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Transferred Cross-Correlated Relaxation: Application to the
Determination of Sugar Pucker in an Aminoacylated tRNA-Mimetic
Weakly Bound to EF-Tu
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Transfer-NOE has proven to be a valuable tool to study the Kia
conformation of small molecular weight ligands when bound M+L Koy
to macromolecules. If the bound and free forms of the ligand
are in fast exchange on the NMR time scale, the measured NOEWhen the exchange between the bouktiLY and free confor-
between two spinsandj results from the average of the cross- Mmation () of the ligand is fast on the NMR time scale, one
relaxation rates; in the bound and in the free form; due to the resonance will be observed with the following transverse
dependence ofij on the correlation time, the contribution of ~ relaxation rate:
the bound form NOE to the observable peak is much larger av )
than that of the free form, even in excess of free ligand. This ™= py Ty + P+ PPy T(AQ) )

allows adjustment of the concentration of the macromolecule, )
to minimize the line-broadening while still observing clear NOE Wherepw. andp, are the molar fractions of the bound and free

contributions from the bound form. Unfortunately, the same Cconformation,I'y. and I are the corresponding transverse
concept cannot be applied to coupling constants, since they dorelaxa}tlon rateshAQ |s.th¢ dllffe.rence in precession frgquenmes,
not depend on the correlation time of the molecule; in this case andz |§1the c@?ractensnc I|fet|m§ of the process definedds
the major contribution to the averaged coupling comes from — ™ML~ t 7L = ki1 + k-g, which needs to be smaller than
the species present with the highest molar fraction, namely, the AQ for the fast exchange condition to be fulfilled (see Figure
free form of the ligand, so that no information is available on 1. - . .

the bound form. Traditionally, coupling constants were consid- .A similar equathn can be written for all NMR paramgters
ered to be the only direct source of structural angular informa- W'th_ respect to which the bound and free forms Of_ the ligand
tion. Recently it has been demonstrated that dipolar cross- '€ in fast exchange. For a cross-correlated relaxatior e
correlated relaxation can be used to obtain projection anglesPetween two magnetic interactios and W, eq 1 yields in
between two internuclear vectdrsSince cross-correlated re- st exchange

laxation rates linearly depend on the correlation time, they can cav_ c c

be used, as NOEs, in transfer-type experiments. In this article, Tow = Puclvwome + Pl 2

we show that transfer cross-correlated relaxation can provide
projection restraints of the bound conformation of a ligand when
it is in fast exchange with the free form. This constitutes unique
information, since it fills in the gap left by coupling constants
in giving direct angular structural information on small ligands
in large molecular weight complexes.

The binding of a ligand. to a macromoleculéV can be
described by the equilibrium reaction

ML

where I\, is the cross-correlated relaxation rate of the

bound conformation and?,,  that of the free one. No
chemical shift related term, like the third one in eq 1 (exchange
term), is present for cross-correlated rates, since they are
extracted from differential line broadening of multiplet com-
ponents, which are equally affected by exchange, so that the
corresponding term cancels out.

We focus now on the cross-correlated relaxation rate due to
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Figure 1. Schematic representation of the binding of a small ligand
to a macromoleculep,, 7., and 6. are the molar fraction, the
correlation time, and the projection angle betweenGheH; andCi—

H; vectors in the free ligand. Analogougiyi., cmu, and@u. represent
the corresponding parameters for the complex.

cross-correlated relaxation rate on the correlation tigyave
can rewrite eq 3

2 Ve

C,av

AR (@) enep
3coéf;, —1 3co€ 6, — 1
S?,L P +TC,L + S?,ML pML+Tc,ML

(4)

Obviously, when the conditiopyLze v > pLzc, is fulfilled,
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Figure 2. Constitution of the two isomers of the ester of anthranilic
acid with adenosine: (a)-&nt-Ado; (b) 2-Ant-Ado.

factor Tu-GDP complex (EF-TtGDP)3 Adenosine that is
labeled with13C in the ribosyl ring is obtained by converting
uniformly 13C-labeled glucose into’ % -benzoyl-1,2'-acetyl-
ribose, followed by glycosylation with adenine to give adenosine
after deprotectiod.Anthranoylation of-3C adenosine, as previ-
ously describedd leads to the final compounds-and 3-Ant-
Ado. 3-Ant-Ado binds stronger to EF-FGDP, as can be
derived from the degree of line broadening upon addition of
protein® The conformation of the ribose ring has been
determined for the free Ant-Ado fromMJyyrny and 3Jqzna
coupling constant® For both 2-Ant-Ado and 3-Ant-Ado the
C2-endo conformation is preferred. From transfer-NOE studies

the observed cross-correlated relaxation rate will depend stronglyon the complex between thé-&nt-Ado and the protein EF-

on BmL. In this case it is possible to gain knowledge on the
relative orientation of the tw@i—H; andC,—H,; vectors in the

Tu-GDP, it has been inferred that the ligand retains thé& C2
endo conformatiof when bound to EF-T«GDP. However,

ligand when bound to the macromolecule by measuring the spectroscopic evidence for the pucker of the sugar ring is

value of the average cross correlated @,irlé,‘f Hr The condi-
tion puLtemL > Pute is satisfied wherre y > 7, which is

often the case for very large macromolecules that bind small

expected to be stronger from the measurement of torsional
angles than from that of interproton distances.
The CH-CH dipole-dipole cross-correlated relaxation rates

ligands, even though the population of the bound conformation can distinguish between the G&ndo and the C3=ndo con-

puL may be much lower than that of the free conformation.

By contrast, the averaging of coupling constants is described gerived from Figure 3, tha™

formations of the ribose ring with high sensitivityAs can be
Crnrconz and thelaye cana

by eq 5 and does not show any dependence on the correlationross-correlated relaxation rates show typical values for the C2

time

F=p I+ pudw (®)

In this case when the population of the bound fqum is
much lower than that of the free form, the average coupling
constantJ® is dominated by the first ternp. J, and no
information is available relative to the bound form.

The cross-correlated relaxation rate between two vidal
Hi and C;—H; vectors can be used to determine the torsional
angley; about the connectinG;—C; bond. In fact the projection
angled; between thé&€;—H; vector and th&;—H; vector, which

endo and the C3ndo conformations, namely, in the ‘@hdo
(south) conformation ¢y coz IS POSitive [(3cog Oz —
1)/2=0.9], andl &gz cana IS Negative [(oF O34 — 1)/2=
—0.4]. Also the absolute value dfggyg cang IS larger than
that of I'iypz cens- In the C3-endo (north) conformation
exactly the reverse situation applies. Little difference is expected
for the ',z cana rate in the two conformations. The ratio
between thel'¢ypy copp @Nd theTggyy cane rates, together
with their signs, represent sufficient information to determine
the conformation of the sugar ring unequivocally. NOEs show
much smaller differences upon changing of the conformation
of the sugar and are plagued by the problem of spin diffusion.

can be extracted according to eq 4 for the bound form from the For these reasons a much stronger evidence of the sugar pucker

value ofl“%l?*‘f,c]Hl, is connected to the dihedral anglg by

C0S6; = —COS{/c.c)COSHcc) T SiN(ycc)SiNtuce)

cosf;) (6)

whereyhcc andyncc are theHi—Ci—Cj and theH;—Ci—G;

bond angles, respectively. Thus, cross-correlated relaxation

c,av

ch.cu uniquely yields the angular information that the
3J(Hi,H;) coupling cannot provide in the fast exchange regime

can be obtained in an easier and quicker way by cross-correlated
relaxation measurements rather than by NOEs.

The I'éypy corz and thelggyz cane rates have been mea-
sured m a 1 mMsolution of Ant-Ado in O/d;-methanol, 7:1
at 281°K, with 0, 20, and 35«M concentration of EF-TAGDP,
respectively. The recently developeguantitatve-I'-HCCH

(3) (a) Limmer, S.; Vogtherr, M.; Nawrot, B.; Hillenbrand, R.; Sprinzl,
M. Angew. Chem1997 109 2592-2596. (b) Nawrot, B.; Milius, W.;
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954. (c) Vogtherr, M.; Limmer, SVlagn. Reson. Chemin press. (d) Nawrot,

due to the unfavorable averaging of coupling constants (eq 5)..; Sprinzl, M. Nucleosides Nucleotidekd98 17, 815-829.

The method is applied to the mixture of &nd 3 esters of
anthranilic acid with ribosy}C-labeled adenosine’-Ant-Ado
and 3-Ant-Ado (Figure 2), that are mimetics of amino-acid
loaded tRNA and both weakly bind to the bacterial elongation
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6649-6652.
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Figure 3. Dependence of thex(cos#) on the conformation in a ribose
ring [Pa(x) = (3x2 — 1)/2]. 6; is the projection angle between tle-

Hi vector and theC;—H; one. The dotted line+{-) represents the,-
(cos6y2) for the projection angle between tkA'H1' and theC2'H2'
vectors, P,!% the dashed light line (- - -) the fto®z,) for the 6
between theC3'H3' and theC4'H4' vectors,P,** the dashed dark line
(- - -) the R(co¥z3) for the 6 between theC2’H2' and theC3'H3'
vectors,P,%. The full line (—) shows the ratio, divided by 25, between
the B(cos ) for 61> and 034 [P*%(25P,*%)], which is equal to the

100.0 P[]
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Figure 4. Traces corresponding to ti&2' —H1' peak are shown for
2'-Ant-Ado: (a) traces extracted from tigeantitatve-I'-HCCH-cross
experiment and multiplied by 4; (b) traces from theantitatve-I'-
HCCH-reference-experiment divided by 2. For thex2® and 35uM
EF-Tu samples, thguantitatve-I'-HCCH -cross-experiment ran 3 times
longer than the reference one, which was 7.3 h with a recycling delay
of 1.25 s; for the @M EF-Tu sample, thguantitatve-I'-HCCH-cross-
experiment ran 4 times longer than the reference one, which was 3.5

ratio between the two corresponding cross-correlated rates assumingh with a recycling delay of 2.8 s. The mixing time for the evolution of

equal internal motion for both pairs of vectoRsis the pseudorotation

the double/zero quantum coherences was 25 ms in order to refocus

phase of the puckering of the ribose ring; the pseudorotation amplitude *Jcc couplings. The traces in each column refer to different protein

x™ has been fixed to the common value of40he allowed values
for typical C2-endo (south) and C2ndo (north) conformations are

shown by the light gray bands. The dark gray box indicates the allowed

conformational region for the'zAnt-Ado bound to EF-TYGDP. This
corresponds t@ ¢y iy conz/TCams cana > 20 aNATeyyy comy > 0.

sequence was used. The sequence consists of a HCCH
correlation: the magnetization starts on tHespin, is trans-
ferred to the spirC;, whose chemical shift is recorded p
while the coupling)(C;,C)) is let evolve to obtain the operator
4H; .Ci xC;y. Two different experiments are recorded, yielding
a cross and areferencespectrum. The operatort4,Ci,Cjy

is transferred to the operatoC4C;H;. in the cross experi-
ment via the cross-correlated relaxation r]i@(;< CHy during a
constant timeT, and in the reference experlment via the
two coupling constants)(H;,Ci) and*J(H;,C;), evolving during

A = Y1)4c. The coherence is then transferred back to the
proton, and the chemical shift of the sgif is recorded irt,.
The value of the rate is obtained, as explained in ref 5, from
the ratio of the volumes of the two corresponding pe&ks)

in the cross and referenceexperiment. The intensity of the
(Ci,H;) peak in the cross experiment is in fact proportional to
smh(FCH CHfM) whereas in the reference experiment it is
proportlonad to cosﬂ(’éH CH mv)sin@@iow; A')sin (@ler A').
From this one obtains

Icros!'reference: SinhEEiHi,QHjTM)/{Sinh(FaHi,CJHjTM)
cos(r'dcyy A')cos@lchHj A') +
coshey, o Tw)SINGT ey, A)sinGr ey A} (7)
which allows the extraction OF(C:H CH if the two coupllng

constantdJe, and gy, are known. Since in our cadéo, =
l‘]CJHJ andA’ = 1, Wey, eq 7 becomes

8)

— c
I cros!l reference™ tanh(CiHi,QHiTn

concentrations. All samples were buffered at pH 7.5 (50 mNBQg,
10 mM MgCh, 50 mM KClI).

Table 1. Values of the Cross-Correlated Rates

2-Ant-Ado 0uM 20 uM 35uM
CIHI—C2H2 0.2 3.7 Hz 7.6 Hz
C3H3—C4H4 i / /

aValues, calculated as explained in ref 5, are reported for the two
C1'H1'—C2H2 and C3H3' —C4'H4' moieties of the 2Ant-Ado. When
both symmetric peaks were available, the average is taken. No value
(/) is given when the corresponding peak in thentitative-I-HCCH-

cross experiment is missing. TH&,.,, ooy, rate for the 2Ant-Ado
increases with the concentration of the protein as expected.

the three protein concentrations. Transfer via g, co1z
rate is observed in thé-Ant-Ado at all concentrations of EF-
Tu; the value for the Ant-Ado alone is 17 times smaller than
that for the 20uM EF-Tu solution, showing that in this case
the term pLi(zcL) in eq 3 is negligible.

No analysis of the data regarding tHeft-Ado is presented
here. In this case, strong coupling between thé &l the
C3carbons, whose chemical shift difference is approximately
1 ppm, distorts the intensities of the interesting peaks. A
structural interpretation of these data would require fitting of
experimental signals, which is outside the scope of this paper.

For the 2-Ant-Ado at all protein concentrations no peak due
to transfer vial' G,z cqny Was observed. The upper limit of
the absolute value of the ratio between g, -, and the
I'Canz.cana Cross-correlated rates can be calculated from the
signal-to-noise (S/N) ratio of the peak corresponding to the
transfer vial'¢;y oo, SiNce the nonobservable peak due to
the Tz 3 capa CAN at most be as large as the noise. This S/N
value has to be scaled down by the ratio between the integrals
of theC1'—H2' (or C2'—H1') andC3 —H4' or (H3'—C4') peaks
in the reference spectrum. This accounts for the different
autorelaxation rates and different carbon-coupling topologies
in the twoC1'H1'—C2'H2' andC3'H3'—C4'H4' moieties, that
may cause an intrinsic difference in the volumes of the two

Traces along the proton dimension are shown in Figure 4 for corresponding peaks in the cross experiment, even if the

the H2',C2',C1'y — 4C2',C1',H1', transfer at each concentra-
tion of the protein for the 2Ant-Ado. From these peaks the
value of thel'¢;.;; ¢, rate can be obtained, according to eq

I¢rnrcorz @nd [igyg capg Cross-correlated rates were the
same. The S/N ratio was extracted from tpeantitative-I'-
HCCH-cross spectrum of the 20M EF-Tu-GDP sample. For

7. In Table 1 the extracted rates are reported for each peak atthe 2-Ant-Ado, one gets
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2-Ant-Ado: T¢ ny coro/Teans canal = 20, Termr conz = 0 in the same H-boqd. The results present_ed here de_monstrate
that the C2endo ribose conformation which is required for
binding to the protein is induced by the aminoacylation of
If the pseudoration amplitude of the ribose riit?*is fixed adenosine and does not entirely depend on the H-bond between
to the most common value of 4@nd a single conformation is  glutamate-271 and'#H group of the ribose.

assumed, this combination of information defines the allowed |f an equilibrium between two different conformers in
values for the pseudoration phdéFigure 3), thus determining  standard northyMax = 40°, P = 18) and southfmax= 40°, P

the conformation of the ribose ring. For theAnt-Ado the = 162°) conformations is assumed, the experimental data are
allowed range foP is 127—133. The conformation of the  in agreement with the following population distributiopsouth
2-Ant-Ado in complex with EF-Tu is then very close to the = 66.0, ppon = 34.0, which points again to the fact that the
C2-endo conformation, confirming what is found by analysis 2'-Ant-Ado assumes preferentially a G@ndo conformation

of vicinal spin—spin coupling constantd;» for free 2-Ant- upon binding to EF-TtGDP.

Ado®, by X-ray crystallography in the complex-Bnt-Ado/ In conclusion we have shown that transfer cross-correlated
EF-TuGppNHP and in the analogous complexesBe-tRNA/ relaxation rates represent a valuable and unique method to obtain
EF-TuGppNHp and EF-TYGTP and what was inferred by  angular structural information in ligands weakly bound to mac-
transfer NOE in solutiod?¢ In the crystal structure of the  romolecules. We expect this to be a valuable tool in the
complex between Phe-tRNA and EF-GIP the adenine ring  contextof SAR by NMR techniques and for the study of

of the 3-terminal adenosine is located in a lipophilic pocket of  transient species in enzyme-catalyzed reactions.

the protein. This can be achieved only when the corresponding
terminal ribose is in C2endo conformation. This conformation

is in addition stabilized by a H-bond interaction between the
2'-OH group of ribose with glutamate-274In the case of 2
Ant-Ado the 2-OH group is substituted and cannot participate
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