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Abstract
The study of micro- or nanocrystalline proteins by magic-angle spinning (MAS) solid-state NMR
(SSNMR) gives atomic-resolution insight into structure in cases when single crystals cannot be
obtained for diffraction studies. Subtle differences in the local chemical environment around the
protein, including the characteristics of the co-solvent and the buffer, determine whether a protein
will form single crystals. The impact of these small changes in formulation is also evident in the
SSNMR spectra, but leads only to correspondingly subtle changes in the spectra. Here we
demonstrate that several formulations of GB1 microcrystals yield very high-quality SSNMR spectra,
although only a subset of conditions enable growth of single crystals. We have characterized these
polymorphs by X-ray powder diffraction and assigned the SSNMR spectra. Assignments of the 13C
and 15N SSNMR chemical shifts confirm that the backbone structure is conserved, indicative of a
common protein fold, but sidechain chemical shifts are changed on the surface of the protein, in a
manner dependent upon crystal packing and electrostatic interactions with salt in the mother liquor.
Our results demonstrate the ability of SSNMR to reveal minor structural differences among crystal
polymorphs. This ability has potential practical utility for studying formulation chemistry of
industrial and therapeutic proteins, as well as for deriving fundamental insights into the phenomenon
of single crystal growth.
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Introduction
Protein crystals offer numerous benefits to industrial and pharmaceutical research over their
amorphous soluble or lyophilized counterparts. One benefit of crystallization is improved
protein stability, which can be further increased with the introduction of chemical cross-linking.
1,2 For example, formulation and cross-linking protocols resulted in increased enzymatic
activity and substrate specificity of lipases.1 Pharmaceutical applications of protein crystals
benefit from higher concentrations, improved delivery pharmacokinetics, stability and
versatility in routes of drug administration.3–5 Insulin, perhaps the most famous therapeutic
protein, has been used since 1922 to treat diabetic patients.4,6 Microcrystalline precipitates of
insulin provide a controlled release formulation that better mimics the properties of naturally
secreted insulin.3,5,7 Despite the great potential of protein crystallization, its application to
other therapeutic proteins has so far been limited,1,3,8 in part because many crystallization
reagents are not fit for human consumption. Failure to identify effective batch-scale
crystallization conditions within this limitation has hindered further use of this method to the
expanding number of therapeutic proteins and industrial enzymes.1–3 Therefore improved
methods of analysis are likely to accelerate product development, as well as aid in developing
a better understanding of the fundamental physical chemistry that underlies crystal growth.

Solid-state NMR (SSNMR) provides a powerful approach to studying the formulation and
structure of crystallized proteins, even in cases where single crystals fail to grow. Many
formulations of nanocrystals, microcrystals or precipiates from low molecular weight alcohols,
polyethylene glycol or salt yield excellent SSNMR spectra.9 Martin and Zilm showed that
nanocrystalline preparations of ubiquitin and several other proteins yielded consistently narrow
SSNMR linewidths and gave equivalent 13C SSNMR and X-ray powder diffraction spectra to
single crystal preparations.9 Micro- or nanocrystalline proteins are easier to prepare by batch
crystallization methods and are subject to the same crystal packing effects as single crystals,
making SSNMR a sensitive tool to measure changes in hydrogen bonding, ionic interactions
and protonation states among crystal formulations.

Specific examples of SSNMR studies to examine crystal formulations include 13C chemical
shift analysis of ubiquitin,10,11 peptides12,13 and numerous organic compounds.14–18 One such
study by Paulson et al. showed that nanocrystalline sample preparations of ubiquitin yielded
three different sets of 1H-15N correlation spectra, resulting from three different polymorphs.
10 Subsequently Siedel et al. assigned the C’, CA and CB chemical shifts for two of these
polymorphs.11 Both of these studies focused on chemical shift differences among the backbone
resonances. Backbone CA shifts report primarily on backbone conformation,19–22

whereas 15N chemical shifts depend upon not only conformation but are especially sensitive
to electrostatics and hydrogen bonding.23,24 Carbonyl chemical shifts also show a dependence
on hydrogen bonding, as well as backbone conformation.19,25,26 However, the C’, CA and
backbone 15N chemical shifts are not the most prominent reporters on the subtle changes among
crystal formulations including intermolecular crystal contacts, protonation state of the
ionizable sidechains, aromatic ring interactions and salt bridge geometry. Rather, sidechain
residues, especially charged sidechains, are involved in all of these events;27 therefore these
sites are expected to demonstrate the largest changes in chemical shifts upon minor changes
in formulation. Examination of the sidechain resonances would allow for an increased
understanding of the structural changes that occur as a result of protein crystal formulations.

In this work, we use SSNMR chemical shifts in combination with X-ray powder diffraction
and single crystal diffraction studies to understand the relationship between sample formulation
and structural variations of the beta 1 immunoglobulin binding domain of protein G (GB1).
Four new polymorphs were discovered for GB1 under similar but distinct formulations. Each
of these polymorphs displayed differences in chemical shifts. To further understand these

Frericks Schmidt et al. Page 2

J Phys Chem B. Author manuscript; available in PMC 2009 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



effects single crystal structures were determined in two cases where it was possible to prepare
single crystals with similar formulations; one of these structures (PDB ID: 2GI9) was
previously reported as part of another study.28 We assigned the complete backbone and
sidechain chemical shifts for two of the microcrystalline formulations. Resonance differences
among polymorphs correlate to crystal packing, solvent interactions and ionization events.

Experimental Methods
A. Protein Production

GB1 was produced and purified with 50 mM NaPO4 3− buffer (pH=5.5) and 150 mM NaCl
using the procedure described in Franks et al.29 Throughout this study it was essential to
precisely account for all salts present in the formulation. To ensure that buffers used during
purification procedures were fully removed the protein was dialyzed in three steps using 3.5
kDa MWCO SnakeSkin dialysis tubing (Pierce, Rockford, IL, USA) against a total of 12 L of
50 mM NaPO4 3− buffer (pH=5.5). The protein was prepared for X-ray single crystal
diffraction, X-ray powder diffraction or SSNMR studies as described below.

B. X-ray Diffraction
Conditions for single crystal growth for GB1 were screened starting from the conditions used
by Franks et al.29 and Gallagher et al.,30 with the exception of lower salt concentrations. One
trigonal crystal and two orthorhombic crystal morphologies were identified using hanging drop
vapor diffusion methods (Table 1). Single crystals were collected and flash-frozen in liquid
nitrogen; diffraction data was collected using beamline X12C at Brookhaven National
Laboratory (Upton, NY, USA) (Table 1). The structures were solved using molecular
replacement based upon the orthorhombic structure of Gallgher et al.(PDB ID: 1PGA),30 with
the Amore program within the CCP4 package.31

Microcrystalline protein samples were prepared by batch crystallization at 25 °C (Table 2), as
described previously.29 The microcrystalline form A conditions are the same as those
determined and analyzed by Franks et al.28,29 Microcrystalline conditions for forms D and E
were derived from the trigonal and orthorhombic single crystal conditions, respectively, using
hanging drop vapor diffusion methods to find the conditions at which microcrystals formed in
2–3 days.

GB1 microcrystalline formulations A, D and E were packed, by centrifugation, with excess
mother liquor (conditions similar to those used in SSNMR studies) into a 1.5 mm capillary
tube for X-ray powder diffraction studies. Powder diffraction patterns were acquired at 25 °C
using a Bruker (Bruker AXS, Inc., Madison, WI, USA) General Area Detector Diffraction
System (GADDS) equipped with a helium tunnel to reduce air scatter. The program
Diffracplus TOPAS (Bruker AXS GMBH, Karlsruhe, Germany) was used for line shape fitting
to the trigonal and orthorhombic unit cell parameters using the Pawley method32. Additional
experiment details are given in the supporting information.

C. Solid-State NMR Spectroscopy
All SSNMR spectra of microcrystalline forms A, D and E were acquired on a 500 MHz (1H
frequency) Varian InfinityPlus spectrometer (Varian Inc., Palo Alto, CA, USA) equipped with
a Varian Balun™ 1H-13C-15N 3.2 mm probe at a magic-angle spinning (MAS) rate of 11.11
kHz. The form B spectrum was acquired on a 600 MHz (1H frequency) Varian InfinityPlus
spectrometer using a Varian T3 1H-13C-15N 3.2 mm probe and 13.3 kHz of MAS. The form
C spectrum was acquired on a 750 MHz (1H frequency) Varian Unity Inova equipped with a
Varian Balun™ 1H-13C-15N 3.2 mm probe and a MAS rate of 16.67 kHz. We have previously
published several examples of GB1 spectra acquired on all of these spectrometers and
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demonstrated that the chemical shifts are invariant with respect to these minor differences in
relative spinning rates.28,29,33–35

For 2D 15N-13C correlation experiments, band-selective SPECIFIC CP36 was used for
polarization transfer between 15N and 13C and DARR37 was employed for 13C-13C mixing.
All pulse sequences were implemented with tangent ramp cross polarization38 and 70–80 Hz
of TPPM 1H decoupling during acquisition and chemical shift evolution periods.39 All
experiments were performed at a nominal temperature set point of 273 K, with ~90 scfh variable
temperature flow, resulting in actual sample temperatures of 280±5 K.

Data were processed with NMRPipe40 using backward linear prediction and polynomial
baseline correction in the direct dimension. Lorentzian-to-Gausssian apodization and zero
filling were applied to all dimensions before Fourier transformation. Chemical shifts were
referenced using the downfield resonance of adamantane at 40.48 ppm (as determined from
DSS).41 Peak picking and assignment of the spectra were completed with Sparky.42 Additional
unique acquisition and processing parameters are included in the figure caption for each
spectrum.

Results and Discussion
This study was motivated by observations of variability in the 13C chemical shift spectra of
GB1 form A, which correlated with minor variations in the purification and precipitation
protocol. For example, the use of NaCl in the purification procedure, if not rigorously removed
by dialysis against large volumes of buffer, led to deterioration in spectral quality of GB1 when
precipitated according to our previously published protocol.29 For example, prominent
splittings in some of the well-resolved signals, such as the I6 CD1 resonance observed at 12.8
ppm. This specific problem was addressed by performing more thorough buffer exchange after
purification; the protocol for form A now has been reproduced in a number of laboratories.
43–45 To test the hypothesis that residual chloride ions from the purification buffer caused the
deterioration in spectral quality of form A, we prepared a protein solution with 25 mg/mL of
GB1 and 5 mM of NaCl in 50 mM NaPO4 3− buffer (pH=5.5) and precipitated the protein
under the same conditions as those used for form A (Table 2). The SSNMR spectrum acquired
on this sample (form B) yielded a spectrum with a similar overall appearance and spectral
resolution to the form A spectrum (Figure 1); however, upon closer inspection of the 1D
spectrum, it was determined that form B contained two polymorphs, one with chemical shifts
consistent with form A and another with chemical shifts not observed in previous GB1
preparations.

The methyl region of the 13C CP-MAS spectrum of forms A and B (Figure 2), shows the I6
CD1 peak at 12.8 ppm for A and two peaks at 12.8 ppm and 13.3 ppm, with equal intensities,
for form B. The M1 CE peak in the form B spectrum is half the intensity observed for the form
A sample; this sidechain is observed to be dynamic based on order parameter measurements
of form A46 and we therefore attribute the change in signal intensity to different motional
properties of form B. Two chemical shifts were also observed in form B for E56 CD (Figure
2); only one of these shifts is consistent with form A. I6 CD1, M1 CE and E56 CD are all
located in the exterior of the protein where ion composition and concentration would be most
likely to impact observed chemical shifts. Therefore, buffer composition and concentration
was postulated as the most likely explanation for the observation of multiple peaks
corresponding to the same resonances in form B as both chloride and phosphate anions are
present. To further understand the origin of the newly observed resonances in the spectrum of
microcrystalline form B, a sample was prepared with chloride as the only anion (form C). The
spectrum for form C again gave narrow 13C linewidths (~0.2 ppm, Figure 1) and had unique
resonances (Figure 2), such as the I6 CD1 shift at 13.0 ppm, that were not observed in form A
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or form B. This demonstrates that the chemical shifts of solvent-exposed residues in
microcrystalline GB1 are highly sensitive to ions present in the sample. These observations
also explain the spectral deterioration of samples prepared with incomplete buffer exchange.
We hypothesize that this strong buffer dependence is due to the interactions of the ions with
residues on the exterior of the protein, in addition to the formation of crystal contacts.

To further understand how the SSNMR chemical shift perturbations relate to the GB1 structure,
attempts were made to produce single crystals under identical conditions to those used to create
microcrystal form A.29 Despite a large number of crystal trials (in which protein concentration,
temperature and precise concentrations of MPD and IPA were varied) none resulted in single
crystal growth. Because it was generally observed to be easier to prepare GB1 microcrystalline
states to give high quality SSNMR spectra than to prepare new single crystal forms, we adopted
the inverse strategy of attempting to identify a single crystal condition that could be
conveniently reproduced at batch scale, suitable for SSNMR study. We choose to use
conditions with low salt concentrations to permit a greater flexibility in the type of SSNMR
probe used (although studies of samples with high conductivity can be performed with new
scroll resonator designs47), so GB1 single crystal trails were performed based on a combination
of the form A microcrystalline conditions and the Gallagher et al. orthorhombic and trigonal
conditions.30 It was observed that the presence of both chloride and acetate ions in the reservoir
solution was necessary to produce single crystals (Table 1), which we presume to be due to
the fact that each type of ion plays a unique role in stabilizing crystal contacts, favoring
propagation of the crystal lattice.

Three high quality, diffracting crystals were produced from these crystal screens. The two
orthorhombic crystals diffracted to 1.14 Å and 1.7 Å. The higher resolution data set was solved,
as previously reported (PDB ID: 2GI9).28 The second orthorhombic data set was not analyzed
in detail because it had the same symmetry but lower resolution than the first data set and the
presence of six protein molecules per unit cell made the structure especially difficult to solve.
Instead, we focused our efforts on the high quality trigonal crystals we obtained that diffracted
to a 1.05 Å resolution. The resulting structure (PDB ID: 2QMT) is shown in Figure 3 with the
observed 2-Methyl-2,4-pentanediol, 2-propanol and phosphate molecules (electron density
maps of these molecules are given in the supporting information). Comparing
orthorhombic28 and trigonal structures, there is little variation (0.47 Å Root Mean Square
Deviation (RMSD)) observed for the backbone atoms. Small backbone differences appear in
the turn between the beta strand 3 and beta strand 4 (D47, A48, T49) and for N35 through G38
at the start of the helix (Figure 3a, displayed in red). Larger discrepancies are observed for the
sidechains (16.41 Å RMSD), in particular for the amino acid residues located in the exterior
of the protein (Figure 3b). The differences are greatest among charged sidechains and
sidechains that have multiple energetically allowed rotameric states, which are likely to change
as a consequence of crystal contacts and salt bridges. For instance, the orthorhombic structure
has two intramolecular salt bridges between D47-K50 and E27-K31. The trigonal structure has
these same salt bridges, in addition to an additional salt bridge between E15 and K4.

Microcrystalline samples were prepared for the orthorhombic and trigonal crystal forms for
SSNMR and X-ray powder diffraction studies. The crystallization conditions used to produce
formulation D and formulation E microcrystals (Table 2) were derived from those used for the
trigonal and orthorhombic single crystals, respectively. In all cases, minor changes in the
conditions were required in order to accommodate batch scale processes; furthermore, the
kinetics of mixing under batch precipitation are likely to vary significantly from the vapor
diffusion protocol utilized to grow the single crystals. Therefore we performed a direct
comparison between the microcrystalline protein obtained by the batch method by acquiring
X-ray powder diffraction data for the forms A, D and E. The observed powder diffraction
patterns were all highly similar (Figure 4). The experimental data for each form was analyzed
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by constructing theoretical powder diffraction patterns from the single crystal data of the
trigonal and orthorhombic structures. In the course of these fits, the unit cell parameters
remained fixed while the background and offset corrections, and line shape parameters were
varied. All three microcrystalline samples gave the best fit to the trigonal structure parameters
with Rp’ values of 8.73, 6.48 and 9.02 for forms A, D and E, respectively, versus Rp’ values
of 25.17, 15.36 and 22.34 when fit to the orthorhombic parameters. This demonstrates that the
preparation of GB1 microcrystals yields a trigonal crystal packing arrangement; even the
microcrystalline form E, which was derived from the orthorhombic single crystal conditions,
produced trigonal microcrystals. It is not surprising that form D, which was derived from the
trigonal crystal conditions, fit best to the trigonal structure parameters. However, the fact that
all polymorphs prefer the trigonal arrangement indicates that it is the kinetically favored
polymorph in this batch process.

The SSNMR analysis of forms D and E yielded spectra with very few overlapped resonances
and narrow linewidths, ~0.2 ppm for 13C (displayed in Figure 1 and Figure 2) and less than
0.8 ppm for 15N. In both of these forms, a single resonance was observed for every 13C
and 15N atom, consistent with a single homologous structure. N(CA)CX spectra of both these
forms are displayed in Figure 5 along with the spectrum acquired on form A, highlighting the
overall similarities. The majority of the chemical shifts are identical among the three forms,
but several differences are observed for the backbone amide and aliphatic sidechain shifts. The
methyl region of the N(CA)CX contains the greatest number of resonance variation (Figure
6). Many small (~0.5 to 1.0 ppm) differences are observed for the backbone amide shifts
between form A and form E, the most significant being for A20 with a difference of ~1 ppm
(Figure 6a). The form A and form D spectra have a greater amount of similarities, although
differences are observed for the A20 N, A34 N and V21 CG shifts in the methyl region of the
spectra (Figure 6b). The initial SSNMR spectra of formulations D and E microcrystals revealed
that the chemical shifts were unique to these forms with numerous differences observed among
the form A, D and E spectra. This evidence suggests that there are multiple microcrystalline
structures and crystal lattice arrangements, in which the protein is thermodynamically stable.

The backbone and sidechain 15N and 13C chemical shifts for microcrystalline forms D and E
were assigned, and are reported for the first time here for comparison with previously reported
form A chemical shifts.29 Among forms A, D and E, the majority of the chemical shifts were
consistent within 0.2 ppm. All of the CA and C’ chemical shifts were consistent among all the
forms, indicating a conserved backbone conformation. Several backbone amide and sidechain
sites displayed chemical shift deviations of more than 0.4 ppm for 13C resonances and 0.5 ppm
for 15N resonances. These values are two times the standard deviation observed between
spectra acquired on samples of the same formulation. The complete list of resonances with
significant deviations between microcrystalline forms (Table 3) shows only small variations,
with no clear trend among the forms. Each microcrystalline polymorph gives a unique set of
chemical shifts, arising from the unique electrostatic and crystal packing properties for a given
formulation.

The chemical shift differences among microcrystalline polymorphs were mapped onto the GB1
trigonal crystal structure to determine the locations of these perturbations (Figure 7). The
trigonal structure was chosen since the powder diffraction data for all of the microcrystalline
forms had the best agreement with this structure. Differences of greater than 0.5 ppm are shown
in red and conserved regions are in blue. Forms D and A show the least amount of differences
with only four differing residues having a total RMSD greater than 0.5 ppm (Figure 7a). The
majority of the differences were observed for the methyl-bearing sidechains (L7 CD, V21 CG
and V39 CG). It is well know that the CA shifts of beta-branched amino acid residues show a
strong dependence upon chi1 in addition to phi and psi.48–51 As no change in CA is observed,
these chemical shift differences must result from crystal packing and ionic strength. The
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sidechains of L7, V21 and V39 are on the exterior of the protein, subjecting them to changes
in solvent interactions and crystal contacts as a result of formulation changes.

Form E has the largest chemical shift differences relative to form A. (Table 3). The greatest
difference is observed for the D47 CG resonance where there is a 3 ppm upfield shift relative
to form A. In forms A and D the D47 CG resonance is downfield at 179.8 ppm, consistent with
a deprotonated carboxylic acid. In form E the D47 CG resonance is at 176.6 ppm, indicating
a protonated aspartic acid residue.52 This would be expected since the form E sample was
prepared at a lower pH (pH=4.5 verses pH=5.5). Solution NMR studies by Khare et al.52 and
Lindman et al.53 have found D47 to have a pKa ranging from 3.1–3.4 for wild type and mutant
GB1, respectively. This suggests that the local electrostatic environment has altered the pKa
of D47 in form E. In the trigonal crystal structure, D47 creates a salt bridge with K50. A 0.46
ppm resonance change is observed for K50 NZ, in addition to chemical shift perturbations of
the backbone amides (T17-V21) in the turn between beta sheet 2 and the helix (Figure 7b). We
attribute these chemical shift differences to interactions with a phosphate ion located in this
region in the crystal structure (Figure 3). Perturbations are also observed for V39 CG and L21
N, which are in close proximity to each other, and K28, K13 and K10 NZ and E42 CG; all of
these residues are in solvent exposed regions of the protein where intermolecular contacts and
buffer ions effects would be accentuated.

Although few chemical shift differences are observed between forms D and E, the presence of
any perturbation confirms the existence of two unique polymorphic structures. These samples
have very similar formulations yet the changes to the D47 CG and the backbone amide
resonances are unique to the formulation E polymorph and resonance changes observed for
K31 CB and V21 CG in form D are not observed in form E. Again these observations
demonstrate that SSNMR chemical shifts are sensitive to differences in electrostatic
interactions caused by minor formulation changes to the GB1 microcrystals.

Conclusions
We have demonstrated the use of SSNMR chemical shifts to examine subtle structural
differences among crystalline polymorphs of GB1. The microcrystalline preparations of GB1
can be quickly prepared using batch method in several formulations, although only a very small
subset of these formulations yielded diffraction-quality single crystals. In the instances were
single crystals formed, the resulting high-resolution data displayed co-solvent and buffer ion
interactions with the protein. The SSNMR spectra of all microcrystalline forms yield very
narrow signals, enabling observation of ~0.2 ppm changes in backbone and sidechain chemical
shifts. Using solely the chemical shifts, we were able to identify four new polymorphs of GB1
(forms B, C, D and E), all dependent upon microcrystalline formulation. From a practical
standpoint, identifying highly reproducible conditions for GB1 microcrystallization has proved
invaluable in a number of detailed studies of GB1 structure and dynamics, as well as the use
of GB1 as an excellent model protein for NMR methods development.

X-ray powder diffraction data for these polymorphs show qualitative similarities, which we
attribute to the trigonal form being the kinetically preferred product in the course of rapid
microcrystal formation; we did not observe any microcrystalline forms that were consistent
with orthorhombic space groups. Beyond this qualitative observation, it was not possible to
extract more detailed, site-specific conformational data from the powder diffraction
experiments. In contrast, using straightforward 2D 13C-13C and 15N-13C chemical shift
correlation spectra in the solid state, detailed analysis in a site-specific manner throughout the
protein was possible. The observed chemical shift differences among forms were minimal
along the peptide backbone, where the stable fold of GB1 is conserved across all known
structures to within ~0.5 Å RMSD (backbone). However, sidechain conformations, protonation
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states, electrostatics and intermolecular interactions differ significantly; these phenomena are
reflected in the changes of sidechain chemical shifts, especially among ionizable residues and/
or those involved in crystal contacts. For instance, methyl 13C chemical shift differences were
observed for residues on the exterior of protein, L7, V21 and V39, while their CA shifts were
conserved, indicating that these changes result from differences in crystal packing and/or
solvent interactions and not changes in rotameric states. In addition, among charged sidechains
such as lysine, aspartic acid and glutamic acid, chemical shifts in some cases were greatly
perturbed, which we attribute to differences in protonation state, solvent interactions and salt
bridges, that in turn depend strongly upon salt concentration and type.

These subtle issues of formulation chemistry, as demonstrated here for GB1, are known in
general to impact protein stability and enzymatic reaction rates. The results here illustrate that
SSNMR methods can be applied to study structural effects due to crystal formulation changes
of therapeutic proteins and industrial enzymes. These capabilities are useful for analysis of
structural factors that correlate with the increases in stability, concentration and substrate
specificity that protein crystallization provides. Moreover, understanding the issues that affect
the quality of GB1 microcrystals enables its general use as a model protein for solid-state NMR,
as well as fundamental studies of protein structure and dynamics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 13C 1D spectra of GB1 microcrystalline forms
Complete 13C CP-MAS spectra for GB1 forms A, B, C, D and E. Data were processed with
15 Hz of Lorenzian-to-Gaussian apodization. The first order carbonyl spinning side band is
indicated with an asterisk. The form A, D and E spectra were acquired at 500 MHz (1H
frequency) for 128 scans with 38 ms of acquisition using 11.11 kHz MAS. The form B spectrum
was acquired at 600 MHz (1H frequency) for 64 scans with 30 ms of acquisition using 13.3
kHz MAS. The form C spectrum was acquired at 750 MHz (1H frequency) for 256 scans with
30 ms of acquisition using 16.67 kHz MAS.
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Figure 2. Enlargements of 13C 1D spectra of GB1 microcrystalline forms
Methyl (left column) and carbonyl (right column) regions of 13C CP-MAS spectra for GB1
forms A, B, C, D and E are shown. Data were processed with 5 Hz of Gaussian line broadening.
Acquisition details are the same as those in Figure 1.
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Figure 3. X-ray diffraction crystal structure of GB1
(a) Structure of trigonal GB1 (PDB ID: 2QMT) displaying secondary structure and location of
precipitate molecules and buffer ions. The structure is colored according to differences from
the published orthorhombic structure (PDB ID: 2GI9) with conserved atoms shown in blue (0
Å) and structural differences shown in red (1Å or greater). (b) The sidechains indicate greater
deviations between the two structures with especially large deviations observed in the polar
sidechains (atoms shown in red). Data was acquired at Brookhaven National Laboratory,
diffracting to a resolution of 1.05 Å. Figure prepared using VMD.54
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Figure 4. X-ray powder diffraction data of GB1 microcrystalline forms
Powder diffraction patterns (black) and theoretical fits to the trigonal (shown in red) and
orthorhombic (blue) structures’ unit cell parameters are shown for microcrystalline forms A
(a), B (b) and C (c). Figure prepared using Diffracplus TOPAS (Bruker AXS GMBH, Karlsruhe,
Germany).
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Figure 5. N(CA)CX SSNMR spectra of GB1 microcrystalline forms
(a) N(CA)CX 2D spectra of form A, (b) form D and (c) form E. All data was acquired at 500
MHz (1H frequency), 0 °C with 11.11 kHz MAS. The form A spectrum was acquired for 14.5
hours with 50 ms DARR mixing, 46 ms of acquisition and 14.4 ms of total t1 evolution (dwell
time of 22.5 µs, 1280 rows TPPI); data is shown with 25 Hz (F2) and 15 Hz (F1) Lorenzian-
to-Gaussian apodization applied, forward linear prediction in the F1 (15N) dimension and zero
filling to 8192 (F2)×4096 (F1) points. The form D and E spectra were acquired for 9.4 hours
each with 31 ms of acquisition and 11.5 ms of total t1 evolution (dwell time of 45 µs, 512 rows
TPPI). In the form D spectrum, 45 ms of DARR mixing was utilized and in the form E spectrum,
27 ms of DARR mixing was used. Data is shown with 15 Hz (F2) and 5 Hz (F1) line broadening
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applied, forward linear prediction in the F1 (15N) dimension and zero filled to 8192 (F2)×4096
(F1) points.
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Figure 6. Expansion of N(CA)CX spectra of GB1 forms
Expansion of the methyl region of N(CA)CX spectra for (a) form D (cyan) overlaid with form
A (gray) and (b) form E (pink) overlaid with form A (gray) is shown on the right. Numerous
chemical shift differences among the microcrystalline formulations are displayed. Data and
processing parameters are the same as those used in figure 5.
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Figure 7. Chemical shift differences among microcrystalline forms A, D and E
The average RMSD chemical shift between (a) forms A and D, (b) forms A and E and (c) forms
D and E is shown mapped onto the GB1 trigonal crystal structure (PDB ID: 2QMT).
Differences range from conserved (blue, 0 ppm) to large (red, 0.5 ppm or greater) values. The
average RMSD of the backbone and sidechain (excluding aromatic sidechains) chemical shifts
are plotted. Figure prepared using VMD.54

Frericks Schmidt et al. Page 18

J Phys Chem B. Author manuscript; available in PMC 2009 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Frericks Schmidt et al. Page 19

Table 1

Single Crystal X-ray Diffraction Data

Orthorhombic Orthorhombic Trigonal

Crystallization
conditions

50% MPDa
20% IPA

150 mM NaCl
25 mM NaCH3CO2

pH=3.8

50% MPD
20% IPA

150 mM NaCl
25 mM NaCH3CO2

pH=3.8

50% MPD
6% IPA

50 mM NaCl
25 mM NaCH3CO2

pH=4.5

Protein solution 10 mg/mL of GB1 in
50 mM Na2HPO4

pH=5.5

10 mg/mL of GB1 in
50 mM Na2HPO4

pH=5.5

10 mg/mL of GB1 in
50 mM Na2HPO4

pH=5.5

Crystal size and
growth time

0.4×0.15×0.15 (mm)3

two weeks
0.4×0.20×0.15 (mm) 3

two weeks
0.4×0.20×0.20 (mm) 3

two weeks

X-ray source BNL-X12C BNL-X12C BNL-X12C
Wavelength 0.9791 0.9791 0.9791
Collection
temperature

−150 °C −150 °C −150 °C

Space group P212121 P212121 P3121
a (Å) 25.197 34.603 35.733
b (Å) 36.384 65.769 35.733
c (Å) 50.274 132.906 75.598
γ 90 90 120
Total reflections 106,995 190,218 236,393
Number of unique
reflections

16,662 31,480 25,387

Resolution (Å) 1.14 1.7 1.05
Completeness 96.3 (92.2) 91.1 (51.7) 94.5 (64.3)
R_merge (I/⌠) 0.059 0.059 0.062
High shell 0.158 0.345 0.238
Redundancy 6.4 6.0 9.3
High shell 5.8 4.0 2.9

a
Abbreviations: MPD, 2-methyl-2,4-pentanediol; IPA, 2-propanol
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Table 2

Crystallization Conditions for Microcrystalline Forms of GB1
Form A Form B Form C Form D Form E

Reservoir
solution

50% MPD
25% IPA

50% MPD
25% IPA

50% MPD
25% IPA

55% MPD
15% IPA
50 mM NaCl
in 7.5 mM
NaCH3CO2
(pH=4.5)

55% MPD
25% IPA
150 mM
NaCl
in 16.7 mM
NaCH3CO2
(pH=4.5)

Protein
solution

25 mg/mL of
GB1 in 50
mM
Na2HPO4
(pH=5.5)

25 mg/mL of
GB1 and 5
mM NaCl in
50 mM
Na2HPO4
(pH=5.5)

25 mg/mL of
GB1 in 50
mM Tris HCl
(pH=5.5)

10 mg/mL of
GB1 in 50
mM
Na2HPO4
(pH=5.5)

10 mg/mL of
GB1 in 50
mM
Na2HPO4
(pH=5.5)
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Table 3

Chemical Shift Differences Among Microcrystalline Polymorphs

Form D-Form A

Resonance Δδ (ppm)

L7 CD −0.76
V21 CG 0.50
V39 CG 3.74
K31 CB −1.0

Form E- Form A

Resonance Δδ (ppm)

L12 N −0.61
T17 N −0.73
T18 N −0.69
A20 N −1.17
V21 N −0.50
T49 N −0.52
L7 CD −0.81

Y33 CB 0.62
V39 CD 3.78
K10 NZ 0.80
K13 NZ 0.68
K28 NZ 0.88
E42 CG 0.42
D47 CG −3.17

Form D- Form E

Resonance Δδ (ppm)

L12 N 0.65
T17 N 0.66
A20 N 0.95
V21 N 0.60

V21 CG 0.46
Y33 CB −0.75
F52 CB −0.52
E15 CG 0.65
K31 CB −1.09
D47 CG 2.97
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