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Abstract: 13C relaxation data obtained at different field strengths are reported for the osmoregulated periplasmic
glucan (OPG) oRalstonia solanacearumPrevious studies on this molecule showed that it is composed of

13 glucose units, linked all but one vi&(1—-2) (Talaga et alJ. Bacteriol. 1996 178 2263-2271). The

single a-(1—6) linkage induces structural constraints to such an extent that all individual anomeric proton
resonances could be distinguished, opening the possibility of a genuine structure determination of this molecule.
The relaxation data in this report agree well with the dynamical data extracted from the off-resonance ROESY
experiments (Lippens et al. Am. Chem. Sod 996 118 7019-7027), but indicate as well an important
exchange contribution to th&, relaxation times. This latter event was shown to result from a large-scale
motion on the microsecond time scale, especially affecting the residues downstreanueflth®) linkage.

Future atomic models of the compound will have to take into account the presence of conformational exchange.

Introduction solanacearum(previously Burkholderia solanacearumas a
working model because of its low degree of polymerization
(DP13) and easy availability. Previous efforts to obtain
structural parameters by NMR resulted in the precise measure-
ment of the interglycosidic HtH2' distances through the off-
resonance ROESY methvednd the heteronucledd coupling
constants over the glycosidic linka§eThe former series of
experiments involving the off-resonance ROESY technique also
yielded values for the pairwise correlation times of the proton
pair considered. These correlation times were fairly homoge-

(DP) of 17, and the degeneracy of the NMR spectra leave little neous over the different interglycosidic linkages, with a mean
! value ofrc = 0.9 ns. However, these studies also indicated a

hope of obtaining a model based on experimental constraints. tf ible structural del . tant I
Other techniques such as small-angle X-ray scattering, however,ga”eg ora F;OSS' € sfructura TO €l, as an impor ag |ned
have shown some promise in alleviating the lack of experimental roadening of one anomeric proton resonance was observed.
datad We therefore set out for a detailed study of the dynamics of the

Recently, several OPG of different gram-negative bacteria molecule. . . L
were described that include one singlé1—6) linkage next to A presently well-established approach to the investigation of

all -(1-2) linkages' This singlea-(1—6) linkage induces dynamical properties in carbohydrates (and other biomolecules)

constraints to such an extent that all anomeric proton and carbon"‘S bé’ lmfean”s of Ihgter?rt]#cleallr retl_axatlct)n rr?eazureniemss. d
resonances appear as individual lines in a high-resolution NMR MOC€l-Ire€" analysis of e relaxation rates has beéen proposed,

spectrum, and might therefore allow the former restrictions to decoupling the overall tumbllr\g motion and the local motion
be overcome. We have chosen the cyclic OPQRafstonia where the extent and dynamics of the latter are characterized
by an order parameter?Sand a local correlation timg.

Since the description of the cyclic gl{1—2) osmoregulated
periplasmic glucans (OPG) of the gram-negative bacteria of the
Rhizobiaceagthere has been a considerable interest to determine
the structural features of these molecules, as their physiological
function is assumed to be closely related to their conformation.
Unfortunately, both théH and 13C NMR spectrum of these
molecules are completely degenerate to that of one single
glucose molecule. The homopolymeric nature and large size
of these molecules, with a mininfadlegree of polymerization

:;gs‘{‘;hugr?nggz[ﬁgpo‘;”gﬁgce should be addressed. Moreover, in several studies, especially in proteins, it has been
* Universitedes Sciences et Technologies de Lille. necessary to extend the parameter set to obtain consistency
® Abstract published irAdvance ACS Abstractfecember 15, 1997. (4) (a) Lippens G.; Talaga, P.; Wieruszeski, J.-M.; Bohin, J.-P. In
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245. (b) Serrano, G.; Franco-Rodriguez, G.; Gonzalez-Jimenez, |.; Tejero- J.-P., Eds.; Kluwer Academic Publishers: Dordrecht, the Netherlands, 1995.
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Osmoregulated Periplasmic Glucan

between the different relaxation data. An example is the ad
hoc inclusion of an exchange term into the expression oTthe
relaxation raté, or, recently, the anisotropy of the rotational
diffusion as a supplementary paraméter.

In this report, we give the results of a complete heteronuclear

relaxation study on the cyclic glucan Bf solanacearum This
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as implemented in the SNARF program (Frans van Hoesel, Groningen,
the Netherlands).

Estimations of theT, times were at first based on the intensity of
the heteronuclear correlation peaks in a constant time expetimetit
a constant time fot3C—13C J evolution equal to 44 ms, corresponding
to an average coupling constant of 45 Hz.

The T, CPMG series was performed twice, once starting directly

study has allowed an exp_erimental ve_rification of the agreement from carbon magnetization followed by a CPMG pulse train (see further
between the correlation times stemming from the off-resonancein the main text), and once starting from proton magnetization and

ROESY experiment (that describe the motion of the preton
proton vectot!) and the ones from the heteronuclear relaxation
experiments, describing the motion of tREl—13C vector.

Secondly, the heteronuclear relaxation data yield very important

information about the slow dynamics of the molecule, with

exchange rates of the order of several microseconds. Thes
data indicate that no unique conformation exists for the cyclic
glucan, despite its unique spectral properties.

Materials and Methods

The synthesis and purification of the native and labeled DP . of
solanacearunhave been described previoudly.

NMR experiments were performed at 301 K on a Bruker DMX 600

transfer to'*C magnetization via the refocused INEPT transfer. The
two measurements gave independent values fofthelaxation times
and allowed an estimation of the precision of these latter.

The initial CPMG measurements were performed with a256elay
separating the 26s'°C s pulses. Care was taken to remove any cross

ecorrelation effectd? The duration of the CPMG pulse trains were

chosen according to the results of a recent theoretical study where the
Cramie—Rhao theory was used to define an optimal sampling stréfegy.
The geometric mean of the extremgtimes was estimated ftom =
V(TminTma) = 55 ms, which leads to six equidistant CPMG times
between 0 and 110 ms. As the fractional reliability of this sampling
scheme drops near the extreme values of the range, we added a three-
point series for the maximal, (T;™> = 150 ms), which practically
consisted in adding a point at 1/6™* or 240 ms, the other points
already being included in the first series. For the inferior limit of 20

MHz spectrometer equiped with a triple-resonance probehead with a ms, we choose a four-point series constructed by adding two more points

self-shieldedz gradient. Ond;, series was equally recorded on a Bruker
DRX 300 MHz spectrometer. Samples contained 8 mg of native DP13
or 1.5 mg of'®C-enriched DP13 in 27@L of D,O (Shigemi tube).

at 12 and 30 ms.
To investigate the contribution of chemical exchange to The
relaxation, several additional series with shodtetelays between the

Pulse sequences used to measure the relaxation parameters started pulses were recorded. Because slovialues imply a large power

directly from carbon magnetization after NOE enhancement by preced-

ing *H decoupling'? or used a refocused INEPT transfer to accomplish
magnetization transfer between proton and carbon magnetiZation.
Gradient pulses along theaxis were used to remove pulse imperfec-

tions and artifacts stemming from the imperfect refocusing of the
antiphase components.All experiments were invariably followed by

a reverse INEPT sequence, in order to generate a heteronuclear

correlation map. Low-power (2.6 kHz) GARP decoupfingas used
during the acquisition period. The proton carrier was set to 4.2 ppm,
whereas thé3C carrier was set to 82.5 ppm (with respect to TMSP).
For the 2D HSQC spectra, the 2.5 pphh spectral window and 55
ppm 3C window were sampled with 1024 and, respectively, 128

delivery during the CPMG time with the possibility of sample heating,
we added a CPMG time after the acquisition time, so as not to vary
the average radio frequency power delivered in the different 2D
experimentg! The maximal CPMG time in these series was set to
100 ms in the series af values superior to 2fs, and to 62 ms in the
series ofd = 10 us.
The NOE effect was measured as the difference in intensity of the
direct correlation peak of th8C magnetization starting with a 4-s delay
during which a 1-kHz GARP proton decoupling was applied and a
similar experiment where the proton decoupling was omitted.

The 1D versions of these experiments allowed extraction of some
of the anomeric proton relaxation rates, as chemical shift dispersion is

complex points. The relaxation delay was set to 3s, assuring completegood in this region, and provided as such an independent measurement

relaxation of proton magnetization at the beginning of every scan. Eight

of the different relaxation rates. Error bars on measured relaxation

scans were averaged for every increment. The spectra were processethtes were obtained by comparing the values obtained from a series of

as a 2Kx 1K matrix after zero filling and multiplication by a Gaussian
in w, and a shifted sine function i@;.

During theT; inversion-recovery measurement, a low power GARP
decoupling was applied to avoid relaxation in a coupled spin sy8tem
and cross correlation effects between dipolar and chemical shift
anisotropy (csa) relaxation mechanisthsRelaxation delays were
chosen between 165 and 3 s. The longitudinal relaxatidnrelaxation

1D measurements with those obtained from the full 2D relaxation series.
As stated above, as the relaxation times of the C2 carbon atoms
proved to be crucial (see below), one 2D seriesTpimeasurement
was repeated twice.

Results and Discussion

a. T, Relaxation Times and Heteronuclear NOE Values.

times were evaluated by a nonlinear least squares fit of the peak int(—)gralsThe T, values of all carbon C1 resonances, when fitting the
1 ,

(8) (a) Halle, B.; Wennerstrn, H. J. Chem. Phys1981 75, 1928~
1943. (b) Lipari, G.; Szabo, Al. Am. Chem. S0d 982 104, 4546-4559.
(c) Lipari, G.; Szabo, AJ. Am. Chem. S0d 982 104, 4559-4557.

(9) Clore, G. M.; Driscoll, P. C.; Wingdfield, P. T.; Gronenborn, A. M.
Biochemistry199Q 29, 7387-7401.

(10) Brischweiler, R.; Liao, X.; Wright, PSciencel995 268 886—
889.

(11) (a) Desvaux, H.; Berthault, P.; Birlirakis, Bhem. Phys. Letl.995
233 545. (b) Desvaux, H.; Berthault, P.; Birlirakis, N.; Goldman, 3.
Magn. Res. AL994 108 219.

(12) Kay, L. E.; Torchia, D. A.; Bax, ABiochemistryl989 28, 8972~
8979.

(13) Morris, G. A.; Freeman, R. J. Magn. Res1979 101, 760-762.

(14) (a) Kay, L. E.; Keifer, P.; Saarinen, 7. Am. Chem. Sod. 992
114, 10663-10665. (b) Wider, G.; Wihrich, K. J. Magn. Res. BL.993
102 239-241.

(15) Shaka, A. J.; Barker, P. B.; Freeman,JRMagn. Res1985 64,
547-552.

(16) Dellwo, M. J.; Wand, A. JJ. Magn. Res1991, 91, 505-516.

(17) Boyd, J.; Hommel, U.; Campbell, I. EChem. Phys. Lett199Q
175 477-482.

magnetization curves (Figure 1) measured oiGrlabeled
sample to a monoexponenti@hre fairly homogeneous, with
values centered around 276 ms (Table 1). Error bars on the
individual T; times were estimated th3 ms (see Materials and
Methods). When measuring th& relaxation rates on a
nonenriched sample, we systematically found longer values (data
not shown). When checking for a possible influence of the
sample concentration by comparing one-dimensidnatiata

on a native and3C-enriched sample at the same concentration,

(18) Vuister, G.; Bax, AJ. Magn. Res1992 98, 428-435.

(19) Kay, L. E.; Nicholson, L. K.; Delaglio, F.; Bax, A.; Torchia, D. A.
J. Magn. Res1992 97, 359-375.

(20) Jones, J. A.; Hodgkinson, P.; Barker, A. L.; Hore, PJ.JMagn.
Res. B1996 113 25-34.

(21) Wang, A. C.; Bax, AJ. Biomol. NMR1993 3, 715-720.

(22) strictly speaking, this system behaves as a coupled two-spin system
(see ref 16), but the carbeitarbon dipolar cross-relaxation is relatively
small.
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Figure 1. T, recovery curves for the mC1 carbon resonance of the
native (—x—) and**C-enriched { O—) DP13 ofR. solanacearunThe

Lippens et al.

correlation time (ns)

Figure 2. Contribution of the*H—3C dipolar interaction to théC

least-squares fit gives a value of 293 ms for the former and 283 ms for T, (—) and T (- - -) relaxation times (in seconds) calculated from the

the latter.

Table 1. (a) T; and NOE Values for the C1 and C2 Carbons of
the Cyclic OPG ofR. solanacearumAs Measured on a
13C-Enriched Sample at 301 K and (b) for Other Selected Carbon
Resonancés

a
residue T;(Cl)(ms) Ti(C2)(ms) NOE (C1l)% NOE (C2)%
a 269 257 35 33
f 283@ 296 36@ 42
i 274& 257 35& 34
j 274& 261 35& 33
d 281 262 34 26
I 2808 278 348 29
b 268 284 34 36
e 274 281# 34 3R2
k 2808 268 348 31
c 274 280 32 32
h 269 281# 35 32
g 283@ 279 36@ 34
m 281 273 35 38
b
carbon T1 (C1) (ms) NOE (%)

aC3 274 34

aC5 272 35

fC3 308 36

fCa 289 35

mC3 279 33

mC5 294 38

Lipari—Szabo modélusing an overall tumbling time of 0.9 ns and an
< value of 0.85. On the same plot, we have shown the theoretical NOE
effect ().

the theoretical value for a molecule that is tumbling with an
overall correlation time of 0.9 ns and an order param&ter
0.85 (Figure 2). The former value of the correlation time was
also the average outcome of all pairwise correlation times as
determined by the off-resonance ROESY experinieBespite
the numerical agreement, one should keep in mind that both
correlation times characterize different motional processes. The
correlation time as determined by the off-resonance ROESY
technique characterizes the time scale of the-H2' proton—
proton vector movementd, whereas the correlation time
obtained from théC T; values is mainly determined by the
movement of thelH—13C vector?* The good numerical
agreement between the two correlation times indicates that the
movements of the individual glucose units and the dynamics
over the different glycosidic linkages are on a similar timescale.
The values for the CZ; times show somewhat more of a
spread, but are still well-conserved around a mean value of 271
ms. For the residues a and-fi—d] flanking the o-(1—6)
linkage (for a numbering of the residues in the macrocycle, see
Figure 6), a lower value of 260 ms was found, which could be
explained by an increase to 0.95 of tB&value. The only
noticeably longer correlation time is observed for the f C2
residue. In this unit, the C2 carbon is not involved if-61—
2) linkage, and might hence experience a larger mobility than

# Residues are labeled as in Figure 6. Overlapping resonances werdn the other residues. Similarly as for the anomeric carbon

grouped in pairs, indicated by special symbols. The average value is

reported.

the difference consistently showed up. The average decreas
of 14 ms for the C1 relaxation times up&iC enrichement was
therefore attributed to the contribution of the carb@arbon
dipolar interaction to the relaxation pathway, and is in good
agreement with the 4.6% variation in thetC; time when going
from a singly toward a uniformly3C-labeled alanine residue
dissolved in perdeuterated glycerol at@@where its correlation
time 7. is equal to 1 n€® The magnitude of the contribution
of the 13C2—-13C1 homonuclear dipolar interaction being a
monotonic function of correlation time, the observed difference
is an independent estimate of a correlation time of the order of
1ns.

The averageTl; value of 290 ms found for the anomeric

e

values, an average increase of 18 ms was observed for the C2
T, values in the nonlabeled sample (data not shown). This
increase is slightly larger than the one observed for the anomeric
carbonT; values, which can be explained by the difference in
enrichment for both positions. The pairwise incorporation of
13C nuclef and hence the occurrence of bé#e3—13C2—-13C1

and 12C3—-13C2—-13C1 triplets leads to a complex multiexpo-
nential decay for thé3C2 magnetization. Because all time
constants are comparable, the values of a fit to a monoexpo-
nential curve are reported.

The good chemical dispersion around tit€1—6) linkage
both at the'H and3C level allowed the determination of the
T, times of some other carbon nuclei. Therefore, we could
verify whether the ring carbons in each ring are dynamically
equivaleng® For both the a and m units, the values for all

carbon resonances in the nonenriched sample agrees well with (24) (a) Nirmala, N. R.; Wagner G. Am. Chem. So4988 110, 7557~

(23) Yamazaki, T.; Muhandiram, R.; Kay, L. E. Am. Chem. So¢994
116, 8266-8278.

7558. (b) Peng, J.; Wagner, G. Magn. Res1992 98, 308-332.
(25) Méer, L.; Widmalm, G.; Kowalewski, J. Biomol. NMR1996 1,
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More complete forms of the spectral density functiifmw)
that might potentially affect th&@, relaxation rates have been
proposed. They include the presence of rapid internal mdtions
as well as an extended two time-scale madfelThese more
precise spectral density functions, however, affectThand
T, relaxation rates in a similar manner, and cannot lead to the
dramatic changes in observéld values (vide infra) while
maintaining consistency with the observégvalues. Aniso-
tropic rotational diffusio? leads to a formally similar modifica-
tion of the spectral density function, by introducing different
correlation times according to the orientation of thekCvector
with respect to the axes of the diffusion tensor. However,
because of the almost parallel orientation of the+€1l and
H2—C2 internuclear vectors in the all-equatori; chair
conformation of the glucose rings, anisotropy would affect both
C1 and C2 relaxation rates in a similar way. As the C1 carbons
do not display the extremely fa$t relaxation, this mechanism
can be safely ruled out. Several other mechanisms such as
chemical shift anisotropy (csa) and chemical exchange can add
to the T, relaxation and produce broader lines than expected
on the basis of a purely dipolar relaxation mechaménit. was
previously shown that in a 25 residue peptide the csa contribu-
tion to the transverse relaxation for methionmearbon nuclei
with an estimated csa of 25 ppm can be negleétedhe
complete'®C chemical shift tensors measured recently on single
crystals of$-glucose and other glycosidic structud®imdicate
the same order of magnitude for the csa in fhglucose as
found for the methinex-carbon, and a value of 40 ppm was
found for the C2 carbon in methyl-glucose. Assuming an
axially symmetric chemical shift tensor, the csa contribution to

86. 0 ~deey

3.9 3.8 3.7 3.6 3.5 the T, relaxation time is given &

H T T T T
ppm 3.9 3.8 3.7 3.6 3.5 oppm

Figure 3. Selected regions of a constant-time HSQC spectrum: (a) 2 9
H1-C1 region at 301 K; (b) H2C2 region at 301 K; (c) H2C2 s (DO) ¢

region at 293 K; and (d) H2C2 region at 333 K. The intensities were Rz = T[‘U(O) + 3J(wc)] (1)
normalized with respect to the f HZX2 correlation peak.

By using a value of 40 ppm foAd andz. = 0.9 ns, we find

that the csa contribution is inferior to 1 Hz, and is thus not the
main mechanism responsible for the additional broadening.

A strong indication that the additional line broadening is due
to chemical exchange comes from the temperature dependence
of the line broadening. For the anomeric proton resonance of
unit b, we had previously found an increased broadening at
carbon dipolar coupling, the measurements were only performedIOWer temperatures. At. higher temperatures, thg chemical

exchange rat&, should increase, and hence contribute less to

on the enriched sample. The theoretical expression for the NOEth h broadeni We tested this b di tant
value contains spectral density terms in both the numerator and;, € exchange broadening. Ve tested this by recording constant-

enumerator. Therefore, this parameter shows no explicit time HSQC spectra at diﬁe_fe”F temperatures ranging from 20
dependency on the order paramef&rleaving us with a pure 10 60°C. As can t.’e. seen In Flggre 3d, .the €2 resonances
estimation ofz.. The average value of 34% is in excellent that are.almost invisible atZ(ﬂ:galn conS|d§rany in |nten5|ty
agreement with the previously determined value of 0.9 ns for at the higher temperature, in agreement with the_hypot_he3|s of
To exchange broadening. The f C2 resonance, that is not involved
b. T, Relaxation Times. On the basis of the same estimates in a linkage, provides a reference as it hardly changes in intensity

of the correlation times = 0.9 ns and order parametgt = upon increas_ing temperatures (data not shown). .

0.9, we expecT; relaxation times of the order of 190 ms (Figure _More precise measurements of thevalues were obtal_ned
2). Afirstindication of a discrepancy between these theoretical with the 2D extension of the CafrPurceII—Mel_bopijlll
value and the experimental ones came from the observation of(CPMG) sequenéé (F!gure 4). The Iarge; distribution of
the constanttime HSQC on &C-enriched sample. The expectedr, times (inferior to 40 ms for certain C2 resonances,
constant-time period for the evolution of the chemical shift was
set to 44 ms, allowing a correct refocusing of the avefadge-

13C one-bondJ coupling constart? In the spectrum of Figure oo/ 0 1061

3a recorded at 301 K, all HAC1 direct correlation peaks are (28) Palmer, A. G., Ill: Rance, M.; Wright, B. Am. Chem. S04.991,
visible, be it with a weaker intensity for the b C1 resonance. In 113 4371-4380.

the same spectrum, all HZ2 correlation peaks are substan- s,of;zféééuﬂé F;r(‘)”eg%-;_{bgéf'derma”' D. W.; Grant, D. 91 Am. Chem.
tially weaker, and certain resonances such as the | unit almost™ (3 |

‘ ] (30) (a) Carr, H. Y.; Purcell, E. MPhys. Re. 1954 94, 630-638. (b)
disappear (Figure 3b). Meiboom, S.; Gill, D.Rev. Sci. Instrum.1958 29, 688-691.

carbons in the hexacycle are very uniform (Table 1b), confirm-
ing that this unit moves as a rigid body. For the f unit, we see
some more variation, which might point to an enhanced mobility
for this residue implicated in the-(1—6) linkage.

The NOE values are also in good agreement with the
theoretical value calculated forma= 0.9 ns correlation time
(Figure 2). As we do not expect any influence of the carbon

(26) Clore, G. M.; Szabo, A.; Bax, A.; Kay, L. E.; Driscoll, P. C;
Gronenborn, A. MJ. Am. Chem. S0d.990 112, 4989-4991
(27) Abragam, A.The Principles of Magnetic Resonandelarendon
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Figure 4. Pulse sequence used for the measurement oftlvelues.
The CPMG block shown in insert was looped through the number of
cycles needed to obtain the required CPMG time. After the acquisiton
period, the remaining CPMG loops were added such as to obtain the
maximal CPMG time and ensure a constant (maximal) power dissipation
during every point of thél; series?! Pulse phase angles that are not
indicated are equal te. Other phases wer®; =y, ®, = (X, —x), 3
= (Y, YY), D12 = (X, —X), @5 = (y, —y). The delayr was set to 1.52
ms. Pulsed gradients were applied as 1.3 ms sinusoidal pulses, wit
strengths of 30 Gauss/cm (G1), 25 Gauss/cm (628 Gauss/cm (G3),
and—6 Gauss/cm (G4). Different series were recorded withitdelay

in the CPMG train varying from 500s to 10us.

h

Table 2. T, Values Measured on the Nonenriched OPQRof
solanacearurmat 301 K and 150 MHz

residue T, (C1) (ms) T2 (C2) (ms) AexC2 (H2)

a 130 117 3
f 93@ 151

i 81# 64 11
j 81# 53 14
d 107 33 25
| 928 19 54
b 47 27 33
e 89 18 50
k 92 45 15
c 81 21 38
h 124 18 50
g 93@ 29 28
m 136 24 35

aWe used the CPMG sequence of Figure 4 with a délay 500
us, and 11 CPMG times ranging from 1ms to 240 ms (see main text).
Overlapping resonances are grouped in pairs; see symbols. The averag
value is reported. Exchange contributions were calculated frofa°f1/
= 1,9 + Aey) with a T,9% = 190 ms.

based on the results of the constant-time HSQC experiment
and of the order of 150 ms for the a and m C1 resonance, base
on preliminary 1D relaxation experiments) led to the delicate

problem of chosing the CPMG times that should be used in the
series of 2D experiments. The CPMG times were selected
according to the results of a recent theoretical study where the
Cramie—Rhao theory was used to define an optimal sampling

strategy® (see Materials and Methods). The results of The

measurements are summarized in Table 2. The series wasg,

repeated twice at 2-month intervals (see Materials and Methods)
and the results proved reproducible to withi2 ms.

Whereas the values of all C1 resonances except for the b
unit experience relatively little exchange broadening, the b C1

Lippens et al.

Table 3. T, Values Measured on the Nonenriched OPQRof
solanacearumat 301 K and 75 MHZ

residue  To(C2) (MS) AeC2(HZ)  Aex(14 T)Aex (7 T)
a ND ND ND
f 12245 0
i 84+7 4.4 3.2
i 84+6 4.4 3.2
d 7546 5.8 4.3
| 59 + 10 9.4 5.7
b 64+6 8.1 4.1
e ND ND ND
k ND ND ND
c ND ND ND
h ND ND ND
g 73+ 10 6.2 45
m 57+7 10.0 35

@ Exchange contributions were calculated fromTgl#® = 1/T% +
Ae) With T,9 = 133 ms.

estimated to 14 Hz, whereas for certain C2 resonances, it obtains
values as large as 54 Hz (Table 2). Alternatively, we could
consider the fC2T, relaxation time as the basis for the
nonexchange broadendd value, but this leads to no major
differences for the exchange term.

Field Dependence of theT, Relaxation Times. In the
constant-time HSQC experiment, only one 188C pulse is
applied during the delay of 44 ms; therefore no refocusing of
the chemical exchange can happen (vide infra), and the exchange
contribution is given b§?

1900

eng kex

The quadratic dependence €g,, the chemical shift separation
(in radial units) of the different chemical species, emphazises
that physically an exchange process is similar to the molecular
self-diffusion process, here in one dimenst®nFurthermore,
the analytical dependence of the exchange contribution on the
quadratic difference in chemical shift for the coexisting con-
formations suggests a straightforward way of verifying the
nature of the broadening mechanism. We recorded at 301 K a
series ofT, experiments at the lower field of 7.1 T (or 75 MHz
for 13C). The disadvantage of the lower field strength was the
decrease in sensitivity and the increased spectral overlap, leading
to considerably higher uncertainties in thevalues. Still, the
good separation of the HZC2 correlation peaks allowed us to
extract a certain number of them (Table 3). If again we estimate
the dipolar contribution to th@; relaxation time on the basis
of a correlation time. = 0.9 ns and an average order parameter
= 0.85, we obtain a value of 133 ms. Subtracting this dipolar

A ()

(f:)ntribution from the observed relaxation rates, we obtain the

exchange contribution at 75 MHz (Table 3), and can evaluate
the ratio of the exchange contributions at 14.1 and 7.1 T. By
taking into account the large uncertainties on Thevalues at

the lower field of 7.1 T, the obtained ratios are reasonably close
to the theoretical value of 4 as expected from eq 2.
Characterization of the Time Scales of the Exchange
ocess. The quadratic expression of the exchange contribution
to the T, relaxation is valid when th&; is evaluated as the
characteristic decay time of the freely precessing signal. Most
measurements dff, relaxation rates do not use the line width

and even more all C2 resonances are dramatically broadened
With a purely dipolafT, value of 190 ms based on the estimates
of 0.9 ns for the correlation time and 0.85 for the order parameter
<, the exchange contribution to the b C1 line width can be

. (31) Bloom, M.; Reeves, L. W.; Wells, E. J. Chem. Physl965 42,
1615-1624.

(32) Kaplan, J. I. IrEncyclopedia in Nuclear Magnetic ResongrBeant;
Harris, Eds.; 1995; Vol. 2, p 1252.

(33) Woessner, D. El. Chem. Physl961 35, 41.
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Figure 5. Exchange contribution=) and resultingT, relaxation time
(- - -) as a function of the) delay used in the CPMG period (Figure
3). The curves were calculated according to eq 3 with valu€2.pf=
27 x 1200 Hzkex = (7 us)™, and T,4P = 133 ms.

of the freely precessing signal, but incorporate a CP¥#fBlse
train in a heteronuclear correlated spectrum, in order to profit
simultaneously from the enhanced sensitivity of the proton

detection and the good spread in heteronuclear chemical shift.

It has been recognized early on that both definition3-oére
not necessarily equivalent. In the presence of chemical
exchange, the exchange contribution to Taeelaxation times
depends on the delay used between the 18@ulses in the
CPMG pulse train of Figure 4. In the case of fast exchange,
i.e., kex > Qe the exchange contributiake, to the T, relaxation
time it
1 1 . .1 .
A= Z[kex ~ o sinh (ékexsmh(zu)/u)] 3)

with

u:év kexz_ Qex2

When the duration od is short compared to the time constant

J. Am. Chem. Soc., Vol. 120, No. 1, 19%3

Table 4. T, Values of the C2 Resonances Measured on the
Nonenriched OPG oR. solanacearunat 301 k&

Tz Tz T Tz
residue (0 =100us) (0 =50us) (6=20us) (0=10us)

i 63 58 65 ND
j 56 55 56 ND
d 33 37 32 36
| 19 20 24 25
b 31 31 34 36
e 2¥ 2% 21# 24
k 42 43 45 46
c 22 23 25 27
h 21 22 217 24
9 33 38 40 38
m 27 26 27 27

a2The CPMG sequence of Figure 4 with differéntlelays was used.
Because only CPMG times up to 62 ms were taken for the series with
0 = 10 us, the fit for the longefT, values could not be determined
reliable.

combined with a total spread of 5 ppm leads to an estimated
value ofkex = (18 us)™%.

The theoretical expression of eq 3 and its graphical repre-
sentation as shown in Figure 5 indicate how to experimentally
narrow down the range of possilig values. Indeed, reducing
thed period between the pulses in the CPMG train to smaller
values should reduce the exchange contribution, at least if the
values oftex = 1/kex and 6 become comparabfé. Recently,
this approach was used to measurelthEmain-chain dynamics
in four forms of staphylococcal nuclease with different stabilities
to unfolding®” The results of oul, experiments using different
0 delays in the CPMG relaxation delay are summarized in Table
4.

Whereas the results at the shortésielay ¢ = 10 us) are
the most instructive, they are also hampered by the largest
experimental difficulties. Indeed, we observed a significant drop
in the lock level after the CPMG period, most probably due to
a rise in temperature caused by the increased power dissipation
delivered by the train of®C z pulses separated only by a short
interpulse delay of 10us. Although this might influence the
T, measurements as stated above, we do observe a systematic

for exchange, the effects of chemical exchange are continuouslyincrease inf, relaxation time upon going to shortérvalues.

refocused and hence attenuated. In the limit of vanishingly
small 8, Aex Will tend to zero, but for values od that are
nonzero but still appreciably smaller thaked™!, an ap-

This effect is the most pronounced for the units with the largest
exchange contribution to the C2 relaxation, i.e., units | and
c. Fitting the parametelQey andkex in order to reproduce the

proximately linear relationship results (see Figure 5). However, T, values of both C2 resonances, we obtain a reasonable
various experimental factors might interfere with this theoretical agreement fof2ex = 27 x 1200 Hz andkex = (7 us)* (Figure
prediction. Decreasing corresponds to an increased power 5). The main surprise of the fit is the very large chemical shift
delivery, leading to possible artifacts in the CPMG sequence difference that is predicted for the coexisting species. The
such as (i) hardware imperfections, both as pulse imperfectionschemical shift range of the C2 resonances is limited to about 5
or drops in sustained power levels, (ii) temperature rise leading ppm or 750 Hz. Of course, the observed chemical shift value

to an increased exchange rate and decreasa@lue—both
factors will lead to a decrease Ta relaxation rate, (iii) changes

is the average between the chemical shift values in the two (or
more) positions, leading to a possible chemical shift range

in possible antiphase components, where the relaxation of thesesuperior than the one observed. A concrete example of this is

latter differs from the desired in-phase magnetiza#feemd (iv)
changes in possible systematic off-resonance effécts.

formed by the | C2 resonance. The observed chemical shift
value of 79.96 ppm at the low-field edge of the C2 resonances

As a first guess for the chemical shift difference of the carbon must be the average over at least two values. If we take for
nuclei in the multiple chemical environments, we can take the one value the opposing edge of the C2 resonances, i.e. 85.17
total spread of all C1 (or C2) resonances found in the molecule. ppm (as observed for the dC2 resonance, see Figure 3b), the
For the bC1 resonance, assuming a spread of 2 ppm, whichother chemical shift value must be at 75 ppm, yielding a value

covers all C1 resonances except for the a and m units, a 15-Hzof 27 x 1500 Hz forQex. Whereas these extreme values fall

exchange contribution leads to an estimatekfgr= (33 us) ™4,
whereas the observefley = 50 Hz for the C2 resonances

largely outside the usual chemical shift range as observed for
C2 resonances gi-substituted glucose residues, it should be

(34) Peng, J. W.; Thanabal, V.; Wagner, &.Magn. Res1991 94,
82—93.

(35) Ross, A.; Czisch, M.; King, G. C. Magn. Res1997, 124, 355~
365.

(36) Orekhov, V. Y.; Pervushin, K. V.; Arseniev, A. Bur. J. Biochem.
1994 219, 887—896.

(37) Alexandrescu, A. T.; Jahnke, W.; Wiltscheck, R.; Blommers, M. J.
J.J. Mol. Biol. 1996 260, 570-587.
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Table 5. T, Values of the C2 Resonances Measured on the Table 6. The Chemical Shift Values of the C2 Carbons in the
Nonenriched Sample dR. solanacearunat 288 K and 150 MH% Individual Conformation’s
residue T, (0 =500us) Aex T, (60 = 10us) Aex residue w (average)  (low) w (high)
bC1 19 40 39.8 18.5 a 83.4 82.4 84.4
. f 74.9 74.9 74.9
jc2 22 38 35 22 i 82.4 84.0 80.8
dc2 15 57 25 33 ;
i 84.8 86.9 82.7
kc2 20 44 30 26.2
d 85.2 88.0 82.4
gC2 14 64 32 24.1 | 80.0 84.2 75.8
aThe CPMG sequence of Figure 4 with differéntlelays was used. e 81.0 85.0 77.0
Only CPMG times up to 62 ms were taken for the series with 10 k 80.6 82.8 78.4
us, therefore the fit for the longer, values could not be determined c 83.4 86.9 79.9
reliable. Exchange contributions were calculated fromi£/= 1/T4" h 81.0 85.0 71.0
+ Ae) With a T9% = 150 ms. g 83.5 86.5 80.5
m 82.0 85.4 78.6

noted that variations in chemical shift up to 12 ppm have aThe average chemical shifts were those reported for the DP13
previously been observed for carbon atoms flanking a glycosidic molecule at 301K (ref 4), and the chemical shift difference between
linkage3® For the DP13 molecule oR. solanacearumthe the two forms involved was calculated @g, + Qe,/2, using eq 2 and
specific structural constraints and hence peculiar positions in the exchange contributions of Table 2.

the Ramachandran plot might be at the basis of such divergentmational states, this implies that the chemical exchange is
chemical shift values. slowed down by the same factor, i.&yx ~ (17 us) ..

As many experimental errors are possibly associated with The above-derived temperature dependence allows a rough
decreasing thé delay in the CPMG pulse train, we developed estimate for the experimental conditions that should be obeyed
the following more qualitative estimate for both the exchange for NMR separation of the different conformations. The
rate and the chemical shift differences between the different exchange-broadened peak will split into two separate peaks
conformations. Even for the shortestdelay between ther when the conditioey/kex > 4 is fulfilled.3? For an estimated
pulses, allT, relaxation rates remain substantially faster than maximal value of 2 x 1500 Hz forQey, this condition implies
the expected dipolall, value. The possible artifacts upon that the exchange should slow down to (38). By assuming
increasing power delivery will all tend to decrease the relaxation a temperature-independent activation barrier, i.e., every decre-

rate; therefore, we can conclude that for= 10 us, chemical ment of 13 K slows down the interconversion by a constant
exchange is still fully active in the observed line broadening. factor of 2.4, splitting of the lines requires NMR spectra at 236
Our initial estimate for the exchange rakgy, = (20 us)™%, is K. Previous measurements of disaccharides in an undercooled

hence too low, anélex = (10 us) ! is a reasonable lower limit ~ aqueous solution aimed at the observation of exchangeable
on its value. Secondly, the still acceptable values of the hydroxyl protons involved in hydrogen bonds have demonstrated
chemical shift differences inferred from the fit allow us to the possibility to attain temperatures as low as 25% Kin
establish with some confidence an upper limit. Indeed, an similar experiments with the DP13 B. solanacearupwe have
increase of the exchange rate by a factor of 4 to a value of (2 reached 265.0 K in a capillary tube (spectra not shown), but
us)"timplies a 2-fold increase dR¢y in order to maintain the  the limit of 236 K is obviously not attainable without the
same exchange contribution, which is very improbable in view addition of cosolvents. This possibility is currently under

of the range of chemical shift values previously obse@#d&bth investigation in our laboratory.

arguments validate qualitatively the value kgg obtained from Structural Aspects of the Chemical Exchange Data.The

our fitting procedure, despite the limited variation Th as above described results indicate unambiguously that the oli-
function of 6. gosaccharide passes through different conformations that are

Exchange Data at a Lower TemperatureslThe variations in dynamic exchange on the microsecond time scale. One major
observed for thd relaxation times at 301 K upon varying the ~Problem of any NMR study on a system that shows rapid
6 delay in the CPMG pulse train are limited (Table 3). Further chemical exchange is the average nature of all obtained structural
decreasing this value would lead to an excessive power deliveryParameters. A very illustrative example is formed by the cyclic
and cannot realistically be performed with our current hardware. decapeptide antanamide, for which the available NOE &nd
We therefore decided to work at a lower temperature, thereby coupling data could not be satisfied by one single conforma-
decreasing the exchange rate. The values at 288 K are showrion.*® The simplest model compatible with all NMR parameters
in Table 5. Some C2 carbons corresponding to the shofsest ~ required two different conformations. Another extreme example
relaxation time at 301 K disappear completely, probably due Of the average nature of the NMR parameters is formed by the
to T, relaxation during the INEPT periods in the refocused all f-(1-2) cyclic glucans of theRhizobiaceae Both the
HSQC of Figure3. However, for the still visible resonances, chemical shift values and th& coupling constants measured
the variations inT relaxation rates using a CPMG pulse train 0Vver the glycosidic linkage reflect an average behavior over
with an interpulse delay of 500 or 165 are important at this both the individual monomers and over the different conforma-
lower temperature, in agreement with a decrease in exchangdions adopted by the macrocycle over tife.

rate to below (1@{5)71. Assuming a pure|y d|po|ﬁ2 relaxation Our initial hope when Starting the structural studies on the
time of 150 ms, the exchange contributions derived from the OPG 0fR. solanacearunwas that the single-(1—6) linkage
T, relaxation times at 288 K obtained withdavalue of 500us would induce structural constraints to such an extent that both

are on the average a factor of 2.4 longer than the correspondinghechanisms of averaging would be greatly reduced. Whereas
values at 301 K. In the hypothesis of negligible changes in the first averaging evidently has disappearag observe all
occupancy and chemical shift values of the different confor- ™ (39) poppe, L.; van Halbeek, Hat. Struct. Biol.1994 1, 215-216.

(40) Kessler, H.; Griesinger, C.; Lautz, J.;"N&u, A.; van Gunsteren,
(38) Jarvis, M. CCarbohydr. Res1994 259, 311. W. F.; Berendsen, H. J. Q. Am. Chem. S0d.988 110, 3393-3396.
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the values for the exchange contribution (Table 2), the chemical
shift values of the C2 carbons in the individual conformations
can be obtained a®,y + Q2 (Table 6), providing as such
unigue information about the C2 nuclei in one or the other
conformation.

In the 13C NMR spectra of oligo- and polysaccharides, the
chemical shifts of the carbon atoms on either side of the
glycosidic linkage have been found to vary over a range of up
to 12 ppm, depending on the conformation of the link&ge.
Excluding the f C2 carbon that is not implicated in a linkage,
we find here variations of 14 ppm for the C2 resonance
positions, indicating a large conformational variety. A similar
phenomenon is observed at the level of the b C1 resonance,
where the exchange contribution 1@ of 16 Hz leads to an
estimated 4 ppm between the extreme chemical shift values,
close to the entire range of C1 chemical shift values observed.
It should be mentioned at this point that we cannot yet
distinguish whether for a given C2 nuclei the high or low
chemical shift value corresponds to the one or another confor-
mation, but the combination of these data with the previously
determined short distances af#l coupling constants$ will

Figure 6. The macrocycle of the DP13 OPG Rf solanacearunirhe
symbols on the C2 carbons graphically represent the exchange
contribution to theT, relaxation of the C2 nucleus. Circles represent

exchange contributionfe, > 50 Hz, triangles correspond e = probably allow the alleviation this ambiguity.
20-30 Hz, and squares correspondAg, < 10 Hz. All C1 carbons Anomeric and other related effects have been used to establish
except for the bC1 have values af inferior to 10 Hz. a relationship between chemical shift and glycosidic conforma-

tion based on the anomeric and related effé&t$he possibility
anomeric protons resonances individuaitile above-described  of obtaining chemical shift values by quantum calculations, as
relaxation data show that our structural data still result from an has been pioneered by Oldfield et al. for proteihsight be
average over two or more conformations. feasible on the smallest unit of the DP13 molecule, i.e., a
It is illustrative to map the exchange contribution on the {isaccharide of two glucose units linkeddr(1—2). Chemical
macrocycle (Figure 6). With the exception of the b unit, only  ghjft calculations over the whole Ramachandran plot for the
the C2 carborT; values are appreciably affected by the chemical ¢arhons flanking the glycosidic bond can be combined with the
exchange, implying the most important variation forHengle  chemical shift values derived for the C2 carbons in the individual
between the different conformations. We further observe that conformations. The potential of chemical shift calculations
chemical exchange is not uniformly distributed over the inarefore provides a new challenge in establishing a more

macrocycle, as the residues around th€1-6) linkage are  5.cyrate conformational model for the cyclic osmoregulated
relatively little affected, whereas the main exchange phenom- periplasmic glucan oR. solanacearurteking into account the
enon takes place around the b unit, diametrally opposed to the . o mical exchange

a—f linkage. For the latter b residue, both C1 carbon and C2
carbon are considerably broadened. In the case of the DP16
molecule ofXanthomonas campesriYork presented recently

a structural model, and proposed a topological reversal point
between the two helical domains to occur at the level of the
flexible o-(1—6) linkage and at the residue where a frameshift

in the alternating chemical shift pattern was obse/e@ur
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