresponding to 5

+50(—8A + 8B — 25P) pR|” + 625(R|%)? points in the time domain, and a supplementary recovery de

16 of at least 5 ms. No proton decoupling was applied. Tt
A= 5 K(3J, + 5J3; + 23,), acquisition time was significantly larger tharT5 but, because

of the digital acquisition mode of the spectrometer, no dete

tion was performed during the last 15 ms of the acquisitic

B= 15 K(123J, + 3700, + 497Jy), delay, and a supplementary delay was necessary before

next acquisition pulse. A one-pulse sequence enabled the m

D 216 K(Jo— 3,) nitude of the signal to be estimated. The longitudinal relaxatit

SV/E 0 2 times were determined with the inversion-recovery pulse ¢

32 guenceT, measurements were performed with the Hahn-ecl
P=""K(J, + 4J,). [23b] Pulse sequence. The triple-quantum-filtered pulse sequen
5 employed were those given in Eqgs. [19] and [20], with th
evolution delayr,, kept to a minimum at 4 or ms.
This formula is quite more complicated than that given in Eq.

. . NMR at 11.7 T. Solutions of lysozyme were prepared by
[18] but should describe water transverse relaxation mo('j?ssolving measured weights of the protein in a mixture of 80

precisely. H,"0 at 10% and 20% BD at 99.9% of known weight, with
no further enrichment in KH’O. Probably because of its
method of preparation, water enrichedi® was also enriched
in 0. Hence, this mixture corresponded to water enriched
YO approximately five times more than at natural abundanc
A program has been developed with Mathematica 3.0, whidthree samples, of lysozyme concentrations of 10% (w/v), 15
enables the relaxation rate of water in fast motion and tije&/v), and 20% (w/v), respectively, were studied at 25 and/
fraction and correlation time of water in slow motion to b&80°C before and after addition of tN-acetylglucosamine,
deduced from the averagt® relaxation rateR® andR™ and (NAG),, a lysozyme inhibitor, added in excess (one and on
the transverse TQF signal of water. Its principle is as follovhalf times and twice the concentration of lysozyme for the tw
First, the signal of water after a one-pulse sequence is supposaohples, respectively). The binding rate constant of (NAG)
as biexponential, with the relaxation rafeS' andR{ and the lysozyme is 1.3X 10° s at 45°C @5), and its binding
correlation timer, set to a given value. The equality betweekonstant is 1x 10° M~ (26). Thus, for the concentrations
R®, whose formula is given in Egs. [23], and its experimentamployed, almost all the lysozyme was complexed wi
value is resolved numerically, which enables the determinati@dAG); and this complex was stable enough to be studied
of p, the fraction of water in slow motion. The relaxation ratéés own by NMR. Some other solutions were prepared
R, of water in fast motion is then calculated, and so are tlikssolving measured weights of lysozyme in purgODof
signal detected after a transverse triple-quantum filter and mown weight, added to 1% J® enriched at 10% in KH'O.
parameter’, designed to estimate the closeness of the ealcBamples (0.6 ml) were studied byO NMR on a Bruker
lated signal to the one effectively detected. The value,a§ DRX500 spectrometer, in a 5-mm (i.d.) NMR tube, with al
then optimized, so as to minimizg. inverse-detection broadband probe, at 67.80 MHz. The 9

IVV. Characterization of Hydration Water Properties
from the Values R® and R™ and
from the Transverse TQF Signal
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TABLE 1
Characteristics of Lysozyme Solutions at 20% (w/v) Studied at 9.4 and 11.7 T, as a Function of Temperature

Field Temperature Rouc (57 ps (X10°) 75 (nS) Noatertprot R® (s R, (s
94T 25°C 243+ 4 1.3 £0.05 4.8+ 0.1 5.1+ 0.2 349+ 4 362+ 1
28°C 226+ 4 0.95+ 0.05 5.1+ 0.1 3.8+ 0.2 307+ 4 3301

94T 25°C 201+ 2 1.2 =£0.05 3.4+ 0.1 4.3+ 0.2 286+ 2 312+ 1
30°C 184+ 2 1.0 +0.05 3.3+ 0.1 3.6+ 0.2 245+ 2 269+ 2

35°C 147+ 2 0.95+ 0.05 2.8+ 0.1 3.5+0.2 212+ 2 147+ 2

11.7T 25°C 213+ 2 1.1 +£0.05 4.2+ 0.1 4.4+ 0.2 290+ 2 236+ 2
30°C 185+ 2 0.9 +0.05 4.0+ 0.1 3.6+ 0.2 248+ 2 272+ 2

35°C 155+ 2 1.05= 0.05 3.0+ 0.1 4.1+0.2 217+ 2 240+ 2

Note.All the samples were studied in (8:D,0) (4:1) excepf for which the solvent was fD. R, is the relaxation rate of bulk water in fast motign.
andr, are the fraction and correlation time of water in slow motiog,. is the number of water molecules in slow motion per prot&fY. is deduced from
the values oR,y, ps, andr,, via Eq. [18].R, is the average transverse relaxation rate of water, measured via a Hahn echo.

pulse length was 14s. Other parameters were the same as alimost, but not exactly, exponential. It was then fitted by &
94T. exponential function, with a nonlinear curve fitting of the

Processing. For samples where both transverse and longirogram Origin 3.5, so as to determine the expected value
tudinal triple-quantum-filtered signals were analyzed, the pril€ apparent relaxation rate of water fransverse magnetizal
cessing was the same as B):(the signals detected after theR:"- The values oR(” and R;"™ were then compared to the
triple-quantum-filtered pulse sequences are proportional ggparent transversal relaxation rate of water effectively me
f8(r) F8(t,) andfQ(7.) f(t,) for transverse and longitudi Sured,R.
nal magnetization, respectively. The coefficients of proportion
were deduced from the magnetization amplitude measured RESULTS AND DISCUSSION
after the one-pulse sequence. The functf§i(t) was then ) _ ) _
deduced from the “transverse” triple-quantum-filtered Si(‘:]ngaorrelatlon between the Different Relaxation Rates Obtaine

detected in the time domain for a given value of The  Aqueous solutions of lysozyme and BSA, of concentratior
corresponding FID was transformed in an ASCII file angetween 10 and 40% (wiv) and 8 and 15% (w/v), respective
studied on a power Macintosh. The functiidii(t) was studied \ere studied at temperatures between 22 and 37°C, in wate
by comparing the amplitude of the “longitudinal” and “transyyo deuterium enrichments (25 and 100%). The correspond
verse” triple-quantum-filtered signals after Fourier tra”Sformﬁarameters characterizing water in slow and in fast motic
tion. For this, the FIDs from the triple-quantum-filtered signalgequced froniT, measurements and transverse and longitu
were zero filled to 512 points and an exponential line broagy) TQF signals, are given for typical samples in Tables 1 to
ening of 20 Hz was applied prior to Fourier transformation.together with the calculated relaxation r&g and the relax
Analysis. The value of the quadrupolar constaefdQ/ ation rateR, measured by the Hahn echo. One can note that 1
h)(1 + 1?/3)"? was taken to be the same as that fgOOce: lysozyme, the number of water molecules in slow motio
6.5 MHz, following previous work performed by Denisetal. keeps close to 4, the expected value corresponding to bur
(5). For given values op, and 7, (the fraction and correlation water, as in 24), whatever the solvent and the magnetic fielc
time of water in slow motion)R,, was deduced from the For BSA, the number of water molecules in slow motion pe
longitudinal relaxation rate constant of water in Eq. [17]. Thprotein keeps close to 30—40. This agrees with results obtair
relaxation matriceR{. were then calculated and diagonalpreviously by 'O and ‘H NMR (8, 7). On the contrary to
ized. The time course of water magnetization after tripldysozyme, these water molecules probably do not correspc
guantum-filtered experiments was calculated, with its ampti buried water. In the X-ray structure of human serum album
tude deduced from the intensity of the water signal after(RDB accession code 1A0&7)), whose structure should be
one-pulse measuremerl)( The parameterp, and v, were close to that of BSA, only 7 water molecules buried in the HS
then adjusted for an optimal correspondence between thedmner are detected. As a matter of fact, there are some hyd
and experiment. This enabled the determination of the fractiphobic pockets in the quaternary structure, where disordel
of water in slow motion, its correlation time, and the relaxatiowater may be temporarily trapped but not detected by X r:
rate R, of water in fast motion and thereby the value of thé6). A similar phenomenon has already been observed in t
relaxation rateR("™. The signal detected after a one-pulse senan interleukin-B (28). In these samples, the value Bf”
quence was also simulated, via the functigi(t), which is deduced fronRy,, ps, andr, is systematically smaller than the
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TABLE 2
Characteristics of Lysozyme Solutions of Different Concentrations in (H,0:D,0) (4:1) Studied at 11.7 T and at 30°C
Concentration % (w/v) Roue (57 ps (X10°) 75 (nS) Noaterfprot RM (s R, (s
15 172+ 2 0.7+ 0.05 3.4+0.1 3.7 03 221+ 2 232+ 1
20 185+ 2 0.9+ 0.05 4.0+0.1 3.6=0.2 248+ 2 272+ 1
23 201+ 2 1.1+ 0.05 45+ 0.1 3.9+ 0.2 291+ 2 308x 1
30 220+ 2 1.4+ 0.05 5.4+ 0.1 3.2+0.2 3312 380= 1

Note. R, Te, Rouk Nuaerprr R, @NdR, have the same definitions as in Table 1.

average transverse relaxation rate of wgrmeasured by the chemical exchange at an intermediate rate, which would ¢
Hahn echo. Because transverse relaxation of water should laoge significantly the linewidths. Scalar relaxation of the fir:
be exactly monoexponential, the expected value of the appkind would be due to thd couplings betweeO and hydre
ent relaxation rate of water transverse magnetizaf3fi, gen in fast exchange between the water molecules. Its supj
which describes the expected linewidth 80-water if due mentary contribution to the transverse relaxation would
only to quadrupolar relaxation, is slightly larger thRff, but smaller thanJ?r. (S + 1)/3 (29), where 7, is the rate of
it is never more than 8$ higher. It cannot explain the exchange of hydrogen, arlis its spin number. The coupling
significant difference observed betweRBn and R™ (Fig. 3), constant betweefH and 'O is 90 Hz in water whereas, is
which reaches 100§ for the BSA solution of larger viscosity smaller than 1.84 ms, its maximal value obtained in pure wa
(Table 3). (30). The corresponding contribution to the relaxation woul
For the different samples studied, lysozyme at 9.4 and 1%hen be smaller than 5§ It would be even shorter in deuter
T and BSA at 9.4 T, there is to a good approximation a lineated water, wherd is less than 14 Hz. Hence, this relaxatiol
correlation betweeR, andR™ in the concentration and tem process could not explain the experimental results observed
perature ranges studied, when the solvent is either light gither light or heavy water. Other phenomena, such as diluti
heavy water (Fig. 4). The characteristics of the regressignO, in the sample or hydrogen exchange between water &
curves, obtained by linear curve fitting of the data, are given jitotein, could bring a contribution to the relaxation. But the
Table 4. One can see that for a given protein at a given fiekhould not be important iO NMR (7).
there is a small but not always significant difference when the The complementary contribution ®, should rather be due
solvent is either KO or D,O (Figs. 4b and 4c) and between theo the chemical exchange of water between different site
samples of sufficient concentration where an inhibitor is add@ghere O would have various chemical shifts. As th®©
or not (Fig. 4c). The difference between lysozyme and BS@hemical shift range is quite large (more than 1000 ppn
for a given field strength and in D, seems to be slightly more chemical exchange may easily play a nonnegligible role in t
Important. apparent transverse relaxation 'dD-water. Two possible er
igins of this phenomenon will be studied: (1) chemical e»
change not fast enough between the different types of wa
The systematic important difference observed betwRen and surface water, and (2) chemical exchange not fast enol
andR™ may be explained in two ways: a relaxation processetween water in fast and in slow motion.
other than quadrupolar relaxation, which would bring different In the first hypothesis, the global longitudinal relaxation ra
contributions to transverse and longitudinal relaxation, amd water in fast motion can still be modeled as

Origin of the Difference Observed betweepddd R

TABLE 3
Characteristics of BSA Solutions at 80 and 150 g/L in D,0 Studied at 9.4 T, as a Function of Temperature

Concentration Temperature Rpux (57 ps (X10°) 75 (NS) [ I— R® (s™) R, (s
80 g/L 25°C 226+ 2 1.05+ 0.05 6.8+ 0.1 47+ 3 327+ 2 376+ 1
30°C 189+ 2 0.8 = 0.05 7.0+ 0.1 35+ 3 267+ 2 307+ 1

150 g/L 22°C 295+ 2 1.75* 0.05 7.7+ 0.1 43+ 2 473+ 2 572+ 1
25°C 268+ 2 1.5 +0.05 8.5+ 0.1 37+ 2 429+ 2 507+ 1

30°C 221+ 2 1.3 *0.05 8.1+ 0.1 32+ 2 355+ 2 398+ 1

35°C 184+ 2 1.1 £0.05 7.0+ 0.1 28+ 2 294+ 2 3371

Note. R, s, Rouks Nuaerpr R, @ndR, have the same definitions as in Table 1.
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FIG. 3. Comparison of the NMR spectrum &O-water in a lysozyme solution at 30% (w/M);= 30°C,B, = 11.7 T (—)with the curve expected if the
linewidth were due to quadrupolar relaxation only (- - -). The spectrum is almost a Lorentzian, whose linewidth corresponds to an apparentagdaghtic
371 s. The simulated curve has been calculated for fast exchange between two types of water, one in fast motion with a relaxation fazm@@se in
slow motion, of fraction 0.168% and of correlation time 4.57 ns. These parameters were deduced from the longitudinal relaxation rate and fuamallangditu
transverse TQF signals. The resulting curve is the Fourier transform of the triexponential 0.98@2Xp] + 0.0037exp(—501t) + 0.01exp(—1173t).

It is almost exponential, with the apparent relaxation Rfe = 329 s

Rouk = PwsRub + (L — Pup) Riree [24] properties similar to those studied in the experimental part ¢
carried out. A lysozyme aqueous solution at 30% (w/v),
where p,,, is the fraction of weakly bound wateR,, is its 35°C, studied at 9.4 T is considered. The fraction of water
relaxation rate, andR,.. is the relaxation rate of pure water,slow motion is 0.12% and its correlation time is 4.9 ns. It
whereas there is a supplementary contribution to transvesggarent transverse relaxation rate is then equalAd =
relaxation. Its exact value can be deduced from Eq. [11], whe38,000 s*. The expected global transverse relaxation time
A represents pure water and B weakly bound water. water is 293 §' whereas the measured one is 342. $he
In the second hypothesis, the chemical exchange between wdiference of chemical shift between pure water and water
in slow and in fast motion is not fast enough, whereas it is for titee lysozyme solution is 126 rad/s. First, the chemical e
different types of water in fast motion. As in the very fast exchanggdange between two types of water in fast motion, pure wa
limit, if one neglects the multiexponential relaxation of water, th@\) and water weakly bound to lysozyme (B), is considere
average longitudinal relaxation rate of water can be written  There are approximately 500 water molecules weakly bou
per protein 10). This corresponds to a fractiqgny equal to 0.2.
R;=R” = pRis+ (1 — ps Ruuie [25] The relaxation rate of pure waterfs, = 107 s*. That means
that the relaxation rate of weakly bound wateRig = 517 s*
whereR,, = KA’ of Eq. [6], the “apparent” relaxation rate ofand that the average transverse relaxation rate of bulk wate
water in slow motion. Simultaneously, the transverse rela45 s instead of 189 S, because of the chemical exchang
ation rate of water will be larger than the expected value, between pure and weakly bound water. The problem is now
find adequate values &fw andkg, so the real part of ;. of EqQ.
R{Y = pRas + (1 — pg) Ruure [26] [11] is 245 s* and its imaginary part is 126 rad/s. The fas
exchange limit corresponds thw = 630 rad/s andg = 3 X
with R, the “apparent” transverse relaxation rate of water ih0° s *. For smaller values okg, and/or larger values afo,
slow motion, equal t&P’ of Eq. [9]. The exact value of the the approximation of fast exchange is no longer valid and t
transverse relaxation rate can be deduced from Eq. [11], wheea! part ofA, may become larger than 189'sFor example,
A represents bulk water and B water in slow motion. if Aw = 1200 rad/s anét; = 1.3 X 10°s™%, A, = 249+ 124.
To find the origin of the observed contribution to transversghis value ofA, is close to that detected for the lysozym
relaxation, simulations of chemical exchange for a system wiglolution studied. Hence, the experimental result is possible
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200 300 400 500 600 offset between the two populations cannot be estimated. T
70k ' " ' ' T ] expected real value of, is 342 s*. The smaller value oAw
| _a- | for which it is obtained is 220,000 rad/s fkg = 4 X 10° s™*.
600 |- o/,/’ . This means that the chemical shift between water in slow a
i 1 fast motion would be 645 ppm, which is theoretically possib
o~ 800 Pt 1  butunlikely to happen, as the chemical shifts of OH groups &
@N 400 i 5 ] usually suppose_d to e_volve_ in a range of 100 p@3).(
= : UO*O 1 From these simulations, it can be concluded that the mc
U — plausible hypothesis for explaining the observed results is that
200 e 1 chemical exchange between the different types of water in f
700 - ’ ' ' ' ‘ Y o motion occurs at an intermediate rate and induces a supplen
| 3 tary contribution to transverse relaxation. This contribution r
600 en-a . flects the long time weakly bound water spends close to t
1 /,T." o 1 protein. This water probably corresponds to those described ¢
{: 500'_ ,ﬁ? ] plasticizer in 1) and necessary to the enzymatic activity.
~, 4004 ‘E 4 Finally, one can say that for characterizing water interactir
: Ag O 1 with proteins, it is not possible to interpret directly itg value
300 1 ‘ﬁﬁ" pe ] measured by’O NMR as due only to quadrupolar relaxation
200 1 éﬁ.?'" ' | As a matter of fact, for samples of a given protein solutiol
700 | ' ' ' LT there is a linear relationship between the measured relaxat
s ] rate R, and the relaxation ratR{”, expected if the transverse
600 el . relaxation rate would be due to quadrupolar relaxation of wat
[ /mg/ 1 only. Consequently, for studying completely the properties
< S00 i & ] water interacting with given macromolecules, one has to pe
< 400 L E/”‘ i form a few calibration experiments where transverse and Ic
2 : 1 gitudinal relaxation are studied both with standard pulse ¢
300 |- ‘«v“ . guences and after triple-quantum filters. The fraction ai
200 ‘A"' ' ' . . "" 1 correlatio_n time of we_lter in slow motion and the relaxation ra
200 300 400 5(')0 600 of water in fast motion can then be deduced from the TC

M 1 experiments and from the longitudinal relaxation rate measu
R (sT) ment. The theoretical value of the relaxation iaf8, expected
FIG. 4. Correlation between the relaxation rate§’ and R, of water !n the absence of any enlargement due to Chemlcal _exchar
interacting with proteins. The value & was deduced from the study of is deduced from these three parameters. A relationship betw
transverse and longitudinal TQF signals together with the longitudinal relalk. and R is then established. Then, for studying the prepe
ation rate of waterR, was the average transversal relaxation rate of wat¢res of water interacting with macromolecules in another sir
;’:ﬁgiselng: gy4aT"12;‘”Le‘;22- 3?9333:;2'3“?5&5( AO; S:dA Sgsféﬁeﬂfewaﬁ;i ilar sample, it is sufficient to study the transverse and longit
studied at 9.4 T (b) an{j 11>./7 T (c). The samples studied at 11.7 T and Whgrlgal relaxatl_on rates of W"’_‘ter (tlc))gether with its signal .after
an inhibitor was added are symbolized #§.( transverse triple-quantum filtéR;” is deduced fronR,, using
the curve drawn previously. Finally, the studyRf’ andR{®
and of the signal after a transverse triple-quantum filter enab
there is chemical exchange at an intermediate rate betwdlea determination of the fraction and correlation time of wat
pure and weakly bound water, under the condition that the
difference of chemical shift between pure and weakly bound
water is about 3.5 ppm and the residence time of water near the TABLE 4
protein surface is 0.8 ms. This value is much larger than the ~ Parameters of the Regression Curves for the Fitting
residence time of water near protein atoms which was esti- of R, = A+B xR
mated to less than 500 p83). In fact, thesg yalues _do not Sample Field A B R sD P value
correspond to the same phenomenon, as it is possible that-a
water molecule rapidly leaves a position close to a givessA (g) 94T -358 127 0.997 83 50x10°
protein atom but stays close to the protein surface for a while/so-D;0 (15 94T -1088 144 0.993 155 2.1x10°"
The second possibility is that there would be chemichYs°0 ® 94T -97.8 150 0986 159 6.8610°
; ; . Lyso (26) 1177 —-93.17 146 0.993 127 1.9 10
exchange at an intermediate rate between water in fast (A) and’
in slow motion (B). Thenps = 0.0012 Rz = Ry = 18957, Note. BSA represents bovine serum albumin dissolved i®and Lyso,
R, = KA’ = 88,000 s* for the sample considered. Theysozyme dissolved in either J or D,0, eventually containing an inhibitor.




CHARACTERIZING WATER MOLECULES BOUND TO MACROMOLECULES 21

TABLE 5
Win of Time When the T, Measurement Is Used in Place of Longitudinal TQF Relaxation Analysis,
for Characterizing Water Interacting with Proteins by O NMR

Time spent per measurement

Sample Field Solvent T, T, TTQF LTQF Win of time
BSA (80 g/L) 94T DO 15 min 15 min 11 h 30 23h 65%
BSA (150 g/L) 94T DO 15 min 15 min 5h 45 23h 79%
Lyso (30%, wiv) 94T DO 15 min 15 min 5h 45 23h 79%
Lyso (15%, w/v) 1177 HO*® 2 min 2 min 3h45 15h 80%

® The sample was slightlO enriched compared to those whereglDwas employed.

in slow motion, together with the intrinsic relaxation rate oEstimation of the Systematic Errors Due
water in fast motion. Once the calibration is performed, this to the Approximations Made

enables a significant win of time (Table 5). It is also interesting
to note that the difference observed betwBgmndR"™ should
bring information concerning the residence time of weakl
bound water in the vicinity of the protein.

Lysozyme at 30% (w/v) in BO is first analyzed at 9.4 T and
5°C as in previous studie$,(24): the parameter&,,, Ps
nd, and hencR™ are deduced from the values Bf® and

transverse and longitudinal TQF signals. It is found that tt

_ _ fraction of water in slow motion is 0.187% and its correlatio

Consequences ofiO-Water Triple-Quantum Analysis time is 5.20 ns. The calculated relaxation r&€ is then

446.15 s*. This value ofR", together with the relaxation rate

54‘% and the transverse triple-quantum-filtered signal, is the

weakly bound water is not very fast and that the transverse difd s initial data for the program developed in this work. T
longitudinal relaxation rates of bulk water are unequal. TH¥Ptimal values op,andr, deduced from these data are 0.180°
transverse relaxation matrix of bulk water is then differe/@nd 5-25 ns, respectively. The small differences found betwe
from its longitudinal relaxation matrix, which will stay equal to"€ WO methods of analysis are due to the approximatio
Rou. We will call the transverse relaxation matrix of bulkn@de on water relaxation in the program. They should not
waterRY,. It is diagonal, because bulk water is in fast motiorsignificant compared to the precision of the measurement, |
In it, the relaxation rates of triple and fifth coherences shouftff€d not be neglected if a more precise result is expected.

be modified compared to those in the matix,, in the same

way as for the single-quantum coherence. At a matter of fact, CONCLUSION

for these coherences, the offsets between pure and weakly

bound water are 8o and Jw, respectively. Then, for the The simultaneous analysis of data from transverse triple-qu
estimated value ok (about 1.3X 10° s %), the chemical tum-filtered NMR experiments and conventional relaxation ra
exchange between the different types of water is in the vemeasurements at a given field strength enables the numbe
fast exchange limit. Finally, the diagonal terms of the relaxvater molecules in slow motion, together with their averac
ation matrixR{), are {Rou« + AR; 33/8 Ry 15/8 Ry},  correlation time, to be determined, at the expressed condition 1
whereAR is a supplementary contribution to transverse relag-few calibration experiments have been performed previous
ation, due to chemical exchange. This new maRi, should This calibration is necessary for the quantification of the lir
be used in place dR,, in EQ. [15], for the study of transverseenlargement of water, due to the chemical exchange between
magnetization behavior. In fact, this does not change signifiater and water weakly interacting with the protein. The meth
cantly the results of the analysis. For the sample of lysozyrdeveloped should enable the study of various samples more |
30% (w/v) studied in the simulations, the fraction of water ifdly, as the time-consuming longitudinal triple-quantum-filtere
slow motion and the relaxation rate of water in fast motion aexperiment does not need to be performed on all of them. Also
almost the same in the two cases. The only parameter modiftexs not need preliminary knowledge of the correlation time
is the correlation time of water in slow motion which is 0.2 nsgvater in slow motion for adequate results to be given.

higher when the matriR ) is used. Thus, it can be concluded For higher precision, the calibration experiments should |
that it is not necessary to introduce the relaxation ma,  performed on similar samples: with the same proteins d
to analyze'’O-water by triple-quantum-filtered sequences, bsblved in water of a similar deuterium enrichment and at tt
that the correlation time of water in slow motion will then besame field strength. It is interesting to note that no furth
slightly underestimated. calibration measurement needs to be performed for the ac

The comparison of the experimental results with the sim
lations means that the chemical exchange between pure
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tional study of a small molecule, as an inhibitor, interactingg.
with the protein. This should bring good perspectives for

biochemical studies. The calibration performed also enables
the estimation of the contribution of chemical exchange to tHé
transverse relaxation of water in fast motion, and hence the
residence time of weakly bound water in the vicinity of theg
protein. Thanks to this information, a better picture of water

weakly interacting with the proteins should be obtained. As a

matter of fact, complementary measurements should be per-
formed to validate the value of the very long residence tinié:
obtained here.
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