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We show that quantitative internuclear ’N—'3C distances can be obtained in sufficient quantity to
determine a complete, high-resolution structure of a moderately sized protein by magic-angle
spinning solid-state NMR spectroscopy. The three-dimensional ZF-TEDOR pulse sequence is
employed in combination with sparse labeling of '*C sites in the 81 domain of the immunoglobulin
binding protein G (GB1), as obtained by bacterial expression with 1 ,3-13C or 2- 13C-glycerol as the
13C source. Quantitative dipolar trajectories are extracted from two-dimensional >’N—'3C planes, in
which ~750 cross peaks are resolved. The experimental data are fit to exact theoretical trajectories
for spin clusters (consisting of one '*C and several >N each), yielding quantitative precision as
good as 0.1 A for ~350 sites, better than 0.3 A for another 150, and ~1.0 A for 150 distances in
the range of 5-8 A. Along with isotropic chemical shift-based (TALOS) dihedral angle restraints,
the distance restraints are incorporated into simulated annealing calculations to yield a highly
precise structure (backbone RMSD of 0.25 + 0.09 A), which also demonstrates excellent agreement
with the most closely related crystal structure of GB1 (2QMT, bbRMSD 0.79 +0.03 A). Moreover,
side chain heavy atoms are well restrained (0.76+0.06 A total heavy atom RMSD). These results
demonstrate for the first time that quantitative internuclear distances can be measured throughout an
entire solid protein to yield an atomic-resolution structure. © 2009 American Institute of Physics.

[doi:10.1063/1.3211103]

I. INTRODUCTION

Magic-angle spinning (MAS) solid-state NMR (SS-
NMR) has been used to solve several complete protein struc-
tures in recent years,k6 and the precision of these structures
is improving.5 These advances are important because SS-
NMR is able to investigate samples with only local order and
offers the most promising avenue toward routinely solving
the structures of insoluble proteins that do not form single
crystals. Specifically, substantial progress has been made in
SSNMR structural investigations of both membrane
proteinsL14 and protein aggregatesﬁ’lsf20 One major remain-
ing goal is to solve structures of these systems at a rate and
quality comparable to those produced by solution NMR and
x-ray crystallography. Most SSNMR structures so far have
been solved with a combination of semiquantitative
13C—13C, lSN—”N, and '"H-'H distances, of precision com-
parable to nuclear Overhauser effects (NOEs) measured in
solution. In addition, empirical dihedral angle restraints from
TALOS assist in computational refinement of secondary
structure elements.”’ Until recently, the highest quality SS-
NMR structures were reported with backbone RMSD
(bbRMSD) values of ~0.8—1.4 A."™* We have recently re-
ported that with large numbers of distances, as well as high
precision vector angle restraints, structures can be refined to
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~0.2 A bbRMSD.’ Likewise, we have shown that chemical
shift tensors provide another avenue to atomic-resolution
structure refinement.*

Here we investigate the measurement of high precision
heteronuclear ('’N—'3C) distance restraints to refine protein
structure to atomic resolution. Heteronuclear dipolar cou-
plings, normally averaged by MAS, can be reintroduced with
a train of rotor synchronized rf pulses, as in the rotational
echo double resonance (REDOR) (Ref. 23) experiment and
its analog transferred echo double resonance (TEDOR).24
For spin pairs or clusters, these methods offer exquisitely
high precision determination of internuclear distances by re-
porting dipolar dephasing (for REDOR) or buildup (for
TEDOR) trajectories under the influence of a pulse sequence
in which the multiple spin-pair interactions mutually com-
mute with one another.”*® Furthermore, for application to
proteins with a large number of isotopic labels, the three-
dimensional (3D) z-filtered TEDOR (ZF-TEDOR) (Ref. 27)
pulse sequence was developed, enabling quantitative trajec-
tories to be extracted from a series of two-dimensional (2D)
spectra in which the °C and >N chemical shifts for each
unique spin pair are encoded. Therefore many dozens of dis-
tances could be measured in uniformly B3¢, N-labeled
peptides.z&29

Although the ZF-TEDOR experiment addresses the di-
rect and indirect effects of '*C—'3C scalar couplings in the
observed trajectories and peak line shapes, the modulations
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arising from one-bond couplings compromise the dynamic
range of the measurement of weak dipolar couplings. This
well-recognized challenge has previously been addressed by
band-selective decoupling (BASE TEDOR),27 as well as a
semiconstant time TEDOR version.”® Here we address this in
a third, complementary way by preparing protein samples
where the percentage of directly bonded Bc pairs is mini-
mized, as derived from either 1,3-'*C-glycerol (along with
natural abundance carbonate) or 2-'*C-glycerol (and '*C car-
bonate) as its sole sources of carbon. This expression
scheme, originally developed by LeMaster et al.,”" and uti-
lized previously in SSNMR, "2 produces an anticorrelated
“checkerboard” pattern of '>C and '’C labeling for most
amino acids, enhancing resolution and sensitivity most nota-
bly in *C-"3C 2D and "N-"*C-"3C 3D experiments.

We show here that for 3D ZF-TEDOR experiments, this
glycerol-derived labeling pattern is particularly beneficial,
enabling high-quality experimental data to be acquired with
hundreds of resolved correlations. We then demonstrate a
protocol for fitting the dipolar trajectories quantitatively,
modeling the spin dynamics for each set of several 5N spins
coupled to each resolved '*C site. This approach enables
quantitative analysis for distances of up to at least ~5 A, as
well as detection of much longer distances (~8 A) with
moderate precision. These distance restraints prove useful in
determining protein tertiary structure.

Il. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. Sample preparation

Samples of GB1, a 6 kDa streptococcal protein ex-
pressed from E. coli, were >C and "N isotopically labeled
by bacterial overexpression in media containing >N ammo-
nium chloride as the sole nitrogen source and either (a)
2-BC-glycerol and calcium '’C-carbonate, or (b)
1,3-3C-glycerol and natural abundance carbonate, as the
sole carbon sources.**?!3 We refer to these preparations
throughout the text as [2]-GB1 and [1,3]-GB1, respectively.
In each case, ~18 mg of nanocrystalline protein was packed
into the central 80% of a limited speed 3.2 mm Varian rotor
(Varian, Inc., Fort Collins, CO). All experiments were per-
formed using a 500 MHz InfinityPlus spectrometer (Varian,
Inc., Palo Alto, CA and Fort Collins, CO) equipped with a
3.2 mm T3 Balun™ 'H-"3C—"N MAS probe. Pulse widths
(m/2) for 'H, 3C, and >N were 2.6, 3.0, and 6.0 us, re-
spectively. Spinning was controlled via a Varian MAS con-
troller to 11 111+2 Hz.

B. NMR spectroscopy

A series of 2D '"N—'3C planes was acquired according
to the 3D ZF-TEDOR pulse sequence.27 TPPM decoupling
was used during acquisition with a 'H field of ~70 kHz
(6.7 ws, 15.0° total phase difference). TPPM conditions dur-
ing REDOR (5.0 us, 18.0°) were optimized with 5.76 ms
mixing and a nominal 'H field of ~100 kHz. "*C and N
m-pulse widths during TEDOR were 6.0 and 15.2 us, re-
spectively, the latter value adjusted to ensure that the ratio of
'H to "N nutation frequency was at least 3:1 to minimize
decoupling interference.*** Spectra were acquired with the
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FIG. 1. Carbonyl '3C region of 2D ''N-'*C TEDOR spectra (1.44 ms
mixing time). Spectra of GBI samples prepared from (a) 2-'*C-glycerol,
calcium *C-carbonate, and ">NH,CI ([2]-GB1) and (b) 1,3-'3C-glycerol,
natural abundance carbonate, and '"NH,CI ([1,3]-GB1). The sequence of
GBI (c) is provided for reference. Spectra were acquired at 500 MHz 'H
frequency. Peaks are labeled with their backbone '°N and '*C’ frequencies,
respectively, except for side chain N sites which are explicitly indicated.
Data were processed with 15 Hz net line broadening (Lorentzian-to-
Gaussian apodization) in '*C and 5 Hz in '*N. Acquisition time was 9 h for
each spectrum.

minimum phase cycle of 16 scans per row, resulting in 4.5 h
blocks of measurement time with each 2D plane digitized to
640 points (TPPI) by 45 us per row in #; (°N, 28.8 ms
maximum evolution time) and 3072 complex points (15 us
dwell) in the 1, acquisition dimension (*C, 46.1 ms acquisi-
tion time). Data processing was performed with 15 and 5 Hz
net line broadening in the direct and indirect dimensions,
respectively (using a 1:2.5 ratio of negative Lorentzian to
positive Gaussian apodization) and zero filling to 8192 by
8192 complex points.

The "N-"C dipolar trajectories were sampled with val-
ues of ., (according to Jaroniec et al., Fig. 1) (Ref. 27)
incremented from 1.44 to 14.40 ms in steps of 1.44 ms.
Signal averaging times were increased for longer mixing
times, with a minimum of two blocks (9 h) acquired with
fmix=1.44 ms and a maximum of nine blocks (40.5 h) with
tmix=14.40 ms. Spectra were normalized, according to the
total number of scans per row, prior to further analysis.

C. Numerical simulations and data fitting

Spectra were processed in NMRPipe (Ref. 36) and peak
intensities extracted from the 2D "N-'3C planes using the
nlinLS package, resulting in trajectories of integrated peak
intensities as a function of mixing time, from 1.44 to 14.4 ms
in 1.44 ms increments.

Simulated trajectories were generated using SPINEVOLU-
TION (Ref. 37) to model spin dynamics of ZF-TEDOR with
the following assumptions: (1) All spin coherences derived
from a single '*C site commute with all other spin operators
involving other Bc spins; (2) each B site is coupled to n
5N sites, which are not coupled to other BN spins; (3) the
relative orientations of the heteronuclear dipoles could be
ignored. (We show experimentally (vide infra) that these ap-
proximations are valid in the limit of weak couplings.) Thus,
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FIG. 2. CA region of 2D "N—'*C TEDOR spectra (1.44 ms mixing time).
(a) [2]-GBI1; (b) [1,3]-GB1. Spectra were processed with 15 Hz net line
broadening (Lorentzian-to-Gaussian apodization) in *C and 5 Hz in N.
Acquisition time was 9 h for each spectrum.

simulated trajectories for each of the n °N sites coupled to a
single *C resonance were generated.

The dipolar couplings and other incidental parameters
were then determined by minimizing the global difference
between the simulated and experimental trajectories, using
in-house FORTRAN code that called MINUIT minimization
libraries and SPINEVOLUTION.”’ The distance between '*C
and "°N spin pairs was simulated for each point on the tra-
jectory and a scaling factor was applied to the result to ac-
count for the '°C labeling percentage. In this scheme,
y-scaling, corresponding to labeling percentage, is held fixed
over the ensemble and T, relaxation, applied as an exponen-
tial decay, is allowed to vary by 10% over the ensemble, to
account for possible higher order relaxation from N CSA
recoupling during the REDOR periods.

lll. RESULTS AND DISCUSSION
A. 2D TEDOR heteronuclear correlation spectroscopy

As demonstrated previously,38 the 2D N-13C’ spectra
of [2]-GB1 [Fig. 1(a)] and [1,3]-GB1 [Fig. 1(b)] GB1 are
well resolved, with natural '*C linewidths of ~0.2 ppm and
N linewidths of ~0.5 ppm, principally limited by instru-
mental factors (such as the B, homogeneity and the maxi-
mum time for which high power 'H decoupling can be ap-
plied). Spectra acquired at 1.44 ms "N-'3C mixing, the
shortest value utilized here, contain strong peaks from one-
bond correlations (e.g., N[i]-C'[i-1]), with the relative inten-
sity depending principally upon the efficiency of the '°C la-
beling within each amino acid. For example, in the [2]-GB1
sample, carbonyl sites for Leu are nearly 100% labeled,
whereas Ala, Gly, Val, and other amino acids from the gly-
colysis pathway are labeled only to a small extent; in the
[1,3]-GB1 sample, a complementary pattern is observed. In
both samples, carbonyl sites from amino acids in the citric
acid cycle (most notably, Gln/Glu, Asp/Asn, Lys, and Thr)
are observed with approximately equal intensity in the
[2]-GB1 and [1,3]-GB1 samples, due to the scrambling of
13C within the cycle. These signals serve as valuable internal
controls to validate data analysis procedures.

Likewise, the TEDOR spectra are well resolved in the
CA region for both the [2]-GB1 [Fig. 2(a)] and [1,3]-GB1
[Fig. 2(b)] samples, with nearly every expected cross peak
resolved. Partial overlap of the N8, A20, and D46 resonances
in the [2]-GB1 spectrum is alleviated by the reduction in A20
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FIG. 3. 3C labeling pattern measured by TEDOR in GB1. Red represents
the [2-GB1] and green [1,3-GB1]. Each circle represents the intensity of
correlations to the carbon type indicated at the top in the residue group
indicated to the left.

intensity in the [1,3]-GB1 spectrum. An additional benefit of
the glycerol labeling scheme is the absence of most one-bond
homonuclear J-couplings, with the exception the Val and Ile
CA-CB, which lead to doublet patterns observed for 16 and
the four Val residues (21, 29, 39, and 54). Moreover, broad-
ening from off or near rotational resonance (R?) is
avoided.***~* These factors together contribute to high ob-
served signal-to-noise ratio (SNR) for both samples, approxi-
mately 500:1 in 9 h of data collection for directly bonded
ISN-13C pairs that were ~100% labeled and proportionately
lower for the fractionally labeled sites. Thus it was also pos-
sible to observe weak peaks at natural abundance and/or with
a small percentage of labeling; in several instances, sites that
are nominally unlabeled appeared with approximately 5% of
the maximum intensity [e.g., A48 C’ in the [2]-GB1 sample,
Fig. 1(a)].

The glycerol-derived isotopic incorporation on an amino
acid specific basis is likely to vary among proteins, due to
differences in the relative percentages of each amino acid; in
the case of GBI, such effects are likely to be exaggerated by
the very high levels of expression (>100 mg/L) and the fact
that GB1 lacks several amino acids (Cys, His, Pro, Ser, Arg)
and has a large number of others (such as Thr, Asp, and Glu).
Therefore the NCA and NCO 2D spectra can be utilized to
approximate the percentage of '*C labeling in our samples.
This percentage was incorporated as a parameter into the
fitting procedure as an intensity scaling factor; this treatment
is valid in the limit that the relaxation parameters are similar
for all sites, which is satisfactory in the limit of short
TEDOR mixing times. The results of this analysis are shown
in Fig. 3. Overall patterns were very similar to those reported
previously,l’3 but with substantial signal intensities (~10%
of the maximum) for sites that were not expected to be la-
beled, such as CO resonances for Gly, Trp, Phe, Tyr, and Ala
in the [2]-GB1 sample. Despite the presence of these peaks,
we consistently observed lineshapes lacking fine structure
from 'Jc couplings, consistent with the anticorrelated label-
ing of neighboring carbons.
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FIG. 4. Methyl region of 2D '*N-'3C TEDOR spectrum of [1,3]-GB1 at
several mixing times. (a) 1.44 ms; (b) 2.88 ms; (c) 4.32 ms; (d) 5.76 ms.
Peaks are labeled only in the spectrum where they first appear. Labels indi-
cate the backbone N site followed by the BC to which it is correlated,
except for side chain N sites that are specifically noted. Intraresidue cor-
relations have no second residue number before the '*C label. Spectra were
processed with 15 Hz net line broadening (Lorentzian-to-Gaussian apodiza-
tion) in °C and 5 Hz in "N.

At longer "N-"3C mixing times, additional "*C reso-
nances are observed at each '°N frequency (Fig. 4); many of
these correlations are consistent with medium and long-range
distance restraints. For example, the methyl region of [1,3]-
GBI contains strong crosspeaks for two-bond N[i]-CB[i]
pairs (dipolar coupling ~200 Hz) with SNR values of ~30,
or ~6% of the maximum intensity for the aforementioned
one-bond correlations at 1.44 ms 'N—'3C mixing. At pro-
gressively longer mixing times, these crosspeaks increase in
intensity to a maximum of ~150 at 5.76 ms (~30% of the
maximum one-bond crosspeak intensity). Even at the 1.44
ms mixing time, some inter-residue correlations are observed
(e.g., D40-V39CG1, G41-V54CG2, W43NEI-V54CG2),
which must have distances of greater than 3 A. Peaks first
appearing at 2.88 ms include those reporting on backbone-
to-side-chain distances of ~4 A (Val and Thr N-CG) as well
as various long-range correlations (G9-V39CG1, L7-
V54CGl1, Q2-T18CG2, W43-V54CGl). Nearly every "°C
and "N frequency is uniquely resolved, enabling straightfor-
ward assignment of the longer mixing time spectra. Chemi-
cal shifts agreed well with previously published values.*

To evaluate the distance measurement range using this
approach, we examined the spectrum at 14.4 ms mixing, the
longest utilized in this study. At selected '*C frequencies,
correlations are observed to nearly a dozen °N sites. For
example, I6CD1 (a uniquely resolved '*C frequency 12.6
ppm, Fig. 5) shows correlations not only within the 81 strand
to L5, 16, and L7 but also to 82 (G14, E15, and T16) and 4
(F52 and T53). These correlations are potentially useful in
restraining the relative position and register of these three
secondary structure elements. Likewise, L5CD2 exhibits cor-
relations within the 81 strand (to L5/L7, 16), 82 (T16), and
B4 (F52 and T53). Complementary information is observed
for V54CGl, within 4, with correlations to its neighboring
residues (T53 and T55), B1 (16, L7, G9), and B3 (G41,
W43). Such correlations between secondary structure ele-
ments are reliably observed, and in several cases unambigu-
ous peaks corresponding to distances of 8 A or more (based
on the 2QMT x-ray crystal structure45) are observed. Ex-
amples shown in Fig. 5 include F52N-I6CG1 (7.79 A dis-

J. Chem. Phys. 131, 095101 (2009)

K13CG L12CD2 V54CG1 M1CE
16CG1 [5cD2 TSSCGZ 16CG2 16CD1
1051 G14N%@ G14N% OG14N : ‘
G14Nx
—_ @ T44N ®G4IN § | :
€ 4101 GON @ GQN ®GON  *=GoN
g ITs: 8ND2 @NBND2
- s ® 6T53N o BTSN @TSN T53NE
= ‘ : ‘
= N37 .
o 1159 16N 4 T16N D22N  T16N
g ngsN
€ 120 54N Bvoon
2 G\ de1sn BK3IN  E1sne
(@)
= Bvan
2 1254 8N ;
GlisN §oan 16N
N L7N
7]
130+ N @v43NE@§F52N : F52N&
25 20 15

8C Chemical Shift (ppm)

FIG. 5. Methyl region of [1,3]-GB1 2D ""N-'3C TEDOR spectrum (14.4
ms "N-'3C mixing, 40 h measurement time). Data were processed with 15
Hz net line broadening (Lorentzian-to-Gaussian apodization) in '>C and 5
Hz in N.

tance in the crystal structure), V2IN-MICE (8.43 A), and
G14N-16CD1 (8.71 A). These long-range peaks are the most
useful with regards to defining the tertiary structure of the
protein.

We considered whether some of the observed cross
peaks might arise due to a multi-step polarization transfer
involving two *C spins and one '°N. This seemed unlikely
due to the fact that the MAS rate was chosen to avoid R?
conditions.***** Furthermore, at the longest mixing time
utilized here (i.e., 14.4 ms), with high power decoupling the
rate of homonuclear transfer via spin diffusion must be sub-
stantially slower than what we observed in GB1 with rotary
resonance recoupling on the 'H channel. In that case,” we
found it necessary to mix at least 50 ms to observe signifi-
cant (>5% of the diagonal) intensity between '*C pairs sepa-
rated by 2.5 A. We examined a specific case, of Ile6 CDI1, in
the resulting GB1 structure to determine whether there were
additional '*C sites physically positioned between source
(Tle6 CD1) and destination (G14N) spins; in this case there
were none within 5 A. We attribute this, and the general lack
of spin diffusion by Be-Bc¢ couplings, to be a consequence
of the sparse, glycerol-derived isotopic labeling.

B. Quantitative analysis of polarization transfer
trajectories

As illustrated above, a large number of crosspeaks are
observed in the 2D TEDOR spectra, and the corresponding
distances may be approximated based on relative intensity
within individual spectra, in a manner analogous to NOE
analysis by solution NMR. However, for purposes of quan-
titative distance determinations, it is necessary to fit the tra-
jectories with rigorous spin physics models. To do so, we
next illustrate the fitting procedure for the polarization trans-
fer trajectories. Like REDOR difference spectra,23 TEDOR
trajectories24 for spin pairs can readily be fit to analytical (or
numerically exact) spin dynamics models to extract accurate
SN-13C distances, and similar logic has been utilized to
examine clusters of several spins.%*48 In contrast to RE-



095101-5 TEDOR protein structure determination

=

1.071®A34N o A34CB
JAaN35N
v V39N
AG41N

ToW43NE1

0.84

Normalized Intensity

J. Chem. Phys. 131, 095101 (2009)

—
O
~

WA43NE1
K31N
V54N
T53N
W43N
T44N
K31NZ

W43CZ3

0.8 4

0.6 4

A4 >O0pab>eo

0.4 4

Normalized Intensity

0.2+

0.0

00 2838 576 864
Mixing Time (ms)

T T
11.52

1
14.40

FIG. 6. TEDOR polarization transfer trajectories of selected '*C—'>N correlations in GBI. Trajectories for (a) A34CB in [1,3]-GB1 and (b) W43CZ3 in
[2]-GB1. Correlations labeled on the 2QMT crystal structure for (c) A34B and (d) W43CZ3. Intensities in the trajectories are derived from integrated volumes
of peaks in 2D N—'3C TEDOR experiments at the respective mixing times. Simulated trajectories were generated using SPINEVOLUTION simulations of the
TEDOR pulse sequence as described in the text. Fit and x-ray distances for A34CB [(a) and (c)] are, respectively, as follows; A34N, 2.44+0.10 A vs 2.44
A; N35N, 3.29+0.10 A vs 3.09 A; V39N, 4.46+0.86 A vs 5.13 A; G4IN, 530+ 1.79 A vs 6.74 A; W43NEI, 59+32 A vs 547 A. Fit and x-ray
distances for W43CZ3 [(b) and (d)] are, respectively, as follows: W43NE1, 4.10 vs 4.06 A; K31N, 4.53 vs 4.61 A; V54N, 4.55 vs 4.85 A; T53N, 4.90 vs 5.18
A; W43N, 6.02 vs 6.36 A; T44N, 6.04 vs 6.15 A; K31INZ, 6.38 vs 6.00 A. The molecular graphic shows the backbone of helices in purple, strands in yellow,
and loops in cyan; the dark blue circles are nitrogen atoms, and the distances to the labeled '*C site are indicated with dotted lines.

DOR, however, the fit of the TEDOR trajectories is some-
what complicated by the fact that the maximum absolute
intensity in the trajectory depends not only on heteronuclear
dipolar coupling, but also the '*C labeling percentage, as
well as other factors (relaxation, presence of multiple di-
poles, relative orientations, etc.).27 In particular, the labeling
percentage is a critical parameter that contributes to the nor-
malization of the spectral intensity, which distinguishes be-
tween (a) short distances involving a fractionally labeled '*C
and (b) long distances involving a '>C that is ~100% la-
beled. These factors must be explicitly considered in order to
determine quantitative coupling constants. To first approxi-
mation, we considered the couplings, labeling percentage,
and relaxation as fit parameters, assuming that the labeling
percentage and relaxation must be the same for each '°C site,
and that all N sites were labeled to 100%. The relative
orientations of multiple '*C—'°N dipoles were ignored.
Figure 6 illustrates two typical scenarios encountered in
fitting ensembles of '°N sites correlated with a single B¢,
The A34CB resonance [Fig. 6(a)] has intraresidue, sequen-
tial, and long-range correlations. The intraresidue (A34N-
A34CB) trajectory exhibits a maximum at 5.76 ms mixing,

from which the distance of 2.44 A is fit directly, also
uniquely constraining the intensity scaling factor. With accu-
rate knowledge of this scaling factor, the remaining trajecto-
ries can be fitted unambiguously. In comparison to the crystal
structure [2QMT, Fig. 6(c)], we find reasonable agreement
for the short (A34N-A34CB, 2.44+0.10 A TEDOR versus
244 A x ray), medium (N35N-A34CB, 3.29+0.10 A
TEDOR versus 3.09 A x ray), and long (V39N-A34CB,
4.46+0.86 A TEDOR versus 5.13 A x ray; G41N-A34CB,
530+1.79 A TEDOR versus 6.74 A x ray; W43NEI-
A34CB, 5.9+3.2 A TEDOR versus 5.47 A x ray) distances.
Uncertainties in the TEDOR-determined distances (as deter-
mined by the MINUIT routine) are largest for the peaks ob-
served only at the long mixing times, such as W43NEl-
A34CB, which is at the borderline of sensitivity in this
experiment.

In general, BN-13C distances of less than ~3.5 A will
yield trajectories exhibiting maxima at less than 14.4 ms,
which can be uniquely fit to intensity scaling and hetero-
nuclear coupling. In cases where no >N nuclei are within 3.5
A of an observed °C resonance, this procedure becomes
problematic and the final scaling factor, and therefore dis-
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tances, becomes less reliable. For example, the W43CZ3
TEDOR trajectory [Fig. 6(b)] has not yet reached its maxi-
mum at 14.4 ms; trajectories in the initial rate regime exhibit
a strong covariance between the intensity scaling factor and
the dipolar coupling. Therefore the certainty of distance de-
termination is limited by knowledge of the hypothetical
maximum signal intensity. To address this problem, knowl-
edge of known molecular geometry in this case can be uti-
lized as an internal control to disambiguate the fit param-
eters. Specifically, the W43NE1-W43CZ3 distance is
dictated by the geometry of the indole ring to be 4.06 A.
Thus in fitting this group of trajectories we constrained this
distance to be 4.05=*0.05 10%, and the global fit for all six
distances was found to be internally consistent. Distances
calculated from this trajectory were systematically short
without the control, but using this chemical restraint the 5N
to W43CZ3 distances converge very well to the those ob-
served in the x-ray structure (K31N, 4.53£0.10 versus 4.61
A x ray; V54N, 455+0.10 versus 4.85 A; T53N,
4.90+3.90 versus 5.18 A; W43N, 6.02+0.10 versus 6.36 A;
T44N, 6.04 =0.10 versus 6.15 10\; K31INZ, 6.38 =0.10 versus
6.00 A). When fixing a distance within the ensemble, error
determinations for the remaining distances become less reli-
able as the mingrad MINUIT algorithm cannot properly
sample the solution space to determine the reliability of the
fit, although a reasonable estimate of the uncertainty for all
trajectories shown here is better than +0.4 A (i.e., the range
of distances from the mean required to generate simulations
that encompass all observed experimental data points). A to-
tal of 726 distance restraints (340 from the [1,3]-GB1 and
386 from the [2]-GB1) were determined. Among these, 454
had distance uncertainties of 0.2 A or less; another 95 had
uncertainties between 0.2 and 0.5 A, 48 had uncertainties
between 0.5 and 1.0 A, and the remaining 64 had uncertain-
ties greater than 1.0 A. In some instances (including most of
the 64 reported to have greater than 1.0 A uncertainty),
MINUIT failed to report reasonable errors [for example,
T53N-W43CZ3, Fig. 6(b)] although by manual inspection it
was clear that the trajectories were well fit. Nevertheless, the
large uncertainties were used in subsequent calculations
(vide infra).

We identified and removed intermolecular correlations
based on similarity to contacts observed pre:viously.5’30’49 The
remaining TEDOR-determined '*C—'°N distances showed
good agreement with the x-ray structure (Fig. 7). Excluding
the prochiral methyl carbons with ambiguous assignments
and side chain "°N sites, 240 out of 327 distances (73%)
determined in the [2]-GB1 sample were within 10% of the
x-ray determined distances, and 313 out of 327 (96%) were
within 25% of the x-ray distance. For [1,3]-GB1, likewise,
168 out of 260 (65%) were within 10%, and 235 (90%) were
within 25%. There is a trend evident in the plot, that outlying
points with shorter-than-expected NMR distances are ob-
served more frequently than longer-than-expected NMR dis-
tances; we attribute this to the fact that the short-than-
expected NMR distances are derived from stronger-than-
expected cross peaks, which are above the noise floor,
whereas the weaker-than-expected cross peaks are not ob-
served at all. In addition, variations between the TEDOR and
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FIG. 7. Scatter plot of "’N—'3C distances determined by TEDOR experi-
ments and x-ray crystallography (PDB entry 2QMT). (a) Plot including all
5N sites. (b) Plot including only backbone amide sites. The solid line has a
slope of 1, to guide the eye, and the dotted lines indicate variations of +25%
from the nominal distance.

x-ray distances are expected because the sample preparations
are not identical. For example, we previously found signifi-
cant differences in side chain conformation due to subtle
differences in crystal polymorphism45 which more detailed
NMR studies could elucidate.

C. Protein structure calculations with heteronuclear
distance restraints

We next calculated a de novo structure of GBI in
XPLOR-NIH (Ref. 50) using as experimental restraints the
complete set of TEDOR-determined SN-BC distances. Ex-
perimental uncertainties were assumed to have a minimum
of 0.1 A, even in cases where MINUIT reported smaller
uncertainties. In addition to distances, TALOS (Ref. 21) was
used to determine backbone dihedral angle from the isotropic
chemical shifts. Initial structures calculated this way con-
verged to an ~0.6 A backbone RMSD fold of GBI, with 36
ISN-13C distances violating by more than 0.5 A. In cases
where distance restraints consistently violated the majority of
lowest energy structures, the uncertainties were increased by
1.0 A and the calculation repeated. Two restraints, T53N-
16CG1 from [1,3]-GB1 and K10NZ-CG from [2]-GB1 (out
of the 36) that continued to violate, despite this increase in
uncertainty, were removed altogether. The backbone RMSD
converged to 0.35 A after this round of calculations. The
violation threshold was then reduced to 0.3 A, and another
52 violating distance restraints were relaxed and three more,
W43N-V54CG1 from both [1,3]-GB1 and [2]-GB1 and
T54N-16CG1 from [2]-GB1, were removed (86 in total). The
process was repeated until no violations greater than 0.3 A
remained. Table I shows all restraints used in the calculation
sorted by the distance in the primary structure. Long-range
(|i-=j|>3), medium range (1<|i—j|<4), sequential (|i—j]
=1), and intraresidue correlations are listed along with they
number of violations seen in each category. The majority of
all restraints (~88%) never violated in any of the calcula-
tions.

The violating distance restraints were predominantly in
one of two categories: (1) long-range restraints to B or PN
sites on flexible side chains and (2) distances involving B¢
nuclei with no >N within ~4 A. Examples of the first case
are I6CD1, I6CG1/2, L7CG, L7CD1/2, K13CE, K13CD, and
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TABLE I. TEDOR restraints used in structure calculations.

J. Chem. Phys. 131, 095101 (2009)

TABLE II. XPLOR calculation energies for the ten lowest energy structures.

b

Restraint type Never violate"  Violate once’ Violate twice® Total

Long* 108 23 4 135
Medium® 53 4 0 57
Sequential® 211 17 0 228
Intraresidue 268 42 1 311
Total 640 86 5 731
Percentage of total 87.6 11.8 0.7

“Restraints that did not violate by more than 0.3 A in a majority of the
lowest energy models.

PRestraints that violated once and had 1 A added to their error.

“Restraints that violated after being lengthened and were removed from
additional calculations.

4i-j|>4.

*li-j|=3.

i-jl=1.

several Lys NZ resonances. As shown by Ishii and Terao,
molecular motion alters the effective dipolar couplings in
SSNMR,’! in a manner that for strong couplings will gener-
ally result in larger values for r determined by (1/r°) (the
NMR observable) than from (r) (the x-ray diffraction observ-
able). In the case of BC nuclei with no nearby ISN, the
y-scaling factor is highly uncertain, and therefore the cova-
riance between intensity and coupling in this initial rate re-
gime gives the distance estimations a high uncertainty. These
effectively serve as long-range distance restraints of quality
similar to NOEs.

Once violating distance restraints were removed by this
procedure, the resulting structure calculation converged to a
family of structures (ten lowest energy out of 260 calculated)
with a backbone RMSD of 0.25+0.09 A with an all atom
RMSD of 0.76+0.06 A. The average structure showed
good agreement with the most closely related crystal struc-
ture (2QMT), with a bbRMSD of 0.79+0.03 A. Figure 8
shows the family of best structures shown with (a) only

FIG. 8. GBI structure calculated using TEDOR distance and TALOS dihe-
dral constraints. (a) Backbone trace of the ten lowest energy structures (out
of 260) calculated. (b) Side chains drawn in CPK coloring scheme. The
backbone RMSD is 0.25+0.09 A within the family of the ten best NMR
structures, and the RMSD in comparison to the crystal structure (2QMT) is
0.76=0.06 A. The all heavy atom RMSD is 0.79+0.03 A.

Average
Energies (kcal mol™") Standard deviation
Total 228.78 3.52
Bonds 19.35 1.18
Angles 80.15 2.28
VDW 0.03 0.09
TEDOR 115.96 2.93
Dihedral 4.56 0.55
Improper 8.72 0.76

backbone atoms and (b) all side chain atoms. Most variation
among the structures is observed in the turns at the beginning
and end of the helix. The side chains of residues in the core
of the protein are very well constrained leading to very high
similarity as indicated by the low all atom RMSD. Thus a
majority of the variance in the all atom RMSD is from ex-
ternal side chains that are less well constrained. Table II
shows the average XPLOR energies for this family of struc-
tures, which indicate that a majority of the pseudoenergy in
these structures arises from the TEDOR distance constraints
and the XPLOR angle restraints.

IV. CONCLUSIONS

We have demonstrated that the TEDOR pulse sequence
can be applied to a preparation of GB1 that is uniformly °N
and sparsely '°C labeled. This sparse '*C labeling allows for
long-range TEDOR distances to be observed for every '*C
site in GB1. Multiple '>N—'3C mixing times were used to
create dipolar coupling trajectories for carbon and nitrogen
sites up to 6 A apart and to detect correlations arising from
pairs up to 8 A apart. These trajectories were fit to exact
numerical simulations of TEDOR allowing "N-"3C dis-
tances to be determined with both precision and accuracy.
When incorporated into simulated annealing calculations
these distance restraints, combined with dihedral restraints,
produced a very high-resolution fold of GB1. Substantially
fewer distances were required to determine this structure
than in solution NMR studies with similar precision due to
the fact that TEDOR short-to-medium distances can be de-
termined with greater precision and accuracy than 'H—'H
NOEs. Because SSNMR has no intrinsic upper molecular
weight limit, this approach is promising for the study of
larger nanocrystalline proteins, membrane proteins, and in-
soluble aggregates, in cases where high-resolution 2D
BN-Bc¢ spectra can be obtained.
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