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Solid-state NMR (SSNMR) spectroscopy is a uniquely effective method for protein structure
determination of insoluble protein fibrils or aggregates.1-4 SSNMR spectra of such samples
often contain intramolecular and intermolecular correlations with similar intensities, leading
to ambiguities in interpretation of data sets obtained from undiluted, uniformly 13C,15N-labeled
samples. In order to faithfully reproduce tertiary and quaternary structural features, differential
isotopic labeling strategies must be utilized. For example, intensities of intermolecular
crosspeaks are attenuated by diluting the labeled sample in natural abundance material.
Alternatively, these signals can be accentuated by utilizing regio-specific 15N and 13C labeling,
as demonstrated in studies of reassembled thioredoxin,5 or recrystallizing physical mixtures
of 15N and 13C labeled proteins, such as Crh.6 With such labeling patterns, heteronuclear
distance techniques—such as REDOR,7 TEDOR,8 and NHHC methods6—can be applied to
obtain site-specific distance restraints across molecular interfaces.

Here we extend this approach to the full, atomic-resolution structure determination of a
quaternary protein assembly in the nanocrystalline state. We utilize 3D Z-filtered TEDOR,9
as recently demonstrated to quantify intramolecular distances in proteins,10 to detect site-
resolved intermolecular correlations. The distance restraints are incorporated into simulated
annealing calculations, resulting in a specific quaternary arrangement that is independent of
the initial condition. For example, if the coordinates from the known trigonal X-ray crystal
structure (PDB ID 2QMT)11 are used as the starting point for the calculation, the NMR
restraints refine the exact atom positions but do not change the quaternary arrangement; if
instead the orthorhombic X-ray lattice coordinates are used (PDB ID 2GI9),12 in the course of
the calculation, the relative orientations of neighboring molecules change substantially,
transforming into the trigonal form. Finally, calculations initialized with isolated monomers
converge to the trigonal form. These results demonstrate that SSNMR methods can fully
reproduce not only secondary and tertiary, but also quaternary, structural features at atomic-
resolution detail.

Previously we have collected a range of structural data for GB1 in the nanocrystalline state—
including homonuclear distance restraints and vector angles,13 backbone chemical shift
tensors,14 and high-precision 15N-13C distance restraints.10 The 3D Z-filtered TEDOR pulse
sequence produces hundreds of intramolecular 15N-13C restraints, which are sufficient (with
TALOS15 restraints) to define an atomic resolution protein structure (PDB ID 2KQ4).10

Extending this approach to physical mixtures (50:50) of 13C- and 15N-labeled molecules (see
Supporting Information (SI) for sample preparation details) results in a rich set of
intermolecular restraints. The spectra were collected with a 500 MHz Varian InfinityPlus
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spectrometer and 3.2-mm Balun™ 1H-13C-15N probe, with ~100 kHz TPPM decoupling16

during the REDOR periods (see SI for complete experimental details). Under these conditions,
the 15N and 13C (especially methyl and carbonyl) T2 values are >25 ms, coherence lifetimes
that in combination with the sparse labeling pattern (mitigating effects of scalar 13C-13C
couplings) enabled the detection of particularly strong TEDOR cross peaks. The peak
intensities continue to increase up to mixing times of at least 20 ms (Figure 1, Figure S1). Most
of these correlations are intermolecular correlations (natural abundance, intramolecular
correlations are observed but are much weaker, and can be readily identified with spectra at
short mixing times; see SI). Reverse labeling of the 15N sample with 13C-depleted glucose
would further suppress these undesireable peaks, and this strategy would be beneficial for
proteins of higher molecular weight and/or greater spectral degeneracy.

The observed 15N and 13C linewidths were ~0.5 and 0.2-0.3 ppm, respectively, enabling unique
(unambiguous) assignment of several intermolecular correlations based on the known GB1
chemical shifts.17 From these assignments, we identified two distinct molecular interfaces: (1)
an anti-parallel intermolecular beta-sheet (β2-β3’), defined by long-range correlations with (i
+j) = 58 ± 2 (Figure 2) and (2) contacts between helical residues 28-31 and residues 1 and
20-21. A subset of these correlations have been previously reported.10,13,18,19 We obtained a
sufficiently large number of unambiguous restraints that structure calculations generally
converged well and clarified the assignment of ambiguous restraints (see SI for complete
restraint lists).

We first performed XPLOR-NIH20 calculations consisting of one subsection of the crystal
lattice: a central GB1 molecule and all other molecules with a 15N within 8 Å of a 13C of the
central GB1. The calculation was performed starting with each crystal form, applying identical
restraints. Intermolecular restraints were assigned taking into account the inherent ambiguities;
for each peak, all 15N and 13C resonance frequencies within half the peak linewidth were
deemed possible assignments. The ambiguous restraints were then formalized in XPLOR-NIH
lists (provided in the SI). We then performed the calculation with several different initial
conditions, to test the reproducibility of the resulting structure, which converged within 5 Å
bbRMSD of the trigonal crystal structure (2QMT), but differed by >13 Å from the
orthorhombic structure (2GI9).

Finally, we performed a calculation starting with five GB1 monomers placed ~20 Å apart (using
VMD-XPLOR21) in several, randomly selected orientations. Intermolecular restraints were
first applied with internal coordinates of the monomers held constant, allowing the
intermolecular TEDOR restraints to dock the peripheral monomers to the central monomer. If
docking was successful (as it was in half the cases), the structure was then refined. The resulting
quaternary arrangements (Figure 3a) showed high precision (bbRMSD for all 5 monomers of
<0.5 Å) and accuracy, based on agreement with trigonal form (Figure 3b). Hence, this is a de
novo recreation of the crystal lattice of GB1.

In conclusion, we have demonstrated that 3D Z-filtered TEDOR experiments, when performed
on mixtures of isotopically labeled protein samples, report on site-specific intermolecular
distance restraints. These data sets can be leveraged to perform rigorous structure calculations
of the protein interface. In the example demonstrated here, we have determined the packing
arrangement of our nanocrystalline GB1 preparation to be consistent with the trigonal form as
determined by X-ray diffraction. Therefore this represents an important proof of principle, in
a case where the results can be directly compared with other structural information. We
envision the application of this approach to determining the registry and quaternary
arrangement of protein fibrils, which most often cannot be determined by diffraction methods.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2D 15N-13C plane of 3D ZF-TEDOR spectrum, illustrating intermolecular correlations from a
recrystallized physical (50:50) mixture of 1,3-13C-glycerol and 15N-labeled GB1. Data were
acquired at 500 MHz (1H) with 21.6 ms 15N-13C mixing, 14.4 ms 15N and 30.7 ms 13C
evolution. Total measurement time 26 hrs.
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Figure 2.
Intermolecular 15N-13C distance restraints observed by TEDOR. The β2’-β3 intermolecular
interface of GB1 nanocrystals with intermolecular restraints, with maximum distances of 5, 7
and 8 Å, determined by the TEDOR mixing time at which the peaks were first observed (see
SI for details).
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Figure 3.
The crystal packing of GB1 determined by simulated annealing of five GB1 monomers with
ambiguous intermolecular TEDOR restraints (pdb ID 2KWD). The bbRMSD of the 10 lowest
energy structures (a) is 0.42 ± 0.08 Å. Alignment of the region distinct to the trigonal lattice
(b) yields a 2.9 ± 0.1 Å bbRMSD of the ensemble (red) to the 2QMT crystal structure (blue).
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