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An NMR pulse sequence is proposed for the simultaneous de- record a separate reference spectrum. Application of th

termination of side chain x1 torsion-angle related *Jyc, and *Jc ¢,
couplings in aromatic amino acid spin systems. The method is of
the quantitative J correlation type and takes advantage of atten-
uated N and ‘H transverse relaxation by means of the TROSY
principle. Unlike previously developed schemes for the measure-
ment of either of the two coupling types, spectra contain internal
reference peaks that are usually recorded in separate experiments.
Therefore, the desired information is extracted from a single
rather than four data sets. The new method is demonstrated with
uniformly *C/*N labeled Desulfovibrio vulgaris flavodoxin, which

TROSY 6, 7) methodology ensures high sensitivity, which
translates into high precision of tllemeasurement.

RESULTS AND DISCUSSION

The pulse scheme outlined in Fig. 1 is based on the HN
(CO)CG 4, ), an “out-and-back” type sequence which trans-
fers magnetization from amide protons of residue carbon-
yls of the preceding residue vid,, and'J,¢. In the central

step, dephasing with respect to the long-rangeGZ coupling

of interest occurs during a periad In t,, frequency labeling
according to the chemical shifts of aromagiecarbons, band-
selectively excited by the surrounding shaped 90° pulses, tak
place. Unlike previous implementations, however, an HMQC
rather than an INEPT-typEN—""C’ transfer is employed, such
that additionafJ, ., dephasing is active for the full peridi+
Terc + €. As a result, cross peaks occur af*°C?) and

13~y it i i ;
Aromatic residues are very often involved in the construé'f( Cr-,) alongF, with intensities proportional to

tion of the hydrophobic core of proteins. Their side chain
conformations in solution can be probed by the measurement
of vicinal coupling constants. Unlike scalar interactions involv-
ing the pair of G-bound protons, analysis of couplings-be
tween backboné®N or **C’ nuclei and the aromatig-carbon gnq
does not depend on stereospecific assignments and chemical
shift dispersion of'H? resonances. Therefore, as was demon
strated recently for unfolded proteing, @), *Jyc, and *Jc ¢,
provide valuable information aboytl torsion angle prefer-
ences and motional averaging in aromatic residues. The two

scalar interactions tend to be relatively small yet readily meeespectively. The inevitably different dephasing times for the
surable using recently developed triple-resonance NMR tediwvo coupling types perfectly match their unequal average mag
nigues. Their size can be reliably determined with either 2@itudes.

spin—echo difference3] or 3D quantitative] correlation 4) Quantitative®*J determination requires reference signal in
experiments, both of which rely on the evaluation of cross pesdnsities to be measured, usually in separate experiments wh
intensity ratios in different spectréb); Here we propose a the desired couplings are refocused while an otherwise ident
three-dimensional pulse sequence which allows a simultane@as magnetization transfer pathway is employed. Here w
determination of both coupling types without the need tllow a different strategy, which has recently been describe

contains 14 aromatic out of 147 total amino acid residues. © 2000
Academic Press
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INTRODUCTION
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3
X COSZ(W JC’Cy(aromjfl)E)

(1]
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FIG. 1. Experimental scheme for the simultaneous measuremédt,gj(amm) and3JC,Cy(amm) coupling constants. Narrow and wide RF pulses have flip angle:
of 90° and 180°, respectively, and are applied with phaseless otherwise specified. All proton pulses are applied at the water resonance (4.75 ppm). The ir
90° Gaussian shaped pulse (duration: 2.5 ms) aligns the water magnetization along the pesitvat the end of the sequence and avoids the saturation ¢
fast exchanging amide protons by pulsed field gradiedu4.0). The™N and*C carrier frequencies are centered in the amide (121 ppm) and aromatic (124 pp
spectral region, respectively. Pulses'd@’ and *C are applied at 176.5, and 108 ppm, respectively, using phase modult)oiCérbonyl-selective 90° and
180° pulses pulses are shaped according to the center lobe of/sif(nction and have a duration of 2. Band selective excitation of aromatic carbons
is accomplished by EGaussian cascadek3) with a duration of 50Qus. The second Gpulse has a time-reversed envelope, and its phase is empirically adjust
to compensate for zero-order phase shifts induced by the #80pulse in thet, evolution period (23° in the present implementation). Scalar nitrogen—carbo
couplings during, are refocused by a 1-ms WURST-2D4] inversion pulse (50 kHz sweep) dfC while optional decoupling during acquisition in order to
eliminate proton—carbon long-range couplings is achieved by a sequence of 3-ms WURST pulses, employing a five-step siipepgtdeysr and { are
adjusted to 2.3 and 0.7 ms, respectively. De- and rephasifdyef and *J¢ ¢, interactions occurs during the periods+ 74-c + €) ande, respectively. To
compensate foPN chemical shift evolution during thEC WURST-20 pulse, a duration efs.- 42 is added to the first and is subtracted from the seéuielay,
avoiding a first-order phase correction in the dimension. Quadrature detectiontinis accomplished by altering, in the Statesi6) manner. Phase cycles
(verified for our Bruker Avance spectrometer) @ie = X; ¢, = X; ¢z = 2(X), 2(Y); ds = X, ¥, =X, —=Y; ¢s = —X; Ps = X; Dreceiver = X, 2(—X), X for
the real part and, = X; ¢, = y; b3 = 2(X), 2(Y); ¢ = X, ¥, =X, =Y; b5 = 4(—X), 4(X); b6 = X; Preceiver = X, 2(—X), X, —X, 2(X), —x for the imaginary
part of eacht; increment. At other spectrometer types it may be necessary to invert the phases of the selective and of the second 90° hard pulse on p
constructively add components originating frdkt and N steady-state magnetizatioris7). Gradients are sine-bell shaped and have the following durations
peak amplitudes, and directions;,@ ms, 5 G/cmy; G,, 1 ms, 10 G/cmy; G;, 1 ms,—39.5 G/cmxyz G,, 0.5 ms,—4 G/cm,xy; Gs, 0.5 ms,—5.5 G/cm,
xy; Gg, 0.5 ms, 8 G/cmyyz N- and P-type signals are collected alternately by inverting the polarity, afd®g with phasebe. Axial peaks in thé®N dimension
are shifted to the edge of the spectrum by incremendipand the receiver phase by 180° for each valug,of

. GG, G,
|

in detail (18). Briefly, two different phase cycles are employedlote that, in contrast to homonuclear quantitativeorrela-
for recording the realdg, = x) and imaginary ¢, = y) parts tions where cross and reference peaks have opposite signs,
of eacht, increment, in such a manner that magnetizatiolative signs can be arbitrarily chosen here by the adjustme
which is not transferred to aromatic carbons is rejected only @ pulse phaseg,/ds.

the latter. This fraction, which is proportional to In a similar approach, axial peaks, albeit recorded sep:
_ rately, had been used as reference in long-ratye°C cor
sin?(7m ' Jned) X oS Incy(arom(8 + Topec + €)] relation spectral(9). Furthermore it should be mentioned that

X oI, @ome),  [3] in projected triple—resonanc_e_ spectra, axial peaks proved to |
useful as central peaks facilitating symmetrizatiag)(

gives rise to signals void of chemical-shift modulation. In the OWing to the long period ofN transverse relaxation in the
final 3D spectrum, therefore, signals appearing in the axianodified HN(CO)CG experiment described here, it lends itsel
peak plane ai, = 0 can be exploited as internal reference ti TROSY-type 6, 7) suppression of transverse relaxation,
calculate coupling constants according to which has already been exploited to enable observation ¢
scalar couplings across hydrogen bonds in larger biomolecul
| cross,r/axial = 1AM 7305c, aom(8 + Tooc + €)1 [4]  (21-23. In the pulse sequence of Fig. 1 tHeN, *H]-TROSY
coherence transfer has been implemented in the gradient ¢
and lected, sensitivity enhance@4—-30Q manner, employing the
improved scheme of Ref3(). In the present application no

| ross.ai— 1/ N axial = 1AMP(T Iy arom€) - [5] active suppression of the unwanted anti-TROSY component
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FIG.2. (F1/F3) strips from HN(CO)CG2H, *N]-TROSY spectra'H frequency: 800.13 MHz) ofC/*N-labeled flavodoxin taken at tH&N (F,) chemical
shifts and centered at tHel™ (F5) frequencies of the residues indicated at the bottom. The width &gmg each strip is 0.25 ppm. Contour levels are drawn
on an exponential scale using a factor 8f. 2ntensity ratios between cross peaks involving the aromatiarbons of the either the same or the preceding residus
and axial peaks appearing at the center of fi@(F,) dimension are employed to calculdtd, ¢, and*Jc ¢, coupling constants, respectively. In the case of
missing cross peaks, indicated by empty rectangular boxes, only upper limits of the coupling constants can be derived from the noise level akd ax
intensities.

required, as it decays below the detection threshold duritige succeeding residues. Coupling constants are obtained frc
delaysé and e. To maximize sensitivity and resolution withintensity ratios of cross peaks &C"*°™ resonance positions
regard to the TROSY approach, the experiment is preferalayjd axial peaks occurring at the center of the axis as
performed at the highest magnetic fields currently availabescribed above. Note that th€ carrier frequency was cho
(6). On the other hand, this is accompanied by an acceleratsh so as to avoid overlap between cross peaks and axial pez
decay of transvers&C’' magnetization during the periods The resulting®J values for all 14 aromatic residues in-fla
because of the relatively large contribution of CSA to carbonybdoxin are summarized in Table 1.
relaxation. Under some conditions, e.g., if conformational ex- For the evaluation of coupling constants, peak heights rathe
change appreciably contributes ttN relaxation, it might than integrated signal intensities have been used here since
therefore be beneficial to run the experiment in a non-TROS¥rmer can be measured more reliably, although identical lin
fashion at lower field. shapes within each cross/axial peak pair would be require
In order to avoid a signal decay i, the evolution time theoretically. The fact that cross peaks but not axial peaks a
might be superimposed on thi delays in a constant-time broadened along th&, domain by one-bond®C, **C and
manner, but this would require the introduction of additionabng-range'H, **C couplings involving thé’C” spins therefore
N and **C 180° pulses, imperfections of which compromiseesults in an underestimation 6ﬂN,Cy and 3Jc,cy. Unfortu
the accuracy of théJ quantification. Considering the slownately, the largest of these passive couplings, i:&e,cs
transversé®N relaxation in TROSY, it was found preferable tocannot be eliminated whereas refocusing'&f,, would be
record nitrogen chemical shifts in a conventional evolutiofeasible. Restricting th&C” evolution time to less than 6 ms
time, thus minimizing the number of RF pulses. in combination with apodization, however, keeps the effect o
The utility of the HN(CO)CG-’N, "H]-TROSY sequence is all passive couplings relatively small (7—8%). Application of a
demonstrated with oxidizedesulfovibrio vulgariflavodoxin, selective refocusing pulse gB-carbons in the center df;,
a bacterial redox protein consisting of 147 amino acid residuebich would further delay acquisition in this domain and
and a flavin-mononucleotide cofactor (MW: 16.3 kDa). Tinduce a Bloch—Siegert effect on carbonyls, was disregarde
assess its precision, the experiment was repeated four tinfes,these reasons. The evolution 4f, **C” interactions is
using slightly different settings for delay® and €, varying avoided in a non-TROSY version of the pulse sequence, usir
between 30 and 32 ms and between 28 and 35 ms, respectivetpton composite pulse decoupling; however, they have only
Figure 2 shows strips from the resulting 3D spectra taken at thegligible effect on cross peak heights with the chosen
positions of the amides of aromatic amino acids or the respe@quisition time. Another possible source of systematic error i
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TABLE 1 tected by™N relaxation in the oxidized state of the protein
Experimental *Jyc, and *Jc.c, Coupling Constants and X-Ray  (34).

Crystallographic (32) Sidechain x1 Angles for Aromatic Residues It should be mentioned that spectral overlap may limit ap:
in Desulfovibrio vulgaris Flavodoxin plication of the novel HN(CO)CG-type experiment, since all

s . s . .. reference signals are located in the centel, (°N)-plane of a

[*Inc,| (H2) Jeey (H2) X1 (%) . .

3D spectrum. However, as only relatively few data points nee

Y8 <05 <10 655 to be recorded in the’C dimension, a®N resolution not

Y17 1.88= 0.08 <0.9 164.6  substantially lower than in 2B°N- or *C’-{**C”} spin—echo

b + _ . . .
Y3l <05 246=0.12 80.9 (ifference®H—*N HSQC experiments3j can be achieved. In
F47 <0.5 4.04+ 0.07 —495 f flavodoxin the intensity of onl | { axi
F50 o2 334+ 010 555 the case of flavodoxin the intensity of only one relevant axia
W60 <08 <18 _esg Peakcould not be measured due to nearly complete degenere
F71 1.43+ 0.08 <0.8 -151.8 of *H and **N chemical shifts with those of another amide.
F75 2.01* 0.07 <0.8 —176.3 Note that in a 2D spin—echo difference type experiment
b . . .

Fol <05 <12 542 simultaneous determination &, and*J. ¢, for two sequen
Y98 <0.4 2.94+0.20 ~718  iollv adi i i idues is i ble b |
V100 o 504+ 016 _seg tially adjacent aromatic residues is impossible because sca
F101 2.13+ 0.09 <12 172.2 interactions involving the two respeptwgcarboqs wou!d pe _
W140 2.33+0.01 <0.8 —-176.5 indistinguishable. As demonstrated in Fig. 2 this ambiguity i
H142 1.34+0.02 2.07+0.08 —109.6 easily resolved for the residue pair Tyrl00/Phel01 by recorc

o , ing *C” chemical shifts in the third dimension.
* Averages and standard deviations resulting from four separate measure

ments. Values are not corrected fd€” spin flips or different line widths of

cross and axial peaks. CONCLUSIONS
® Upper limit derived from axial peak intensities in the absence of cross
peaks. A sensitive pulse sequence has been introduced which ¢

¢ Intensity of reference peak could not be determined due to spectral overlgiys the measurement aﬂN,Cy and 3JC',C7 coupling constants
in aromatic amino acids from a single spectrum. This wa:
achieved by combining the N-CN-C’, and C-C” de- and
differential relaxation of magnetization terms associated witephasing periods of the HN(CO)CG sequence, as well as
cross and axial peaks arising front €pins flips during thé adding a TROSY detection scheme. Separate recording
ande periods. Assuming &, time o 1 s for the unprotonated reference spectra was no longer needed owing to the use o
y-carbons of aromatic amino acids, it can be calculaB8) ( novel phase cycling scheme. The method would be especial
that the apparent coupling constants as determined diregibjitable for application to perdeuterated proteins, the more <
from intensity ratios underestimate their true values by lepgcausel angle information from other couplings or intrare-
than 4% for®J, ¢, and less than 3% fotJc ¢, in their entire  sidual NOE is unavailable here.
respective accessible ranges.
While Karplus curves for the two couplings remain to be EXPERIMENTAL
determined;Jy ¢, and®Jc ¢, values around 2.4 and 4.0 Hz for
trans and =0.5 and=1.1 Hz for gauche conformations were The HN(CO)CG-’N, 'H]-TROSY pulse sequence was-ap
reported 8). For the majority of the aromatic residues irplied to a 1.4 mM sample oF’C/*N labeled Desulfovibrio
flavodoxin either'Jyc, or *Jc.c,, or both, was too small (i.e., vulgaris flavodoxin dissolved in 0.5 ml 10 mM potassium
smaller than approximately 0.5 and 1.0 Hz, respectively) gthosphate buffer (pH 7) containing 5%®@. The experiment
give rise to an observable cross peak, in accordance yiith was carried out four times with different values of delayand
angles close to one of the three staggered rotamers. An excepFurthermore, spectral widths in théN dimension were
tion is His142, where cross peaks due to b, and®Jcc, varied in order to take accidental overlap of aliased and un:
were detected, which is indicative for a skewed conformatidiased axial peaks into account.
or x1 rotamer averaging. In almost all instances, measuredn detail, parameters in each of the data sets weres (&)
coupling constants agree well with torsion angles in the X-r&80 ms,e = 28 ms, SW E,) = 14.7 ppm, N acquisition
structure of flavodoxin32). In contrast, a largél. ¢, value is time = 53.6 ms; (2)5 = 32 ms,e = 32 ms, SWFE,) = 14.7
expected for Trp60 on the basis of its side chain conformatippm, N acquisition time= 53.6 ms; (3)6 = 30 ms,e = 30
in the crystal, but it could not be measured here. Howevens, SW §,) = 12.0ppm, "N acquisition time= 65.8 ms; (4)
unusually low intensities were observed for the axial peaks &= 32 ms,e = 35 ms, SW F,) = 12.5ppm, N acquisition
Trp60 and the sequentially following Gly61, both of which aréime = 63.1 ms. Spectral widths i, (**C) andF; (‘*H)
located in the flavin binding site. For these two residuespmprised 38.2 and 10.4 ppm, respectively. Time domain da
significant backbone conformational exchange had been densisted of 44X 64 X 768 (t,, t,, t;) complex points,
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corresponding to acquisition times of 5.7 ms in tf@ dimen protein NMR. Application to sensitivity enhancement and NOE
sion and 92.2 ms in théH dimension. All spectra were  Measurements, J. Am. Chem. Soc. 115, 12593-12594 (1993).
recorded on a Bruker DRX-800 spectrometer equipped witht& J- StF;_r“?thol“se’ G. L. Sh‘;‘f"' > Klee'fr’daﬂf\l E;HD'H"S""SE' Mi”"?izm%
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. ! . . roteins, J. Magn. Reson. Ser. A 107, 178-184 (1994).
with the temperature set at 27°C. Accumulation of eight scaps P vad ) . (1994) .
lted i di . f h f hd . H. Matsuo, E. Kupce, H. Li, and G. Wagner, Use of selective C
per FID resulted in a recording time of 32 h for each data set. ses for improvement of HN(CA)CO-D and HN(COCANH-D ex-
Processing and spectra analysis was carried out using theperiments, J. Magn. Reson. Ser. B 111, 194-198 (1996).
NMRPipe/NMRDraw 85) software. Linear prediction wasi2. s. L. patt, Single- and multiple-frequency-shifted laminar pulses, J.
employed to extend time domain data in tH€ and N Magn. Reson. 96, 94-102 (1992).
dimensions by 16 and 40 points, respectively. Before Fourigs. L. Emsley and G. Bodenhausen, Gaussian pulse cascades: New
transformation, data in all three dimensions were multiplied ana_lyti(_:al functions for rectangular selective inversion and in-phase
with a squared-cosine weighting function and were zero-filled €xcitation in NMR, Chem. Phys. Lett. 165, 469-476 (1990).
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