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Magic-angle spinning (MAS) solid-state nuclear magnetic reso- were performed on (i) microcrystalliféC,'>N-labeled diamagnetic
nance (SSNMR) spectroscopy is rapidly developing as a techniqueproteins (28R1and 53R1') and (ii}*C,'>*N-28R1 (53R1) diluted
for the atomic-level characterization of structure and dynamics of in a diamagnetic matrix by cocrystallization with natural abundance
biomacromolecules not amenable to analysis by X-ray crystal- 28R1' (53RZ1) in ~1:3 molar ratio (to minimize intermolecular
lography or solution NMR:> While nearly complete resonance electron—nuclear dipolar couplings).
assignments have been achieved for multifi€,!>N-enriched 2D 15N-13C* spectra of 53R1/53R1nd 28R1/28R1acquired
proteins up to~100 aa? enabling the determination of relatively — at ~11 kHz MAS rate are shown in Figure 1A,D. BackbotiN
high-resolution 3D protein structures in several c&séstudies and®*C assignments for 28Rand 53R1(Figure S5) were obtained
of this type are generally hampered by the availability of a limited using 2D N-(13C%)-13CX, 15N-(13C")-13CX, and 13C-13C experi-
number of long range>5 A) structural restraints. ments, and relatively well-resolved correlations50% of residues)
Here we investigate the possibility of deriving long rangelQ are indicated. Notably;-25 to 50% of cross-peaks exhibit signifi-
to 20 A) restraints from MAS SSNMR spectra’8€ 15N-enriched cantly reduced intensities in the R1 spectra relative to Rladdi-
proteins containing a covalently attached paramagnetic moiety. In tion, 1°N-13C* correlations, which are detected in both spectra, dis-
general, the presence of unpaired electrons leads to electron-nucleuplay only minor linebroadening for R1 (~5 to 30 Hz f&iC and
distance-dependent NMR chemical shift changes and enhanced~2 to 10 Hz for!*N), and essentially identical resonance frequencies
longitudinal and transverse relaxation ratésand these effects  indicating negligible pseudocontact shifts. Given that 53&1d
have been successfully exploited in solution-state NMR studies of 28R1’ adopt the GB1 fold, the reduced cross-peak intensities in
macromolecular structufé.!2 On the other hand, the majority of  R1 spectra are found to be highly correlated with the proximity of
MAS NMR studies of paramagnetic solids to date have been carriedthe corresponding nuclei to the spin label. For example, T25 and
out on metal coordination complex&s;}” and only very recently V29 (o-helix) are among the least affected correlations in the 53R1
have the initial applications to paramagnetic metalloproteins been spectrum, whereas 16 (31-strand) and T49 (loop betw#&and
reported:®~20 We focus here on proteins containing a bound p4) peaks are effectively suppressed. While the precise conforma-
nitroxide spin label. Nitroxide radicals, characterized by relatively tion of R1 (and hence the spin-label location) in 53R1 is currently
large electronic relaxation time constantse( T2 = ~100 ns) and unknown, thetHN, 15N, and3C* atoms are likely to be withir-10
smallg-anisotropy:®1-?lare expected to significantly enhance the A of the electron for 16 and T49, and20 A away for T25 and
transverse relaxation of the neighboring nuclei in immobilized V29 (Figure S7). This spin topology is roughly reversed in 28R1
proteins (with rate constaR [ y,%/r6, wherey, is the gyromagnetic ~ (T25/V29 and 16/T49 are-5 to 10 A and~15 to 20 A from the
ratio of the nuclear spih andr is the electron-nucleus distance), radical, respectively), resulting in T25/V29 (16/T49) correlations
while generating negligible pseudocontact sHifta. nitroxide side- being among those most (least) suppressed. The modulation of peak
chain (R1) (or its diamagnetic analogue, Rised here as a negative  intensities, based on each residue’s proximity to the electron spin
control) can be incorporated into proteins using the site-directed (Figure S7), persists throughout both 53R1 and 28R1. Figure 1
spin-labeling approach developed by Hubbell and co-wofkers shows the relative cross-peak intensities (heights) in Rispectra
(Figure S1, Supporting Information), where a cysteine residue is as a function of residue location in the primary (B,E) and tertiary
introduced at the desired position in the protein using site-directed (C,F) protein structure. For 53R1, the relaxation effects due to the
mutagenesis followed by the specific reaction of the thiol group spin label are largest for residues in tffd-34 strands and
with a suitable reagent. connecting loops, while for 28R1 the most strongly affected residues
A model 56 aa protein, B1 immunoglobulin-binding domain of  are found in thex-helix and adjacent loops. Note that these data
protein G (GB1), was used in this study. GB1, which contains no are in qualitative agreement with the solution-state paramagnetic
native cysteines, has been extensively studied using biophysicalrelaxation enhancements for 28R1 and 53R1 shown in Figure S4.
and spectroscopic techniques, and detailed information about its  Dipolar contributions tdH, 13C, and®*N transverse relaxation
structure, dynamics, and folding is available, including 3D solétion (ates due to the spin label were estimated using the Solemon
and crystat* structures and the completéC and™*N resonance  Bloembergen equatichi? assuming an electron correlation time
assignments in the solid stéfeR1 and R1 side-chains were  of 100 ns (Figures S8 and S9). These calculations indicate that the
incorporated at solvent-exposed sites in thielix (residue 28)  reduced cross-peak intensities in R1 spectra result primarily from
andp4-strand (residue 53) as described in the Supporting Informa- the decay of transversél and3C coherences durintH-5N and
tion (for brevity the proteins are named 28R1, 28RiBR1, and  157-13Ce cross-polarization (CP) steps, respectively, and are further
53RI). Solution and SSNMR chemical shifts, and solution sypported by measurements of magnetization decay during spin-
transverse relaxation enhancements reveal that these GB1 analoguggck pulses (Figure S10). Under our experimental conditions (0.15
retain the wild-type fold (Figures S2—S5). SSNMR measurements mg1H-15\ CP, 3 msiSN-13Ce CP), cross-peaks arising from nuclei
TOn leave from the Department of Chemical and Environmental Sciences, Wlthln ~10 A of the Sp_ln label are e_XpeCted to be at megp_%
University of Limerick, Limerick, Ireland. as intense for R1 relative to REven in the absence of additional
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Figure 1. (A) 500 MHz 15N-13C* spectra of 53R1 (red) and 53R(blue) acquired at 11.111 kHz MAS (see Figure S6 for full caption). (B) Relative
cross-peak intensities (heights)jn 53R1 and 53R1as a function of residue number. To account for possible differences in the amddat&fl-protein

in R1 and R1samples, we define= (Iri/Ir1)/(Iri/Ir1)max Wherelrs andlry- are the peak heights in R1 and'Rpectra andlgi/Ir1)max is the maximum
(Ir/1r1) value for the R1/R1lpair (found here to be-0.7 to 0.8). For peaks where no quantitative measurement could be made because of lowedap,

set to zero. (C) Ribbon diagram of GB1 (PDB ID: 1p&ayith thel values mapped onto the structure and color coded as indicated in the figure. Residues
for which | was not determined are colored in gray, and the Rlifitbrporation site is indicated by a sphere on tlea@m. (D—F) Same as panels-/&

but for 28R1/28R’L Typical protein backbone-spin-label distances for secondary structure elements: (28RD)AF31), 20 A (32), 5—-10 A @), 10—15

A (83,84); (53R1) 10—20 A1), 10—15 A 32), 20 A (), 10 A (53,54). Estimated uncertainties for individual distances due to unknown R1 conformation
are ca+2.5 A (Figure S7).

15N and '3C paramagnetic linebroadening duritgand t,. By (3) Petkova, A. T.; Leapman, R. D.; Guo, Z. H.; Yau, W. M.; Mattson, M.
contrast, correlations involving nucleil5 to 20 A away from the P, Tycko, R Science2005,307, 262-265.
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restraints using this approach will, at the very least, require accurate, (12) Bertini, I.; Luchinat, C.; Parigi, G.; Pierattelli, Rhembiochen2005,6,

site-resolved measurements of nuclear relaxation rates (using 3D (13) Chacko, V. P.; Ganapathy, S. Bryant, R.J3Am. Chem. Sod983,
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Experimental Section

a. Construction of GB1 Cysteine Mutants. Plasmid DNA corresponding to the T2Q mutant of the B1
immunoglobulin-binding domain of protein G (subsequently referred to as GB1) was kindly provided
by Dr. A. M. Gronenborn (University of Pittsburgh). The T2Q mutation reduces the cleavage of the N-
terminal Met residue, and has a minimal effect on the protein structure, dynamics and folding.! Plasmids
encoding for cysteine mutations at positions K28 or T53 of wild-type (wt) GB1, which contains no
native cysteine residues, were constructed using the GB1 plasmid DNA, appropriate primers
(Invitrogen, Carlsbad, CA) and the QuikChange Il site-directed mutagenesis protocol (Stratagene, La
Jolla, CA), and confirmed by DNA sequencing of the entire genes (Davis Sequencing, Davis, CA).

These mutations correspond to solvent exposed sites in the a-helix (K28) and the p4-strand
(T53) of GBL1, and were selected for this study since they were not expected to significantly perturb the
structure or oligomeric state of wt GB1 (A. M. Gronenborn, personal communication). This was
confirmed to indeed be the case by measuring solution and solid-state NMR chemical shifts and
paramagnetic relaxation enhancements in solution (Figures S2-S5). It is important to note here that
although the known three-dimensional structure of GB1 was helpful in identifying suitable modification
sites in this study it should also be possible to successfully introduce spin labels into proteins of
unknown structure using an approach, which combines secondary structure information obtained from
NMR chemical shift data for the wt protein with the analysis of hydrophilicity patterns to identify likely
solvent-accessible residues,? as discussed recently by Battiste and Wagner.> Moreover, spin labels can
be readily introduced into different secondary structure elements with minimal effects on the protein
fold as shown by previous EPR* and solution-state NMR®® studies, and their influence on protein
structure can be conveniently assessed by comparing NMR chemical shifts for the wt and modified
proteins.

b. Protein Expression and Purification. E. coli BL21(DE3) cells (Invitrogen), transformed with K28C
or T53C GB1 plasmids, were used to inoculate 2 mL of Luria-Bertani (LB) medium containing 100
pg/mL ampicilin and grown at 37 °C for 8 h. A 25 uL aliquot of the LB culture was used to inoculate 25
mL of fresh LB medium (for expression of unlabeled proteins) or 25 mL of a modified M9 minimal
medium,® which contained 1 g/L NH,CI, 3 g/L *C-glucose and 0.5 g/L of *3C,**N-labeled rich-
medium supplement (Isogro, Isotec, Inc.) (for expression of *3C,°N-labeled proteins) and grown
overnight. The 25 mL LB and M9 overnight cultures were transferred into 1 L of fresh LB medium (for
unlabeled proteins) or 1 L of fresh *3C,**N-enriched M9 medium (for *3C,*>N-labeled proteins),
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respectively, and grown until the culture reached an ODggo 0f ~0.8. Protein expression was induced by
addition of isopropyl B-D-thiogalactoside to a final concentration of 0.5 mM and cell growth was
continued for 4 h.

Cells were harvested by centrifugation at 4,000 x g for 10 min at 4 °C, resuspended in 40 mL of
phosphate buffered saline (1.7 mM KH;PO,4, 5mM Na;HPO,4, 150 mM NaCl, pH 7.4) containing 5 mM
dithiothreitol (DTT), heated at 80 °C for 5 min, chilled on ice for 15 min, followed by centrifugation at
30,000 x g for 30 min at 4 °C. The supernatant was concentrated using Amicon Ultra-15 5,000 MWCO
devices (Millipore, Billerica, MA), and the proteins were purified at room temperature by gel filtration
chromatography using a HiPrep 26/60 Sephacryl S-100 or HiLoad 16/60 Superdex 75 prep grade
column (Amersham Biosciences/GE Healthcare) equilibrated with a 50 mM sodium phosphate, 150 mM
NaCl, 5 mM DTT, pH 6.5 buffer. Peak fractions containing the proteins were concentrated using
Amicon Ultra-15 5,000 MWCO devices. Typical yields (determined from absorbance at 280 nm with
¢ = 9970 M*.cm™) were 40-50 mg per 1 L of culture for *C,**N-labeled proteins, and 60-80 mg per 1 L
culture for unlabeled proteins, and the proteins were characterized using electrospray ionization mass
spectrometry and solution-state NMR. A wild-type GB1 reference sample was also prepared using the
same procedure, but without the use of DTT during cell lysis and protein purification.

c. Spin Labeling of Proteins. A nitroxide spin label side-chain (designated as R1; Figure S1) was
introduced’ into **C,*N-labeled K28C and T53C GB1 as follows (for brevity the R1-modified proteins
are referred to as 28R1 and 53R1, respectively). DTT was removed from the buffer using a HiPrep
26/10 desalting column or a series of five HiTrap 5 ml desalting columns (Amersham Biosciences/GE
Healthcare) equilibrated with 50 mM sodium phosphate, pH 6.5. Immediately thereafter, the proteins
were incubated overnight at 4 °C with a 5-fold molar excess of the nitroxide spin label reagent, (1-oxyl-
2,2,5,5-tetramethyl-A3-pyrroline-3-methyl)-methanethiosulfonate,® purchased from Toronto Research
Chemicals Inc. (Toronto, ON, Canada). The unreacted methanethiosulfonate reagent was removed using
a desalting column and the proteins were concentrated using Amicon Ultra-15 5,000 MWCO devices.

d. Preparation of Diamagnetic Analogue Proteins. For the initial characterization of the R1-induced
paramagnetic relaxation enhancements (PRE) of amide *H and N nuclei in solution (Figure S4), the
diamagnetic analogues of 28R1 and 53R1, required for the acquisition of reference *H-">N heteronuclear
single-quantum correlation (HSQC) NMR spectra, were prepared directly inside the NMR sample tube
by reducing the nitroxide spin label to a hydroxylamine using a 5-fold molar excess of sodium

ascorbate.’ Since the reduction of nitroxides by ascorbate is known to be a reversible process™ (we
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confirmed that this was indeed the case under the experimental conditions employed in this work), for
the solid-state NMR studies we prepared GB1 mutants (both natural abundance (NA) and *3C,**N-
labeled) containing a ‘permanent’ diamagnetic analogue of R1," designated as R1' (Figure S1). This
was done by reacting K28C and T53C GB1 with (1-acetyl-2,2,5,5-tetramethyl-A3-pyrroline-3-
methyl)methanethiosulfonate (Toronto Research Chemicals) as described above for the spin labeled
methanethiosulfonate reagent. As expected based on the very minor structural differences between the
R1 and R1’ side-chains,** the 2D *H-""N HSQC NMR spectra of 28R1’ and 53R1’ were essentially
superimposable with the ascorbate-reduced spectra of 28R1 and 53R1, respectively (data not shown);
quantitative analysis of HSQC spectra for 53R1’ and reduced 53R1 revealed negligible average absolute
chemical shift differences (0.008 + 0.008 ppm for *H and 0.08 + 0.12 ppm for °N).

e. Solution-State NMR Spectroscopy. Samples for solution-state backbone *HN, **N and **C resonance
assignments of reduced 28R1 and 53R1 were prepared by dissolving *C,”°N-labeled proteins at a
concentration of ~1 mM in an H,O solution containing 50 mM sodium phosphate, 5 mM sodium
ascorbate, 7% D0, and 0.02% (w/v) NaN3 at pH 6.5 in a total volume of 500 uL. A reference ~1 mM
3¢, >N-GB1 sample was prepared using the same buffer, but containing no ascorbate. For the NMR
measurements the samples were transferred to 5 mm sample tubes (Wilmad-Labglass, Buena, NJ).
Experiments were performed at 25 °C using a 600 MHz Bruker spectrometer equipped with a triple
resonance pulsed field gradient probe, optimized for *H detection. *H", N, *C’, 3C* and “*C?
resonance assignments for GB1, and ascorbate-reduced 28R1 and 53R1 were obtained using 3D HNCO,

HNCA, and HN(CA)CB experiments based on pulse schemes of Yamazaki et al.*

Data were processed
using NMRPipe®® and analyzed using Sparky.** Chemical shifts were referenced relative to TSP, and the

resonance assignments of GB1 and reduced 28R1/53R1 are compared in Figure S3.

f. Solid-State NMR Samples. Two types of *C,**N-enriched microcrystalline protein samples were
used for the solid-state NMR measurements: (i) diamagnetic controls needed to record the reference
spectra and (ii) spin-labeled proteins. For the diamagnetic samples, solutions containing **C,">N-28R1’
and *C,”°N-53R1’ were concentrated to ~30 mg/mL in 50 mM sodium phosphate pH 6.5 buffer
containing 0.02% (w/v) NaN3 using Amicon Ultra-4 5,000 MWCO devices. Protein microcrystals were
prepared by microdialysis at 4 °C, using microdialysis buttons purchased from Hampton Research
(Aliso Viejo, CA), with a precipitant solution containing 2-methylpentane-2,4-diol, isopropanol, and
deionized water in a 2:1:1 (v/v) ratio, and the crystallization was allowed to proceed for at least 48 h.

The spin-labeled protein microcrystals were prepared exactly as described above, but rather than using
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pure *C,"®N-28R1 and *C,"*N-53R1, the *C,"°N-enriched spin labeled proteins were co-crystallized
with their corresponding natural abundance, diamagnetic counterparts (NA-28R1’ and NA-53R1’) in
~1:3 molar ratio. This results in the protein **C and >N nuclei being primarily influenced by the
covalently-attached nitroxide spin label (and not by other spin labels in the crystal lattice), while
concurrently retaining reasonable sensitivity of the **C and >N NMR spectra. The resulting protein
microcrystals were center-packed in 3.2 mm Varian rotors by centrifugation. The amounts of *C,**N
labeled 28R1, 28R1’, 53R1 and 53R1’ in the final NMR samples were estimated as ~3 £ 1 mg, by
comparing the overall spectral intensities observed in 1D **C Bloch decay and >N cross-polarization

spectra to the corresponding intensities in previously characterized control samples of wt GBL1.

g. Solid-state NMR Spectroscopy. Experiments were performed on a three-channel Varian
spectrometer operating at the frequencies of 499.8 MHz for *H, 125.7 for *C and 50.6 MHz for *N, and
equipped with a 3.2 mm Varian BioMAS probe.”® The MAS frequency was 11.111 kHz, regulated to ca.
+ 3 Hz, and the sample temperature was controlled by using a stream of compressed air, delivered to the
sample at a flow rate of ca. 30 L/min. The compressed air temperature was set to 273 K, resulting in an
effective sample temperature of ca. 278 K as determined by lead nitrate calibration.*® Typical 'H, *C
and "N 90° pulse lengths employed in the experiments were 2.5 us, 5.0 s and 6.0 us, respectively, and
during indirect chemical shift evolution periods and FID acquisition, TPPM proton decoupling'’ was
applied at a field strength of ~70 kHz (pulse length 7.0 ps, total phase difference 7.0°). Parameters used
to acquire the 2D N-'3C* correlation spectra for 53R1, 53R1’, 28R1 and 28R1’ (Figures 1 and S6) were
as follows: N carrier at ~120 ppm, *3C carrier at ~80 ppm, *H-">N CP (*H field ~50 kHz, °N field ~40
kHz, contact time 150 ps), *°N-*C* SPECIFIC CP*® (N field ~28 kHz, **C field ~17 kHz with a
tangent ramp of + 0.5 kHz,™® *H field 100 kHz CW, contact time 3 ms).

Nearly complete **N and **C* resonance assignments for 53R1’ and 28R1’ were obtained using a
set of three 2D correlation experiments: *C-*C, N-(**cC%)-BCX, and N-(**C’)-BCX.® The
acquisition parameters were as follows, 2D **C-'*C: *C carrier at ~100 ppm, *H-*C CP (*H field ~50
kHz, 3C field ~40 kHz with a linear ramp of + 2 kHz,?* contact time 1 ms), **C-*3C correlations
established using proton driven spin-diffusion (PDSD) mixing of 5 ms duration, enhanced by the
application of a rotary resonant *H field (n=1, 11.1 kHz);?** 2D ¥N-(**c*)-*cX: N carrier at ~120
ppm, *3C carrier at ~80 ppm, *H-"N CP (*H field ~50 kHz, **N field ~40 kHz with a linear ramp of * 2
kHz, contact time 1 ms), **N-*3C* SPECIFIC CP (®N field ~28 kHz, *C field ~17 kHz with a tangent
ramp of + 0.5 kHz, *H field 100 kHz CW, contact time 3 ms), 15 ms PDSD (with n=1 rotary resonant
field) **C-**C mixing; 2D **N-(**C")-**CX: N carrier at ~120 ppm, *3C carrier at ~175 ppm, *H-°N CP
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(*H field ~50 kHz, N field ~40 kHz with a linear ramp of + 2 kHz, contact time 1 ms), *>N-*C*
SPECIFIC CP (®N field ~39 kHz, **C field ~27 kHz with a tangent ramp of + 1 kHz, *H field 100 kHz
CW, contact time 6 ms), 15 ms PDSD (with n=1 rotary resonant field) **C-*C mixing. Data were
processed using NMRPipe,™ analyzed using Sparky,** and chemical shifts were referenced relative to
DSS as described by Marcombe and Zilm.?® Selected assignments, corresponding to well-resolved
correlations, are indicated in Figures 1 and S6, and a quantitative comparison of *C®, **cP and *N

solid-state NMR chemical shifts for 28R1’, 53R1’ and wt GB1 is shown in Figure S5.
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Figure S2. 600 MHz 'H-">N HSQC NMR spectra of wt GB1 (green contours), and ascorbate-reduced 28R1 (blue
contours) and 53R1 (red contours). *H" and N resonance assignments were obtained at 25 °C using ~1 mM
protein samples and 3D HNCA and HN(CA)CB experiments as described above, and Asn and GIn side-chain
NH, assignments are based on published data.?” Resonances displaying minimal chemical shift differences
between wt GB1 and 28R1 and/or 53R1 are labeled in black font, while resonances displaying more substantial
chemical shift differences for 28R1 or 53R1 relative to wt GB1 are labeled in blue and red fonts, respectively.
Overall, few *H" and >N chemical shift differences greater than 0.1 and 0.5 ppm, respectively, are observed for
ascorbate-reduced 28R1 and 53R1 relative to wt GB1 (see Figure S3 for a quantitative analysis of *H", *N, **C’,
Bc* and CP chemical shift differences), which indicates that K28C and T53C mutations followed by R1 side-
chain modification do not significantly perturb the three-dimensional structure or the oligomeric state of wt GB1
in solution. These results are consistent with previous EPR* and solution-state NMR*® studies which found that in
most cases properly placed nitroxide spin label side-chains have a minimal effect on the protein fold.
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Figure S3. Quantitative analysis of solution-state chemical shift differences for ascorbate-reduced 28R1 (A-E)
and 53R1 (F-J) relative to wt GB1. Absolute chemical shift differences in ppm as a function of residue number
are shown for *H", N, *C’, *C* and *C" nuclei (nucleus type indicated directly in the plot), and the mutation
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sites (residue 28 in A-E and residue 53 in F-J) are indicated by vertical red lines. The average absolute chemical
shift differences, (JA3|), of 28R1 relative to wt GB1 were: (AS(HY)[) = 0.02 + 0.04 ppm, (JAS(N)|) = 0.08 + 0.18
ppm, (|AS(C*)|) = 0.03 % 0.04 ppm, (|AS(CP)|y = 0.03 + 0.03 ppm, and (JAS(C")|) = 0.02 + 0.04 ppm. For 53R1 the
differences were: (JAS(HY)) = 0.05 + 0.08 ppm, (JAS(N)|) = 0.2 + 0.6 ppm, (JAS(C*)|) = 0.06 + 0.07 ppm,
(|AS(CP)]y = 0.09 + 0.17 ppm, and (JAS(C")|) = 0.10 + 0.21 ppm. Note that the *C’ chemical shift for E56 was not
measured, and the following shifts were not applicable: *H" and **N for M1, and **CP for G9, G14, G38 and G41.
The shift differences involving these atoms, as well as all shift differences involving the mutated residues
(residues 28 and 53 for 28R1 and 53R1, respectively) were set to zero in the plots and excluded from the
calculated averages. For 28R1 the main chemical shift differences are found to be in the immediate vicinity of the
mutation site (residues 26-32) as expected.®>® For 53R1, in addition to the mutation site (residues 51-56),
moderate chemical shift differences are also observed for residues 6 and 8 (found in the B1-strand) and 44-46
(B3-strand) in the spatial vicinity of the modification site, and most likely reflect the interactions between the R1
side-chain and the side-chains of the aforementioned residues.®
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Figure S4. Summary of solution-state paramagnetic relaxation enhancements of amide *H and N nuclei for
28R1 and 53R1. Ratios of peak intensities (heights) in "H->N HSQC spectra for spin labeled proteins relative to
the corresponding ascorbate-reduced diamagnetic analogues are shown for 28R1 (A) and 53R1 (B), and mapped
onto the ribbon diagram of wt GB1 (PDB ID: 1pga)®® with the R1 modification sites indicated by spheres on the
C* atoms (C-D). For 28R1 the nuclei experiencing the largest PRE are found in the a-helix, while for 53R1
residues in the B1, B3, and B4 strands and the intervening loops (and to a lesser extent the B2-strand) are most
strongly affected. The observed PREs are consistent with 28R1 and 53R1 both adopting a similar global fold to
GB1 (as indicated by the chemical shift data in Figures S2 and S3).
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Figure S5. Quantitative analysis of solid-state NMR chemical differences for 28R1' vs. wt GB1 (A-C), 53R1’ vs.
wt GB1 (D-F) and 28R1’ vs. 53R1’ (G-I). 28R1’ and 53R1’ chemical shifts were obtained using 2D *C-"*C, *N-
(BC)-¥cX, and ®N-(**C")-*CX experiments described above, and the published shifts®® were used for GB1.
Absolute chemical shift differences in ppm as a function of residue number are shown for °N, **C* and “*C”
nuclei (nucleus type indicated directly in the plot), and the mutation sites (residues 28 and 53) are indicated by
vertical red lines as applicable. For those residues where one or both shifts could not be determined the difference
was set to zero in the plot and excluded from the calculated average. The average absolute chemical shift
differences, (|A8|), were (A-C) 28R1’ vs. GB1: (JAS(N)|) = 1.0 + 1.1 ppm, (JAS(C%)|) = 0.6 + 0.5 ppm, (|AS(CP)|) =
0.8 + 1.0 ppm; (D-F) 53R1’ vs. GB1: (JAS(N)|) = 1.5 + 1.8 ppm, (JAS(C%)|) = 0.6 + 0.7 ppm, (|AS(CP)[y = 0.7 £ 0.9
ppm; (G-1) 28R1’ vs. 53R1": (JAS(N)]y = 0.6 + 1.2 ppm, (JAS(C*)|) = 0.14 + 0.12 ppm, {JAS(CP)|) = 0.16 + 0.16
ppm. In combination with the solution-state NMR results (Figures S2-S4), these data strongly suggest that 28R1
and 53R1 retain the GBL1 fold in the microcrystalline state. Although the observed chemical shift differences for
28R1’ and 53R1’ (A-F) relative to published SSNMR shifts for GB1?® are slightly larger that those observed in
solution (Figure S3) the vast majority of the *C* and *CP” shifts are in reasonable agreement with the published
values (within ~0.5 ppm). It is possible that these differences are at least in part due to slightly different NMR
sample preparation conditions, experimental setup or slight differences in chemical shift referencing. Indeed, the
comparison of 28R1’ and 53R1’ chemical shifts (G-1) indicates that for these samples, where identical conditions
were used for sample preparation, data acquisition and analysis, the chemical shift differences are significantly
reduced with the majority of the **C* and **C" deviations within ~0.1 ppm.
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Figure S6. (A,D) 500 MHz 2D "N-'*C“ correlation spectra of (A) microcrystalline 53R1 (red) and 53R1’ (blue),
and (D) 28R1 (red) and 28R1’ (blue), acquired at 11.111 kHz MAS. Relatively short magnetization transfer steps
were used (0.15 and 3 ms for *H-"N and N-*C* CP, respectively) to minimize the transverse magnetization
decay for the R1 samples as discussed in the text (c.f., Figures S8-S10). Typical acquisition parameters used for
53R1’ (~4 mg of protein) were as follows: 48" (t;, °N) x 1500 (t,,"*C) data matrix with time increments of (360,
20) us resulting in acquisition times of (16.9, 30.0) ms, 2.5 s recycle delay, 256 transients per FID, total
measurement time ~17 h. Data sets were processed in NMRPipe™ by using 63°-shifted sine and sine-squared
window functions in the *°N and *3C dimensions, respectively, and zero-filled to 512 (**N) and 4096 (**C) points.
This resulted in ®N-**C* correlations with an average S/N ratio of ~50:1. Resonance assignments (obtained using
2D c-1c, PN-(Bc*)-*cX, and ®N-(*C")-*CX experiments and summarized in Figure S5) corresponding to
relatively well-resolved *N-*C* cross-peaks are indicated in the spectra. We note here that several residues in
28R1/28R1’ and 53R1/53R1’, especially those found in or near the loops and termini (e.g., G9, G38, V39, D40,
G41, T49, E56), appear to give rise to correlations displaying increased inhomogeneous broadening or peak
doubling (particularly in the >N dimension), and these spectral features were reproducibly observed in several
microcrystalline 28R1/28R1’ and 53R1/53R1’ samples prepared at different times. Although their exact origin is
not fully understood yet, these features are likely caused by increased conformational heterogeneity (static
disorder) in the loop regions of 28R1/28R1’ and 53R1/53R1’ in the microcrystalline state, and attempts to prepare
more homogeneous protein microcrystals are ongoing. Interestingly, microcrystalline samples of wt GB1 or the
closely-related B3 immunoglobulin-binding domain of protein G (GB3) prepared in our laboratory under
analogous conditions did not exhibit these types of spectral features (data not shown). (B,E) Relative cross-peak
intensities (heights), I, in (B) 53R1/53R1’ and (E) 28R1/28R1’ as a function of residue number. To account for
possible differences in the amount of **C,"”N-protein in R1 and R1’ samples, we define | = (Irs/lr1)/(Iry/Ir1)maxs
where Ir; and Iy are the peak heights in R1 and R1’ spectra and (Iri/lry)max 1S the maximum (Iri/Iry) value for
the R1/R1’ pair (found here to be ~0.7-0.8). Peak heights were extracted using Sparky™ (for peaks with severely
reduced intensity in the R1 spectrum, the intensity at the exact peak position in the R1’ spectrum was used) and
for peaks where no quantitative measurement could be made due to overlap, | was set to zero. (C,F) Ribbon
diagram of GB1 (PDB ID: 1pga), with the | values determined for (C) 53R1/53R1’ and (F) 28R1/28R1' mapped
onto the structure and color coded as indicated in the figure. Residues for which | was not determined are colored
in gray, and the R1/R1’ incorporation sites (residues 28 and 53) are indicated by spheres on the C* atom.
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Figure S7. Estimated distances between the R1 nitrogen atom (N4) and protein backbone amide nitrogens as a
function of residue number for 28R1 (A) and 53R1 (B). The structure of the R1 side-chain, indicating dihedral
angles y1-ys (defined as 1 = N-Ca-CB-Sy, y2 = Ca-CB-Sy-S8, y3 = CB-Sy-S8-Ce, 14 = Sy-S6-Ce-C1, x5 = So-
Ce-C1-C2) is shown in the inset of (B). In order to estimate the distances we started from atomic coordinate
(PDB) files of wt GB1 (PDB ID: 1pga), containing R1 in positions 28 or 53 (created using the XLEaP module of
the program AMBER?®), and generated several GB1 structural models with different R1 side-chain conformations
using the program PyMOL.* Although R1 has five rotatable bonds and therefore, in principle at least, a large
number of possible conformations, only a relatively small number of these need to be considered to obtain an
approximate separation between the spin label and the protein backbone atoms. First, as discussed by Hubbell and
co-workers,®! the preferred configurations of R1 at a-helix surface sites not involved in significant crystal
contacts are g'g* (i.e., y1 = x2 = -60°) and, to a lesser extent, tg™ (i.e., x1 = 180°, y, = +60°) (note that these y;
values also account for over 85% of cysteine side-chain conformations in a rotamer library of 132 proteins®).
Second, rotation about the Ce-C1 bond (i.e., ys) has a negligible effect on the R1-backbone distances (typically
<1 A) relative to x5 and y4 rotations. With these considerations we have generated for 28R1 (corresponding to a
relatively unobstructed o-helix surface site) an ensemble of 18 structures with R1 in the g'g” or tg” x1, %2
configuration, s = 90° and all possible combinations of -60° (g*), +60° (g°) and 180° (t) for 3 and y4. Although a
few y1-xs configurations (e.g., g°g"g'g'90) did exhibit apparent steric clashes with the protein backbone most
structures were free of these, and, for completeness, all 18 structures in the ensemble were considered in the
estimation of the average distances reported in (A). For each residue the distances to the R1 N4 atom observed for
the ensemble were relatively uniformly distributed within the observed ranges with deviations of ca. +2.5 A from
the average distance. For 53R1, which corresponds to a relatively restricted solvent-exposed R1 site in a B-sheet,
the majority of R1 conformations investigated exhibited severe steric clashes with the protein backbone and/or
sidechains. Therefore, in this case we have selected three representative R1 conformers (yi-ys =
{-160,180,160,90,20}, {60,180,-120,180,20}, {60,180,60,180,20}), which were free of obvious clashes with the
protein atoms and corresponded to approximately the largest changes in the spin label position. The average
distances between the protein backbone amide nitrogens and R1 N4 in these conformers are shown in (B) and
also exhibit deviations of ca. #2-2.5 A on average. Remarkably, for both 28R1 and 53R1 the protein backbone-
spin label distances estimated using this rather simplistic approach, are in reasonable agreement with the cross-
peak intensity patterns observed in the 2D °N-"3C* correlation spectra (c.f., Figure 1 and S6).
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Figure S8. Dipolar contribution to (A) longitudinal, R;, and (B) transverse, R,, nuclear spin relaxation due to the
presence of an unpaired electron in the solid-state (i.e., only electron spin relaxation contributes to the overall
correlation time, 1), calculated as a function of the electron-nucleus distance using the Solomon-Bloembergen
equations.*** The calculations were performed for a *H, *3C, or **N nucleus (see figure legend) and a nitroxide
spin label (S = %) at B = 11.7 T, assuming g = 2.0023 and t = T1e = Te = 100 ns.>*%
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Figure S9. Calculated decay of transverse magnetization as a function of time, M, = exp(-R.t), for 'H (top), ©*C
(middle) and N (bottom) nuclei at distances of 5 A (red), 10 A (green), 15 A (blue) and 20 A (magenta) from a
nitroxide radical. The R, values for each distance and nucleus combination were calculated using the Solomon-
Bloembergen equations with the parameters given in the Figure S8 caption. Since under typical experimental
conditions Ry, ~ R,,***" the same decay profiles are expected to apply to transverse magnetization during a spin-
lock pulse (c.f., Figure S10).
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Figure S10. Measurement of transverse *H (A-C) and **N (D-F) magnetization decay during a spin-lock (SL)
pulse (i.e., Ry,) for 53R1 and 53R1'". (A) Pulse scheme used for *°N-detected 'H Ry, measurement: 90° — ‘H SL
— "H-"N CP — acquire. SL: *H field ~100 kHz; *H-"*N CP: 'H field ~50 kHz, **N field ~40 kHz, 150 ps contact
time; TPPM decoupling: 'H field ~70 kHz, pulse length 7.0 ps, total phase difference 7.0°. (B) N spectra of
53R1’ recorded with 'H SL pulses of duration tg. = 0 (black) and T = 0.4 ms (red). (C) N spectra of 53R1
recorded with "H SL pulses of duration ts. = 0 (black), ts. = 0.2 ms (cyan), and ts. = 0.4 ms (red). (D) Pulse
scheme used for N R;, measurement: 90° — 'H-""N CP — N SL — acquire. SL: N field ~27 kHz, 'H
decoupling field ~100 kHz. *H-">N CP and TPPM parameters same as in (A). (E) N spectra of 53R1' recorded
with N SL pulses of duration ts. = 0 (black) and ts. = 4 ms (red). (F) °N spectra of 53R1 recorded with °N SL
pulses of duration ts. = 0 (black), ts. = 2 ms (cyan), and ts. = 4 ms (red). Similar results were obtained for 28R1
and 28R1’ (data not shown).
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