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Abstract: Magic-angle spinning solid-state NMR (SSNMR) studies of the 51 immunoglobulin binding domain
of protein G (GB1) are presented. Chemical shift correlation spectra at 11.7 T (500 MHz 'H frequency)
were employed to identify signals specific to each amino acid residue type and to establish backbone
connectivities. High sensitivity and resolution facilitated the detection and assignment of every >N and 3C
site, including the N-terminal (M1) 15NHjs, the C-terminal (E56) 'C’, and side-chain resonances from residues
exhibiting fast-limit conformational exchange near room temperature. The assigned spectra lend novel
insight into the structure and dynamics of microcrystalline GB1. Secondary isotropic chemical shifts report
on conformation, enabling a detailed comparison of the microcrystalline state with the conformation of
single crystals and the protein in solution; the consistency of backbone conformation in these three
preparations is the best among proteins studied so far. Signal intensities and line widths vary as a function
of amino acid position and temperature. High-resolution spectra are observed near room temperature (280
K) and at <180 K, whereas resolution and sensitivity greatly degrade substantially near 210 K; the magnitude
of this effect is greatest among the side chains of residues at the intermolecular interface of the microcrystal
lattice, which we attribute to intermediate-rate translational diffusion of solvent molecules near the glass
transition. These features of GB1 will enable its use as an excellent model protein not only for SSNMR
methods development but also for fundamental studies of protein thermodynamics in the solid state.

Introduction efficient methods to acquire and assign SSNMR spectra of entire
proteins will permit such analyses and assist in developing a
more complete understanding of the differences that sometimes
exist between X-ray diffraction and solution NMR structures
of proteins®

Thus, in recent years major research efforts have been aimed

Robust and efficient methods for determining atomic resolu-
tion structures of macroscopically disordered proteins are highly
sought after, due to the importance of membrane proteins as
pharmaceutical targétand the roles that insoluble aggregates

of peptides (fibrils) play in neurodegenerative diseddsyond . .
Pep ( ) play 9 at developing methods to accelerate the rate of data accumulation

the direct implications of atomic resolution data for rational drug dint tation by SSNMR, principally by studyi form
design, experimental measurements of structural and dynam|c"jln interpretation by principally by studying uniformrly-

1 15] -
parameters in the solid state enhance the fundamental under- 3C| N-enriched [,:Aeﬁgdegsa’\rlﬂgroteltr;qs dlnl parﬂfculadr magic
standing of protein thermodynamics and provide valuable angle spinning ( ) methodology ftor de novo

benchmarks for comparison to theoretical models of protein assignment gnd structure pletermmatlpn of uniforily:=N-
folding, electrostatics, and dynamics. It is well-known that solid- labele.d peptides and proteins has rgpldly advanced. Landmark
state NMR (SSNMR) can directly probe anisotropic parameters ?;gifgig?e?;gggymt) MAbeStL.'d'es dem(t)'nsitrate.d thﬁthtD
(such as chemical shift anisotropies and dipolar couplings) of o pectra of basic pancreatic rypsin inhibitor
interest to these problendd.However, the rate at which such (BPT_l) anql a 62-re3|dum-spe_ctr|n S.H3 doma?ncc_;uld be
data have been extracted from SSNMR spectra has historicallyvaUIer with sub-ppm _resol_u_t|on. Slte-_resolved signals f_rom
been inadequate for site-specific measurements to be mad hese spegtra could be. \dentified by residue type ani:i assigned
throughout entire proteins; hence systematic comparisons ofly comparison to ?OIUUOH NMR data. Sgpsequently, - -
experiment versus theory have rarely been possible. More 3C spectra established sequence-specific correlations, critical

(5) Smith, S. O.; Farr-Jones, S.; Griffin, R. G.; Bachovchin, W. S&ience

(1) Leibmann, CCurr. Pharm. Desigr2004 10, 1937-1958. 1989 244, 961—964.

(2) Caughey, B.; Lansbury, P. Annu. Re. Neurosci.2003 26, 267—298. (6) McDermott, A.; Polenova, T.; Bockmann, A.; Zilm, K. W.; Paulsen, E.

(3) McDowell, L. M.; Schaefer, JCurr. Opin. Struct. Biol.1996 6, 624— K.; Martin, R. W.; Montelione, G. TJ. Biomol. NMR200Q 16, 209-219.
629. (7) Pauli, J.; van Rossum, B.; Forster, H.; de Groot, H. J. M.; Oschkinak, H.

(4) Tycko, R.Prog. Nucl. Magn. Reson. Spectro2€03 42, 53—68. Magn. Reson200Q 143 411-416.
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for the completé3C and!®N assignments of the SH3 domdin. Beyond the methodological aspects of such studies, new
To date, MAS spectra of at least four other proteins have beenchemical insights can be directly derived from analyzing
assigned: in one case, microcrystalline ubiquitin signals were correlation spectra of solid proteins. For example, according to
assigned by combining high-field (800 MHBC—13C data to atomic resolution crystal structures, many protein residues
resolve side-chain resonangesth lower-field (400 MHz) 3D populate multiple side-chain conformations at cryogenic tem-
15N —13C—13C experiments to correlate the backbone sigHals; perature2®39Unfortunately, crystallography cannot conclusively
in the other study, a variety of elegant 2D spectra at-5800 differentiate static from dynamic disorder among rotameric
MHz, including J-decoupled INADEQUATE methods, were states. Direct measurement of protein conformational changes
employed to assign the regulatory protein Crh and analyze its over a range of temperatures could provide a new type of atomic
secondary structurg;in the third, thioredoxin was assigned by  resolution data to enlighten this physical problem. Specifically,
differential isotopic labeling of peptide fragmertijnally, the MAS NMR spectra yield chemical shifts, line shapes, dipolar
scorpion-venom peptide kaliotoxin was assigned, and its scaling factors, and relaxation parameters that can be interpreted
structure was determined by an efficient protocol of 2D in terms of chemistry, including details of secondary structure,
experimentd? hydrogen bonding, and protonation states.

Clearly these studies represent substantial progress for the For these reasons, both practical and fundamental, we have
discipline. Nevertheless, it remains an open question when suchinvestigated the 56-residy. immunoglobulin binding domain
techniques will become generally applicable and routine for of protein G (GB1) by acquiring and interpreting a variety of
nonspecialists. The development and popularization of solution 2D and 3D chemical shift and dipolar correlation spectra. GB1
NMR protein structure determination techniques over the last is an especially well characterized protein, which has been the
two decades benefited greatly from investigation of small subject of numerous solution NMR, crystallography??
globular domains such as BPTI and ubiquitin, with the latter mutagenesi&3°and protein foldingf—3° studies. Therefore we
used as the working example for an entire textbbdkikewise, expected that GB1 might serve as an excellent standard for
SSNMR studies of these same proteins have been and willcomparing SSNMR to other experimental methods. Here we
continue to be critical for the maturation of the discipline and show that GB1 can be rapidly and reproducibly prepared as a
successful application to unique protein systems, because thehydrated, microcrystalline precipitate for MAS experiments,
detailed study of model proteins is fundamental to the SSNMR yielding spectra with especially high sensitivity and resolution,
technique development. For example, chemical shift assignmentwhich enable complete sequential assignment$@fand®N
techniques developed with model pepti#é&and theo-spectrin chemical shifts at 500 MHZH frequency, a relatively modest
SH3 proteif were subsequently applied to membrane-bound field strength by today’s standards. The GB1 chemical shifts
light-harvesting’ and peptide/G-protein coupled receptor  agree remarkably well with solution NMR spectra acquired from
complexes, and several research groups have extensivelythe same sample preparation and yield empirical backbone
investigated ubiquitivl®19-27 to develop pulse sequences for torsion angles in very good agreement with the crystal structure.
application to larger proteirts. Therefore GBL1 is an excellent platform for the development of
pulse sequence and data analysis methodology, sharing some
traits with the aforementioned model proteins but also several
favorable characteristics that are not available in those systems.
For example, GB1 has exceptionally high thermostability (
~87 °C) A0 despite its lack of disulfide bonds, which allows it
to be expressed and purified in much higher yield than proteins
that contain disulfides, such as BP*fIn comparison to SH38
GB1 contains a significant percentage athelical residues,
which are useful in evaluating pulse sequence performance and
structural parameters in a variety of secondary structure contexts.
In comparison to CrA! GB1 is more generally available and
has a more extensive body of data available from mutagenesis,
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(10) Igumenova, T. I.; Wand, A. J.; McDermott, A. E.Am. Chem. So2004
126, 5323-5331.

(11) Bockmann, A.; Lange, A.; Galinier, A.; Luca, S.; Giraud, N.; Juy, M.;
Heise, H.; Montserret, R.; Penin, F.; Baldus, MBiomol. NMR2003 27,
323-339.

(12) Marulanda, D.; Tasayco, M. L.; McDermott, A.; Cataldi, M.; Arriaran, V.;
Polenova, TJ. Am. Chem. So2004 126, 16608-16620.

(13) Lange, A.; Becker, S.; Seidel, K.; Giller, K.; Pongs, O.; BaldusAxigew.
Chem., Int. Ed2005 44, 2089-2092.

(14) Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G.; Skelton, Rralein NMR
Spectroscopy: Principles and Practjokcademic Press: San Diego, 1996.

(15) Baldus, M.; Geurts, D. G.; Hediger, S.; Meier, B. H.Magn. Reson. A
1996 118 140-144.

(16) Baldus, M.; Petkova, A. T.; Herzfeld, J. H.; Griffin, R. Mol. Phys.1998
95, 119741207.
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243-253.
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10706-10711.

(19) Hong, M.J. Biomol. NMR1999 15, 1-14.
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solution NMR, and other biophysical techniques. In comparison ously performed on GB1, we wished to confirm the published

to ubiquitin, GB1 is more thermostable and yields spectra of assignments under very similar conditions to the SSNMR sample; the
higher sensitivity and resolution on the same NMR instruments solution NMR chemical shifts reported here were derived from these
(included in the Supporting Information), due to the fact that it spectra at 293 K. Solution NMR experiments were performed on a

packs in the crystal lattice with especially high density.
A final novel feature of GB1, which we believe is unique so

far among proteins studied by SSNMR methods, is that near

room temperature (280 K) alfC and!®N signals are observed
with high resolution and sensitivity, including the terminal amino

600 MHz Varian UnityINOVA triple resonance spectrometer with a
5-mm triaxial gradient HCN probe, using the BioPack interface in
VNMR Version 6.1D (Varian, Inc., Palo Alto, California).

A second fraction of thé°N,13C sample was precipitated and packed
into a 3.2 mm (22«L) rotor (Varian, Inc.) for SSNMR studies. The
precipitation conditions were determined by the hanging drop vapor

and carboxyl resonances, side-chains, loops, and turns. To ougiffusion method, starting with the single crystal (orthorhombic)
knowledge, in all other proteins subsets of these signals are notcondition reported by Gallagher et®We employed a slightly higher
observed, due presumably to conformational exchange eventspH and different salt in order to make the most accurate comparison

with rate constants in the intermediate (microsecond) regime.

with the solution NMR spectra. The total mass of material packed into

We demonstrate in GB1 that sensitivity and resolution degrade the rotor was 1516 mg, of which~10 mg was protein (i.e5-60—

markedly as the temperature is lowered~@10-220 K but
recover as the temperature is lowered furthe2@0 K). Near

the transition temperature, signal intensities are systematically

70% concentration by mass, determined by long pulse-défloch
decay experiments in comparison to sensitivity standards), which is
unusually high for a protein but consistent with the reported solvent
content of~26% for the orthorhombic crystal forf(Additional details

attenuated among all residues, but most among residues at theq included in the Supporting Information.)

surface of the protein, involved in intermolecular contacts and/

MAS SSNMR experiments were performed on a 500 MHz Varian

or exposed to solvent in the crystal lattice. It has been shown nfinityPlus four-channel spectrometer, with 8—13C—2H—15N and

previously that strong correlations between prot&iN and

Balun*H—C—1°N 3.2 mm MAS probes. Unless otherwise noted, the

solvent!H resonances can be observed in SSNMR spectra, toMAS rate was 11.111 kHz, and the temperature of variable temperature

identify bound water moleculéd Here we complement this idea
by showing that the signal intensity variations ama#@ and

15N sites as a function of residue position identify dynamic
regions of proteins and interactions with solvent. In this study,
we present direct insight into these site-specific effects with

chemical shift and dipolar spectra and establish GB1 as a

platform for novel studies of protein structure and dynamics in
the solid state.

Experimental Section

The T2Q mutant of GB1 was employed, produced from a cDNA
construct kindly provided by A. M. Gronenborn (National Institutes
of Health). This mutation reduces the cleavage of the N-terminal Met
residué® but has minimal effect upon the structure, as determined by
fingerprint solution NMR spectra and behavior in protein folding and
dynamics studie®’**Bacterial expression using minimal media (1 g/L
INH4CI, 2 g/L 13C glucose) with a supplementary dose (10 mL of
10x) of BioExpress rich media (Cambridge Isotope Laboratdfies)
typically yielded 100 mg protein per L of media; protein expression
was induced with 50@M isopropyl 5-b-thiogalactoside for 4 h. The
cell pellet was disrupted by heating to 80 for 5 min in phosphate-
buffered saline (200 mM NaCl, 50 mM KIROJ/K,HPO,, pH 7). The
supernatant from this initial purification step contained GB1-86—

90% purity, as determined by SB®AGE and solution NMR. Gel
exclusion chromatography (Sephadex 100) with 100 mM NacCl, 50 mM
phosphate buffer (pH 7) was performed as the final purification step.

gas set to 273 K with 100 scfh flow, resulting in an effective mean
sample temperature (due to frictional heating and geometrical offset
factors) of 280+ 4 K, by methanol calibratioff Pulse sequences were
implemented with tangent ramped cross polarizdfiab~60—70 kHz

and TPPM'H decoupling at~70—-75 kHz*® Pulse widths £/2) on

H, 13C, and*®N were typically 2.0, 3.0, and 5/0s. Additional pulse
sequence details are included in the respective figure captions.

Data were processed with nmrPiffeemploying Lorentzian-to-
Gaussian apodization, zero filling to all dimensions prior to Fourier
transformation, and polynominal baseline (frequency-domain) correction
to the direct dimension. Additional acquisition and processing param-
eters for each spectrum are provided in the respective figure captions.
Chemical shifts were referenced according to Morcombe and Zilm,
using the DSS scdle with adamantane as a secondary standard,
assuming its downfield signal to resonate at 40.48 ppm; reproducibility
of the measurements from one sample to the next, by adamantane
reference spectra before and after protein experimentsh@#}2 ppm.
Spectral peak picking and assignments were performed with Sparky
version 3 (T. D. Goddard and D. G. Kneller, University of California,
San Francisco).

Results and Discussion

a. Sample Preparation and Spectral ResolutionHigh-
resolution SSNMR spectra of a crystalline protein were first
acquired by Torchia and co-workeé¥sand several recent studies
have shown that the details of sample precipitation and/or

Peak fractions were pooled and concentrated with Centriplus 3 kDa CryStallization dramatically impact the resolution of 2D and 3D

MWCO filters, and the buffer thoroughly exchanged to 50 mM sodium
phosphate, pH 5.5.

SSNMR spectrd1%11This methodology has been formalized
by Martin and Zilm, in a study which demonstrated in several

Many of the spectra presented here were obtained from a single proteins that sample precipitation conditions determined from

purified sample £45 mg GB1 in 1.5 mL buffer). Approximately a
third of this material (50QiL, ~3 mM protein concentration, 50 mM
phosphate, pH 5.5, 0.1 mM DSS) was utilized for collection of standard
solution NMR*H—15N HSQC,*H—3C HSQC, HNCACB, HNCO, and

HNCOCA experiments. Although these experiments have been previ-

(42) Paulson, E. K.; Morcombe, C. R.; Gaponenko, V.; Dancheck, B.; Byrd, R.
A.; Zilm, K. W. J. Am. Chem. So@003 125 14222-14223.

(43) Smith, C. K.; Withka, J. M.; Regan, IBiochemistry1994 33, 5510-
5517

(44) Goeﬁlert, V. A; Krupinska, E.; Regan, L.; Stone, MPdotein Sci.2004
13, 3322-3330.
(45) Holdeman, T. C.; Gardner, K. H. Biomol. NMR2001, 21, 383-384.

hanging drop vapor diffusion screens translate well to batch
quantities to yield especially high-quality MAS spectta.

(46) Van Geet, A. LAnal. Chem.1968 42, 2227.
(47) Hediger, S.; Meier, B. H.; Kurur, N. D.; Bodenhausen, G.; Ernst, R. R.
Chem. Phys. Lettl994 223 283-288.
(48) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951-6958.
(49) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; BaxJA.
Biomol. NMR1995 6, 277-293.
(50) Morcombe, C. R.; Zilm, K. WJ. Magn. Reson2003 162 479-486.
(51) Cole, H. B.; Sparks, S. W.; Torchia, D. Rroc. Natl. Acad. Sci. lBA.
1988 85, 6362-6365.
)

(52) Martin, R. W.; Zilm, K. W.J. Magn. Reson2003 165, 162-174.
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Figure 1. CP-MAS 1D 3C and !N spectra of microcrystalline GB1y10 mg in a 3.2 mm (2.L) Varian rotor, 11.111 kHz MAS rate. (a) FUlfC
bandwidth, 2 m§H—13C CP contact time (tangent ramp &iC), 38.4 ms (2560« 15 us) acquisition time, 70 kHZH TPPM decoupling (7.ks, 18),%8
128 scans? s pulse delay. (b) Upfield region of spectrum (a), illustrating fine structure among méghsignals in many resonances including the I1C
at 12.8 ppm and a singlet (Metat 15.9 ppm. (c) Carbonyl region of tA&C spectrum. The furthest downfield resonance is a Giu(@) Amide region
of 15N 1D spectrum, 2 m3H—15N contact time (tangent ramp dfiN), 46 ms (768x 60 us) acquisition time, 256 scans, 65 k44 TPPM decoupling
(7.6 us, 1#). (e) Amino region of the sam®N 1D spectrum.

By following this procedure for GB1, especially high- benchmark for spectral resolution in solid proteins. (A direct
resolution spectra were observed, including fine structure due comparison with ubiquitin is included in the Supporting
to homonuclear scalar couplings betwéé® nuclei in several Information.) To determine the optimal temperature for per-
resonances, such as the outlying carboxylate and methyl signal§orming chemical shift assignments, we explored the range from
(Figure 1b and 1c). The expansion (Figure 1b) of the methyl ~280 to~220 K and found that as temperatures were lowered
region illustrates a one-bond scalar coupling (841 Hz) over this range, resolution significantly deteriorated. Therefore
splitting the peak at 12.8 ppm (later assigned as llé6)@nore we chose to perform th&C and!>N assignments near room
than halfway to the baseline; the individual components of the temperature and subsequently to explore the temperature-
doublet have line widths (full width at half-maximum, fwhm) dependence in greater detail. Under these experimental condi-
of 16—20 Hz (0.12-0.16 ppm). We attribute the remaining line tions at 500 MHz, GBL1 is stable for several months.
width to (a) two-bond scalar couplings C—Cf and G1— b. Chemical Shift Assignments. Following assignment
Cy2, a few Hz each), (b) Binhomogeneity (with this probe,  procedures established by solution NMRnd recent SSNMR
adamantan&C line widths were 5t 1 Hz fwhm), (c) imperfect  studies3”%1twe focus discussion here on the unique features
heteronucleatH—13C decoupling, and (d) sample heterogene- of GB1 that enabled assignments to be performed at the
ities. For example, the singlet at 15.9 ppm (M4) & narrower relatively low B, field strength of 11.7 T (500 MHZH
(a fwhm line width of 15 Hz) because it lacks a one-bond scalar frequency). lle and Met each occur only once in GB1, and with
coupling and has only one two-bond coupling. The downfield characteristic chemical shifts and multiplicities; Ala, Thr, Val
doublet at 183.2 ppm (Figure 1c, E5®)ds split by a 52+ 1 and Leu spin systems were identified by side-chain chemical
Hz Cy—Co scalar coupling; the individual components are shift patterns, Gly by its distinctive €&-C' correlations, the
304 3 Hz. In the!®N spectrum line widths are typically 0.3to  aromatics based onyCand G shifts, and the Asx and GIx
0.5 ppm, dominated by thH€C—15N scalar interactions, which  residues based on side-chain carbonyls or carboxyls. Pro, His,
were not decoupled in this set of experiments. Throughout the Cys and Ser are not present in GB1. Lys residues were difficult
13C and!N 1D spectra, resolution is consistent with a nano- or to categorize with confidence from th&C—3C 2D, but were
microcrystalline sample preparation exhibiting heterogeneities identified in the!>N—3C—13C spectra.

Qf ;lgnlflcantly _Iess than 0'1_ ppm, with e_ssemla"y Instrument- (53) Wikhrich, K. NMR of Proteins and Nucleic Aciddohn Wiley and Sons:
limited resolution. We believe that this represents a new New York, 1986.

12294 J. AM. CHEM. SOC. = VOL. 127, NO. 35, 2005
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(a) 5 ms mixing (b) 25 ms mixing
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Figure 2. 2D 13C—13C spectra of GB1. (a) 5 ms DARR mixiffy(also known as RAB#59 (b) 25 ms mixing. In both cases, the raw data set size was 1280

rows with a 16.5us dwell time in § (TPPI1)2¢ and 2560 complex points with a & dwell time in t. A rotary resonantH field (n = 1, 11.1 kHz) was

applied during the DARR mixing period. Four scans were acquired per row, with a pulse delay of 2 s, resulting in a total measurement time of 3.0 h. Data
were processed with 15 Hz net line broadening (Lorentzian-to-Gaussian apodization) and zero filling to 2048{P2) (F2) complex points.

The 2D 3C—13C spectra employing DARR (RAD)?455 In our spectra the Gly signals have strong intensities, so
mixing produced some uncertainties arising from (a) variations confusion with a C-Cg peak is unlikely; however, Igumenova
in peak intensity as a function of side-chain topology and (b) et al have reported that the Gly signals in ubiquitin have highly
additional cross-peaks arising from two-step dipolar transfers. variable intensities (with some missing entirélyJn which case
We compared DARR at several mixing times ranging from 2.5 the difficulties in distinguishing between these signals from
to 50 ms, with the 5 and 25 ms mixing times shown here (Figure competing C—Cp resonances would be exacerbated. Asn and
2). At 5 ms mixing, predominantly one-bond correlations are Asp C—Cpj peaks may obscure Asny€Cf peaks near 176,
observed, along with some weak two-bond correlations (e.g., 38 ppm; Asn C-Cp peaks appear near Aspy€Cp peaks at
Ala C'—Cg, Thr Co.—Cy); at 25 ms mixing, stronger two- and  ~180, 42 ppm, and similar effects are apparent in the Gln and
three-bond correlations are observed. Although we found the Glu Co—Cy region. Conversely, the two-step transfers that give
total information content of DARR spectra to be greater than rise to Asp and Asn £—Ca peaks may hinder analysis of the
any other individual 2D"C—13C experiment, a consequence C'—Co region of the spectrum. These issues arise also with
of the multistep transfers is that cross-peak intensities amongRFDR mixing>’ because the recoupling Hamiltonian inherently
residue types, e.g., in theox©-Cp region, may vary considerably.  depends on chemical shift differences, giving rise to stronger
In particular, branched-chain carbons retain a relatively small peak intensities near rotational resonance condifiéns.
percentage of the total intensity; e.g., the Vat-CS cross- The residue type identification was completed with a comple-
peaks are several times weaker than the Ate—Cf5. Some mentary 2DC—13C spectrum with SPCsdouble quantum
strong two-bond correlations may appear with greater intensity mixing. We chose a mixing time of 1.08 ms (12 rotor periods,
than the weaker one-bond correlations, even at short (5 ms)or two full supercycles of the SPG-Sequence) to ensure only
mixing times. This can complicate the identification of spin one-bond transfeé¢? Transfer efficiencies for @—-CB and
systems in congested spectral regions. For example, Val residueg€o—C' under these SPCzBonditions were typically 2530%
with downfield shifted @ signals (e.g., V29) give rise tocC- of the initial (diagonal) peak intensity. Figure 3 compares the
Cy cross-peaks in close proximity to the Th3€Cy peaks relevant regions of the spectra for SP€aiid DARR mixing.
(~58, ~21 ppm). Residues including Met, Leu, lle, and GIn/ In the Gx—Cp region of the SPC-bspectrum {50—65 ppm,

Glu have @ shifts in the range 2835 ppm, in the same region

of the @ shifts of Val and Lys. Similar complications arise in  (56) %@ri%%&: Wauthrich, K.Biochem. Biophys. Res. Commui283 113
the (~174,~43 ppm) region of the spectrum, where Leu and (57) Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $. Chem. Phys1992

. oF )
Asp C—Cp peaks are in close proximity to Gly' €Ca. peaks. 96, 8624-8627. .
(58) Raleigh, D. P.; Levitt, M. H.; Griffin, R. GChem. Phys. Lettl988 146,
)
)

71-76.

(54) Takegoshi, K.; Nakamura, S.; TeraoGhem. Phys. LetR001, 344, 631— (59) Hohwy, M.; Rienstra, C. M.; Jaroniec, C. P.; Griffin, R. &5 Chem. Phys.
637. 1999 110 7983-7992.

(55) Zilm, K. W. Oral Presentation at the 40th Experimental NMR Conference, (60) Hohwy, M.; Rienstra, C. M.; Griffin, R. GJ. Chem. Phys2002 117,
Orlando, FL, 1999. 4973-4987.
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Figure 3. 2D 3C—13C spectra comparing SPG-8nd DARR mixing schemes (500 MH# frequency). (a) SPCs5aliphatic region. Cross-peaks arise

only from one-bond transfers, primarilyoC-Cf (or G5—Cy for the Thr resonances in the lower right corner). Mixing time was 1.08 ms, with a 37 kHz field

on 13C and 105 kHZH decoupling. (b) Aliphatic region dfC—13C 2D with DARR mixing (5 ms, same data set shown in Figure 2(a)). The additional peaks
labeled are @—Cy correlations, resulting from two-step dipolar transfers, and in one case-&¢ correlation (L5) from a three-step transfer. (c) Carbonyl-
aliphatic region of SPCspectrum. One-bond cross-peaks are labeled in the right half of the spectrum’ (&g Asn/Asp G—Cf, GIn/Glu G—Cy).

(d) Carbonyl-aliphatic region of the DARR spectrum. The added labels correspond to sites two bonds apart (prim@gly Beaks are labeled site-
specifically, based on sequential assignments determined from the heteronuclear spectra described below. In all portions of this figure fgnvelsontou

have been drawn starting at 12.5% (a, b) or 10% (c, d) of the intensity of the strongest peak in this region of the spectrum, to permit direct comparison of
relative peak intensities.

~25—45 ppm), the variations in intensity are reduced somewhat enabled observation of cross-peaks arising from polarization
in comparison to DARR. However, some variations are still transfer (by DARR) over two or mofeC—13C bonds. The @
evident, for reasons to be considered in more detail below. represents a bifurcation point in tAéC polarization transfer

The complementary information in the DARR and SPC-5 pathway, so the DARR mixing time was set to 5 ms; for ail C
data sets was particularly important for unambiguously assigning sites, correlations to‘@nd (5 resonances were also observed,
the region of the 2D spectrum containing side-chain carbonyl along with many @ signals. For the NC'—CX, a longer (15
resonances, because the initial DARR buildup rate is fast for ms) period was employed to drive a larger percentage of the
C'—Ca. pairs near rotational resonance (at this spinning rate of polarization to  and G/ resonances. In this context, the low
11.111 kHz, corresponding to 88.9 ppm at #8@ frequency)  signal loss during DARR mixing was favorable. The two spectra
but slower for the side-chain carbonyls coupled to methylene in Figure 4 (N-Co—CX and N-C'—CX, following the notation
signals in the 3640 ppm range. During the 5 ms mixing time, Of previous authofs'%*2 but modified to be consistent with
C'—Cp resonances in the DARR spectrum (e.g., Asp, Val, and the IUPAC naming conventioP3 were acquired consecutively
Lys) are close to the Asp/Asnfz-Cy and Glu/Gln G—C8 in ~2.5 h each, permitting an analysis of superimposed spectra
resonances. In the SPG-8pectrum, the polarization transfer ~Wwith very high ¢-0.1 ppm) precision. We established sequential
efficiency does not significantly depend on chemical shift connectivities starting with the outlyingN chemical shifts and
differences. The SPCs;Sspectrum alone was not adequate to Proceeded in a manner similar to the studies cited above.
assign all the spin systems uniquely but served as an effective(Additional details are provided in the Supporting Information.)
complement to the DARR spectra to distinguish between one-  The aromatic residues in GB1 have a special significance in
and two-step polarization transfers. the experiments discussed further below, and so we confirmed

With amino acid type identification and side-chain correla- @ssignments of these signals by acquiring®&—CX and
tions established, heteronuclear correlations along the peptidedN—C'—CX 2D data sets with longer (50 ms) DARRC—*°C
backbone were derived from relayédN—(13C)—13C 2D mixing times (Figure 5). The line widths in strongly coupled
spectre8 61 based on band-selective SPECIFIGI—13C CP6 aromatic spin systems (in the absence of local molecular motion)
and DARRXC—13C mixing5* The resolution of the indirect ~ @' >1 ppm at 500 MHZH frequency; proportional increases
15\ dimension distinguished most residues, and the sensitivity iN line broadening applied in the data processing enabled us to

(62) Markley, J. L.; Bax, A.; Arata, Y.; Hilbers, C. W.; Kaptein, R.; Sykes, B.
(61) Baldus, M.Prog. Nucl. Magn. Reson. Spectro2002 41, 1-47. D.; Wright, P. E.; Wuthrich, KPure Appl. Chem199§ 70, 117—142.
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Figure 4. Overlaid™>N—(3C")—13CX (red) and!>N—(*3Ca)—13CX (blue) 2D spectra of GB Each spectrum was acquired with 1024 rows in th@>N)
dimension with a 22.%s dwell time, 4 scans per rQW2 s pulse delay, 2.3 h measurement time. THe1°N CP was achieved by matching to the=

1 sideband ' field 60 kHz, 15N field 50 kHz with a tangent ramp of6 kHz; 1 ms contact time). IAB®N—13Ca based experiment, the SPECIFIC CP
conditiont® was matched for 8 ms by applying'aN field (wn/27) of ~27 kHz (5/2w./27) and al3C field of ~16 kHz (3/2w/2), with a tangent ramp

of £1.5 kHz (ramping down in field amplitud&}.The 13C carrier was placed at40 ppm and thé3C—13C DARR mixing time was 5 ms. In thEN—13C’

based experiment, they = 3> wr, wc = %> wr (at ~172 ppm) SPECIFIC CP condition was used (8 ms contact time), and the DARR mixing time was
15 ms. Net Gaussian line broadenings of 5 and 30 Hz were appliditand'3C, respectively.

100

110

120

130

140
100

110

15N Chemical Shift (F1, ppm)

130 -

140

120 |

identify all of the 1N signals within or following aromatic

(a) residues, including the indoféNe of W43 in the N-C'—CX
spectrum; this signal and the lack of correlations toi in
the N-Ca—CX spectra, illustrate a generally useful method
FARCHLS FEDRCAALE for identifying Trp residues in proteins. It is notable that, at
Y45N-CB(1,2) " i this 50 ms mixing time, several correlations to the TS€¢
Y3N-CL Y33N-C3(1.29 33‘;45_’(";70* ;’ el signals from the backbon®N sites are observed; this corre-
Y3N-C3(1,2) 1 ¢ - sponds to correlation between atoms separated by shCiN-
WA43N-C51 W43N-Cy , . ! .
L CX) or seven (N-C'—CX) bonds, albeit by seq_uentlal stepwise
FS2N-C5{1,2) ~F52N-Ce(1.2) one-bond dipolar transfers; the Y45 and Y33 signals are stronger
in the N—C'—CX experiment despite the larger number of
I I . I I . intervening bonds, because of the-N' transfer efficiency is
(b) ~50—55%, whereas the NCo. is only ~35—40%. Additional
T4AN-WAIEH1 TaAN-WA3CY 139—130 2D spectra with DARR and DREAM mix?ﬁ@were
TSAN-F5203(1,2) utilized to assign all*C sites within the aromatic rings.
Overall, in the 2D spectra, approximately 75% of the residues
KS‘"'H[’@”“M“E’ could be assigned in a sequence-specific manner. Some ambigu-
AMNYBICL ot . m"‘ffﬁii;é;w ity remained due to the congestion of seVeN[i] —13Cali]
- mN.w,,g),/_m_ﬁm e correlations in the region (122124 ppm!*N, 53—57 ppm*3Ca.)
DABN-YASCL  D46N-Y45CS(1.2)  \wagne.Cht and several additionaN signals between 120 and 121.5 ppm.
T s Wik g o Although some .of th¢13Cﬁ and/or 13Cy signals broke the
degeneracy in this region of the spectrum, the 2D spectra alone
were not sufficient to complete the assignments. 3D NCC
160 150 140 130 120 110 100

13C Chemical Shift (F2, ppm)

Figure 5. (a) 15N—13Ca—13CX and (b)5N—13C'—13CX 2D spectra with
50 ms13C—13C mixing time to emphasize aromatic correlations. With the

exception of the mixing time, data acquisition parameters were the same

for the spectra shown in Figure 4. A larger net line broadening (100 Hz) o . o - ] ]
was applied to thé3C dimension to emphasize the broad aromatic signals. €fficiency and the differences in side-chain dipolar coupling

identify all of the Tyr, Phe, and Trp residues. Although tf@

dimension was not especially well resolved, it was possible to

spectra were therefore utilized to complete the assignments and
clarify ambiguities (presented in the Supporting Information).
The heteronuclear 2D spectra exhibited substantial differences
in peak intensities, some of which among different residue types
can be attributed to the effect of chemical shifts on DARR

topology. In additionwithin residue types we found significant

(63) Detken, A.; Hardy, E. H.; Ernst, M.; Kainosho, M.; Kawakami, T.; Aimoto,
S.; Meier, B. H.J. Biomol. NMR2001, 20, 203-221.
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variations. For example, among the intraresidue ‘Aa—1°Cf (a)180-, P1 p2 o B3 B4
signals, there was a 13% standard deviation relative to the mean_ 120 ° o
intensity (with signal-to-noise ratios of 4®0); the Gly>N— § 60 H .
13Co had a 18% normalized standard deviation (again sever- ;6; o

alfold higher than expected due to noise), and the PR % 60 sonisincnpitis

13Cp signals showed an especially large variation: among the
nine Thr residues (11, 16, 17, 18, 25, 44, 49, 51, and 55) above g0

8
|

2 <>ﬁ < ; ?i " io
dgpared §§ii§§§£§£ : ¢ 0E§§i§§ ¢ lags?

the noise threshold, the signals varied by a factor of 3.5 (with 2 6 10 14 18 22 26 30 34 38 42 46 50 54
T49 the strongest, and T17 the weakest), with a standard (b} 180 3 o ribetee B 3 5 5 5
deviation equal to the mean intensity. Furthermore, the T53 _ 120+ L 8§§i{ ‘3 i ii L ﬁ‘ ptite
15N—13CB signal was not visible above the noise threshold in  § 6o - o .

this experiment (although it could be assigned in%i@-13C 2 o i ; 8?‘ o

2D spectra by correlations to tHéCa and $3Cy). The total g’m: o Senefrstaings

integrated intensity of al®C peaks correlated to eatiN signal 120

followed these trends. The potential sources of signal intensity  .1go- e T  ———
variations will be considered in further detail below, in the 2 6 10 14 18 22 26 30 34 38 42 46 50 54
context of dynamics measurements. Residue Number

The completé3C and!®N assignments of GB1 are presented Figure 6. TALOS-based analysis of backbone torsion angles in micro-

in Table 1. To assess the relative ease of assignment Wecrystalline GB15* The open diamonds illustrate the crystal structure
) ! backbone torsion angle values. The solid circles are shown in the 106 cases

compared the dispersion of _Chemical shifts by secondary where TALOS converged, with the error bars as reported by TALOS.
structure type. In thg-strand regions'®N, 13C', 13Cq, and3Cf

shifts (mean+ deviation) are 121.0+ 6.5, 174.3+ 1.9, ) i . -
56.4 + 4.0, and 46.6+ 16.2 ppm; for the turn residues, shift anisotropy (CSA) measuremefitsvill be beneficial for

117.24 8.0, 175.5+ 2.0, 54.5+ 5.8, and 39.8 15.3; and for structure determination and refinement. We have recently
the helical residues, 119:82.5, 178.3+ 1.8, 58.5+ 4.0, and  Performed such a study of CSA measurements in GB1.

32.4+ 12.4. Clearly the turns were easiest to identify based on ~ To examine the conformation of the side chains, we proceeded
the large dispersion dfN shifts, and thes-strands are similarly ~ to analyze the variation between solid-state and solution
well resolved. We did not have any Specia| difficulties assigning chemical shifts. The solid-state chemical shifts were determined
the helix of GB1, despite the relatively podN and 13Cf in most cases te-0.1 ppm or better certainty, based upon the
dispersion; we attribute this to tHéC' and3Ca. dispersion in statistical variation in several data sets. The solution shifts were
this amphiphatic helix. In general, the assignment of fully helical determined to a digital resolution of better than 0.1 ppm under
(membrane) proteins in the solid state will be a special challenge conditions as close as possible to those of the solid sample (see
that is likely to require new types of experiments to emphasize Experimental Section). The differences in chemical shift by

inter-residue correlations among side chains, to compensate foresidue number (Figure 7) show that the overall agreement
the inferior 15N dispersion. between solution and solid shifts is within this uncertainty.

c. Structural Comparisons with Crystallography and Moreover, the standard deviation in the chemical shift differ-

Solution NMR. With assignments in hand, we proceeded to €nces is in the case 6Ca and**C' signals two 1ti5me§ larger
analyze the chemical shifts in terms of backbone conformation. than the mean shift difference, and f6C5 and **N signals
Isotropic N, Gx, CB, and C chemical shifts in proteins are the standard error is substantially larger than the mean shift
known to depend on secondary structure, both in solétiamnd difference. Thel®Cp signals demonstrating the Iargest differ-
in the solid staté15We used TALOS" to analyze thes and ences are @-branched (T17, V39, and T55), aromatic (W43
 backbone torsion angles for GB1 in the microcrystalline state @nd Y45), or charged (K13, D36, D40, and K50) residues.
(Figure 6). Of the 53¢, v pairs (106 total torsion angles) Further, several of the discrepancies, both for aromatic and
reported by TALOS, 42 values agreed with the X-ray structure nonaromat|c13Cﬁ signals, are clustered in the region near
within the TALOS error £1 0); 4 additional values were within ~ residues 39 to 45 (e.g., V39, D40, W43, and Y45). Likewise
12 ¢, and 7 were in poor agreement. Among thealues, 42 for the 15N signals, although there are several ppm variations
were with within+1 ¢, and 6 additional were withia=2 o, with no obvious pattern throughout much of the prqtein (due
leaving 5 in poor agreement. The regions of poor agreementpresumably to the strong dependencédf chemical shifts on

(or unreported by TALOS due to lack of convergence) were electrostatic environment), the region from residues 42 to 48
typically Gly residues (G9, G14, G41), residues neighboring Shows a systematic trend of positive values in Figure 7d,
Gly residues (N8, K10, D40) and/or residues in turns (D47) corresponding to an upfield shift in the solid sample relative to
between well-defined secondary structure elements. Other thanSolution. This is near a region (residues-3%) in which the

in these regions, the GB1 chemical shifts in the microcrystalline €' shifts show a downfield-1 ppm trend in the solid relative
state predict a backbone structure that agrees remarkably wellt© 30'_”“‘”_‘ (Figure 7c). _ _

with the crystal structure. In the regions where TALOS fails,  Insight into these effects can be derived from comparisons
direct backbone torsion angle determinatidf8and chemical ~ to the crystallography studies of Gallagher, in which it was noted
that the rotameric states of several Lys, Glu/GIn, and Asn

(64) Cornilescu, G.; Delaglio, F.; Bax, A. Biomol. NMRL999 13, 289-302. residues depended on crystal packidgherefore changes in

(65) Luca, S.; Filippov, D. V.; van Boom, J. H.; Oschkinat, H.; de Groot, H. J.
M.; Baldus, M.J. Biomol. NMR2001, 20, 325-331.

(66) Rienstra, C. M.; Hohwy, M.; Mueller, L. J.; Jaroniec, C. P.; Reif, B.; Griffin,  (67) Wylie, B. J.; Franks, W. T.; Graesser, D. T.; Rienstra, CJVAmM. Chem.
R. G.J. Am. Chem. So@002 124, 11908-11922. Soc, published online August 4, http://dx.doi.org/10.1021/ja053862e.
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Table 1. 1°N and 13C Chemical Shifts of Microcrystalline GB1

res N c Ca cp Cy o Ce ce NO Ne NZ
M1 40.0 171.4 54.3 325 30.3 15.9
Q2 125.2 175.1 55.9 305 35.3 180.4 113.2
Y3 123.3 175.0 57.0 43.7 128.5 134.7 118.3 158.3
132.0 118.3
K4 122.7 173.3 54.9 36.3 25.7 29.1 42.4 33.1
L5 127.0 174.8 53.0 42,5 27.4 26.0
25.1
16 126.3 175.3 60.0 37.9 27.5 12.8
17.6
L7 127.1 175.1 54.7 42.9 27.2 26.9
25.1
N8 125.1 176.4 50.7 38.4 176.6 110.9
G9 109.6 173.2 44.6
K10 121.1 179.2 59.3 32.9 25.8 29.2 42.1 33.1
T11 106.4 173.4 61.9 69.5 22.6
L12 127.8 173.9 54.4 43.1 27.9 26.1
23.0
K13 123.3 175.8 53.3 38.8 26.1 29.8 43.0 31.3
G14 105.6 171.4 44.9
E15 121.1 174.1 53.9 34.2 35.1 181.9
T16 115.2 172.0 60.1 70.5 20.1
T17 116.1 174.3 60.3 72.6 21.8
T18 116.3 171.3 61.3 70.8 18.9
E19 125.4 175.9 54.3 30.6 35.8 182.2
A20 125.9 177.8 50.7 23.7
V21 116.3 175.1 63.5 32.0 20.2
21.2
D22 115.5 175.1 52,5 42.3 179.9
A23 122.8 179.7 54.6 18.2
A24 120.8 181.5 54.5 18.2
T25 117.4 175.9 67.2 67.8 21.4
A26 124.0 177.3 55.0 17.6
E27 116.4 177.8 50.1 29.1 355 181.7
K28 117.4 179.2 60.2 32.8 30.1 26.5 42.3 32.6
V29 119.3 179.0 66.3 32.0 22.2
F30 118.7 179.1 575 375 138.4 132.3 130.9
K31 120.8 179.6 60.1 31.6 27.3 29.3 41.2 32.2
Q32 121.3 177.6 58.9 29.0 34.2 180.0 115.6
Y33 121.0 178.8 61.6 37.0 129.8 132.5 118.7 159.4
A34 122.7 179.6 56.1 18.1
N35 118.2 179.6 57.0 39.3 176.1 113.2
D36 121.1 176.2 55.9 38.3 177.8
N37 115.0 174.3 535 40.4 176.9 114.6
G38 108.4 174.0 46.8
V39 121.8 175.2 61.7 32.0 22.0
18.2
D40 131.1 174.9 52.8 41.7 180.7
G41 108.1 172.8 45.1
E42 119.0 177.9 55.1 315 35.7 181.8
w43 125.0 177.4 575 33.8 111.8 127.2 138.5 114.7 131.7
129.7 119.9 120.6
T44 109.2 174.0 60.9 73.1 21.1
Y45 118.6 171.9 57.8 37.6 127.8 132.5 118.8 157.5
132.2 116.2
D46 126.3 176.3 50.9 42.6 180.2
D47 123.4 1775 54.6 43.0 179.8
A48 119.0 179.7 54.0 19.0
T49 104.2 175.8 60.3 69.9 21.6
K50 119.7 175.5 55.6 28.0 24.4 28.3 433 33.9
T51 112.0 174.4 62.5 717 21.3
F52 130.3 175.8 56.6 43.1 140.0 131.6 130.5
T53 112.2 172.3 60.4 71.9 21.1
V54 118.4 172.6 58.5 32.7 21.9
19.8
T55 124.1 174.2 61.3 72.1 215
E56 131.1 180.5 57.6 38.8 183.2

the chemical shifts of these signals, which are also strongly even thermal fluctuations, enabling a facile interconversion (as
dependent on local electrostatic environment, are not surprising.investigated further below). Third, the interaction between
Second, branched chain and aromatic amino acids have modes§-strands 2 £2) and 3 3) forms a major part of the crystal
energetic barriers between conformational states; i.e., these mayontact in the orthorhombic crystal form of GB1. Several of
be very small in comparison to the crystal packing forces or the residues that show the largest shifts between solution and
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Figure 7. Comparison of isotropic chemical shifts of GB1 in solution and in the microcrystalline solid staféC(a) The meant standard deviation
difference (solution minus solid) was 0.230.52 ppm. (b}13CA: —0.07 £ 1.13 ppm (c)!3C": —0.204 0.55 ppm (d)!*N: 0.56 & 2.00 ppm.

solid are indeed if$2 (K13, T17), ing3 (D40, W43, Y45), or amplitude librational dynamics; the latter effect is analogous
near the end of the helix and/or turn connecting the heljgdo  to order parameters measured in solution NMR. Amonglihe
(D36, V39). 13C sites measured and fit well to the analytical T-MREV model,

From these chemical shift data comparing solid GB1 to crystal all but a few were within error of the scaled dipolar coupling
and solution NMR structural parameters, we conclude that the expected for a rigid lattice sample-10.4 kHz; some of the
backbone conformations in all three cases are the same withinuncertainty is inherent to the scaling factor, which varies due
the error of our measurements. Relatively few side-chain to B; inhomogeneity). Significantly below average couplings
chemical shift differences are observed between GBL1 in the solidin the ITH—'5N spectra were observed at sites D40, G41, W43,
state and in solution, and those variations are strongly correlatedand V54. D40 and G41 are in the turn between the helix and
to the sites of crystal contacts. Therefore for purposes of further 53; W43 (in53) and V54 (ing4) are in close contact and may
analysis of dynamics in this work, we assume that the overall exhibit weaker than normal couplings due to H-bond stretching
structure in the microcrystalline state is well described by the across the3-strand, although this is at the edge of statistical
crystal structure. This conceptual framework explains several certainty in the current data. Nevertheless, most backbone sites
additional observations in the NMR data, as discussed further exhibit'"H—1°N and*H—3Ca couplings consistent with a rigid
in the following sections. lattice. The mean scaled-§tandard deviatio!H—°N coupling

d. Effective BackboneH—1°N and *H—3Ca Bond Lengths. is 47844 353 Hz, and the mean scaléd—13Ca coupling is
The variations in integrated intensity among sites in both the 9804+ 476 Hz.
13C—13C and!>N—13C spectra led us to consider the extent to  Larger variations are observed in the relaxation rates of
which backbone and/or side-chain dynamics might affect the coherences involving protons, as extracted from the T-MREV
rates of polarization transfer in dipolar recoupling experiments. spectra. The relaxation rafé2 (in the formulation of ref 66)
To measure théH—15N andH—13C dipolar couplings, dipolar-  reports on the rate of decay of antiphase coherence involving
shift (DIPSHIFT88% experiments were implemented in a 3D the X 3C or 1*N) andH spin. In the GB1 data, this value
fashion, using®N and**Co as the two chemical shift dimen-  (mean+ standard deviation) is 42 3.0 ms'* for tH—13C and
sions, and a constant time T-MREV period for heteronuclear 3.0 + 2.4 ms! for H—N. We conclude therefore that the

IH—X recoupling (Figure 8Y° variations in maximum3Ca. intensity from site to site (as
Variations in the couplings derived in DIPSHIFT experiments discussed in sectidmabove) arise primarily from variations in
can arise either from changes in bond lengtf&or small relaxation rates durinH—1°N and*®N—13C cross polarization.

. — Factors influencingH rotating frame relaxation, such as nearby
(68) ('}"#é‘n‘i""gg'cg"gsﬁ"183:”22'25_'2%5350"9”“5‘“5‘3”' G.; Huang, T.HAm. chemical exchange events involving protons, are likely ad-

(69) Munowitz, M. G.; Griffin, R. G.J. Chem. Phys1982 76, 2848-2858. ditional contributors to these variations!tdi—1°N CP efficiency.

(70) Hohwy, M.; Jaroniec, C. P.; Reif, B.; Rienstra, C. M.; Griffin, R. 5.
Am. Chem. So200Q 122, 3218-3219.

(71) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.; Griffin, R.  (72) Song, X. J.; Rienstra, C. M.; McDermott, A. Magn. Reson. Cherg2001,
G.J. Am. Chem. S0d.987 109, 4163. 39, S30-S36.
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Figure 8. Measurements of GBIH—1N and*H—13Ca backbone dipolar couplings from 3D DIPSHIFT spectrosctis§.° A series of 2DN—13Ca.
spectra £45 min each) were acquired as a function of #e-1°N and 'H—13C T-MREV mixing times (in separate experimerfi&)The resulting site-
resolved dephasing trajectories were fit to the analytical model for T-MREV deph&giagnd b) Examples dH-dephased®N-observe dipolar spectra
for (a) A34 and (b) G41; the A34 line shape is consistent with the rigid lattice limit, whereas G41 demonstr&&% acaling of the dipolar coupling due
to small amplitude backbone librations and¥bi—15N bond stretching (note that this corresponds to an order pararggtef,~0.5). The vertical lines are

to guide the eye only; dipolar coupling values were extracted from numerical simulations. (c) Summary éHfitéédlipolar couplings; error bars shown
are+2 ¢.56.70 Effective bond lengths of 1.12 A1—13Co) and 1.04 A tH—15N), with a T-MREV scaling factor of 0.487%yield couplings of 10.4 and
5.3 kHz, respectively, fotH—13Ca and *H—15N, as indicated by the horizontal, dotted line. Variations in the fitted dipolar couplingan arise from
changes in this presumed bond length (e.g., stretching due to hydrogen bonding effects) or librational dynamics of larger than average aduytitode. Re
of both the!H—23C and'H—!5N coupling constants at the same residue are evidence of dynamics. Data points missing from the plot include those signals
overlapped in the 2B3°N—13Ca plane and the dephasing trajectories that yielded unsatisfactory-flf8% RMSD).

e. Side-Chain Conformational Exchange As mentioned very similar Gx—Cg transfer rates and intensities to V29 (Figure
above, the 2DIC—13C spectra also revealed significant 9b), its Gx—Cy transfer is significantly attenuated in intensity.
variations in side-chain signal intensities within residue types. V21 is in a turn betweefi2 and the helix, and its side chain is
We performed more detailed investigations of the Val and Tyr in a crystal contact, explaining larger broadening observed on
residues in GB1, since these were among the signals thatthe @3 signal. The V21 @—Cp transferrate is slightly reduced
demonstrated the largest variations in intensities and line widths, in comparison to V29 and V39, and the decreasat@nsityis
yet were mostly resolved in the ZBC—13C spectra at 500 MHz,  even more prominent; both dipolar transfer rates and intensities
enabling quantification of cross-peak intensities. For example, are substantially reduced for thee€Cy cross-peaks. Thus the
three of the four Val @—Cp correlations (21, 29, and 39) are  backbone motion is the minor and the side-chain motion is the
resolved in the 203C—13C spectra (e.g., Figure 3 and Figure major contribution to attenuation in signal intensity.
9a). Among these, V29 has the greatest intensity (normalized The Val side-chain chemical shifts corroborate these observa-
to 100%, with a signal-to-noise ratio 6f45:1) and line widths  tions, when compared empirically to the stereospecific assign-
of 106 Hz () and 95 Hz (@, in the SPC-5 spectrum ments of the prochiral methyl carbons of Leu and Val residues
processed with a net 20 Hz Gaussian broadening). In the samén malate synthase G (MSG)and a recent solution NMR study
spectrum, V39 has 70% of the intensity and line widths of 112 of methyl-bearing side chains in GB3.We constructed an
and 113 Hz. V21 has 45% of the normalized intensity and line empirical database from the chemical shifts of MSG Val residues
widths of 116 and 143 Hz. (The same effects are observed toand found the best agreement (RMSD minimum) between GB1
within a 10% error if the 8—Ca peaks are considered.) and MSG chemical shifts identified by residue. 7@ chemical

We next investigated whether side-chain conformational shifts V21 of GB1 were found to be most similar to V275 and
exchange might be responsible for the signal variations, in V377 of MSG, both of which have undefingd values. This is
context of the crystal structure (Figure 9b). V29 is within the consistent with a study of the closely related protein GB3, in
very well-ordered amphipathic helix; therefore, it is expected which it was established that V21 exhibits rotameric averaging;
to have the least conformational flexibility among the three Kalplus analysis identified asymmetric populations among the
residues considered here, which is confirmed by its intensity in three possible conformers (23%4 = 18(°, 57%y1 = —60°,
the 2D SPC-5spectrum (Figure 9a). V39 is in a turn between and 20%y1 = +60°), and residual dipolar data were most
the helix and thg83-strand, but its side chain is packed into the consistent with 50%1 = 18C°, 50% 1 = —60°. Moreover,
core of the protein against other hydrophobic side chains; it is .
therefore an intermediate case, where the signal in the SPC-5 gig R N o &Y . Shem. P ST
spectrum is reduced relative to V29. Although the V39 shows 8966.
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Figure 9. Signal intensity and dipolar transfer rates exhibited by Val residues in GB1. (a)34&0cQegion of the SPC-bspectrum (expansion of Figure

3a) and slice through the F1 dimension at£22.0 ppm, illustrating the variations in signal intensity. (b) Cartoon of the GB1 structure illustrating the
location of the Val residues. (c) Buildup off(polarization originating from the & as a function of DARR mixing time. The spectra were acquired by
varying the DARR mixing time, with other parameters described in the caption to Figure 2. (The &&8 @eak was not sufficiently well resolved to
quantify its intensity in these spectra.) (d) Buildup of @olarization originating from @, as a function of DARR mixing time (from the same spectra as
part c). In cases where bothyGignals were resolved (V21, V29, and V54), the average intensity is reported; for V39, the intensity of the single resolved
Ca—Cy peak at 61.7, 18.2 ppm is reported.

the side-chain crystal structures for GB1 have diffejgrangles remaining on the Y33 Cat 5 ms. At the longer mixing time,

for this residue (in the wild type 1lpga structugd, = —60°, transfer occurs to the€and G signals (the €1 and G2 occur

and in the T2Q mutant1l = +60°). Our data are consistent at a common chemical shift, as do théXCand G2). These

with fast-limit y1 conformation exchange of the V21, but the observations again are consistent with, and elaborate upon, the

distinct G/ peaks require unequal populations of the three GBI crystal structure, in which Y45 and Y3 are tightly packed

conformers. The other Val residues do not show such dynamicin the hydrophobic core (along with F30, F52, and W43), and

properties and have chemical shifts that can be interpreted inthe hydroxyl proton of Y45 participates in a hydrogen bond

terms of side-chain conformation unambiguously. The V29 and with D47, further constraining its ring conformation. In contrast,

V39 chemical shifts are consistent with trans conformations the ring of Y33 is closer to the protein surface; the SSNMR

(y» = ~180C), as in the crystal structures. Both the upfield- data illustrate that this aromatic ring is undergoing two-site

shifted Gx (58.5 ppm) and side-chain shifts of V54 are exchange on a time scale afLl(f st (y? £18(°).7>76

consistent with a ¢ conformation g1 = 60°), as in residues These observations near room temperature directly confirm

V446 and V608 of MSG. We have in another study investigated the presence of conformational exchange in GB1, an effect that

the effects of this conformation upon chemical shift tensor changes signal intensities and line widths, but does not depress

magnitude; the span of theoQCSA tensor for this residue is  the signals below the limit of detection.

~6 ppm greater than V39, in agreement with this gpnforma- f. Temperature-Dependent Chemical Shift SpectraHaving

tion 87 identified sites of conformational exchange near room temper-
A second example of side-chain conformational dynamics ature, we proceeded to acquire spectra at lower temperatures.

arises from examination of Tyr ring cross-peak intensities as a The overall trends in signal intensities and line widths can be

function of 13C—13C mixing time (Figure 10). For Y3 and Y45, appreciated most readily from the 1D experiments over a

the CZ—Ce cross-peaks arise quickly (at 5 ms mixing), and at

(75) Rice, D. M.; Meinwald, Y. C.; Scheraga, H. A.; Griffin, R. &.Am. Chem.

the longer mixing time (50 ms) two sets ot@nd G peaks So0c.1987, 109, 1636-1640.

B (76) Rice, D. M.; Wittebort, R. J.; Griffin, R. G.; Meirovitch, E.; Stimson, E.
are Observed for Y45_' The d|polar trajnSfer from tl’@t@. CE_ R.; Meinwald, Y. C.; Freed, J. H.; Scheraga, H. A.Am. Chem. Soc.
of Y33 is slower, with a large fraction of the polarization 1981, 103 7707-7710.
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Figure 10. Chemical shift and dipolar trajectories for Tyr residues in GB1. (a and b) Aromatic regions HC2B3C with (a) 5 ms and (b) 50 ms DARR
mixing. (c—e) Polarization transfer trajectories as labeled on the figure for (c) Y3, (d) Y33, and (e) Y45. The intensities were normalized to the intensity of
the GC—C¢ autocorrelation peak.

temperature range from275 to 175 K (Figure 11). As the  'H decoupling, i.e.,~10—100 kHz7® Computed translational
temperature is lowered from 275 to 204 K, there is a continual diffusion constants for water in myoglobin crystals a25 000
degradation in spectral quality that is most evident among A%s at 220 K8 Using an empirical definition that a solvent
terminal, loop, and side-chain resonances. For example, the firstmolecule is in contact with &C or 1N site if within 5 A, the
signal to fall below our detection sensitivity is the MINH3 rate of solvent passage through this window would~3€00/
(at 240 K); thel3Ce signal (15.8 ppm) of M1 likewise is s, which agrees satisfactorily with the RothwelWaugh condi-
depressed and broadened, although it is not completely lost.tion of maximal homogeneous broadenfiig.
Similarly, the Y33 13C¢ (furthest downfield signal among 2D 13C—13C and 3D™N—-13Ca—13CX spectra as a function
aromatics) is especially sharp at the highest temperature,of temperature (not shown) were analyzed and summarized by
showing resolved multiplet structure, but is depressed severalamino acid (Figure 12). At 250 K, K4, T11, K13, E19, V21,
fold in intensity at 222 K. The Thr €region retains most of K28, and D40 show substantially depressed intensities (signals
its signal intensity but broadens in a manner similar to that of less than half their values at room temperature). These signals
the Tyr . The backbone®N signals overall decrease in are predominantly in turns. At 240 K, additional resonances in
intensity by factors of 3 to 5. Even thodeN signals in the p2 (E15, T16, T17, T18) angh3 (E42, W43, T44) show
hydrophobic core show the same effect, as does thedlb, C  depressed intensities. These strands form the intermolecular
which is packed within the hydrophobic core; however, the contact in the orthorhomobic crystal form of GB1 and are
magnitude of the broadening and signal attenuation is not asexposed to solveri€ The signals from the helix that are most
substantial in those cases (a 2- to 3-fold reduction in intensity depressed are K28 and Y33, both of which are on the polar,
and increase in line width). solvent-exposed side of the amphipathic helix. We have
Our observation of deteriorations in spectral quality in the attempted to acquire a variety 8 —1°N correlation spectra to
range from 275 to 225 K are qualitatively similar to the probe proteir-solvent interactions directB%428ut our efforts
observations of Zilm and co-workers in ubiquiiiHowever, so far have not yielded resolved spectra. It is not yet clear
in their studies, broadening continued as the temperature waswhether this is due to an instrumental or fundamental issue.
lowered below 200 K. In GBL1, the effect appears to be reversed Another contribution to the observed broadening-@00—
in this temperature range. We attribute this to the relatively high 220 K is side-chain motion on the intermediate time scale. This
concentration of MPD in our preparation, which has been shown does not appear to be a major contribution, since, at 175 K, the
to provide sufficient cryoprotection to favor a glass transition methyl and aromatic regions of tHéC spectra are identical
rather than the freezing of solvefftThe temperature range over  with the 275 K spectra. If the motional processes discussed
which this transition occurs is consistent with the characteristic above (Y33 ring flipping, V21 side-chain rotameric averaging)
value at which temperature-dependent DebWaller factors were deactivated at the lower temperature, one would expect
exhibit a change in slop&.The exact temperature at which the to see broadening in the intermediate regime and then new
SSNMR line width is maximized is expected when solvent chemical shift values in the slow limit. We do not observe
translational diffusion interferes with magic-angle spinning and

(79) Rothwell, W. P.; Waugh, J. S. Chem. Physl981, 74, 2721-2732.
(80) Tournier, A. L.; Xu, J. C.; Smith, J. @iophys. J2003 85, 1871-1875.

(77) Petsko, G. AJ. Mol. Biol. 1975 96, 381—392. (81) Chevelkov, V.; van Rossum, B. J.; Castellani, F.; Rehbein, K.; Diehl, A.;
(78) Tilton, R. F.; Dewan, J. C.; Petsko, G. Biochemistryl992 31, 2469- Hohwy, M.; Steuernagel, S.; Engelke, F.; Oschkinat, H.; ReifJ.BAm.
2481. Chem. Soc2003 125, 7788-7789.
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Figure 11. 1D 3C and!N CP-MAS spectra of GB1 over a range of temperatures as indicated on the figure. Spectra were acquired at 680 MHz
frequency, 13.333 kHz MAS rate over a several hour periotiS min per spectrum). At each temperature, the sample was equilibrated @omin, the

probe tuning adjusted, and cross polarization and decoupling conditions were optimized within the same local region of the parameter spag¢o accordi
the~5—10% changes in pulse widths over the temperature range. Each vertical series is normalized to the same absolute intensity. The temperature calibrati
has an uncertainty in absolute temperature:6fK due to frictional and rf heating effects, although the relative temperatures are precise totdtKin
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Figure 12. Schematic of GB1 amino acid sequence, indicating sites Wiiré3Ca, 13CS, and!*C’ signals are substantially depressed in intensity relative
to 280 K spectra (underlined and highlighted) or missing entirely (italics) at the sensitivity limit of otAiNBE}3Ca—13CX spectra at the indicated temperature.
The blue letters correspond fhstrand residues, black to turns or loops and red to the helix.

significant changes in the chemical shifts of Y33 and V21 at Therefore itis possible in these residues that side-chain motional
175 K; furthermore, the patterns of cross-peak intensities (in modes are deactivated, but this does not satisfactorily explain
comparison to the other Tyr and Val residues) agree well with the overall pattern of signal intensities observed throughout the
those observed at the higher temperature. Indeed, in'd2p protein. Site-resolved relaxation measurenf@rasd 'H—15N

13C spectrum (50 ms DARR mixing time) at 175 K, 850 signals (and/ortH—'3C) correlation experimerts*?8lare likely to yield
were identified and showed an overafl0.02 + 0.20 ppm further insight into this phenomenon.

agreement with the~275 K data sets. The only 0.3 ppm
deviations were observed at K4, L5, L7, G9, K13, and D22. (82) palmer, A. GChem. Re. 2004 104, 3623-3640.
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Conclusions

We have presented theN and'3C chemical shift assignments
for microcrystalline GB1 in the solid state and analyzed chemical
shift and dipolar spectra in terms of conformation and dynamics.
This study presents a technical benchmark, in that the data
utilized for the assignments came exclusively from a suite of
500 MHz experiments performed in approximgtglh for each
2D experiment and 1224 h for each 3D experiment. Previous
de novo SSNMR chemical shift assignment efforts required
much higher field (750 to 800 MHz) 2D spectra and/or
acquisitions times of tens of hours (for the 2D speétr&)
several days (for the 3D spectf)We attribute the spectral
resolution and sensitivity in our study principally to the favorable
physical properties of GB1 (high packing density, thermosta-
bility, favorable relaxation properties, and microscopic homo-
geneity). In addition, two instrumental issues that currently
compromise SSNMR studies of microcrystalline proteins in
general are thermal damage resulting from high-power
decoupling and relatively poor detection sensitivity, in com-
parison to solution NMR. The thermostability and crystal
packing density of GB1 mitigated these concerns in the present
study. Instrumental developments may enable similar quality
spectra to be acquired in a wider range of protein samples; for

as solvent translation, appear to be present only in the fast limit
near room temperature. We believe this explains why all of the
13C and N signals are visible in our spectra, whereas in
previous examples signals in the loops and/or termini were not
observed. This novel characteristic of GB1 makes it ideal as a
microcrystalline model protein, since near room-temperature
conditions can be utilized. The unique properties of GB1 will
also enable complete site-specific analysis in experiments for
which information throughout the entire protein sequence is
desired and fundamental studies of structural phase transitions
and dynamics at low temperature. Although we anticipate that
suitable formulations of cryoprotectants will be developed for
other micro/nanocrystalline proteins, to our knowledge GB1 is
the first example in which such high-resolution SSNMR spectra
are observed below the glass transition.

Therefore we expect that the chemical shift assignments of
GB1 presented here, in combination with its favorable physical
and chemical properties, will encourage its use as a model
system for further development of SSNMR protein structure
determination methodology and fundamental studies of protein
thermodynamics in the solid state.
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