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A novel three-dimensional NMR experiment is reported that
allows the observation of correlations between amide and other
protons via residual dipolar couplings in partially oriented pro-
teins. The experiment is designed to permit quantitative measure-
ment of the magnitude of proton-proton residual dipolar cou-
plings in larger molecules and at higher degree of alignments. The

2Q,H, at pointa is generated via residual dipolar and scala
coupling between Q and H. After transfer to the amide proto
by the second proton 90° pulse (2@Q) the active ‘H—'H
coupling is refocused during a second peribénd simulta-
neously antiphase coherence RHwith respect to the directly

observed couplings contain data valuable for protein resonance
assignment, local protein structure refinement, and determination
of low-resolution protein folds. © 2000 Academic Press

Key Words: residual dipolar coupling; protein structure; protein
assignment; homonuclear decoupling.

bound™N nuclei is createdr is set to 1/4,). Coherence K

originating on the amide proton H is also frequency labele
during the first constant time peridd and acquires antiphase
coherence with respect to the directly bound N nucleus in tt
second period’. The two coherences of origins Q and H botr

follow a path of N chemical shift evolution during, fol-
lowed by the reverse INEPT to in-phase amide proton magn
Residual one- and two-bond heteronuclear dipolar couplinigation. At the start of the acquisitionb(in Fig. 1) the
provide novel constraints for protein structure refinement wbservable components of the density operator are thus giv
high-resolution solution NMR1(-7). These couplings are com-by
monly measured from well-resolved scalar separated doublets.
This approach is not feasible for the measurement of unre-
solved proton—proton residual dipolar couplings in partially
oriented molecules. Recently, Tjandraal. demonstrated that
these proton—proton residual dipolar couplings can be advan-
tageously used for protein NMR structure determinati8n ( where A indicates the residual dipolar coupling between th
Here, we present a novel method to measure such unresolygdde proton H and proton Q. If Q is the intra-residuer
couplings quantitatively using a coherence transfer scheme tBﬂfton,A also contains the three-bond scalar coupling. Accorc
offers an alternative to earlier reports measuring such cquy to Eq. [1], the ratio of the intensities between the diagon:
plings that may be more difficult to quantitate or are nofnqg the cross-peak yields, neglecting differences in transver
completely generalg-12). relaxation rates during,, a good estimation of the residual
The scheme proposed is shown in Fig. 1. In the followinginolar couplingA between the involved nuclei. However,
product-operator description, only terms resulting in obserpgcause the coupling evolves with the square of the trigon
able magnetization during the detection period are retained afgtric functions, the sign of the residual dipolar coupling
constant multiplicative factors and relaxation terms are omiannot be retrieved.
ted. A three-spin system consisting of an amide proton (H), itSRecenﬂy, Hansemt al. proposed DCOSYQ), that uses a
directly bound nitrogen (N), and a generic proton (Q) couplefpcsy sequence to observe long range proton—proton cor
by dipolar (and possibly scalar) coupling to the amide protQgtions via residual dipolar couplings. Although DCOSY can ir
will be considered. During the first time peridd the chemical principle distinguish direct from relay (“spin-diffusion”) cross-
shift evolution of Q is obtained in a constant-time fashiotheaks, it is impossible to deconvolute the simultaneous cont
Simultaneously, antiphase proton—proton magnetization, i.gution of these processes to a single peak. This limits tt
! Current address: TRIAD Therapeutics, 5820 Nancy Ridge Drive, S ossibility of gxtracting quantitative .information from the
Diego, CA 92121, ' ' COSY experiment. More recently, Tiat al. (11) proposed

2To whom correspondence should be addressed. E-mail: mpellecchi@@CT'COSY.eXperimem that e“minates mUlFiple relaY_ peaks
triadt.com. E-mail: zuiderwe@umich.edu. In this experiment the residual dipolar couplings can, in prin

o(b) = Hycod Qut,]#{sin wAT]cog Qqt,]
+ cos wAT]cod Q.t, 1}, [1]
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FIG. 1. Pulse sequence to measure residual dipolar coupling interactions between protons. Narrow and thin bars represent 90° and 180° r
respectively. Unless specified otherwise, pulse phases are alomgattie. When working with a perdeuterated protein, or when interested oriita*H"
residual dipolar couplings, thd carrier position is set to 9.2 ppm throughout the experiment and then shifted to 4.8 ppm prior to acquisition. In this cas
180° proton pulses in the middle of the INEPT steps are REBURP pulses of 1 ms duration and 6.04 kHz peak amplitude. The pulses are designed to
amide proton resonances only and do not perturb the water magnetization that is consequently suppressed by the pulsed field gradients. Alstivehes
pulses refocus amide proton to aliphatic proton residual dipolar couplings in protonated proteins. When working with protonated proteinprot@remibton
residual dipolar couplings are of interest, tt& carrier is set at the water resonance except during the final INEPT transfer, and the 180° proton pulses
middle of the two time periods-2T are nonselective. The pulsed field gradients are of 1 ms duration and streapgths-830 G/cm,g, = 38 G/cm,g; =
—38 G/cm. The delays ar€ = 10 ms for YopH and 5 ms for Dnaks;, = 7, = 2.6 ms. States—TPP| quadrature detection,iandt, was achieved by
incrementing¢, and ¢,, respectively.”®’N decoupling duringt; was obtained with a 2.0 kHz WALTZ-16 decoupling sequence. fNeresonances were
decoupled from both’*Ca and *CO by a WURST decoupling sequen@s) based on two CAWURST-20 shaped pulses of 10 ms duration covering 4000 |
bandwidth each, one at thex@requency and one shifted by 24 000 Hz. WURST adiabatic homonuclear decoupingq was applied during acquisition for
the data shown in Fig. 4. A spin lock pulse (&6 to 1 ms) prior to data acquisition was employed to improve the solvent suppression. Phasé cyc(y),
2(=Y); b2 = X, =X b3 = 4(X), 4(—X) Pree = X, =X, =X, X, =X, X, X, —X.

ciple, be obtained from the intensity ratio of the cross-peakigolar couplings were measured for all cross-peaks of Yop
and diagonal. However, as the cross-peaks in their experimeiith Eq. [1], and compared with corresponding distances in tf
have an anti-phase or phase-shifted character, they are diffithitee-dimensional structure of YopH (C. Smith and M. A.
to integrate 9). The method reported by Cat al. (12) is not Saper, personal communication) (Table 1). For YopH, th
completely general as it measurdd"—"H® couplings only. experiment shows strong cross-peaks only for protons that
Very recently, Tjandraet al. (8) report the use of a HNHA separated by not more than 3.0-3.5 A, with an average resid
experiment for the quantitation dH-"H dipolar couplings. dipolar coupling of 6.3 Hz. This limited range is perhaps
The appearance, as well as information content, of their expstrprising, as it has been claimed that, because ofr tfie
iment is very similar to our proposed experiment. But, outependence of the residual dipolar couplingjs proton—pro-
experiment can be easily adapted for larger molecules by using correlations via residual dipolar couplings may be ex
a TROSY schemel@-15 instead of the HSQC sequenceploited to cover larger distances than those obtainable via t
shown. In addition, for perdeuterated protein samples’E S nuclear Overhauser effect, which is a functionrof. How-
based single-spin-transition selectid6) during thet, period ever, residual dipolar couplings affect transverse magnetizati
can also be implemented, which will select the narrow corenly, and the transfer efficiency is severely limited by the
ponents of theH" doublets in that dimension. This methodransverse relaxation time,,. Even for medium-sized macro
was recently demonstrated by Pervusetral. (17). molecules, this is much smaller than the longitudinal relaxatio
As an application, we recorded the experiment with a OtBne T, which limits the efficiency of NOE transfer. However,
mM sample of’H/**N/*C labeled Yersinia Outer Protein Hfor smaller molecules approaching the extreme narrowin
(YopH, 15 kDa molecular weight) dissolved in an aqueousnit, the NOE effect approaches zero, whereas the average
solution containing 6.0% DMPC/DHPC/CTAB at 3.2:1:0.dvalues approaci,, and are relatively long. In this situation we
ratio (18). With the fully deuterated sample only amide-protonean foresee that the magnetization transfer via residual dipol
to-amide-proton correlations are possible. Figure 2 shows @cuplings can indeed provide longer-range information th:
amples of some of the observed cross-peaks, between GlunTdy not be otherwise accessible.
and Asp 72 and between Thr 73 and Ala 74 in Fig. 2A, and theFor our sample conditions, we observe almost exclusive
inter-strand *H"(Ser102)2H"(Asp89) connectivities in Fig. sequentialH"—"H" transfers for residues in helical areas of the
2B. Using the assumption of identical relaxation, the observedotein (Table 1). Moreover, because of the somewhat stril
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FIG. 2. Selected strips taken along3 from a dipolar COSY spectra
measured with the scheme of Fig. 1 with a sample of 0.3 fRIVMI™N, **C

labeled YopH (15 kDa). The measurements were performed at 305 K with the
sample dissolved in an aqueous solution containing 6% DMPC/DHPC/CTAH!
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TABLE 1°

'HN-"H" connectivities Residual dipolar couplings

(Res. numbers) (Hz)
5-6 (h) 6.4+ 0.4
6-7 (h) 4.1+ 0.3

10-11 (h) 5.5+ 0.6
20-21 (1) 5.9+ 0.5
55-56 (h) 5.0+ 0.5
71-72 (h) 6.9+ 0.4
73-74 (h) 6.2+ 0.4
77-78 (h) 6.2 0.4
89-102 (c) 5204
101-102 (b) 8.4- 0.5
104-105 (1) 8.8£ 0.4
110-111 (h) 6.6- 0.8
112-113 (h) 8.3: 0.3
114-115 (h) 7.6:0.4
121-122 (h) 7.9-0.4

#The secondary structure of the correlated residues is indicated in the fi
column withh for helix, t for turn, b for B-sheet bulge, and for anti-parallel
B-sheet cross-strand, according to a preliminary X-ray structure of YopH.

helical faces, as they constrain vectors that lie at various ang|
from the axis.

Provided that the molecular alignment tensor is know
from residual one-bondH-""N dipolar couplings 19-22,
the "H—"H residual dipolar couplings can be used to restrai
the length and the orientation of these vectors for structul
refinement. It is important to emphasize that the informatio
derived from the dipolar coupling is free from spin-diffusion
therefore representing a valuable complement to NOE-d
rived distance constraints, especially for intra-residue cot
straints. A very recent paper by Tjandzgaal. (8) shows that
such a structure refinement is indeed possible and usef
even for cases where the signs of the dipolar couplings a
known.

at 3.2:1:0.1 ratio. The spectra were recorded on a Varian INOVA800 spec-
trometer operating at 800 MHH frequency equipped with a triple resonance
probe with a shielded-gradient coil. Forty-two increments were recorded in
the first indirect dimension and 25 in the second indirect dimension. The
spectra were processed using VNMR and PROSA &nd visualized using
XEASY (28). (A) Sequential connectivities between residues Glu 71 and Asp

72 and between Thr 73 and Ala 74 typical of the many short-range interactions

observed. (B) A cross-strand connectivity irBesheet.

gent angular requirement$)( only a subset of these connec-
tivities is observed which correspond to roughly parallel vec-

tors in these helices (Fig. 3). This observation suggests that a

mere qualitative assessment of th&'—"H" couplings will be

useful for the determination of low-resolution protein folds for FIG. 3. Wheel representation of helix IV (residues 110 to 125) of YopH.

fully deuterated proteins as follows. Together with the ondhe thickness of the lines represent the magnitude of'kie-'H" dipolar
bond *H-"N dipolar couplings, which give information a_boutcouplings observed between the given residues. Thick lihes:4 Hz (strong

the direction of the helix axis since they report on vectors th
are all roughly parallel to that axis, theH"-'H" dipolar
couplings yield valuable information on the orientation of th

sequential connectivities); thin lines < 2.5 Hz (cross-peak not observed).

e reported value is the average of the intensity and integral for both stri
except when overlapped. The error has been estimated from the noise leve
the spectrum.
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A demonstrated using our new sequence forNI**C labeled
-0.0 sample of a 21 kDa domain of the protein chaperone Dna
\T/;;o;té Tﬁ.—y A49p | - ) (23). The observed interacFions are found to occur qlmos
=" - o | exclusively between the amide proton and the side-chain pr
V3.9A:-[3 Qu97-B21 tons of the same residue, as well as sequential residues (Fig.
Q‘%la, Interestingly, one may therefore consider the new experime
Q497-v| as a useful complement to a 3fN-resolved NOESY exper
9 ' iment to aid in spin-system identification and proton side-chai
T395-0. | T428-0, AdRo e resonance aasignment. In addition, the dipolar interactiol
< | e b %OL = contain information about the side-chain conformation. Fc
o | S427-a v I E fully protonated proteins a high degree of alignment als
V394-¢, E49@2 o ﬁé causes significant inhomogeneous broadening of'ieres
hal onances due to numerous unresolved-"H residual dipolar
®  |aso.HN : couplings. To partially eliminate this problem we have recentl
9 i demonstrated that amide proton to aliphatic proton residu
: I ; dipolar couplings are efficiently removed with band-selectiv
: ﬁétﬁHN homonuclear decoupling during data acquisiti@d)( Figure
’@ i 4b shows the narrowing effect of such homonuclear decouplir
Thr 395 Thr 428]Ala 449 G1n|497’10.0 for the current experiment which, in many cases, allows th
) , 2 8.3 8.8 observation of signals which otherwise did not emerge fror
2000z s 'H (ppm) the noise.
In conclusion, we present a novel experiment that allows tt
B quantitative measurement of proton—proton residual dipol:
Leu392 Leu392  Leud84  Leud84  Glu552  Glu552 couplings in partially aligned proteins. The experiment can b
wioHD w/HD _wioHD w/HD wioHD  w/HD easily combined with TROSY and homonuclear decoupling t
% L%Y L484-B1 | L4BLPL| == Z study larger proteins at higher degree of alignments and thel
L392-B | L392-B E552-81| E552-B1 20 fore it represents a valid tool for resonance assignment, strt
~ ture refinement, and determination of low-resolution protei
g folds.
1483-0. | 1483-o | E552-0. | ES52-00 | —
- - - o [T
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