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Abstract

Water-soluble biological macromolecules can be weakly aligned by dissolution in a strained, hydrated gel such as
cross-linked polyacrylamide, an effect termed ‘strain-induced alignment in a gel’ (SAG). SAG induces nonzero
nuclear magnetic dipole-dipole couplings that can be measured in high-resolution NMR spectra and used as
structural constraints. The dependence of experimental '>N-'H dipolar couplings extracted from two-dimensional
heteronuclear single quantum coherence (HSQC) spectra on several properties of compressed polyacrylamide,
including the extent of compression, the polyacrylamide concentration, and the cross-link density, is reported
for the B1 immunoglobulin binding domain of streptococcal protein G (protein G/B1, 57 residues). It is shown
that the magnitude of macromolecular alignment can be widely varied by adjusting these properties, although the
orientation and asymmetry of the alignment tensor are not affected significantly. The dependence of the 9N relax-
ation times T and T, of protein G/B1 on polyacrylamide concentration are also reported. In addition, the results
of N relaxation and HSQC experiments on the RNA binding domain of prokaryotic protein S4 from Bacillus
stearothermophilus (S4 A41, residues 43-200) in a compressed polyacrylamide gel are presented. These results
demonstrate the applicability of SAG to proteins of higher molecular weight and greater complexity. A modified in-
phase/anti-phase (IPAP) HSQC technique is described that suppresses natural-abundance >N background signals
from amide groups in polyacrylamide, resulting in cleaner HSQC spectra in SAG experiments. The mechanism of
protein alignment in strained polyacrylamide gels is contrasted with that in liquid crystalline media.

Introduction

An important recent development in high-resolution
biomolecular NMR has been the exploitation of struc-
tural information obtained from measurements of
anisotropic interactions, such as nuclear magnetic
dipole-dipole couplings, electric quadrupole cou-
plings, and anisotropic chemical shifts, in spectra of
weakly aligned biological macromolecules (Sanders
et al., 1994; Sanders and Landis, 1995; Tolman et al.,
1995; Tjandra et al., 1996, 1997; Tjandra and Bax,
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1997; Clore et al., 1998; Hansen et al., 1998; Prosser
et al., 1998; Cavagnero et al., 1999; Koenig et al.,
1999; Ottiger and Bax, 1999; Sass et al., 1999; Barri-
entos et al., 2000; Sass et al., 2000; Tycko et al., 2000).
Direct effects of residual anisotropic interactions on
NMR spectra of dissolved molecules were observed
earlier in experiments on small molecules aligned by
magnetic fields (Lohman and MacLean, 1978; Both-
nerby et al.,, 1981, 1985; Plantenga et al., 1981;
Gayathri et al., 1982; Lisicki et al., 1988), electric
fields (Plantenga and Maclean, 1980; Plantenga et al.,
1980, 1982; Peshkovsky and McDermott, 1999; Ri-
ley and Augustine, 2000), and interactions with liquid
crystalline solvents (Saupe and Englert, 1963; Emsley
and Lindon, 1975). To create optimum weak align-
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ments of biomolecules, liquid crystalline mesophases
aligned by an external magnetic field have been widely
used (Tjandra and Bax, 1997; Tjandra et al., 1997;
Clore et al., 1998; Hansen et al., 1998; Prosser et al.,
1998; Cavagnero et al., 1999; Koenig et al., 1999;
Ottiger and Bax, 1999; Sass et al., 1999; Barrientos
et al., 2000). Although the tunable alignment obtained
in liquid crystalline solvents has proven very powerful
for extracting structural parameters for biomolecules,
the degree of alignment induced by liquid crystalline
solvents and the stability of liquid crystalline solutions
are sensitive to experimental conditions such as tem-
perature, ionic strength, and pH and may be dependent
on properties of the biomolecular solute such as sur-
face charge and hydrophobicity. Hence, attempts to
align biomolecules in liquid crystalline solvents under
experimental conditions of interest may not always be
successful.

Very recently, we have demonstrated that weak
alignment of proteins in high-resolution NMR can be
achieved by an effect we call ‘strain-induced align-
ment in a gel’ (SAG) (Tycko et al., 2000). The same
approach to biomolecular alignment has been inde-
pendently demonstrated and investigated by Sass et al.
(2000) In SAG experiments, a biological macromole-
cule is dissolved in a hydrated gel which is made
anisotropic by mechanical strain (compressive strain
in experiments reported to date, although extensive
strain may also prove useful in future experiments).
Interactions between the macromolecule and the gel
then lead to anisotropy in the dynamic orientational
distribution of the macromolecule, resulting in mea-
surable dipolar couplings in the high-resolution NMR
spectra. To date, SAG experiments have been per-
formed with cross-linked polyacrylamide gels (Sass
et al., 2000; Tycko et al., 2000), as commonly used
in electrophoretic separations of proteins and nucleic
acids, but similar results are expected from other hy-
drated gels. Our work on SAG was inspired by the
earlier experiments of Deloche and Samulski (Deloche
and Samulski, 1981) in which small organic molecules
were weakly aligned by dissolution in strained rub-
bery polymers. We chose to examine polyacrylamide
gels because they represent an elastically deformable
medium analogous to a rubbery polymer but are com-
patible with hydrophilic solutes such as biomolecules.

Our previous report (Tycko et al., 2000) showed
that SAG enables one to measure dipolar couplings
over very wide ranges of temperature, pH, and ionic
strength, due to the inherent stability of polyacry-
lamide gels with respect to these parameters. Here,

we demonstrate that the degree of alignment obtained
by SAG can be controlled by changing mechanical
or chemical properties of the gel such as the extent
of compression, the gel concentration, and the cross-
link density for a given temperature and pH. Results of
ISN-TH dipolar couplings are shown for the uniformly
I5N-labeled B1 immunoglobulin-binding domain of
streptococcal protein G (protein G/B1), a small pro-
tein of known structure (Gronenborn et al., 1991;
Gallagher et al., 1994), in uniaxially compressed poly-
acrylamide gels of varying composition and extent of
compression. We also show that SN heteronuclear
single-quantum coherence (HSQC) spectra of protein
G/B1 and of the RNA binding domain of prokary-
otic protein S4 from Bacillus stearothermophilus (S4
A41, residues 43—-200) exhibit good resolution in SAG
measurements, permitting the measurement of pre-
cise dipolar couplings. We describe a modification of
the in-phase/anti-phase (IPAP) HSQC technique (Ot-
tiger et al., 1998) that suppresses natural-abundance
SN background signals in SAG experiments arising
from the amide groups of polyacrylamide gels. Fi-
nally, we contrast the mechanism of protein alignment
in strained polyacrylamide gels with that in liquid
crystalline media.

Materials and methods

Uniformly 'SN-labeled protein G/B1 was prepared
as described (Blanco et al., 1999). Our clone pro-
duced an N-formylated, 57-residue variant with an
additional aspartate residue inserted between the first
and second residues of the amino acid sequence
used in earlier structural studies (Gronenborn et al.,
1991; Gallagher et al., 1994). Comparison of 5N
HSQC spectra of the variant and the original se-
quence shows no significant differences, indicating no
significant difference in their folded structures. Uni-
formly N labeled S4 A41 was prepared as described
by Markus et al. (1998) Polyacrylamide gels were
prepared from aqueous solutions with acrylamide con-
centration Cp, ranging from 5.1% to 10.2% (w/v),
and N,N’-methylenebisacrylamide cross-linker con-
centration Cg, ranging from 0.23% to 0.54% (w/v).
Polymerization was initiated by addition of 0.08%
(w/v) ammonium persulfate and 0.1% (v/v) N,N,N’-
tetramethylethylenediamine immediately prior to cast-
ing. The values of Ca and Cp were varied to evaluate
the effects of mechanical and chemical properties of
the gel on measured dipolar couplings. As parameters



characterizing the composition of the gel, we use Ca
and Fcp, = Cg/(Ca + Cg) to represent the concen-
tration of the gel and cross-link density, respectively,
where Fcr. was varied from 2.9% to 5.0%. Gels were
cast in the form of a rod with 3.4 mm diameter and
approximately 8 cm length, using a cylindrical glass
mold made from a medium-wall 5 mm NMR tube (524
PP, Wilmad Glass). The inner diameter of the mold is
0.8 mm less than that of the Shigemi microcell NMR
sample tubes (BMS-005B, Shigemi Co., Ltd) used for
NMR experiments (i.d. 4.2 mm). It was found that
gels cast from the glass tube mold exhibit smoother
surfaces than those cast from the teflon molds used
for our initial SAG experiments (Tycko et al., 2000)
and therefore induce less inhomogeneous broadening
of the NMR signals. After polymerization was com-
plete, the gels were washed with purified water and
placed in a large excess volume of water with gentle
agitation for more than three hours to permit unreacted
acrylamide and initiators to diffuse out. Gels were then
cut into initial lengths L of approximately 19-22 mm.

For experiments on protein G/B1, the gel was gen-
tly wiped and soaked in 200 pl of 2.0 mM protein
solution (pH 4.5) containing 20% D,0O in a Shigemi
microcell NMR tube overnight. The pH was then ad-
justed to 4.6—4.7 with 1 M NaOH. The final protein
concentration was approximately 1 mM, with 10%
D;O. For experiments on S4 A41, a gel with Ly =
22 mm was soaked in buffer solution (20 mM ac-
etate, 250 mM KCl, 0.1 mM NaN3, 0.1 mg/ml phenyl
methyl sulfonyl fluoride, pH 5.5) for 2.5 h. The gel
was then removed from the buffer and soaked in ap-
proximately 600 w1 of protein solution overnight. The
protein solution was 680 uM in '’N-labeled S4 A41.
Approximately 40 1 of buffer solution was added to
the Shigemi microcell before the gel containing pro-
tein was added. The final concentration of S4 A4l
was approximately 450 M. For both proteins, the gel
was compressed to a final length L with the Shigemi
microcell plunger, with the extent of compression Ry,
= L/L¢ ranging from 0.60 to 0.80. Use of a Shigemi
microcell enables one to use a small volume of gel and
readily adjust Ry, while minimizing inhomogeneous
broadening due to magnetic susceptibility mismatch.
After compression, the plunger was held in place by
wrapping with teflon tape and parafilm, taking care not
to rotate the plunger and thereby tear the gel during
the wrapping process. Experiments were performed
at 25°C and 37°C for protein G/B1 and S4 A4l1,
respectively.
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It was found that water was gradually expelled
from the gels under compression over a period of days,
so that the volume of the gel, the effective extent of
compression, and the observed dipolar couplings were
slightly reduced. This gradual gel shrinkage did not
affect the accuracy of the measured dipolar couplings
in the present experiments, in which data acquisition
times ranging from several hours to one day were used.

Experiments were performed with Bruker DMX
spectrometers at 'H NMR frequencies of 749.3 MHz
for protein G/B1, and both 749.3 MHz and 499.5 MHz
for S4 A41. No field dependence of dipolar couplings
was detected. Average amide >N spin relaxation times
Tiand T, were measured using standard indirect de-
tection methods (Kay et al., 1992). Two-dimensional
ISN/'"H HSQC spectra were recorded using the modi-
fied version of the IPAP-HSQC technique represented
by the pulse sequence in Figure 1. Whereas the con-
ventional IPAP-HSQC technique (Ottiger et al., 1998)
contains two INEPT-type polarization transfer periods
of length (ZJNH)_1 before the t; period, the second
of which is present to generate the anti-phase doublet
spectrum and absent to generate the in-phase doublet
spectrum, the modified IPAP technique contains three
such periods, the third of which is present to generate
the in-phase doublet spectrum and absent to generate
the anti-phase doublet spectrum. Ignoring pulse se-
quence imperfections and spin relaxation effects, the
conventional and modified techniques lead to identical
spectra for NH groups. However, the modified pulse
sequence has the feature that the spin density operator
for NH; groups is proportional to 2(Iy1 + Iy2)S; at the
beginning of t; when the third INEPT-type period is
absent and to (Ix; + Ix2) when it is present, in the limit
of negligible pulse sequence imperfections and with S
and I representing "N and 'H spin angular momenta,
respectively. Then, since phase cycling in the pulse se-
quence selects for density operator components of the
form 2I,Sy or 2I,Sx at the end of the t; period, signals
from NH, groups are suppressed. In experiments with
polyacrylamide gels, this removes strong, broad back-
ground signals that arise from natural-abundance 'SN.
As in the conventional IPAP-HSQC technique (Ottiger
et al., 1998), addition or subtraction of in-phase and
anti-phase spectra yields a simplified HSQC spectrum
containing only the upper or lower SN-'H doublet
components. Only in-phase doublet spectra are shown
in Figures 3 and 6 below.

For measurements of '>N-'H doublet splittings for
protein G/B1, HSQC spectra containing the upper and
lower doublet components were processed separately.
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Figure 1. Modified in-phase/anti-phase heteronuclear single-quantum coherence (IPAP HSQC) technique designed to suppress nat-
ural-abundance 1°N signals from NH> groups of polyacrylamide gels. For the NH groups of a protein, an HSQC spectrum with in-phase
doublets in the t; dimension is obtained when all pulses and delays are given. An HSQC spectrum with anti-phase doublets is obtained when
pulses and delays in the dashed box are ommitted. CPD indicates composite-pulse decoupling. G, G, G3, and G4 are gradient pulses with
different areas or directions. A delays are approximately 2.7 ms. Thin vertical bars represent 1/2 pulses. Thick vertical bars represent  pulses.
The last three 1H pulses are for WATERGATE solvent suppression (Piotto et al., 1992). Radio-frequency phases are: ¢; = x,X,—X,—X; ¢3 =
X,—X,—X,X; $2 = X,X,X,X,—X,—X,—X,—X for in-phase spectrum and ¢, = y.y,y,y,—y,—Yy,—y,—y for anti-phase spectrum. Phases indicated by
+y alternate on successive scans. Phases not labeled explicitly are x. During phase cycling, signals are coadded according to the sequence
+,—,—,+,—,+,+,—. The imaginary part of the signal in the t; dimension is obtained by applying an additional 7t/2 phase shift to ¢».

Maximum t; and t; values were 54.7 ms and 80.4 ms,
respectively, and zero filling was applied in the t; di-
mension to produce a digital resolution of 0.85 Hz. A
sine-bell function with initial phase 72° was applied
for apodization in the t; dimension. A squared sine-
bell function with initial phase 72° was applied in the
to dimension. Peak positions were determined using
peak picking and peak fitting software in the nmrPipe
program (Delaglio et al., 1995). Doublet splittings
were determined by comparing peak tables for the up-
per and lower doublet components, with the condition
that the two doublet components differ in their 'H
shifts by less than 2.0 Hz. For S4 A41, peak posi-
tions were determined with the PIPP program (Garrett
et al.,, 1995) and the upper and lower doublet com-
ponents were assigned by comparison with previously
assigned HSQC spectra (Markus et al., 1998, 1999).
Given that the residual dipolar couplings are smaller
than the scalar couplings, "’N-'H dipolar couplings
are defined as DNH — Aaq — Agel, Where Ayq and
Agel are the absolute values of the doublet splittings
in aqueous solution and in the strained gel. Align-
ment tensor principal values A, B, and C (units of
Hz) and Euler angles o, B, y that relate the align-
ment tensor principal axis system to a molecule-fixed
axis system, defined by the atomic coordinates in
Protein Data Bank file 1pga for protein G/B1, were
determined by a least-squares fit of calculated dipo-
lar couplings Dy to the experimental couplings, with
Dst = —(A sin2 0 cos? é+B sin? 0 sin? o+ C cos? 0),

where and specify the direction of a given N-H inter-
nuclear vector in the alignment tensor principal axis
system. (Note that the signs of both Dny and Dy in
the expressions above are opposite to those in our ear-
lier paper (Tycko et al., 2000), leading to the same
signs for A, B, and C. As defined above, Dny is
yNth((l — 3 cos? E)/R?\]HVZT[, where yN and yy are
the magnetogyric ratios of >N and 'H, & is the an-
gle between the internuclear vector and the magnetic
field, Rnyg is the internuclear distance, and the brackets
represent an average over the molecular tumbling and
internal motions.)

Results

Figure 2a shows the creation of optical birefringence
in a polyacrylamide gel when uniaxial compressive
strain is applied. Birefringence of the strained gel
results from structural anisotropy that can produce
weak dynamic alignment of molecules dissolved in
the gel. Figures 2b and 2c show 2H NMR spectra
of D0 in uniaxially compressed polyacrylamide gels
under two different conditions. These spectra exhibit
’H quadrupolar splittings due to weak alignment of
D,0 molecules, in analogy to the results obtained
for organic molecules in strained rubbery polymers
by Deloche and Samulski (1981). The different split-
tings in Figures 2b and 2c indicate that the degree of
alignment can be controlled by varying the gel con-
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Figure 2. (a) Optical birefringence of a hydrated polyacrylamide
gel induced by uniaxially compressive strain. The gel is contained in
a standard 5 mm NMR tube, viewed between crossed polarizers with
polarization axes at a 45° angle to the NMR tube, and illuminated
from beneath. Gel concentration is Cp = 11.5% (w/v). Cross-link
density is Fcp, = 5.2% (w/w). The gel is compressed from initial
length Lo = 35 mm in the left panel to final length L = 30 mm
in the right panel (R, — L/Ly = 0.86). Simultaneously, the gel
diameter increases from 3.8 mm to 4.1 mm. (b) Deuterium NMR
spectrum of D0 (10% in H>O) in a compressed polyacrylamide
gel, contained in a Shigemi microcell tube and compressed with the
microcell plunger, with Cp = 7.7% w/v, Fcp, = 2.9% w/w, and
Rp = 0.77. Spectrum is recorded at 115.0 MHz carrier frequency
with single-pulse excitation and a single scan. The doublet splitting
is due to a deuterium quadrupolar coupling induced by weak ori-
entation of water molecules in the strained gel. (c) Same, but with
Ca = 7.7% wiv, Fcr, = 5.1% w/w, and Ry, = 0.70.

ditions. No quadrupolar splittings are observed in 2H
NMR spectra of unstrained polyacrylamide gels. The
relatively sharp linewidths in the quadrupolar doublets
and the absence of significant unsplit ’H NMR signal
are indications of good uniformity of gel density and
strain resulting from the protocols described above.
Figure 3a shows the amide region of a N/'H
HSQC spectrum of uniformly 'N-labeled protein
G/B1 in a uniaxially compressed polyacrylamide gel
(Ca = 7.66% w/v, Fc1, = 5.0%, and R, = 0.60), ob-
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tained with the pulse sequence in Figure 1. Selected re-
gions of HSQC spectra obtained in the strained gel and
in aqueous solution are compared in Figures 3b and
3c. The doublet splittings differ in Figures 3b and 3c
due to residual dipolar couplings induced by the SAG
effect. Linewidths in the 'H dimension are clearly
greater in the strained gel. The increased linewidth is
partially attributable to 'H-'H dipolar couplings and
is similar to increased linewidths observed in liquid
crystalline media. Slightly skewed crosspeak shapes
in Figure 3b indicate a small degree of heterogeneity
in the gel density and strain. The skew is larger for
the upper doublet component because of cancellation
between the effects of YN-'H dipolar coupling and
ISN chemical shift anisotropy on the frequency of the
lower doublet component. Chemical shifts of 1N and
'H nuclei in Figure 3b are slightly different from those
in Figure 3c. These differences in shifts are due in part
to chemical shift anisotropy induced by SAG and in
part to a small pH difference between the two samples.
Overall, the data in Figure 3 demonstrate that high-
resolution spectra and precise dipolar couplings can
be obtained with SAG in the case of small proteins.
Results for the larger protein S4 A41 are discussed
below.

Dipolar couplings Dny for protein G/B1 were
measured from N/'H HSQC spectra in polyacry-
lamide gels with various compositions and extents
of compression. Alignment tensor principal values
and principal axis directions were determined in each
case. The results are summarized in Figure 4 and
Table 1. Figure 4a shows the correlation of dipo-
lar couplings obtained from HSQC spectra of protein
G/B1 in gels with a fixed concentration and cross-
link density (Co = 7.7% w/v, Fc. = 5.0% wiw),
but with different extents of compression (R, = 0.70
and Ry, = 0.60). A linear fit to the data in Figure 4a
yields a slope of 1.33, with greater couplings at the
smaller value of Ry, suggesting that the degree of
alignment may be roughly proportional to (1 - Rp).
The small degree of scatter in Figure 4a suggests that
the orientation and asymmetry n = (B — A)/C of the
alignment tensor do not change as the magnitude of
alignment increases, as verified quantitatively in Ta-
ble 1. Figures 4b and 4c show correlations of dipolar
couplings in gels with fixed cross-link density and
compression (Fc, = 5.0% w/w, R, = 0.70), but
with different polyacrylamide concentrations (Ca =
5.1%, 7.7%, and 10.2% w/v). The magnitude of align-
ment increases with gel concentration in a strongly
nonlinear manner. The orientation and asymmetry of
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Figure 3. (a) Amide region of the I5N/'H HSQC spectrum of uniformly I5N-labeled protein G/B1 at pH 4.6 and 25°C in a compressed
polyacrylamide gel with Co = 7.7% w/v, Fcr, = 5.0% w/w, and Rp, = 0.60. Data were collected at an 'H NMR frequency of 749.3 MHz
using the pulse sequence in Figure 1 (in-phase spectrum only). Maximum t; and t, values are 54.7 ms and 80.4 ms, respectively. Sine-bell
functions with initial phases of 72° and 82.8° were applied for apodization in the t; and t, dimensions, respectively. (b) Expanded region of the
HSQC spectrum in the compressed gel. (c) Expanded region of an HSQC spectrum in aqueous solution. Dashed lines permit comparisons of
doublet splittings. Splittings are found both to increase (residues G41 and G38) and to decrease (residues G9 and T17), reflecting the creation

of residual >N-1H dipolar couplings in the strained gel.

the alignment tensor are unaffected to within exper-
imental error. Figures 4d and 4e show correlations
of dipolar couplings in gels with fixed concentration
and compression (Co = 7.7% w/v, R, = 0.70),
but with different cross-link densities (Fcp, = 2.9%,
4.0%, and 5.0% w/w). Again, a strongly nonlinear in-

crease in alignment with increasing cross-link density
is observed, but the asymmetry and orientation of the
alignment tensor do not change to within experimental
error.

Figure 5 shows the dependence of the !N spin
relaxation times T; and T, on Cp for protein G/BI,



Table 1. Dependence of the best-fit alignment tensor for protein G/B1 in a uniaxially compressed polyacrylamide gel on the

polyacrylamide concentration, the cross-link density, and the extent of compression

ci F2, R A/B.C(Hp B,y (deg)® nt Né
77% 50% 070 —1524 09, —134+0.7, 16.5£0.7 167 =+ 2, 112 +2, 135 +4 0.84+0.08 45
77% 50% 0.60 —19.7+ 1.1, —2.0409, 21.740.8 170 =+ 3, 114 +2, 139 +3 0.82+0.08 44
51% 5.0% 070 —3.1+ 04, —0.6+£0.3, 3.7204 172 + 6, 115 +4, 141 £9 0.67+0.16 45
102% 50% 070 —24.8%+ 23, —3.0+15, 27.842.0 169 =+ 3, 114 +£3, 136 +5 0.79+£0.10 16
77% 29% 070  —89+—2.1, 15415, 7.4+1.1 174.0+14, 118.0+9, 131.049 1.4 +£04 37
77% 4.0% 070 —10.6+ 1.2, —0.4+0.8, 11.0£0.9 170 =+ 5, 112 +4, 135 £6 093+0.15 42
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4 Acrylamide concentration (w/v).
bCross-link density (w/w).
“Extent of compression (L/Lg).

dPrincipal values of the best-fit alignment tensor, with A < B < C. Error limits correspond to variations in individual parame-
ters that produce a change in X2 of one unit after reoptimization of other parameters to minimize xz.

®Euler angles describing the orientation of the best-fit alignment tensor relative to the crystal structure (PDB file 1pga).
Note that all calculated dipolar couplings are invariant to the symmetry operations (a,fB,y) < (a.B,y + ), (a.B,y)
< (a+m,m—B,1—Y), and (a,B,y) <> (a+7m,1—P,—Y), which correspond to rotations of the alignment tensor principal axis

system by 1 about the C, B, or A principal axes.
fAsymmetry of alignment tensor, with n = (B — A)/C.
&Number of dipolar couplings analyzed.

at Rc = 0.70 and Fc, = 5.0% w/w. A small in-
crease in Tp in the gel, relative to aqueous solution,
and a monotonic decrease in T, with increasing Ca are
observed. Similar results for ’N-labeled ubiquitin in
polyacrylamide gels have been reported by Sass et al.
(2000) The data on protein G/B1 and ubiquitin, as well
as the results for S4 A41 shown below and for HIV-
1 Nef2?2=3 reported by Sass et al. (2000), indicate
that a useful degree of alignment of proteins ranging
in molecular weight from 6 kD to at least 20 kD can
be obtained in SAG experiments without prohibitive
reductions in T,. In the case of protein G/B1, a poly-
acrylamide gel with Co = 7.7% w/v, FcL. = 5.0%
w/w, and R, = 0.70 produces Dny values ranging
from —14.8 to 17.2 Hz with a reduction of T, by a
factor of 1.25.

Figure 6 shows the HSQC spectrum of uniformly
I5N-labeled S4 A41 obtained at 749.3 MHz in a com-
pressed polyacrylamide gel with Co = 5.1% w/v,
FcL, = 5.0% w/w, and R, = 0.70. Good spectral
resolution is obtained under these conditions, and ex-
perimental Dny values range from —9.5 to 5.6 Hz.
The expanded region in Figure 6b corresponds to that
previously published by Markus et al. (1999) (see Fig-
ure 4 of this reference) for the same protein in a liquid
crystalline bacteriophage Pfl solution with approxi-
mately the same pH and salt concentration. Although
Dy values in the Pf1 solution were larger (—28 Hz to
26 Hz), the spectral resolution in the polyacrylamide
gel is significantly higher, indicating that dipolar cou-

plings can be measured with similar precision for this
protein. It is noteworthy that the range of Dy values
for S4 A41 is larger by a factor of two than those for
protein G/B1 with the same gel conditions.

In earlier measurements on S4 A4l in a
DMPC/DHPC bicelle medium, stability of the lig-
uid crystalline phase was apparently impaired by the
protein, and successful measurements were limited to
a protein concentration of 100 uM (Markus et al.,
1999). No protein aggregation or sample instabil-
ity was observed in the present SAG experiments at
450 pM protein concentration. In the 5.1% w/v gel,
the average I5SN T, for S4 A41 was 79 £+ 9 ms, com-
pared with a value of 86 £+ 8 ms in aqueous solution.
Dnn values determined from SAG experiments were
used in X-PLOR calculations, together with NOE and
dihedral angle restraints. The resulting structure of S4
A41 was essentially the same as the structure previ-
ously determined using Dygvalues measured in a Pfl
solution.

Discussion

In a previous report (Tycko et al., 2000), we intro-
duced the SAG technique and demonstrated that this
technique is effective over wide ranges of tempera-
ture (at least 5°C to 45°C), pH (at least 2.0 to 8.5)
and ionic strength (NaCl concentrations from 0 mM to
at least 200 mM). These initial demonstrations were
carried out on uniformly '>N-labeled protein G/B1.
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Figure 4. Dependence of experimental ISN-TH dipolar couplings on gel conditions. All data are for uniformly I5N-labeled protein G/B1 at
pH 4.6 and 25°C in uniaxially compressed polyacrylamide gels. Each data point correlates the observed couplings for a single NH group
under two conditions. Dashed lines are linear least-squares fits with the intercept constrained to be zero. (a) Dependence on extent of gel
compression, for Co = 7.7% w/v and Fcp, = 5.0% w/w. Vertical axis is dipolar splitting observed with R, = 0.60. Horizontal axis is
dipolar splitting observed with Ry, = 0.70. Slope of least-squares fit is Sy = 1.33 £ 0.01, with correlation coefficient R = 0.997. (b)
Dependence on polyacrylamide concentration, with Fcp, = 5.0% w/w and R, = 0.70. Vertical axis is Co = 5.1% w/v. Horizontal axis
i8s 7.7% wiv. S5 = 0.21 £ 0.12, R = 0.942. (c) Dependence on polyacrylamide concentration, with Fcp, = 5.0% w/w and Ry, = 0.70.
Vertical axis is Co = 10.2% w/v. Horizontal axis is 7.7% w/v. Sy1.s = 1.68 £ 0.07, R = 0.984. (d) Dependence on cross-link density, with
Ca = 7.7% wiv and Ry, = 0.70. Vertical axis is Fcp, = 2.9% w/w. Horizontal axis is Fcp, = 5.0% w/w. Sy 15 = 0.51 £ 0.04, R = 0.905. (e)
Dependence on cross-link density, with Co = 7.7% w/v and Ry, = 0.70. Vertical axis is Fcp, = 4.0% w/w. Horizontal axis is Fcp, = 5.0%

wiw. SpLs = 0.65 £ 0.03, R = 0.957.

Independently, Sass et al. demonstrated weak align-
ment and measurements of residual N-'H dipolar
couplings in strained polyacrylamide gels for two pro-
teins (Sass et al., 2000), namely ubiquitin and HIV-1
Nef22-39 In the experiments described above, we
have taken additional data on protein G/B1 and on S4
A41. Taken together, these results suggest the general
applicability of the SAG technique for weak align-
ment of proteins with molecular weights up to at least
20 kD.

The results presented above for protein G/B1 show
that the magnitude of alignment for a given pro-
tein may be controlled by varying the polyacrylamide
concentration, the extent of compression, and the
cross-link density. The optimal conditions are likely
to depend on the molecular weight, shape, and possi-

bly other properties of the protein, and may involve a
trade-off between the magnitude of alignment and the
reduction in T, relaxation times. For HIV-1 Nef22—39,
Sass et al. report Dny values ranging from approx-
imately —20 Hz to +10 Hz and an average N T,
value of 45 ms in a gel with Co = 7% w/v, FcL =
2.6% w/w, and R, = 0.75 (Sass et al., 2000). For
ubiquitin, Sass et al. report Dyy values ranging from
approximately —5 Hz to +5 Hz and an average °N
T, value of 110 ms under similar conditions, but with
Rp. = 0.80 (Sass et al., 2000). In gels with Cp = 5.1%
w/v, Fc, = 5.0% w/w, and R, = 0.70, we observe
Dnn values ranging from —9.5 Hz to +5.6 Hz for
S4 A41 and Dny values ranging from approximately
—3 Hz to +4 Hz from protein G/B1.
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Figure 5. Dependence of 5N spin relaxation times Ty and T, for
uniformly I5N-labeled protein G/B1 on polyacrylamide concentra-
tion (Cp ). Relaxation times are average values for all protein amide
groups, determined by indirect-detection methods at a 749.3 MHz
'H NMR frequency, pH = 4.6 and 25°C. Data at C4 > 0 were
obtained in gels with Fcp, = 5.0% w/w and R, = 0.70. Data at
Ca = 0 were obtained in aqueous solution.

Effective pore radii (rp) for polyacrylamide gels
have been reported by Stellwagen (Stellwagen, 1997).
These values of rp are determined from experimen-
tal measurements of the dependence of the elec-
trophoretic mobility of linear DNA fragments on the
radius of gyration of the DNA. At Fc, = 5% w/w,
rp is approximately 30 nm, 22 nm and 19 nm for
gels with Cp of 5.11, 7.66, and 10.21% w/v, respec-
tively. At Fcp, = 3%, rp values are approximately
four times larger. For comparison, the dimensions of
protein G/B1 are roughly 2.8 nm x 1.5 nm x 1.3 nm
(Gronenborn et al., 1991; Gallagher et al., 1994). The
dimensions of S4 A41 are roughly 6 nm x 4 nm x
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Figure 6. (a) 'H/'SN HSQC spectrum of uniformly 15N-labeled
S4 A41 in a uniaxially compressed polyacrylamide gel. Data were
collected at 749.3 MHz and 37 °C on approximately 450 uM of S4
A41 in buffer solution (20 mM acetate, 250 mM KCI, 0.1 mM Na
azide, 0.1 mg/ml PMSF, pH 5.5). Gel conditions were Cp = 5.1%
w/v, Fcp, = 5.0% w/w, and Ry, = 0.70. Maximum t; and t; values
are 54.7 ms and 80.4 ms, respectively. Linear prediction was applied
in the t; dimension. A sine-bell function with initial phase 82.8°
was applied for apodization in t{, while a squared sine-bell function
with initial phase 72° was applied in t. (b) Expanded region of the
HSQC spectrum, showing the variations in doublet splittings due
to dipolar couplings arising from weak alignment of S4 A41 in the
strained gel.

4 nm (Markus et al., 1998, 1999). Thus, under the con-
ditions of successful SAG experiments, the effective
pore radius greatly exceeds the protein dimensions.
In this respect, SAG experiments appear similar to
alignment experiments using bicelles, in which the
average spacing between bicelles also greatly exceeds
the dimensions of the biomolecular solute. However,
the precise structural meaning of r, and its relevance
to SAG experiments are unclear. In fact, the mech-
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anism of protein alignment in a strained gel appears
qualitatively different from that in a liquid crystalline
bicelle medium. As shown by Zweckstetter and Bax
(2000), alignment in a bicelle medium can be under-
stood through a simple model in which the bicelles
act as rigid walls, widely separated by solvent, that
obstruct rotational diffusion of the solute only dur-
ing collisions with the walls. Solute molecules tumble
freely most of the time. In contrast, a polyacrylamide
gel is a hydrated mesh of single polymer chains with
random entanglements and cross-links. At Co — 8%
w/v, the average separation between polymer chains is
roughly 2 nm. A protein in a polyacrylamide gel may
then be viewed as being in constant contact with the
flexible polyacrylamide chains, which exert a continu-
ous, time-dependent aligning field on the protein as it
diffuses translationally. In an anisotropic gel, the time
average of the aligning field sampled by the diffusing
protein (over the millisecond time scales relevant to
the measurement of residual dipolar couplings) is non-
zero and relatively uniform (provided the gel composi-
tion and strain are uniform). Two manifestations of the
qualitative differences between alignment in a bicelle
medium and alignment in a strained gel are (1) the fact
that T, relaxation times are significantly affected by
the gel concentration (see Figure 5), whereas T, relax-
ation times in a bicelle medium are not significantly
different than in aqueous solution (Bax and Tjandra,
1997), and (2) the fact that the magnitude of alignment
in a polyacrylamide gel is a strongly nonlinear func-
tion of gel concentration (see Table 1), whereas the
magnitude of alignment in a bicelle medium is propor-
tional to the bicelle concentration (Bax and Tjandra,
1997). Similar dependences of T, and the magnitude
of alignment on gel concentration have been reported
for ubiquitin by Sass et al. (2000).

A detailed understanding of the interactions be-
tween a biological macromolecule and the gel that
determine the experimentally observed alignment ten-
sor has not yet been achieved, but several facts are
worth noting: (1) Because the polyacrylamide gel is
uncharged, electrostatic interactions probably play a
minor role. Use of a modified gel with charged groups
might alter this situation; (2) we have previously re-
ported that the principal axes of the alignment tensor
for protein G/B1 in a compressed polyacrylamide gel
are nearly coincident with the principal axes of the
moment of inertia tensor (Tycko et al., 2000). The
principal axes of the alignment tensor for protein G/B1
in a compressed polyacrylamide gel are also nearly
coincident with those in a bicelle medium (Clore et al.,

1998), but the reported asymmetry parameter v =
0.35 in the bicelle medium is significantly smaller
than in the gel. Alignment of protein G/B1 in a liquid
crystalline Pf1 solution leads to quite different direc-
tions of the alignment tensor principal axes, and to
n ~ 1.0 (Clore et al., 1998); (3) In both the com-
pressed polyacrylamide gel and the liquid crystalline
DMPC/DHPC bicelle solution, the alignment tensor
principal axis for S4 A41 that corresponds to the prin-
cipal value with the greatest magnitude (A axis in the
SAG measurements) is nearly coincident with the long
axis of this rod-like protein (Markus et al., 1999).
The signs of the alignment tensor principal values
are reversed in the two media, indicating preferential
alignment of the long axis of the protein parallel to
the magnetic field in the bicelle solution and perpen-
dicular to the magnetic field in the compressed gel.
Alignment tensor asymmetry parameters are | = 0.33
in the gel with Cpo = 5.1% and n = 0.54 in the bi-
celle solution. In contrast, the asymmetry parameter is
n = 0.97 in Pf1 solution, where electrostatic interac-
tions are expected to affect the alignment strongly; (4)
Sass et al. have reported that the alignment tensor prin-
cipal axis directions and asymmetry for ubiquitin in
a compressed polyacrylamide gel are independent of
gel concentration (Sass et al., 2000), as shown above
for protein G/B1. They also report that the alignment
tensor axes for ubiquitin in a compressed gel are nearly
coincident with those in a bicelle medium, but that the
asymmetry parameter is significantly larger in the gel,
as in the case of protein G/B1.
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