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Residual tensorial couplings of weakly aligned molecules have 9, 9, o
become an invaluable source of structural and dynamical informa- ™ | T | 7 | | I R R | | |- )iljx_f>
tion in high-resolution NMR. Most commonly, this information i@ i ; i N i i
is extracted from one-bond residual dipolar couplings (RDCs). The "N _ ; f ; | i 42 | N HETED
size of RDCs depends on the direction of the internuclear distance _ qizt 2 e | Poe |—|-| I
vector, its lengthr, its order paramete$, the magnetic moments C——L—"" yL ; — ;
of the nuclei, and the degree of alignment. Although in principle, cadd } { i i i1 ' |
long-range RDCs could define the molecular geometry more G G G G, G G GG G

efficiently, their use has not been widespread, because the 1/r Figure 1. Pulse sequence of the guantitative HCN-HSQC. Narrow and
dependence of dipolar couplings reduces the signal size andwide pulses denote 90and 180 flip angles, respectively, and unless
therefore sensitivity and introduces ambiguities in cases where theindicated the phase i Further details are described in the Supporting

. . . . Information.
internuclear distance is not determined by the covalent geometry.
However, for small to medium-sized biomacromolecules, a sig- o 173 =517.0
nificant part of the sensitivity problem is not caused by incoherent | A I E B 2 L |C e ]
signal losses from relaxation during the transfer delays, but by - 1 74l T B e
coherent broadening from multiple residual dipolar couplings to P o 2 |oc oe SatN 51N S5
protons, o . e F e 56C F75| A [ :7-8
In this communication we show that perdeuteration followed by 3 2c° - ER i a2
reprotonation of labile hydrogen positigiigreatly alleviates this o0 | 40 ° e 2o 0-Q |
problem for the observation of long-range RDCs from amide L Sadi FEYY o el - ”'C" o-O-o _8_'23
protons {HV) to surrounding'3C as well asHN nuclei. Very r - F177] an s
recently, Wu and Bakhave proposed a similar approach for the &8 S L 50 0 sc | 8:No sanN 90
enhancement dHN <> IHN RDCs. For small perdeuterated proteins, et L S| o =@l o he r
a large number (up to 10 in protein G) of such RDC4% and I e - 25HN ro4
'HN can be observed from individual amide protons with high = _ ., - 60 j0-0 L179 ) [os
accuracy, thus defining individual internuclear distances to within | 2sc= < L T . L
few picometers. sce| 25 H180 o7 L1022
In contrast to experiments for the determination of one-andtwo- S 3285983 S8 985983 SSsLsnoag ™
FW<>00<<CH+ FW<>00<CH+ FW<>00<CH+

bond!HN < 13C RDCs? the long-range couplings were measured

?y a qua_ntltatfl\k/)e]tr(]:orrelalpon ex;t)erlme_ltlrt] (Ii;]gure- d:.L) that_ detlec;sD detection of HN RDCs to aliphatic¢*C (A), carbony*C (B), and'H (C)
reque_nCIes 0 c_) coupling partners. The three-dimensional (3D) nuclei. Negative intensities are shown as single thick contour lines. Asterisks
experiment consists of two concatenatld-*C/"H—15N HSQCs. indicate cross-peaks resulting from overlap of NH resonances or incomplete
In brief, proton magnetizationj present at poina is transferred side chain deuteration. Experimental conditions: 2.2 ¥INI*3C/2H protein

by dipolar and scalar coupling&c = Juc + Duc) into carbon G, pH 5.6, 98% HOQZ% D:0, 30 mg/mL Pfég, 2f5°C. (A) aliphatic HCN-
anti.phase magnetizatioﬁ“g({:y at pointb. Aftfer afrequency Iabeling_ E ??mcaxl 8.%;? g:f’ﬁflﬁstfgr':x%szcﬁ ”fé?tﬁarﬁoﬁif .]ng_XHggc_p%”f%
periodt;, the carbon antiphase magnetization is transferred into mg; 50% x 20* x 768* data pointsty 2.3 max= 30, 24, 64 MSlexp = 14 h.

Figure 2. Cross sections extracted from 800 MHz 3D experiments for the

the usual M,N, magnetization for théH—N HSQC at pointc. (C) *N-edited'H—H COSY-HMQC.HN < 14N transfer time= 47 ms;
The transfer scheme gives rise to signals at frequency positions72* (*H) x 72* (*N) x 768* (*HV) data pointst,2.3ma= 23, 50, 83 ms;
(we, wn, wy) with intensities proportional to s¥RaKucT). A toxp =38 h

second, 2D reference experiment is carried out where the phaseg(1IGD)’ exists. Due to the limite¢fC RF strength, two HCN-HSQC
cycle for ¢1,3 is changed for the selection of in-phasé',H experiments were carried out, optimized separately (Supporting
magnetization at poinb. The t;-period is not sampled, and the Information) for the detection ofHN RDCs to aliphatic and
experiments detects signals at frequency positiong (1) with carbonyl*3C nuclei. Figure 2A,B shows cross sections from these
intensities proportional to c&@r KucT). The coupling constant 3D experiments extracted at tAN—15N frequency positions of
Kuc can then be extracted from the ratio of cross and reference residues T23V26 and D5%T54. Clearly visible are a large
peak intensities after a suitable correction for the 2- and 3D number of correlations t&*C®, 13C#, and3C' nuclei of the same
acquisition schemes has been applied. This procedure is conceptuand the preceding amino acid; in some cases, the correlations even
ally similar to the 2D quantitativéH—13C-HMQC$ and further extend across the hydrogen bond (T23+ Y8C', D51HY <
details are given in the Supporting Information. T56C), to the second next residue (TS¥%K> D52C), or to 13C”

The high accuracy of the method was demonstrated on weakly resonances (data not shown). In addition to these long-réitje
aligned, perdeuterated protein G for which a 1.1 A crystal structure < 13C RDCs, a large number ¢HN < HN RDCs (Figure 2C)
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N4l J12 4%, whereas the statistical error was determined as smaller than
TTA I i
o[ ® 1s E\i 0.14 Hz from a repetition of the experiments. For the present
I VA AN —— VYNV NNV, alignment tensor@ny max = 25.4 Hz), such errors indicate that a
10 20 ?gsidue 40 50 60 single H-C distance b2 A can be determined to a precision that
is higher than 0.03 A.
B 2N Many of the deviations observed in Figure 3A are larger than
20k 2N 1° these experimental errors and must be the result of an inaccurate
description of the solution state by the crystal coordinates. A large
& 20e8 49N , 18 part of these deviations result from short-range RDCs (e.g., Figure
310 EL S e 3B, A53, and Supporting Information) where slight variations in
a 3 Z2H o e '52(2:5' 10 structure lead to large changes in expected RDC values. A good
pac 2] 2 [ RHE g correlation is observed between the deviations of the RDC values
O =24 49:3(: A 1s and the crystallin®-factor (Figure 3A). This indicates that disorder
254%3*‘ E24 |/oae  A25 T49 A53 may be a mair_l cause for th'e deviations in th(_e Ioop.regions and
D 10 20 50 5 10 50 5 10 5 0 5 10 that the description by a s!qgle structure (with uniform order
pmeas/Hz parameters) may not be justified.
Figure 3. Accuracy of RDCs totHN in protein G. (A) rms deviations In contrast to NOEs, which can also be obtained over large

between measured and predicted RDCs per single residue (solid line) anddistances in perdeuterated proteins, RDCs do not suffer from
crystallographicB-factor (dotted line). (B) comparison of measured and noncoherent transfer processes such as spin diffusion or other
predicted RDCs for residues E24, A25, T49, A5S. nonlinear effectd®4 Therefore, their interpretation in terms of
structure and dynamics is straightforward. Clearly, the present
analysis depended on the availability of a high-resolution structure
scalarJume, couplings. The observediN <= IHN correlations span to determine the orien.tati_on tensor and to test the accuracy of the
measured RDCs. In principle, the large number of observable long-

distances of up to 7.2 A. .
To separate dipolar and scalar parts of the coupling constants, aand short-range RDCs should overdetermine the problem of an a

second set of quantitative HCN-HSQCs was carried out on an priori structure calculation. This overdetermination can be further
isotropic sample of protein G. The dipolar couplirigisc were then augmented by upper limits in cases where no long-range RDCs

calculated as the difference of the two measurements. This ::: iitgg:\?viart‘g ke)itlhoereustﬁisf ii::;?;a;loéllg]lmfzg r;r?glzésjr?;tt
procedure is not necessary fpnqn, SinceJunnn IS negligible. Y p P

Quantitative J-correlation is insensitive to the sign of the couplings ?Oe;e(;;m??gfn roof son;:! %r)?tzri]nfgr?tcst?cr)essénig/tvﬁgtFl)grssétr”“trlce)tse ﬁ]);'sg
constants. Therefore the method yields two possibilities for the value TROSE)( hp op Fi p” ¢ h ang | P | y
of D when|J] < |D|. In principle, more sophisticated (and less . _tec_ niques. Fnafly, for cases where Initialstructura
sensitive) techniquéscould be used to resolve some of these information is available, the CU.”e“t example shows that thg !arge
ambiguities. In the present case, the ambiguities were resolvednumber of accurate RDCs to single protons can reveal additional,

according to the value predicted from the crystal structure and an unknown details of proton position and dynamics.
alignment tensor that was determined independently from one-bond  Acknowledgment. This work was supported by SNF Grant 31-

could be detected by a water flip-back 3iN-edited'H—'H COSY-
HMQC 2 which is conventionally used for the quantification of

IHN < 15\ RDCs, assuming an-NH distance of 1.02 A. 61'757.00.
The number and accuracy of the determined dipolar couplings ) ] ) ]
is very high. For a total of 99HN <> 13Caliphatic g5 IHN <> 13, Supporting Information Available: Details of the HCN-HSQC

and 751HN < 1HN RDCs the rms deviations between predicted experiment and Figures showing correlations between measured and

i <« 13, 1IN < 1N 1IN « 15 i
and measured values are 0.8, 1.1, 1.1 Hz, respectively (Supporting’redicted H = =C, *H HY, and™H N RDCs (PDF). This
Information). Including the 58HN <> 15N RDCs, the total number material is available free of charge via the Internet at http://pubs.acs.org.
of couplings per amide proton is 5.8 for residues—"Eb61. The
deviations are not equally distributed along the primary sequence

Figure 3A), but are strongest for the loop/turn regions around (1) Tolman, J. RCurr. Opin. Struct. Biol 2001 11, 532-539.
( 9 ) 9 P 9 (2) LeMaster, D. M.; Richards, F. MBiochemistry1988 27, 142-150.
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