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Abstract: High-resolution solid-state NMR spectroscopy has become a promising tool for protein structure
determination. Here, we describe a new dipolar-chemical shift correlation experiment for the measurement
of homonuclear ¥C—%3C distances in uniformly 3C,**N-labeled proteins and demonstrate its suitability for
protein structure determination and refinement. The experiments were carried out on the 51 immunoglobulin
binding domain of protein G (GB1). Both intraresidue and interresidue distances between carbonyl atoms
and atoms in the aliphatic side chains were collected using a three-dimensional chemical shift correlation
spectroscopy experiment that uses homogeneously broadened rotational resonance recoupling for carbon
mixing. A steady-state approximation for the polarization transfer function was employed in data analysis,
and a total of 100 intramolecular distances were determined, all in the range 2.5—5.5 A. An additional 41
dipolar contacts were detected, but the corresponding distances could not be accurately quantified. Additional
distance and torsional restraints were derived from the proton-driven spin diffusion measurements and
from the chemical shift analysis, respectively. Using all these restraints, it was possible to refine the structure
of GB1 to a root-mean square deviation of 0.8 A. The approach is of general applicability for peptides and

small proteins and can be easily incorporated into a structure determination and refinement protocol.

Introduction

Structural studies of many biological systems, including

membrane proteins and amyloid-forming peptides and proteins,

remain a challenge for X-ray crystallography and solution NMR,
owing to difficulties with crystallization and solubility. Solid-
state NMR (SSNMR) is an alternative approach to structure
determination in these types of systeln%lts key advantage

is the ability to obtain structural information from a wide range
of samples, from protein microcrystals, to amyloid fibrils, to
membrane proteins in their native-like lipidic environment.
Recent advances in sample preparation technigi€s213and
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in high field instrumentation and pulse sequence dé&igh
have led to the creation of new efficient methods for chemical
shift assignments and structural analysis of the proteins in the
solid state. The main source of structural restraints in SSNMR
is either'3C—13C distance$§;1°2°collected either using proton-
driven spin diffusion (PDSBY or dipolar assisted recoupling
(DARR)22 or interproton distance restraints, obtained through
carbon-detected proterproton spin diffusiort3-25 Both ap-
proaches are capable of establishing the relatively high-
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resolution fold of a proteif19202%various structure refinement

been extended for applications in uniformi3C 15N labeled

methods have also been developed for use in proteins in thesolid$3-58 and applied to determine the high-resolution struc-
solid state. For example, isotropic chemical shift indexing is tures of a number of peptid&%°

commonly used for the analysis of a secondary structreg,

The main purpose of this paper is to investigate if recoupling

while correlating the relative orientations of anisotropic tensors techniques can be used to provide accurate structural constraints

providesinformation onlocaland medium-range structéfré§37.38

in uniformly 3C5N-labeled proteins. We used rotational

More recently, the introduction of paramagnetic labels with the resonanc€#8to probe carbonyl side chain distances. In our
purpose of obtaining paramagnetic relaxation enhancementsexperiments, the polarization transfer dynamics is monitored

originally introduced in solution NMR?40was also applied in
solids#1—43

as a function of spinning frequency, a so-called rotational
resonance width approaéhWe have recently introduced a

One obvious way to establish precise structural constraints homogeneously broadened version of the rotational resonance

in solids is to exploit the fact that molecular motions are

width experiment, where the broadening of theé rRatching

generally not sufficiently fast to provide an efficient mechanism condition is achieved through the reduction of decoupling power
for averaging dipolar and chemical shift anisotropy interactions. during R mixing.52 The key advantages of this approach are

The anisotropic line broadening associated with the presencethat (i) the use of reduced decoupling power broadens the R
of these interactions can be removed through the application ofresonance width, so that multiple spin pairs can be recoupled

magic angle spinning (MASY:*>whereas the structural infor-

in a single experiment, and (ii) the multispin effects are reduced

mation contained in these interactions can be reintroducedin the presence of short zero quantum relaxation, enabling a

through the application of radio frequency (rf) puld&s>Most

two-spin approximation to be employed for data analysis. A

notably, heteronuclear rotational echo double resonance (RE-56 residue proteinf1l immunoglobulin binding domain of
DORY* and frequency-selective homonuclear rotational reso- protein G (GB1) was chosen as a model system for our
nance (R)*748 have been successfully used to accurately experiments. It has been extensively studied by various bio-
measure distances between specifically placed nuclear spinphysical techniques, including solution and solid-state NMR.
labels?®-52 More recently, some of the recoupling methods have Its high-resolution 3D solutidd and crystal structure®d,as well
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as complete*C and 15N solid-state NMR resonance assign-
ments, are availabR®.We demonstrate that a large number of
well-defined3C—13C constraints can in fact be determined from
the resonance width curves and that these constraints can be
used for structure refinement.

Experimental Section

Sample Preparation.The T2Q mutant of GB1 was heterologously
expressed irE. coli BL21 (DE3) grown in minimal media (1 g/t>-
NH.CI and 2 g/L**C-glucose), induced with 0.5 mM isopropgto-
thiogalactoside (IPTG) for-45 h. Protein purification was performed
as follows: the cell pellet was disrupted by sonication in 20 mM Tris
at pH 8.0. The supernatant was subjected to anion exchange (HiTrap
Q HP column, Amersham Bioscience, NJ) and size exclusion (HiPrep
16/60 Sephacryl S-100 high-resolution column, Amersham Bioscience,
NJ) chromatography. Peak fractions were pooled and dialyzed three
times agains2 L of distilled water and finally againg L of MilliQ
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(a) X isotropic chemical shift evolution. THEC & pulse in the middle of
y the t; evolution refocuses one-bort@N—3C J-couplings. Following
H fcp TPPM/CW cw__| TPPM/CW | t, evolution, a band-selective versioni/:3C’' SPECIFIC CF* creates
y 0, ¢2¢ 04 05 13C' single quantum coherences, which are frequency labeled digring
3 2 3—> isotropic chemical shift evolution. Here, a combination of a hard
1 I I{WZI&Z’ZI HoR Wrec pulse and of a sof’C'-selective Gaussian pulse refocuses the one-
X, X X Y bond homonuclea®C' —*Ca. J-couplings®’ whereas the harda pulse
15N cp |[ti—>| cpP I on the!*N channel removes the residual line broadening associated
with 1N—13C' J-interactions.
(b) Structurally constraining carbonyl side chain dipolar interactions are
X .y recoupled during®C—*3C mixing, following thet, period. We used a
H I{I TPPM/CW W TPPM/CW TPPM/CW homogeneously broadened version 6f(RBR?). The broadening is
accomplished through the reduction of the decoupling power during
Y x ¥ Y 0 t—» R2 mixing 52 The experiments were conducted as a function of spinning
3¢ I ‘C/PI HBR It2 —»I PDSD NW Drec frequency, which constitutes the fourth pseudo-dimension of the
experiment. It was shown previously that such a homogeneously

15N XCPX ‘ _'ILI broao_lened rotational resonance W_idth (I-_?BB implementation ha_s _
1 CcP certain advantages over a conventional time-dependent magnetization

Figure 1. Experimental pulse sequences. The thin and thick dark bars €xchange experiment: (i) the data interpretation does not require prior
representr/2 andx pulses, respectively. In (a), a three-dimensional chemical knowledge or assumptions about zero-quantum relaxation fiffe%
shift correlation experiment used for HBR distance measurements is  reducing systematic errors associated with this uncertainty, and (i) many
shown. A se_Iective rotor—synchronized Gaussiapulse is applied to the spin pairs can be recoupled in a single experiment, while recoupling
carbonyl region. The following phase cycling was used; ¢z, ¢s = (x, X of strong one-bond*C'—%*Ca. interactions can still be avoidéd A
i y),/, ;,( _);" Xx) y()p’r:z“; (&y’_x)’(’ v, X’_y?/’_)Z’ ))(( X)_’;f's ;)_( “Y" (b))/’, Xé constant HBRmixing time of 40 ms was used in all experiments. The
three-dimensional chemical shift correlation experiment for cross-peak CW proton decoupling power during mixing was optimized experi-
assignments is shown. The phase cycling was as follgws= (x, X, Y, Y, mentally to be 47 kHz, the lowest value at which no recoupling of one
=X, =X, =Y, =Y), Preceiver= (X, =X, Y, =Y, =X X, <Y, ). bond*3C'—3Ca dipolar interactions was observed. Fifteen 3D spectra
were recorded at spinning frequencies of 11.3, 11.4, 11.5, 11.6, 11.65,
11.7,11.75,11.8, 11.85, 11.9, 11.975, 12.05, 12.15, 12.25, 12.35 kHz.
At a proton field of 600 MHz, these spinning frequencies recouple
carbonyls and aliphatic side chain carbons throughrthe 2 R?
matching condition.

The schematic representation of the evolution of the relevant part
of the density matrix, starting with the nitrogen magnetization following
1H/15N CP, can be written as follows:

water. Pure protein was concentrated with Centriplus 3 kbDa MWCO
filters and stored at20 °C before use. Precipitation of GB1 for NMR
studies was performed using a previously published protocol, without
modifications® Approximately 15 mg of GB1 precipitate were packed
into a 3.2 mm NMR rotor. The sample was centered in the rotor between
two cylindrical Vespel inserts. The HBR/ distance measurements and
cross-peak assignment experiments were performed on a single
U-C®N labeled sample. For the identification of intermolecular R
contacts, some of the experiments were repeated with a uniformly N,-,i> N, cosQ, t,D—C:C,’,IX cosQ, flic,'fu cosQ, 1, cos Q. ,ZHiR; M
13CI5N labeled sample mixed in a 1:1 molar ratio with nonlabeled ' ' ' -
protein. Approximately 15 mg of the diluted protein sample were packed
into the rotor.

NMR Experiments. All MAS NMR experiments were performed
on a Bruker Avance Il spectrometer, operating at 600.130 MHz proton
frequency, using a Bruker triple resonandg—C—*N 3.2 mm In the expression abov&\i, C/_,,, and CJ?; denote spin operators
BioSolids magic angle spinning probe (Bruker USA, Billerica, MA).  corresponding to single quantum coherences of nitrogen, carbonyl, and
Two pulse sequences employed in this work are presented in Figure 1.aliphatic side chainX =y, 9, etc.) spins, an@y, Qc;_,, andQc¢x are
Both start withH/15N cross polarization of 2 ms duration, implemented  their respective isotropic chemical shifts. This pathway is collected
with a radio frequency (rf) field ramped around 55 kHz on the proton according to a TPPI phase sensitive schemg &ndt, dimensions.
channel and with a constant rf field 6f43—45 kHz on the nitrogen There are generally two sets of peaks observed in the Fourier
channel>N/*C’ cross polarization was performed with an rf carbon  transformed 3D spectra. The pseudo-diagonal peaks of relative intensity
field ramped around 4243 kHz (5% ramp), with a constant rf field  (1—a) result from the singly underlined component of the density matrix
of ~31 kHz on the nitrogen channel and with a CW decoupling proton in eq 1 and haven/Qc; /Qc; , shifts in the RF/F./Fs dimensions,
field of 100 kHz. The!SN/**C' CP mixing time was 6 ms in all respectively. These peaks determine the origin of them&gnetization
experiments. A proton field of 65 kHz (optimized experimentally) was transfer. The cross-peaks of relative intensitydoubly underlined in
applied for the two-pulse phase modulation decoupling (TPPM) (7.6 eq 1, occur at shifts an/Qc;_/Qcx and correspond to the aliphatic
us TPPM pulse, 15overall phase shift) during nitrogenand carbon carbons3CX[j], through-space coupled t&C'[i—1]. The relative
t2 indirect chemical shift evolutions. Higher TPPM decoupling of 71 intensities of these peakea, depend on the strengths of the dipolar

- (1-a)C;

X
1x COSQy 1, €08 Qe 1, +0C, cosQy 1, cos Qe 1,
10yt

i
Q.
—>(1-a)C/,, cosQ, 1,c0sQ, 1,e" " +aC), cosQy 1, c0sQy e

i-1x

kHz (7us TPPM pulse, 12phase shift) was applied during dirdé€ interaction betweent*C'[i—1] and 3CX[j] spins, on the spinning
acquisition. Ther/2 pulse widths were 2.4s, 5us, and 6us on the frequency, and on the residual coupling to the proton bath.

H, 13C, and™N channels, respectively. The selective rotor-synchronized  Cross-Peak Assignment ExperimentsiVithin each interacting pair
Gaussianr pulse applied to carbonyl carbons was around-1B80 of spins*3C'[i—1]—*3CX[j], the carbonyl spin can be identified in the

us in length, depending on the spinning frequency. The temperature of 3D correlation spectra according to the knowiN[i]—3C'[i—1]

the cooling gas was kept at 260 K during the course of all experiments. correlation patterf? In contrast, the assignments of the aliphatic cross-
Homogeneously Broadened Rotational Resonance Width Experi-

ments.A pulse sequence for distance measurements is shown in Figure(66) gsf'slkitllg,?l\/ll-;zggtkova, A. T.; Herzfeld, J.; Griffin, R. Glol. Phys.1998

1a. In this experiment, th#4/*°N cross polarization creates transverse (67) Straus, S. K.: Bremi, T.: Ernst, R. Rhem. Phys. Lettl996 262, 709

15N coherences, which are subsequently frequency-labeled dtring 715.

J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008 361



ARTICLES Peng et al.

peaks are generally ambiguous, because they are only based on the
chemical shifts of thé3CX[j] spins. The cross-peak assignments were
assisted with a series of three-dimensional chemical shift correlation
experiments shown in Figure 1b. The polarization transfer pathway wherebis = (—uo/4m)(y?h/r3) is the dipolar coupling constant for a
here is the same as the one explained in eq 1 for theZ¢&Reriment, homonuclear spin pair,is the internuclear distance, afids the Euler
except that the carbonyl chemical shift evolution is replaced by the angle defining the orientation of the internuclear vector with respect
chemical shift evolution of the aliphatic spins and by an additional to the rotor-fixed frame. The effects of chemical shift anisotropy (CSA)

wp? = bIS% sin’ 3 (3)

13C—13C mixing step. The resultingN[i] —23C*[j] —C[j] (X =y, ¢; were neglected in the fitting but were taken into account through the
Y = q, B, etc.) correlation sharé&\[i] and**CX{j] shifts with the HBR introduction of the systematic error as explained in the Results and
BN[i]—*C'[i—1]—*°CX[j] correlation and also allows identification of = Discussion section.

13CX[j] spins according to the unique intraresidéREX[j]—13CY[j] We have shown previously that the steady-state approximation

correlation pattern. A total of four experiments for cross-peak assign- accurately describes?Rolarization transfer in situations when the zero
ments were recorded at spinning frequencies of 11.5, 11.65, 11.9, andquantum relaxation rate is large compared to the effective interaction
12.05 kHz. The assignment strategies are further discussed in the Resultstrengtrf? This assumption holds well under low decoupling conditions
and Discussion section. used in this work.

For the identification of intermolecular contacts, three additional Equation 2 assumes that the aliphatic cross-peaks are normalized
HBR? experiments were recorded at spinning frequencies of 11.3, 11.65, per initial intensity of the corresponding carbonyl peak. To avoid the
and 12.25 kHz in a diluted sample. Spectra at 11.3 and 11.65 kHz additional time-consuming procedure of collecting reference spectra
were recorded with 16 scans, and the experiment at 12.25 kHz wasat zero mixing time, the aliphatic cross-peak intensities were normalized

recorded with 8 scans. with respect to the sum of all peaks occurring®t/Qc; , shifts in the
Proton-Driven Spin Diffusion Experiments. To get additional F. and k, indirect dimensions, including spinning sidebands:

constraints for structure calculation and refinement, ABRneasure-

ments were supplemented with a set of distance restraints derived from S\erox

2D and 3D spin diffusion spectra. A 3D NCOCX spectrum was orm Cx:# )

recorded using the pulse sequence of Figure la, except that no i

decoupling was applied during COCX mixing. The 3D NCACX spin Z SNiCHCk

diffusion experiment was recorded using a previously published pulse
sequencé? In addition, a 2DC—3C spin diffusion correlation
spectrum was taken. All spin diffusion experiments were recorded with
a 500 ms mixing time. Thé&*C—1C distance restraints derived from
these spin diffusion spectra were used for structure calculation as
discussed in the following section. longitudinal T, relaxation times of carbon spins are long on the time

Data Analyss.Expenmental da_ta were processed'wnh'NMRFﬁﬁ)e_. scale of HBR mixing of 40 ms, and thus the total polarization is
Processing parameters are provided in the respective figure captions.

. . 7 . ~ ~tonserved during R
Cr?ftm]ictﬁl Sdh'ﬂ v¥as| dir;((:jlrectly refen_s-nczd 0 DtSS ujg'gst heEﬁchemlcaI Statistical analysis of random errors was performed using in-house
shitt o | N _(z_wn € f th resonance |kna aman anet( ) pf .gt b Monte Carlo simulations, implemented in FORTRAN 77. Briefly, the
general positions of the cross-peaks In our spectra were tound to eanalytical expression 2 was used to generate a two-dimensional grid
very similar to the published data, with most peaks found to be within

0.2 f iousl blished chemical shiislthouah of R?W curves simulated as a function of relaxation rRte and an

15'N pr?;? rom pfrewgutS)épq tls be c emlﬁa SO 53 ou'g:; so;ne internuclear distance for each spin pair, using experimental mismatch
shifts were found fo deviate by as much as 9.5 ppm. FOr Felerence ., asq - A typical size of the grid was 2500 curves, for distances in

purposes, the assignment table derived from a series of¥Db-{°C,

. . the range 2.57.5 A incremented in a step of 0.1 A and for relaxation
NCﬁ,_Nt(PZ]O) an:j 3.D (][\lt(ﬁAﬁ)BfiaNCO_CX) (t:o_rrel_anon' efﬁerémentstfand times from 0.1 to 5 ms incremented in a step of 0.1 ms. Such a grid
:Jrlsf?)rr:]r;tioiar;z::sge d edata v)\(lgfgn;iglizlseg“{;?r:g Sf)arllispsgfltr\;\?are can be generated in less than 1 min, benefiting from the use of the
. ) : . .. Tanalytical solution of eq 2 for the signal intensity. Once the analytical
version 3.1 (T. D. Goddard and D. G. Kneller, University of California, y q 9 y y

SanF B CA). Peak vol tracted with aut ted fitti solution grid was generated, the best fit to the experimerfial 8urve
an Francisco, & )- Pea volumes were extracted with automated fiting found, and the root-mean-square deviation (rmsd) was computed.
to three-dimensional Gaussians.

The HBRW : K intensiti funcii f The rmsd was used to generate random noise according to a Gaussian
he curves (e, cross-peak Intensilies as nclions ol i ition with zero mean and a standard deviation equal to the rmsd.
spinning frequencnes_) were fitted using a steady-state approxmate.l.he simulated noise was added to each point of the best fit, and the
solution for a two-spin system under short zero-quantum relaxation resulting curves were refit using the same solution grid. This procedure

Here,Syc: ,¢x is the volume intensity of the cross-peak of interest,
Suci ¢ is the intensity of the peak occurring at shi€s/Qc: /Qc,
and the summation is extended over all cross-peak\@fc; /Qc,
shifts along Fs. This normalization procedure assumes that the

conditions®* was repeated 10 000 times. A histogram showing the frequencies of
@2 occurrence of each distance in this procedure was used to extract a
_ 45 Req range of internuclear distances at a 95% confidence level.
SA) = 1-exp — ﬁ tix (2)
A"+ Ry powder Results and Discussion

Herety, andR;o are the HBR constant mixing time (40 ms) and zero I3N[i]—*3CO[i—1] Spectral Resolution in GB1.The indirect
quantum relaxation ratd3,o = 1/T5%, respectively A = 6, — ds — F,—F, projection of thel®>N—'3CO spectrum recorded at a
2vg depends on the spinning frequengyand measures the deviation  spinning frequency of 11.65 kHz is shown in Figure 2. The
from the exactn = 2 rotational resonance conditiody, ds are the cross-peaks in the spectrum identify the origin of the polarization
chemical shifts of spink(carbonyl) ands (aliphatic spin), respectively.  transfer process, and the resolution provides the basis for the

ve di : on® . o : .

The effective dipolar interactiomp’ was calculated % site-specific analysis of the 3D spectra. Generally, the resolution

(68) Delaglio, F.. Grzesiek, S. Vuister, G. W.: Zhu, G.. Pfeifer, J.: BaxJA. |n.the |nd|.rect.carbonyl chemical shift dlmens.|0n obseryed in
Biomol. NMR1995 6, 277—293. this work is higher than the one observed directly, owing to

(69) Morcombe, C. R.; Zilm, K. WJ. Magn. Reson2003 162 479-486. B ; B

(70) Levitt, M. F.. Raieigh, D. P.: Creuzet, F.. Griffin, R. G. Chem. Phys. 1€ homonucleadcoc, decoupling implemented in the pulse
199Q 92, 63476364 sequence.
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Figure 2. 2D SN[i]—%3C'[i—1] indirect R—F, projection of the 3D HBRspectrum, recorded at a spinning rate of 11.65 kHz. 84 real data points with 200

us dwell time were taken i, and 52 real data points with 12 dwell

time were taken itp. The spectrum was recorded with 12 scans and with a

recycling delay of 2.3 s. Forward prediction of 35 points and 52 points was applied to the raw datairurldé,; dimensions, respectively. Data were

processed with exponential line broadening of 5.0 Hz intff@imension, L

orentzian-to-Gaussian apodization (5.0 Hz of Gaussian line broadening and 10

Hz of Lorentzian line narrowing) in thie indirect dimension, and with the/2.5-shifted squared sinusoidal function in thelirect'3C dimension. All peaks

are labeled according to their carbonyl/carboxylate shifts.

The typical experimentally observed line widths wer@.4—
0.5 ppm for the'3C indirect dimension and-0.5-0.6 ppm for
the 15N dimension, as estimated from the 2BN-13CO
projection spectra.

Of the expected 55 backboi¥[i]—13CO[i—1] peaks, a total

spectrum, probably due to their increased mobility. These peaks
are missing in this 2D projection.

HBR? Spectra. At 600 MHz, most carbonyl-aliphatic side
chain spin pairs have their= 2 R? conditions in the range of
11.3-12.35 kHz. Matching this condition within the HBR

of 45 are well resolved, and their corresponding volume recoypling bandwidth results in the formation of the cross-peaks.

intensities can be reliably extracted from the 3D spectra. T

remaining 10 backbone cross-peaks show some degree of

spectral overlap. In particular, the Q2N-M1&hd T19N-T18C

peaks at about 126/171.2 ppm overlap completely, and their
contributions to the formation of the aliphatic cross-peaks cannot
be disentangled. There is a similar situation for the heavily

overlapping group of Y3N-Q2C K4N-Y3C', A23N-D22C
peaks at around 123.6/174.8 ppm and for the V21N-A20@

E27N-A26C peaks at about 116.8/177.3 ppm. Partially overlap-

ping peaks T51N-K50CGand T53N-F52Cat around 112.2/155.6

ppm could not be integrated accurately, but their peak volumes

could be estimated from the 3D spectra. The D22N-V24iC
116/175 ppm cross-peak is very weak, probably because of
high mobility of V2185

In addition to!®N[i]—13CO[i—1] backbone correlations, two
side chain cross-peaks corresponding to the nitregarboxy-
late correlations in asparagines are observed. A total of fi

he Figure 3 shows representative 2D planesFs, °N indirect
and 13C direct dimensions) of the full 3D HBRexperiments
measured at different spinning rates. The left panel shows a
2D plane of thelN[i]—13CO[i—1]—13CO[i—1] part of the
spectrum taken at 11.65 kHz spinning frequency, while three
panels on the right show aliphatic peaks detected at 11.5 kHz,
11.6 kHz, and 11.65 kHz, respectively. Cross-peaks aligned
horizontally represent interacting spin pairs. For example, there
is a strong interaction between N37&nd V391 carbons,
whereas V391 also interacts strongly with G38@Vost of the
peaks observed in the spectra in Figure 3 correspond to either
theintraresidue (e.g., TL7a@17Cy2 or T44C-T44Cy2, with exact

n = 2 R? conditions at 11.483 kHz, and 11.536 kHz, respec-

tively) or sequential (e.g., E150°16Cy2, G38C-V39y1 with

exactn = 2 R? conditions at 11.618 kHz and 11.468 kHz,
ve respectively) connectivities. These contacts mostly constrain

side chain!5N—13C correlations of this type are expected, but 10cal side chain conformations. There are also some medium

only two15N6-13Cy of N35 and N37 at 114.3/175.8 ppm, and and long range interactions (e.g., N3A&9y1 and E15G

115.1/176.6 ppm, respectively, can be clearly seen in the 2D T44Cy2, with exact matching conditions at 11.476 kHz and
indirect projection of Figure 2. Both of these residues are located 11.544 kHz, respectively), which report on the secondary
inside thea-helical secondary structure, and their side chains structure and global fold of the protein. In the latter case, the
are relatively immobile. In contrast, the side chain correlations E15C-T44Cy2 cross-peak corresponds to an intermolecular

in Q32, Q2, and N8 are of much lower intensity in the full 3D

interaction, as discussed in the following section.
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Figure 3. 2D planes (—Fs3) of the 3D HBR experiments. The acquisition and processing parameters are identical to those given in the caption to Figure
2. All F1—F3 2D planes were taken at an &hift of 174 ppm. The left panel shows the carbonyl region at a spinning rate of 11.65 kHz, and the other three
panels show the aliphatic side chain carbon regions at spinning rates of 11.5, 11.6, and 11.65 kHz, respectively. Contours are cut at the satie levels in
three figures. The peaks that align horizontally are the interacting carbonyl-side chain carbon pairs. Cross-peaks marked by asterisks asenpéesl as e

of assignments in the text and in Figure 5.

Distance Estimation.The rotational resonance polarization spectrum and can obscure cross-peaks of interest. This in turn
transfer depends on the internuclear distance and on the residuainay result in an overestimation of dipolar coupling constants.
coupling to the proton bath, characterized by a zero quantumThe overlap can only occur in the close vicinity of the
relaxation parameter. In the’® experiment, both parameters n= 2 R? condition and for a single value of spinning frequency
can be extracted unambiguou8lyThe use of low decoupling  (the spinning frequency was incremented in—400 Hz,
power further facilitates the increase of the homogeneous line resulting in the increment of the second sideband position by
width of the zero quantum transitiéA.As a result, the R 100-200 Hz, which exceeds the aliphatic line widths). The
recoupling can be observed over a wide range of spinning relative intensities of the second-order sidebands were estimated
frequencies, as evident from the 2D spectra of Figure 3. The from experimental spectra and were found to be on the order
transfer efficiencies are the highest at or close to the exact R of 1—4% of the main carbonyl peaks. Such a small contribution
matching conditions and reach 46% for intraresiti@—13Cy does not significantly disturb the intensities of strong cross-
two-bond transfers in alanines, e.g., in A48C3. On the other peaks but can make a significant contribution to the intensities
hand, the efficiencies can be as low as a few percent for long- of weak cross-peaks. In cases where this overlap does happen,
range transfers, e.g., in N8@54Cy2 (6.04 A in the X-ray the perturbed points were simply removed from the data and
structuré®). In the latter case, however, the cross-peaks can were not used for fitting.
typically be observed only when the spinning frequencies are  The correct integration of the carbonyl cross-peaks could also
very close to the exaat = 2 R? condition, and the distances be affected by an overlap between one-bond interresieiie
cannot be extracted reliably from the NMR data. Accordingly, [i]—C'[i—1] and two-bond intraresidu®N[j]—C'[j] cross-
all cross-peaks have been classified in two groups. All peaks peaks. We use different indices ‘and “” here to emphasize
that could be observed at more than three spinning frequencieshat the overlapping peaks may be completely unrelated to one
were considered to be statistically significant. An additional two another. To estimate the relative efficiency of the two-bond
points of intensity equal to experimentally measured noise valuestransfers, we identified 29 well-resolved two-bond
were added on both sides of these HBRcurves. These peaks  N[j]—2C'[j] cross-peaks in the carbonyl part of the 3D spectra.
were fitted as explained in the Data Analysis section. Two Their volume integrals were found to vary from 1% to 10% of
typical HBRRW curves for the E42GV54Cyl and E15G the15N[i]—13C'[i-1] peaks. Thus, if any overlap happens between
T16Cy2 spin pairs are shown in Figure 4, together with their these two groups of peaks, the aliphatic normalized cross-peak
best fits and the results of Monte Carlo analysis. intensities may be underestimated by 10% at most, and this may

Peaks with nonzero intensities at three or less spinning result in an error 0~~0.1-0.2 A in distance. These errors are
frequencies belong to the second group. These, typically low- much smaller than other systematic errors discussed below, and
intensity peaks, were used only for distance estimation, with therefore, were not considered in our data analysis.
corresponding distances defined to be in the range 29 A. Cross-Peak Assignmentsi-rom all aliphatic resonances in

A number of factors must be taken into account in the analysis GB1, nine have unique chemical shifts (MACL5.8 ppm),
of the RW data. First, the second-order spinning side bands of I6Cd1 (12.7 ppm), L1262 (23.0 ppm), T11¢2 (22.6 ppm),
carbonyls occur in the aliphatic region of the 3D HB&rbon T18Cy2 (18.8 ppm), A20@ (23.8 ppm), V29@1 (22.3 ppm),

364 J. AM. CHEM. SOC. = VOL. 130, NO. 1, 2008



Homonuclear 13C—13C Measurements in Proteins ARTICLES

(a)
12001

o

=

N

:
—
o
S
S
:

0.084

Event Frequency

0.04+

Normalized Intensity

o
o
N

.

116 118 120 35

3 10001

Normalized Intensity
Event Frequ

T T T T 0
1.3 11.5 1.7 35 4.0 45 5.0

Vg (kHz) distance (,&)

Figure 4. Distance fitting and estimation of random errors by Monte Carlo simulation. Experimentally measured normalized intensities for a long-range
E42C-V54Cy1 interaction in (a), and for an intermolecular E156Cy2 dipolar interaction in (b), are shown in solid circles. Solid lines represent the best

fits to the experimental data, obtained using the simplified two-spin model of eq 2 The best fit curves were generated: ustd, T%Q = 0.8 ms for
E42C-V54Cy1 in (a) andr = 4.3 A, T§Q = 1.07 ms for E15GT16Cy2 in (b). (c) Ten thousand iterations of Monte Carlo fitting for E42G4Cy1,

resulting in a 95% confidence interval of 4:3.9 A for the internuclear distance. (d) Ten thousand iterations of Monte Carlo fitting for' BTy 2,

resulting in a 95% confidence interval of 4:8.6 A for the internuclear distance.

Table 1. Cross-Peaks with Aliphatic Shiftzs in the Range the15N[i]—13C'[i—1]—13CX[j] correlations obtained in the HBR
igg;zkié’ ppm Observed in the 3D HBR® Experiment at vk = spectrum. Since all peaks in Table 1 have unique nitrogen shifts,
. . . they are readily recognizable in théN[i]—3CX[j]—13CY[j]
cross-peak 5N shift (ppm) 13C' shift (ppm) 1Cy shift (ppm) spectra
K50C-T51Cy2 112.3 175.3 21.2 ' . .
E15 C—T44C%)//2 115.8 174.0 21.03 A representatlv_e 2D plane taken a_t theshift qf 21_.15 ppm
T44C-T44Cy2 119.1 173.9 21.03 of the full 3D assignment spectrum is shown in Figure 5. The
%ig%i%ﬂz igg-g’ gig gig 13CX—13CY intraresidue correlations provide unambiguous as-
T55C-T55 sz 131.7 174.0 213 signments for many peaks according to the known amino acid

correlation patterns. In particular, the cross-peak &Nashift

of 119.2 ppm marked with asterisks in Figures 3 and 5 can be
A48C3 (19.1 ppm), V54@:2 (19.7 ppm)), and their assignments  assigned to T44¢2. Likewise, cross-peaks at nitrogen shifts
were straightforward. A total of 8 intraresidue, 13 sequential, 6 of 112.3, 124.6, 130.7, and 131.7 ppm can be readily assigned
medium-range, and 8 long-range distances could be unambigu+o T51C/2, T25G/2, T51G/2, and T55G2, respectively, based

ously identified from the chemical shift analysis of 3D HBR  gp the unique3Cy—13CS and3Cy—1%Ca intraresidue correla-
spectra alone (Table S2, Supporting Information). These con-tjon patterns.

stra_lnts were not sufficient to f.O"OW an iterative _cross-peak The intraresidue correlation at 115.3/72.8 ppm appears to be
assignment procedure. To assist cross-peak assignments, ad-

iy ) . . - slightly shifted along the nitrogen dimension, compared to the
ditional three-dimensional experiments shown in Figure 1b were . -
. . . weak pseudo-diagonal peak at 115.8/21.1 ppm in Figure 5,
conducted. As an example, we will describe the assignment of

two cross-peaks detected at 115.8/21.0 ppm and 119.2/21.0 ppn‘?mbably owing to its low signal-to-noise ratio. Thus, it can only
(indicated by asterisks) in Figure 3. In addition to these two beotenFatNer assigned t.o T4ﬁCL.ater measurements in the
peaks, four additional strong cross-peaks with aliphatic shifts 50% diluted sample confirmed this assignment.
around 21 ppm can be observed in the full 3D spectrum. A full  The experiments conducted at four spinning frequencies have
list of these peaks is given in Table 1. provided assignments for an additional 11 intraresidue, 9
In principle, these peaks can be assigned to any of a total ofsequential, 7 medium-range, and 3 long-range constraints,
six carbon atoms in the protein resonating around 21 ppm: bringing the total number of constraints to 19 intraresidue, 22
V21Cy2 (21.1 ppm), V29@2 (21.1 ppm), T44€2 (21.0 ppm), sequential, 13 medium-range, and 11 long-range. These con-
T51Cy2 (21.3 ppm), T53¢2 (21.3 ppm), and T55%2 (21.3 straints were used for an iterative assignment procedure as
ppm). This relatively high ambiguity in the assignment can be discussed previously by Zech et?2aIBriefly, the assigned
removed spectroscopically, by using the experiment shown in constraints were combined with 84 dihedral angles obtained
Figure 1b. The>N[i]—13CX[j]—13C[j] correlations established  from the chemical shift analysis using TAL&%nd subjected
in this experiment sharf€éN[i] and 13CX[j] chemical shifts with to a standard structure calculation algorithm performed using
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Figure 5. 2D F,—F3 plane of the 3D assignment experiment. The spectrum was recorded with 68 real data points and with a dwell times of 200
(TPPI) and with 500 real data points and with a dwell time of 2#6n t, (TPPI). 30 real data points were linearly predictedjinData were processed

with the zz/2-shifted squares sinusoidal window function in all three dimensions. The spinning frequency was 11.5 kHz. The number of scans was 2, and the

recycle delay was 2.4 s. The 2D plane shown here is taken through fhegiiency of 21.15 ppm. Cross-peaks in the right panel are also observed in the
HBR? spectrum. Intraresidue correlations to/CA carbons established through PDSD mixing of 50 ms appear in the left panel.

Xplor-NIH."* The calculated structure was used as a template () MICe
for removing some of the ambiguities in the assignments, and
the newly assigned constraints were used to refine the template
structure. A total of four iterations were required to assign all
but 33 cross-peaks. Additional information on the convergence
of this iterative cross-peak assignment procedure can be found
in the Supporting Information.

Identification of Intermolecular Contacts. In compact and
highly ordered microcrystals of GB1, it is possible to observe
intermolecular contacts. It was demonstrated previously that
isotopic dilution of the sample helps to attenuate or suppress
the cross-peaks resulting from intermolecular contacts and to
distinguish them from intramolecular peaks. To follow this
strategy, we prepared a sample precipitated from a mixture
containing labeled and natural abundance GB1 in a 1:1 molar
ratio. In this diluted sample, the signals resulting from inter-
molecular interactions are expected to be significantly attenuated
and should be easily identifiable in the HB&pectra. To avoid
repeating the whole set of HBR:xperiments with the diluted
sample, the potential intermolecular contacts were first identified
based on the analysis of two possible crystal structti&as
shown in Figure 6.

The HBR experiments were repeated in the diluted sample
to probe these specific contacts. An alternative approach that
does not require prior knowledge of the X-ray structure was

demonstrated previously by Oschkinat and co-workgend
by McDermott and co-worker® Experiments using broad- Figure 6. Intermolecular carbonyiside chain interaction detected in HBR
) experiments. Both types of interactions between the N-terminal methionine

bandeq DAR_R qr PDSB3C__13C mixing appear t(_) be pptimal anda-helix shown in (a) and betwegi2 and$3 strands shown in (b) are
for the identification of the intermolecular interactions in diluted present in crystals with trigonal packifiyOnly contacts between residues

samples, as these contacts can be identified in a singlelocated in2 and 3 strands of GB1 shown in (b) are present in the
experiment orthorhombic packing®

(71) Schwieters, C. D.; Kuszewski, J. J.; Tjandra, N.; Clore, GJMMagn. Of the 12 intermolecular mteracn_ons det?Cted in Ol_'" e_xperl-
Reson2003 160, 65-73. ments, 4 take place between the side chain of methionine and
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Figure 7. 2D planes of the HBRexperiment recorded in 50% diluted and fully labeled samples, at a spinning frequency of 12.25 kHz under identical
decoupling conditions. The planes were taken at 15.8 ppm in glitr&ct dimension at the position of MEL The processing parameters were identical

to those given in the caption to Figure 2. Both spectra are normalized with respect to the intensity of the carbonyl K28dtds8ieak. All peaks shown

in this figure are significantly attenuated in the diluted sample and were attributed to intermolecular interactions.

Table 2. A List of Intermolecular Contacts Detected in HBR?
Experiments, Extracted Distances, and Their Comparison with
Two Crystal Packing Forms for GB1

Another systematic uncertainty may result from the presence
of multispin effects, which is obvious from Figure 3: V39C
interacts simultaneously with N37@nd G38Cforming a three-

' s} spin system, whereas the T16Z E15C, T44Cy2, and T44C
intermolecular orthorhombic trigonal atoms form a four-spin cluster. In a separate study, we have
contacts (PDB: 2Gl9) (PDB: 1PGB) SSNMR . . . . . .
made extensive simulations of multispin effects in a three-spin
éﬁgﬁiigg ié ié gg‘f g'g system in the presence of shor?¥ relaxation®? We found
E15C-T44Cy2 4.4 43 45£07 that these effects are reduced in the presence of short ZQ
T44C-L12Cy2 6.1 5.1 29-75 relaxation, with estimated systematic errors smaller than those
Y45C-L12Cy2 5.5 4.1 29-75 intr the omission of CSA
D46C-T11Cy2 4.7 4.6 29-75 oduced by go ssion of CSA. .
D47C-T11Cy2 4.4 4.4 29-75 Structure Refinement of GB1. A total of 153 dipolar
ﬁggg-gﬂlllccﬂ 5-i50 18'8 ;«955 % contacts were detected in the HBRpectra. Of these, 100
- € > . . . . . . g

E27C-M1Ce ~10 10.0 4507 dls_tances were extracted and analyzeq using th_e S|mpI|_f|ed two-
K28C'-M1Ce >10 76 29-75 spin model: 31 contacts were classified as intraresidue, 36
V29C-M1Ce >10 5.5 29-75 contacts corresponded to sequential s@pin interactions, and

19 and 14 contacts were medium and long-range order interac-
tions, respectively. Forty one contacts could not be fitted with
guantitative reliability because of the lack of a statistically
significant number of points. Twelve additional intermolecular
interactions were also detected. The summary of all measured
distances is given in the Supporting Information.

The distance constraints derived from the H@Rperiments
were combined with 84 dihedral angles derived from TALOS
analysis, subjected to a standard structure calculation using
Xplor-NIH,”* and resulted in a low-resolution structure of the
protein. To improve the quality of structure, and to test the
potential use of HBRNV measurements for structure refinement,
we collected a set of 3D (NCOCX, NCACX) and a 2BC—
13C correlation spectra with 500 ms of proton driven spin
diffusion for 13C—13C mixing. First, NCACX and NCOCX
spectra were analyzed, and a total of 241 (185 distances from
NCACX and 56 distances from NCOCX, excluding any overlap
with the HBR data) contacts have been identified from these
experiments. The cross-peaks were assigned based on the
consistency with the global fold derived from the HBR data
and TALOS restraints and were all classified to be in the range
2.9-7.5 A. A number of cross-peaks detected in PDSD spectra
appeared to be inconsistent with the HBemplate structure
and were discarded. These peaks may have corresponded to the
long-range relayed transfers. In general, the use of the HBR
template data and fairly conservative boundaries used for the

backbone carbonyls of A26, E27, K28, and V29, all located in
the o-helix (Figure 6a). The corresponding cross-peaks are
significantly attenuated in the spectra of the diluted sample, as
shown in Figure 7. Interestingly, the presence of these peaks is
completely inconsistent with the orthorhombic crystal packfhg.

The data are more consistent with another type of lattice that
GB1 molecules can form, trigoné, although the distances
derived from our NMR measurements appear to be shorter than
those extracted from the X-ray structure (Table 2). This indicates
a more compact packing in the nanocrystals, compared with
crystals of macroscopic size. An additional eight interactions
take place between residues located ongPeandf33-strands
in GB1 (Figure 6b). They are consistent with both orthorhombic
and trigonal packing forms.

Systematic Uncertainties in the Measured Distances.
Possible sources of systematic errors #iRmeasurements have
been discussed previousk/?’2 The largest is associated with
uncertainty in the relative orientation of the carbonyl chemical
shift anisotropy and dipolar tensors. It was shown that the
complete omission of the CSA results in the systematic errors
of ca.+0.6 A, independent of the;AQ relaxation. In most cases,
this uncertainty was the dominant source of error.

(72) Ramachandran, R.; Lewandowski, J. R.; van der Wel, P. C. A.; Griffin, R.
G. J. Chem. Phys2006 124, 214107.
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Figure 8. 2D 13C—13C plane of three-dimensional NCACX spin diffusion experiment. The NCA pseudo-diagonal peaks are indicated by asterisks. Medium
(e.g., G41@-V39Ca, G38G-D36Cn) and long-range correlations (e.g., G439/V54y1, G41Qx-T55y2) are detected in the spectra. 88 real data
points with an increment of 256 /&s were collected irty, 400 real data points with an increment of 3gs were collected iy, and 2560 complex points

with a 11us dwell time were collected ity. The data were processed with exponential line broadening of 2.0 Hz in, ttenEnsion and ther/2-shifted

square sinusoidal window function in the &n1d F dimensions.

PDSD restraints minimize the chances that the cross-peaks due 2.57
to multistep magnetization transfers will be mistakenly inter-
preted as positive contacts between carbon spins in a spatial 2044
proximity. {

A representative 2D plane of the full 3D NCACX experiment — '-
. . . - o= Y
is shown in Figure 8. Although we were originally concerned Y 1.5 i A
that the short-range interactions would dominate the polarization 2 :’:
transfer because of the residual dipolar truncation effects, alarge & " ': fo 4

p 1.0 |» s 0 [ o

number of nontrivial cross-peaks have been observed. From Ao ub “_h I R, " Jw
these two experiments, a total of 75 sequential, 116 medium, s s k‘."':-' "-: T
and 50 long-range correlations were obtained. These numbers 059 gt u i al ‘::;’-‘
do not include @[i]—Ca[i+1] contacts and all the restraints
overlapping with HBR data. 00

The 2D 3C—13C spin diffusion data provided an additional
186 constraints (of which 45 were long-range and 48 were
medium-range contacts), many of them corresponding to long- Figure 9. A comparison of the backbone RMSDs for 10 lowest energy

range side c.:haiHSide chain interactions. The cross-peak structures calculated from spin diffusion and HB&ata (red) and from
assignments in the crowded 2BC—13C PDSD spectrum were  spin diffusion and HBR data set to spin diffusion limits of 2:97.5 A

also accomplished based on the consistency with the 3D fold (green).

derived from HBR and NCOCX and NCACX PDSD measure-

ments. the disallowed region. An overall backbone rmsd obtained in

Structure Calculation. In addition to the structure calculation  this calculation was 0.8 A.

based on HBRand TALOS constraints described previously, A similar structure calculation, but with HBRconstraints

two more structure calculations were performed. In the first, a redefined to the PDSD limits of 2:97.5 A, was repeated and

complete set of 568 distances (427 spin diffusion restraints andresulted in a family of 10 lowest energy structures with a larger

141 intramolecular HBRconstraints) and 84 TALOS dihedral  backbone rmsd of 0.9 A. The results of two calculations are

angle restraints was subjected to a standard structure calculatiorsummarized in Figure 9, where RMSDs are compared for each

protocol starting from a linear conformer. The structure calcula- residue. The improvement is localized to Lys4-Thrl7 and

tion was carried out using the Xplor-NIH packaGewith a especially Val29-Val39 fragments, where locally defined

violation report threshold set to 0.2 A. During the course of RMSDs improve by as much as 6:8.4 A.

calculation trials, the following iterative procedure was per-

formed: if distance violations were reported consistently in the

family of structures, they were removed from the restraint list e have presented a new experimental approach3@r

and another calculation was performed, until no violation greater 13c distance measurements in uniformf 15N labeled pro-

than 0.2 A was reported in the final calculation. Only 7 spin  teins. The experimental pulse sequence is robust and easy to

diffusion restraints out of a total of 568 were rejected in the jmplement. Because all of the chemical shift evolution periods

whole course of the iterative calculation procedure. A family are recorded on nuclei that are relatively insensitive to the

of 500 structures was calculated, and the 25 lowest energydecoupling conditions (nitrogens, carbonyl carbons, methyl

structures were selected for subsequent structure quality analysigarbons), the experiment can be conducted at a low proton

using the PROCHECK packag&94% of backbone torsion  decoupling power without significantly sacrificing the spectral

angles were reported in the most favored region, 4% were in resolution.

the additional allowed region, and one residue, Lys10 located  The experiments presented in this work were conducted at a

in the turn connectingl and32 strands, was found to be in g MHz proton field and required only moderate spinning

(73) Laskowski, R. A.; Rullmann, J. A. C.; MacArthur, M. W.; Kaptein, R; frequencies in the range 11?32'4 kHz, _rea_dily aChievat_)le in
Thornton, J. M.J. Biomol. NMR1996 8, 477—-486. modern NMR probes. At high magnetic fields, matching the
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Residue
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n = 2 R2 condition will require faster spinning frequencies, e.g.,  The constraints derived from the HBRxperiments alone
17—-18.6 kHz, which are also readily available in the modern were sufficient to derive a global fold of the protein, but only
MAS probes. Thus, the experimental approach is directly ata low resolution. An optimal strategy appears to be to combine
extendable to higher fields, albeit the homogeneous width of HBR? 13C—13C constraints with restraints derived from other
the R matching condition is expected to be somewhat narrower, experiments, for example, from PDSD or DARR experiments.
due to more efficient averaging 8fi—'H dipolar couplings by In GB1, the addition of HBR constraints improved the rmsd
fast MAS. of structure for approximately 45% of the residues. We

In GB1, the experiment provided accurate distances up to anticipate that the types of measurements presented in this work
5.5 A. It should be emphasized that although the two-spin Would be of greater significance in systems with extended
approximation employed for data analysis appeared to ad-secondary structure motifs, where only a limited number of long-
equately describe the experimental data, this is so in large partrange intramolecular contacts are available. In this respect, the
because of the relatively large systematic errors associated withmportance of short-range accurate distance constraints has been
the omission of the CSA effects. In principle, the CSA-related demonstrated in amyloid fibrif. The 3C—13C constraints
errors could be reduced if the carbonyl CSA orientations were should be complemented with other refinement techniques,
included in the iterative structure refinement, but such a including methods for the determination of dihedral an§fe¥;

procedure would necessarily require a proper analysis of theas well as forH—'H, 3C—1N, and>N—**N distances;">to
multispin processes. be able to solve high-resolution structures for proteins not

An additional point of concern in quantitative analysis of amenable to X-ray crystallography or solution NMR.
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