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Abstract: TROSY-based HN(CO)CA 2D and 3D pulse schemes are presented for measuretf@tt-4iC’
dipolar couplings in high molecular weighiN,13C 2H-labeled proteins. In one approadfC*—13C# dipolar
couplings are obtained directly from the time modulation of cross-peak intensities in a set!®fl2EHN
correlated spectra recorded in both the presence and absence of aligning media. In a second approach 3D data

sets are recorded witiC*—23C? couplings encoded in

a frequency dimension. The utility of the experiments

is demonstrated with an application to&N,3C 2H-labeled sample of the ligand free form of maltose binding
protein. A comparison of experimental dipolar couplings with those predicted from the X-ray structure of the
apo form of this two-domain protein establishes that the relative orientation of the domains in solution and in

the crystal state are very similar. This is in contrast

to the situation for maltose binding protein in complex

with S-cyclodextrin where the solution structure can be generated from the crystal state Viadanidin

closure.

Introduction

In the past several years important methodological develop-
ments have greatly facilitated NMR studies of high molecular
weight biomoleculed2 The use oft5N,3C 2H-labeling in con-

cert with sophisticated triple-resonance experiments has sig-

nificantly decreased the rather stringent molecular weight lim-

itations that in the past have been imposed on studies of proteinsf

and nucleic acidd? In this context new labeling strategies
including selective labeling of polypeptide segments with intein-
methodolog$® and selective protonation in highly deuterated,
15N, 13C-labeled samplésave been important. Another recent
and significant advance has been the exploitation of the re-
laxation interference between dipolar and chemical shift ani-
sotropy (CSA) interactions, known as the TROSY effect, leading
to significant improvements in sensitivity for many NMR
experiments, particularly when recorded at high magnetic
fields.”8 By using the TROSY principle, high-sensitivity 4D

Wiithrich and co-workers have obtained the backbone assign-
ment and secondary structure for the octameric 110 kDa protein,
7,8-dihydroneopterin aldolase, froBtaphylococcus auretis
using TROSY-type triple resonance 3D experiméats.

An additional important advance has been the emergence of
dipolar couplings as a source of structéitab and potentially
dynamic informatiori® These couplings can be measured from
ractionally aligned molecules dissolved in a dilute solution of
aligning medial’” With the proper choice of liquid crystalline
medium, including phospholipid bicellsor phage'd'® an
appropriate degree of alignment can be obtained for many
proteins with little decrease in spectral quaf#y?! Dipolar
couplings report on the orientation of dipolar vectors relative
to the molecular alignment frame. These long-range restraints
are highly complementary to short-range NOE-derived distance
restraints, and their use in structural studies of large highly
deuterated proteins is particularly important since the number

triple resonance experiments were recorded on a sample of_ _(10) Konrat, R.; Yang, D.; Kay, L. EJ. Biomol. NMR1999 15, 309~

maltose binding protein (MBP) in complex withcyclodextrin
(rotational correlation time of 46 ns at’&).%19More recently,
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13Ce—13C# Dipolar Couplings in Labeled Proteins

of NOE cross-peaks is significantly diminished relative to fully
protonated molecule®:23 In this regard we have recently
developed a labeling strategy in whiéfN,’3C, and highly

J. Am. Chem. Soc., Vol. 123, No. 12, 22849

Yang and Ka$). The'HN and!>N chemical shifts of 14 residues in
the protein remain unassigned; in many cases this is the result of
extreme peak broadening due to chemical exchange processes. Predicted

deuterated proteins are produced with protonation at methyl sitesv@lues of dipolar couplings were generated by using in-house software,

of Val, Leu, and lle §1 only) residueg*2> Methyl—methyl,

methy—HN, and HN-HN NOEs can be recorded to generate
low-resolution global folds of proteins which are subsequently
refined by using a set of five planar dipolar coupling restraints/
peptide?? It would be of considerable interest to extend the

Conformist1.®° written in MATLAB (MathWorks Inc.) format.

2D Dcacs-HN(CO)CA Method. Eight 2D data sets were recorded
as a function of3C*—13C# coupling evolution time, 2 (Figure 1).
Data sets were obtained foff@ values of 0.1, 7.4, 14.7, 22.0, 29.4,
36.8, 44.0, and 51.4 ms for samples with and without phage. Each 2D
spectrum was acquired as a complex data matrix of 4 BY6 points

measurement of dipolar couplings in highly deuterated proteins (t,, ts) corresponding td5N andHN acquisition times of 67 and 64

to include those outside the peptide plane. The one-bdnrd C
C# dipolar coupling,'Dcacs, is a particularly good candidate
as the @—CF bond provides a bridge between the protein

ms, respectively. 64 and 80 transients were acquired/FID for the
isotropic and oriented sample, respectively, with a relaxation delay of
1.5 s, resulting in net acquisition times for each series of 53 and 67 h.

backbone and the side chain and, in concert with previously The data sets were processed by using sine-squared window functions

measuredDyun, 'Dnco, *Dcoca 2Drnco, and®Dynca dipolar
couplings?® Dcqcs helps constrain the backbone dihedral angle
. While methods for measurement'df.cs and*Dcacs have
been reported previoush;28 applications have focused on the
small protein ubiquitin £9 kDaf728and it is not clear a priori
whether!Dcqcs couplings can be extracted from proteins with
molecular weights on the order of 40 kDa. In this report we
describe experiments for measuritcqcs in high molecular

shifted by 82 and 63 in the >N and'HN dimensions, respectively.
The final 2D spectra consisted of 532 709 real points after zero-
filling and retaining only the region with cross-peaks. Cross-peak
intensities were extracted by using the nlinLS feature of NMRPFipe.
Values of 13C*—13C/ couplings (scalar or scalat dipolar) were
extracted from the time domain modulation of cross-peak intensities
by using a nonlinear fitting program written in MATLAB (MathWorks
Inc.). Experimental uncertainties were obtained by using the jack-knife
proceduré® where each of the eight data points is removed in turn and

weight deuterated proteins and present an application to thea new coupling value obtained. The standard deviation in the eight

unligated form of MBP (41 kDa). A comparison of the measured
dipolar couplings with those predicted from the X-ray structure
of this two-domain protein establishes that, in contrast to the
B-cyclodextrin loaded form of the molecuig,the domain
orientation for the unligated protein in both X-ray and solution
states is similar.

Materials and Methods

5N,13C 2H-labeled apo-MBP was prepared as described previusly
but withouts-cyclodextrin and without selective protonation of methyl
groups. Samples comprised of 1.4 mM protein (no phage) or 1.1 mM
protein (phage), 20 mM sodium phosphate buffer (pH 7.2), 3 mM4NaN
0.1 mM EDTA, 50uM Pefabloc, and 10% f were used for all spectra
recorded. Sample alignment was obtained by adding Pfl phage
concentration of~18 mg/mL éH D,O splitting of 18 Hz). NMR

experiments were recorded on a Varian Inova 600 MHz spectrometer

with data processing performed with NMRPipe/NMRDraw softwfre.
IHN, 15N, 13Ce, and3C# chemical shift assignments of apo-MBP (to
be presented elsewhere) were obtained by using 3D constant-time tripl
resonance methodology3* (no phage sample) with all experiments
employing the TROSY principle (see the Supporting Information of
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values obtained for each coupling is taken as the error in the
measurement.

3D Dcucp-HN(CO)CA Method. 3D data sets were acquired as
matrices consisting of (64, 32, 576) complex points in tREY, 15N,
IHN) dimensions, corresponding to acquisition times of (27.4 ms, 18.9
ms, 63.9 ms). 8 (no phage) and 16 (phage) scans/FID were acquired
along with a relaxation delay of 1.1 s giving rise to net acquisition
times of 24 (no phage) and 47 h (phage), respectively. Briefly, each
3D data set was processed by using a sine-squared window function
shifted by 63 in the'HN dimension and a sine window shifted by*81
in the 13C* dimension. Thé®N time domain was doubled by mirror-
image linear predictiofi prior to the application of a sine-squared
window function shifted by 79 After zero-filling the final data sets
comprised (512, 128, 399) real points, corresponding to a digital
resolution of (4.5 Hz/pt, 12.8 Hz/pt, 3.9 Hz/pt). The spectra were
analyzed by using the PIPP/CAPRuite of programs.

Results and Discussion
Figure 1 presents the 2D (a) and 3D (b) HN(CO)CA-b&s&d

etriple-resonance experiments that have been used to measure

the one-bond3C*—13C# dipolar couplings if®N,3C 2H-labeled
unligated MBP. Since related pulse schemes have been discussed
previously in the literature only a very brief description of the
sequences is presented here, highlighting the unique features
of the present experiments. The magnetization flow during the
course of each of the experiments can be described by

ES | 1 1 1
1! NCO 1 COCa 1 COCu 1 NCO
HN — N co 3¢ co

N (1) — HN (1) (1)

where the active couplings responsible for each transfer step
are indicated above each arrow and the bold faced, italicized
13 denotes the sum of the dipolatD;, and scalar,'J;,
couplings. Both pulse schemes employ the TROSY principle
in the N and 'HN dimensions, implemented as described
previously to minimize relaxation losses during tH&l —

(35) Mosteller, F.; Tukey, J. WData Analysis and Regression. A Second
Course in StatisticsAddison-Wesley: Reading, MA, 1977.

(36) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405-410.

(37) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, GIMagn.
Reson.1991, 95, 214-220.
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Figure 1. 2D (a) and 3D (b) TROSY-based HN(CO)CA pulse schemes to measure oné¥8rd3C# dipolar couplings in*>N,3C 2H-labeled
proteins. In either the 2D or 3D experiments, a shared constant-time apffriaem be implemented whereby scheme (c) replaces the dash-boxed
region of (a) fortz/2 > Ty. In the 3D-experiment the bracketed sequence in (b) replaces the corresponding region in (a). The pulse schemes utilize
active suppression of the anti-TROSY component, with careful adjustmeps ¢f5°), as described previoush?. All narrow (wide) pulses are
applied with flip angles of 90(18C°) along thex-axis, unless indicated otherwise. Thé 15N, and?H carriers are positioned at 4.65 (water), 119,
and 4.5 ppm, respectively. TH&C carrier is set to 176 ppm, switched to 58 ppm prior to the #iGt 90° pulse, and returned to 176 ppm after
the next3C* 90° pulse (indicated by diagonal arrow3i pulses are applied at a field strength of 32 kHz with the exception of the water selective
90° pulse of duration 1.6 ms. The stripéd pulses are of the composite variety {48 90;).% All **N pulses employ a 5.5 kHz field. The
13C’ and3Ce rectangular pulses are applied at a field strength/af15 (9C°) or A/+/3 (18C), whereA is the separation in Hz between the centers
of the 13C' and*3C® chemical shift region&! The *C* refocusing pulse of phas#? has the RE-BUR®P profile (400us centered at 45 ppm) while

the selective*C’' 180° pulse (240Qus) of phasep7 (b) is applied with the SEDUCE-1 profifé.1*C* SEDUCE decouplintf is achieved by using

a 118 ppm cosine-modulated WALTZ-16 fi€tcemploying SEDUCE-1 pulses (33& 90°). The3C inversion pulse during the first (secondj 2
period is applied after (before) tHéC' 180° refocusing pulse, with the vertical arrows indicating the positions of Bi@&iegert compensatiéh

13Ce pulses. The final*’C' 90° purge pulse ensures that pure absorptive line shapes are obtaingdrid R.?¢ All off-resonance'®C pulses are
generated by phase modulation of the caffié? The?H 90° pulses which flank the 0.6 kH3H WALTZ-16 decoupling element are applied at a
field of 2.0 kHz. The delays used atg= 2.3 ms,7, = 1.34 MS,7c = 74 — Tp, ¢ = 12.0 ms,£ = 4.1 ms, Ty = 12.0 ms,0 = 0.25 ms, and =

1.4. The phase cycling employed (2D)¢® = 45°, p1 = X, —X; 92 = 2(X), 2(y), 2(—X), 2(—Y); @3 = 8(y), 8(—Y); ¢4 = X, —X; 5 = X; rec=

X, 2(—=X), 2(x), 2(—X), X, =X, 2(X), 2(—x), 2(X), —x, while for the 3D sequence the phase cycling usegls= 45°, 91 = X, —X; @2 = 2(X), 2(y),

2(—x), 2(=y); @3 =Y, —Y; 4 = 4(X), 4(—x); ¢5 = X; 6 = X; 7 = 4(X), 4(—X); rec = 2(x), 2(—x). Quadrature detection in tHéC* dimen-

sion (3D experiment) is obtained by States-TPRf ¢6. Quadrature irt; is obtained by using the gradient-enhanced sensitivity mé&libd

in which two separate data sets are recorded for eacitrement with 180 added top5 and the sign of gradient 10 inverted for the second set.
The phasep3 is incremented by 180n concert with the receiver for each complexpoint. The duration and the strengths of the gradients used
are the following: 1 (0.5 ms, 8 G/cm), 2 (0.5 ms, 4 G/cm), 3 (1 ms, 8 G/cm), 4 (1 ms, 1 G/cm), 5 (1 ms, 7 G/cm), 615080 G/cm), 7 (1

ms, 8 G/cm), 8 (1 ms, 0.4 G/cm), 9 (0.6 ms, 10 G/cm), 10 (1.25-n3¢) G/cm), 11 (0.5 ms, 8 G/cm), 12 (0.3 ms, 2 G/cm), 13 (0.0625 ms, 28.7
G/cm).

IHN transfer prior to detectioh3? In both pulse sequences active transferred back to the€N of residue (t2) and then to théHN
suppression of the anti-TROSY component is performed as for detection ). A series of 2D**N—!HN correlation spectra
described previously by Pervushin etand Yang and K&y are recorded as a function off@ with evolution of 13C
(see Supporting Information in this reference). magnetization occurring for a period, = 2T¢c + p\/\/:‘:ioo +
2D "Deacs-HN(CO)CA Method. Measurement offC*—13C/ Ipwe, wherepwg! is the length of the RE-BURP pulse of
dipolar couplings is achieved by using the pulse scheme of phase¢2 in the middle of the Zc period andpwg(; is the

Figure 1a,c. After transferring the magnetization fromH& length of thel3C* 90° pulses bracketing the T2 period.
of residuei to the ™*Ct of residue ( — 1) via the intervening  Nymerical simulations have established that (1.5)(4t), with
°CO (see eq 1), evolution due to the one-bond couplitgc;, the exact value depending on the chemical shift$36f and

occurs during the delayT2. Subsequently magnetization is 1308 spins andpw?:?:. The variation ofl" with offset is small

(39) Yang, D.; Kay, L. E.J. Biomol. NMR1999 13, 3—10. over the region of interest and the error associated with assuming
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a constant value is negligible. Cross-peak intensitiesre
modulated according to (a) 1

| = {l5c086r"Jg,csT) + B} exp[-T/T5] )

wherelo + B is the intensity al = 0, andT5" is the effective
transverse relaxation time fé#C%, with B an offset term that
accounts both for imperfect inversion B spins leading to
refocusing offJcacs evolution and incomplet&®C labeling at
the @ position. A set of 2D experiments is recorded on samples ) . F 500
without and with aligning media, and values tkqcs and 0 20 s aan s
Weocs (for residuei — 1) obtained by fitting the intensity de- T (ms) , 830 826
pendence of each cross-peak as a functioi & eq 2. The H (ppm)
value of'D¢ycp follows directly from'Deycs = Wcacs — Neacs:

To maximize the number of resolved cross-peaks in the 2D (b) 1
spectra, thé>N chemical shift is recorded by using a shared
constant-time approath*! with the scheme of Figure la
employed fort, < 2Ty, modified with the sequence of Figure =y
1c forty > 2Ty. This ensures that antipha$®l magnetization, g ot
of the form 2\,CO,, which is present immediately following =
the 15N pulse of phas@3, is refocused optimally for a period
of 2Ty, without restricting the time for nitrogen chemical shift
evolution in any way. -1 . .

The left panels of Figure 2 show fits of the experimental data Y 20 40
for Leu 139 (aDcecs = —5.7 Hz) and Thr 249 (biDcecs = T (ms) ooy
4.3 Hz), with cross-peak intensities measured without and with _ )
phage indicated by closed and open circles, respectively. In total719ure 2. Measurement OMcacy in C N *H-labeled apo-MBP, 37
215 scalar couplings could be obtained in the unoriented sample, < PH 7-2; 600 MHz. Data are shown for residues L139 (a) and T249

. . (b). The left panels in (a) and (b) show the normalized intensities of
of unligated MBP, with an averaddcoc; value of 34.4+ 2.0 cross-peaks obtained from spectra recorded in isotropic media (filled

Hz (ranging from 31.3 to 42.4 Hz), where the uncertainty is jrcjes; 1.4 mM MBP) and phage solution (open circles, 1.1 mM MBP)
the calculated standard deviatidtc,cs values were obtained  ysing the 2D approach as a functionbf= 2Tc + T + rpw”

for 171 residues in the aligned sample, ranging from 26.1 t0 (see Figure 1 and text for details). The solid and dashed lines are the
43.5 Hz, with an averag@cucg of 34.9+ 3.7 Hz.1Dgqcp values nonlinear fits to the experimental data with use of eq 2. The upper and
were calculated for 165 residues in apo-MBP ranging from lower right panels show selected 2D slices from 3D spectra recorded
(Phe 92) to 5.1 Hz (Ala 21). The mean experimental uncertain- of protein dissolved in isotropic and anisotropic media, respectively,
ties were 0.07 and 0.13 Hz for couplings measured without Presenting the multiplet components of each cross-peak. The splitting
(1JCuC/3) and with (LJCacﬁ) phage, resulting in an average IS approxm_ately equal tac(+ 1) Jcocs, Wherek = 1.4 (see text for
uncertainty of 0.15 Hz for the dipolar coupling values. further details).

3D Deacs-HN(CO)CA Method. Dcacps values can also be . . .
measured from a frequency domain approach, using the pulseIs the selectivé“CO 180 pulse width and is a delay equal to

sequence illustrated in Figure 1a, with the bracketed section pv_\é%oo to compensate for’C* chemical Shlf£56V0|utI0n QUrlng
replaced by Figure 1b. In this experiment magnetization is S Selective pulse. Note that tH&CO and™*N gglses mg})}he
transferred from théHN of residuei to the 13C® of residue { middle oft; are applied simultaneously, wiweo > Py
— 1), as before. However, in the present scheme evolution from The *H 180 pulse in the center of the period refoguses
both13C* chemical shift andJcacs coupling is recorded during evolution arising from the two- and three-ki)g)r%HIN— e
thet, period (see below) so that tA&*—230% coupling (residue  COUPlings. Evolution due to the two-borHN—1C* coupling
i — 1) is measured directly from the doublet splitting in, F (‘1N and**C* of residuei — 1) duringt, leads to an unresolved
while the5N andHN chemical shifts of residuieare recorded  doubletin F, decreasing sensitivity. This is especially the case
during t andts, respectively. Sections fromFFs planes of ~ for the aligned sample whe®ynca can belsubstantla}l. In
3D data sets recorded without (above) and with (below) phage clontrast, e\_/olut_m? from the three-boRHIN—'C* coupling
are shown in Figure 2, with cross-peaks from residues Leu 139 ("HN of residuei, °C* of residuei — 1) does not complicate
(a) and Thr 249 (b) illustratedDc,c; values of—5.5 and 4.3 the F multiplet structure since the TROSY approach is
Hz are obtained for Leu 139 and Thr 249, in good agreement éMployed which selects only one of the tidN spin states of
with couplings measured by using the 2D approach describegresiduei. The additionalH pulse applied prior to _gradle_znt 6
above. ensures that the correct TROSY component is ultimately
The sequence of Figure 1 makes use of accordion spectrosS€lected. A product-operator descriptibshows that the signal
copy®?2 to extend the period during which th8Ce—13C# of interest is modulated by the factor
couplings evolve. Thus, although tHEC* chemical shift

Intensity

2

13¢ (ppm)

L) R L B L B O

-3
o
o

proceeds for a periotd, theXJcucs coupling is active for (I cod 7] 140t + explio- t.) exd — 3

Ot + T, with T= pwel + pwess + TpweY + A, wherepwee 7 JeacllL + 1t + TI} exploc,t) Tof (3)
(40) Logan, T. M.; Olejniczak, E. T.; Xu, R. X.; Fesik, S. \l/.Biomol. o

NMR 1993 3, 225-231. wherewc, is thel3C* chemical shift ands™® = T5%/(1 + «),
(41) Grzesiek, S.; Bax, Al. Biomol. NMR1993 3, 185-204.
(42) Bodenhausen, G.; Ernst, R. R.Magn. Reson1981, 45, 367— (43) Sorensen, O. W.; Eich, G. W.; Levitt, M. H.; Bodenhausen, G.;

373. Ernst, R. R.Prog. NMR Spectrosd 983 16, 163—192.
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with TS® the effective transverse relaxation time of the mag-
netization during each of thg/2 periods. The use of accordion
spectroscopy increases, therefore, both the effettve—13CA
coupling and the transverse relaxation rate by a factor ef (1
k). The nonzero value of (T ~ 0.9 ms) in eq 3 gives rise to
antiphase dispersive contributions to theliRe shape. These
“extra” dispersive lines lead to a (small) systematic overestima-
tion of Wcucp values when couplings are estimated by the
difference in peak positions of the doublet components.

To estimate the contributions from the dispersive lines to the
measured couplings we have generated synthetic time domain
data as a function otJc,cs and T5® using eq 3 (program
available from the authors upon request). The acquisition times
(t7™ = 27.4 ms) and processing parameters used in producing
the synthetic 2D data sets were identical with the experimental 25 1
values (see Materials and Methods). A valuexof 1.4 was 25 35 45
used in experiment and simulations as a compromise between
the desired increase in doublet splittings and the concomitant
decrease in sensitivity. Figure 3a illustrates the relation between
“true” Jcacp vValues entered into the simulations and measured
couplings extracted from the frequency difference of the doublet
components foﬂf“ values of 33 (filled circles) and 100 ms
(open squares). For values '(f“ ranging from 33 to 100 ms
the correlation between actual and measuddegs values was
found to be linear to excellent approximation, as shown in Figure
3a. Thus, it is straightforward to correct measured coupling
values by using the simple relatiodgos;™ = miteas"'+ b,
wherem andb are functions off;*. Assuming that3C® line

(a) a5}

35 L

Correct Wgacp (Hz)

Measured 'Jg,cp (H2)

1.00

_
=3
~

0.95

0.90 | ———f—f— L __JTTTTIOIIIIT

Correction factor

Y U Y Ay e | G oy B I

widths are insensitive to alignme¥fi?! D¢,cp values calculated 0-8520 a0 60 ' 80‘ 100
from couplings measured by doublet splittings in spectra of ca
unaligned and aligned samples can be corrected by multiplica- T2 (ms)

.tIOF.I with a. Im? width-dependent correction fz?c“"“ ébove), Figure 3. Effects of dispersive Fline shape contributions ofcqcs
indicated in Figure 3b. Note that the correction factor 1evels |1 es measured from differences in peak doublet positions (3D
off at approximately 0.96 and not 1 due to the short acquisition accordion method). Synthetic data were generated by using experimental
time employed (27.4 ms), leading to residual broadening of acquisition and spectral processing parameters for valugkqf; =

peaks. 25-45 Hz andTS® = 25-200 ms. (a) Correct vs measuréit.cs
In the case of apo-MBP alDc,cs values have been corrected ~ values forT5* = 33 ms (filled circles) andr5* = 100 ms (open
by using a factor of 0.936 that corresponds to a m'E%n/al- squares). Solid and dashed lines indicate the linear regression results,

Lcacp(correct) = mtJcacg(measured from Fpeak separationy- b,
where (n,b) = (0.914, 1.68 Hz) folfs* = 33 ms andifb) = (0.962,
0.03 Hz) forTg‘JL = 100 ms. The regression coefficients are 0.9996

ue of 47 ms, estimated from fitting the 2D data to eq 1, see
above. Use of a constant correction factor is estimated to
|ntroducg errors of less than _3% for residues Wigﬁ = 33— . _and 0.9998, respectively. (b) The correction factors fothgcs values
64 ms (Figure 3b), corresponding to more thi‘n 96% of the amin0 5 5 function of TS*. These factors are strongly dependent on
acids in apo-MBP. It is noteworthy that f@5* values greater  acquisition time and spectral processing parameters (see Materials and
than 30 ms, corresponding to proteins with correlation times Methods). Note that these correction values are obtained by using pulse
<~ 28 ns (deuterated protein), correction factors range from widths optimal for spectra recorded at 600 MHz. Since similar carbonyl
0.89 (T5* = 30 ms) to 0.96. Because the dependence of the (Phases7, Figure 1) and3C* 180° (phase¢2) pulse widths can be
correction factor on molecular weight is quite small, it is possible Used f_or_ldatta :ﬁcorded atfg?] MHZé_theI th_’"ecno? I)?Ctr?rt?] ";’cf’”'dd bte
to estimate correction factors without recording additional VE™Y Simfiarfo tose reported here. simufations establish hat for data

. . . recorded at 800 MHz with the carbon pulses scaled by 6/8, correction
experiments from the approximate relation based on data fromf . = -

o o o actors range from approximately 0.9115(‘ = 30 ms) to 0.97'[‘2:‘x =

MBP, T5{, = (41000/MW)) T3 e = 1930/MW, whereTs? is 100 ms),
the estimated mea'tﬁ“ value (seconds) for the protein under

study with molecular weight, M\y. Alternatively, in cases The uncertainty in measured dipolar coupling values obtained
where it is anticipated that relaxation times will vary signifi- by using the 3D method was estimated by performing repeat
cantly between different sites in the proteiiSy; can be measurements 88cqcs with the oriented sample. The pairwise

determined experimentally by using the 2D pulse scheme of root-mean-squared deviation (rmsd)tiz,cs values is 0.5 Hz,
Figure 1 by recording spectra of protein without alignment using corresponding to an uncertainty of 0.36 Hz in measured values.
values ofTe = 0, (1/2dcacs) [LT5* = —(1Adkocp) In (I[Tc=1/ Assuming a similar level of precision in data obtained from
2%3cacpl/1[Tc=0]), wherel is a peak intensity] and correction  the unoriented protein, an uncertainty of 0.5 H2Daacs values
factors estimated from the experimental data. In general, is expected. This is likely to be a slight overestimate since the
however, factors obtained from the simple formula above are quality of spectra recorded without phage is superior to the
sufficient, especially considering that the corrections to the corresponding data sets obtained for the oriented sample, largely
dipolar couplings are on the order of or less than the uncertain-the result of residuaiHN—HN dipolar couplings in the phage
ties in the measurements themselves (see below). sample. The 3-fold decrease in precision relative to the 2D data



13Ce—13C# Dipolar Couplings in Labeled Proteins J. Am. Chem. Soc., Vol. 123, No. 12, 22843

T T T T B tion, and with couplings predicted by the maltotetraose-bound
- state of the protein (pdb accession code 4ffbepresenting
- the “closed” conformation (closure of domains35° relative
to orientation in 1omp).

Figures 5a and 5b illustrate the excellent agreement obtained
for 'Dcecs values measured by the 2D and 3D methods,
- respectively, with those predicted from the apo-MBP crystal

Exp. 'Dgacp (3D) / Hz
[}
T

Y 1 structure. Experimental data have been used only for those

4r @ ] residues within either the N- or C-domain (i.e., excluding
> A!”'I LT residues from the linker region), corresponding to 159 and 225
4 0 4 values for the 2D and 3D data sets. Alignment parameters used

Exp. "Dgqcp (2D) / Hz in the prediction of the dipolar couplings were obtained by using

_ _ i _ the experimentaiDc,cp values, the X-ray coordinates, and our
Figure 4. Comparison ofDcac coupling values for apo-MBP derived  goftware, Conformistl.8 The pairwise rmsd between experi-
from the 2D and 3D methods. Errors introduced from the dispersive mental and calculate%DCaCﬂ values are 0.55 and 0.69 Hz for
contributions to the €line shape (3D approach) have been corrected the 2D- and 3D-derived data sets, respectively. We have

by multiplication of!Dcqcs values by 0.936, as described in the text. . . . . .
The best-fit line to the data (indicated with dashes) has a slope andlnvestlgated whether the fits would improve by allowing the

intercept of 0.997 and 0.06 Hz, respectively. The regression coefficient d0mMains to reorient using a target function that minimizes the
is 0.98. difference between measured and predicted dipolar couplings,

as described by Skrynnikov et al. previouslyThe resulting

and the extra work associated with correcting the measureddomain orientation was essentially unchanged from the 1omp
couplings is compensated to some extent by the increasedstructure, with F-test8 verifying that the improvement in the
number of dipolar couplings that could be obtained with the fit was not statistically significant at even the 75% confidence
3D approach (240 vs 165). level.

Deqcp couplings have also been measured on MBP by using  In contrast to the excellent correlation between experimental
a non-accordion based HN(CO)CA scheme described previouslyand predictedDcqcs values with use of the lomp structure, a
in connection with studies of ubiquit#t:?® For applications much poorer level of agreement was obtained when the structure
involving large proteins we prefer the accordion experiment of maltotetraose-bound MBP (4mbp) was employed, Figures
described here, since the doublet components are significantlysc,d, prior to domain reorientation. Subsequent rigid body
better resolved in this experiment. rotation of the domains of the 4mbp structure with #fg*—

Figure 4 shows a good correlation betwe@r.cs values 13CA dipolar couplings resulted in structures that are very similar
obtained from the 2D and 3D (corrected) methods describedto the 1omp coordinate set (less thahdifference in domain
above. The slope and intercept of the best-fit line (dashed line closure between the dipolar coupling refined 4mbp structures
in the figure) are 0.997 and 0.06 Hz, respectively, and the and 1omp). Not surprisingly, the agreement between measured
pairwise rmsd between values obtained from the two methods and predictedDc,cs dipolar coupling values improves consid-
is 0.56 Hz, consistent with the errors in the data (see above).erably when the domains are allowed to reorient, with pairwise

Comparison of Experimental and Predicted'Dcqcs Val- rmsds dropping from 1.62 to 0.68 Hz for values obtained from
ues.One of the important uses of dipolar couplings has been the 2D method and from 1.58 to 0.80 Hz for couplings measured
in reorienting domains of multidomain proteins, starting from with the 3D approach. The domain reorientation analysis
a model where the intradomain structure is assumed to bedescribed presently has also been repeated by using the
correct?24445Recently we have used a large number of dipolar uncorrectedDc,cs dipolar coupling values from the 3D data
couplings obtained from MBP in complex withcyclodextrin set to establish whether correction of these couplings (as
to compare the relative orientation of the N- and C-domains in described above) is essential in practical applications. Since the
solution vs the X-ray state. Of interest, substantial differences correction only scales the couplings uniformly, no difference
were observed between solution and X-ray conformations, with in relative domain orientations would be obtained when either
the solution structure related to the crystal structure by &n 11 corrected or uncorrectetfC*—13C# couplings are employed
domain closuré® Domain orientation in MBP is of particular  exclusively; therefore botFC®—13C# and13C*—13CO couplings
importance since the existence of open and closed forms for - -
the molecule is thought to be crucial for its role in the signal gigg g‘;\'/?rclg% n'f';Ps_pgr_l;'ng'of)'i;rggr?’seg_"%gg“%gg;igng?;&l%%r
transduction cascade that regulates both maltodextrin uptake anGhnalysis for the Physical Scienca¥CB/McGraw-Hill: New York, 1992.
chemotaxig’® Binding of maltose to MBP induces an open to (iggfae%man, R.; Kempsell, S. P.; Levitt, M. H.Magn. Resorl98Q
c[osgd conformational change that subseguently fgcmtates 38'(51) Kay, L. E.. Ikura, M.: Tschudin, R.: Bax, 4. Magn. Resor1990
binding to a number of chemoreceptors. It is of considerable gg 496-5124.
interest, therefore, to extend our previous studies to examine (52) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93—141.
domain orientation in ligand-free MBP. In this regard we have _ (53) McCoy, M. A.; Mueller, L.J. Am. Chem. S0d.992 114 2108~
compared experiment&Dcqcs values with those_: predicted from (54) McCoy, M. A.: Mueller, L.J. Magn. Resonl992 98, 674-679.
the X-ray structure of apo-MBP (pdb accession code ¥émnp (55) Shaka, A. J.; Keeler, J.; Frenkiel, T.; Freeman) RMagn. Reson.

in which the two domains of MBP adopt an “open” conforma- 1983 52, 335-338.
(56) Vuister, G. W.; Bax, AJ. Magn. Reson1992 98, 428-435.
(44) Fischer, M. W.; Losonczi, J. A.; Weaver, J. L.; Prestegard, J. H. (57) Boyd, J.; Soffe, NJ. Magn. Reson1989 85, 406-413.

Biochemistry1999 38, 9013-22. (58) Patt, S. LJ. Magn. Reson1992 96, 94—102.

(45) Losonczi, J. A.; Andrec, M.; Fischer, M. W.; Prestegard, JJH. (59) Marion, D.; Ikura, M.; Tschudin, R.; Bax, A. Magn. Resor1989
Magn. Reson1999 138 334-42. 85, 393-399.

(46) Mowbray, S. L.; Sandgren, M. Q. Struct. Biol.1998 124, 257— (60) Kay, L. E.; Keifer, P.; Saarinen, T. Am. Chem. S0d.992 114
75 10663-10665.

-(47) Sharff, A. J.; Rodseth, L. E.; Spurlino, J. C.; Quiocho, F. A. (61) Schleucher, J.; Sattler, M.; Griesinger,Ahgew. Chem., Int. Ed.
Biochemistry1992 31, 10657 10663. Engl. 1993 32, 1489-1491.
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Exp. 1DCaCﬁ (2D) /Hz

Exp. Doacp (3D) / Hz

Calc. 'Deucp (10mp) / Hz Cale. 'Dcocp (4mbp) / Hz

Figure 5. Comparison of experimentafC*—13C# dipolar couplings with those predicted with use of the X-ray crystal structures of apd“MBP
(1omp.pdb, open conformation) and maltotetraose-bound #¥1BPnbp.pdb, closed conformation). Alignment frames were calculated from the
13Ce—13C# couplings by using the in-house written software ConformistlAll available 'Dcqcs values were included in the analysis except those

from the residues linking the two domains, i.e. residue$,1110-113, 259-263, and 316-315. The excellent agreement between experimental

Dcacp values and those obtained based on the apo-MBP X-ray structure (regression coefficients of 0.98 and 0.96, slopes of 1.0 and 1.0, and
y-intercepts 0f~0.04 and—0.02 Hz for the 2D and 3D methods) indicate that very similar domain orientations are found in the solution and crystal
states (a, b). The sensitivity of thBc.cs data to domain orientation is indicated in panels (c) and (d) where experimental couplings measured for
apo-MBP are compared with those predicted from a closed domain conformation, maltotetraose-bound MBP. Slopes of 0.99/ani@88ts

of 0.25 and 0.21 Hz, and regression coefficients of 0.82 and 0.83 are obtained in (c) and (d), respectively.

were used. Equivalent relative domain orientations were ob- deuterated proteins, with a good correlation observed between

tained with both uncorrected and correctfdc,cs values, couplings obtained by the two approaches. A comparison of
indicating, not unexpectedly, that the effects of the errors in 1D¢,cs values with those predicted from the X-ray structure of
1Dcocp are small. apo-MBP establishes that both intra- and interdomain structure

We have not been able to ascertain why significant differences are very similar in solution and crystal states.
in domain orientation are obtained between solution and crystal
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