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Abstract We present two NMR experiments, (3,2)D
HNHA and (3,2)D HNHB, for rapid and accurate mea-
surement of *J(HN-H?) and *J(N-H) coupling constants in
polypeptides based on the principle of G-matrix Fourier
transform NMR spectroscopy and quantitative J-correlation.
These experiments, which facilitate fast acquisition of three-
dimensional data with high spectral/digital resolution and
chemical shift dispersion, will provide renewed opportuni-
ties to utilize them for sequence specific resonance
assignments, estimation/characterization of secondary
structure with/without prior knowledge of resonance
assignments, stereospecific assignment of prochiral groups
and 3D structure determination, refinement and validation.
Taken together, these experiments have a wide range of
applications from structural genomics projects to studying
structure and folding in polypeptides.
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Three-dimensional (3D) structure determination of pep-
tides and proteins by NMR spectroscopy benefits
significantly from the measurement of three bond scalar
coupling constants (}J) (Wiithrich 1986). First, an
improvement in the quality of structures results if the dis-
tance restraints derived from nuclear Overhauser effect
measurements (NOEs) are supplemented by constraints
derived from different three-bond coupling constants (Kim
and Prestegard 1990; Garrett et al. 1994). Second, scalar
coupling constants providing information on the backbone
dihedral angle, ¢, help in elucidating the secondary struc-
ture (Pardi etal. 1984; Wiithrich 1986). Third,
measurement of such couplings aids in the stereospecific
resonance assignments for prochiral protons which further
improve the structure quality (Giintert et al 1989; Driscoll
et al. 1989). To date, a number of NMR experiments have
been proposed for the measurement of *J in polypeptides
(Chary et al. 1991; Biamonti et al. 1994; Vuister et al.
1994). The 2D experiments proposed so far suffer from
error in measurement of J-couplings due to chemical shift
degeneracy, line-broadening and/or limited chemical shift
precision. While degeneracy in chemical shifts can be
reduced using 3D NMR experiments, their use in resonance
assignment or/and structure determination is hampered by
long ‘minimal’ measurement time required to acquire data
with high digital resolution. We present here a set of
G-matrix Fourier transform (GFT) NMR experiments
overcoming these limitations and allowing rapid measure-
ment of *Jynp, and 3JNHﬁ in polypeptides. Rapid and
accurate measurement of these coupling constants provides
renewed opportunities to utilize them for: (i) resonance
assignments, (ii) characterization of secondary structure
with/without prior knowledge of resonance assignments,
(iii) stereospecific assignment of prochiral groups and
(iv) 3D structure determination and refinement.
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GFT NMR spectroscopy (Kim and Szyperski 2003;
Atreya and Szyperski 2005; Szyperski and Atreya 2006) is
based on phase sensitive joint sampling of two or more
chemical shifts in a single dimension, thereby providing
high dimensional spectral information rapidly with high
precision. GFT NMR has found several applications in
protein resonance assignment and structure determination
(Kim and Szyperski 2003; Atreya and Szyperski 2005). In
the following, two GFT experiments are presented: (3,2)D
HNHA (Fig. 1) and (3,2)D HNHB (Fig. 2) based on the
method of quantitative J-correlation (Vuister et al. 1994)
for measurement of *Jyng, (Vuister and Bax 1993) and
3JNH/; (Dux et al. 1997), respectively. For the nuclei shown
underlined, chemical shifts are jointly sampled (Kim and

Szyperski 2003; Atreya and Szyperski 2005). Phase sen-
sitive joint sampling of "N and 'H chemical shifts is
achieved by co-incrementing their respective chemical
shift evolution periods with the 'H shifts scaled by a factor
‘x* relative to "N (Szyperski and Atreya 2006). This
results, after G-matrix transformation, in two sub-spectra
each comprising of peaks at a given linear combination of
chemical shifts along the indirect dimension: w1:Q(PN) £
*Q("H*) and ;:Q("°N) = x*Q("HY) in (3,2)D HNHA
and 0 Q°N) = k*Q('HP)  and 0 Q(PN)
«*Q('HY) in (3,2)D HNHB. The scaling factor, r, allows
one to increase the dispersion of peaks or to restrict the
chemical shift evolution of 'H to avoid loss in sensitivity
due to transverse relaxation. A 2D ['°N, 'H] HSQC
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Fig. 1 R.f. pulse scheme of GFT (3,2)D HNHA. Rectangular 90° and
180° pulses are indicated by thin and thick vertical bars, respectively,
and phases are indicated above the pulses. Where no r.f. phase is
marked, the pulse is applied along x. High-power 90° pulse lengths
are: 8.7 ps for 'H, 37 ps for I5N. k& = 0.5 (see text). The 'Hr.f. carrier
is placed at the position of the solvent line at 4.7 ppm. The '°N carrier
position is set to 118.5 ppm. A WATERGATE sequence (Piotto et al.
1992) is used before the beginning of data acquisition for suppression
of the residual water line using a Gaussian shaped 'H r.f. pulse
(Freeman 1998) of length 1.0 ms. GARP (Shaka et al. 1985) is
employed to decouple "N (r.f. = 1.50 kHz) during acquisition. All
pulsed z-field gradients (PFGs) are sine-bell shaped shaped with
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gradient recovery delay of 200 ps. The duration and strengths of the
PFGs are: G1 (1.0 ms, 15 G/cm); G2 (1.0 ms, 22 G/cm); G3 (1.0 ms,
30 G/cm); G4 (1.0 ms, 10 G/cm). The delays are: t; =4.5 ms,
7, = 13.05 ms, ¢ =43 us and 6 = 1.2 ms. Phase cycling: ¢, = x;
2 =40)A(x); 3 =x-x5 da =8(x), 8(=x); s =2(x), 2(-w);
b6 = 4(x),4(—x); ¢7 = y,~y; ¢pg (receiver) = 8(x), 8(—x). Quadrature
detection in #;(*°N) is accomplished by altering the phases ¢,
according to States-TPPI (Marion et al. 1989) (i.e., ¢; = x,y). GFT
NMR phase-cycle: ¢5 = x, y yields, in conjunction with quadrature
detection in 7,(**N), 2 data sets which are linearly combined
employing a G-matrix transformation (Kim and Szyperski 2003;
Atreya and Szyperski 2005) with the G-matrix
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Fig. 2 R.f. pulse scheme of GFT (3,2)D HNHB. Rectangular 90° and
180° pulses are indicated by thin and thick vertical bars, respectively,
and phases are indicated above the pulses. Where no r.f. phase is
marked, the pulse is applied along x. High-power 90° pulse lengths
are: 8.7 ps for 'H, 37 ps for °N. x = 0.5 (see text). The 'H r.f. carrier
is placed at the position of the solvent line at 4.7 ppm. The 5N carrier
position is set to 118.5 ppm. A WATERGATE sequence (Piotto et al.
1992) is used for suppression of the residual water line using a
Gaussian shaped 'H r.f. pulse (Freeman 1998) of length 1.0 ms.
GARP (Shaka et al. 1985) is employed to decouple '°N (r.f. = 1.5
kHz) during acquisition. All pulsed z-field gradients (PFGs) are sine-
bell shaped with gradient recovery delay of 200 ps. The duration and
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strengths of the PFGs are: G1 (1.0 ms, 15 G/cm); G2 (1.0 ms, 30
G/cm); G3 (1.0 ms, 10 G/cm). The delays are: 1, =2.3 ms,
7, =40ms, 13=31.9ms, ¢=43 us Phase cycling: ¢; =y, ~y;
$2 = 4) A=) ¢3=2(x), 2(=x); ¢4 =4x), H=x); ¢s=8(x),
8(=x); ¢ (receiver) = 2(x,—x,—x,x), 2(—x,x,x,—x). Quadrature detection
in 1,("°N) is accomplished by altering the phases ¢, according to
States-TPPI (Marion et al. 1989) (i.e., ¢, = x, y). GFT NMR phase-
cycle: ¢3 = x, y yields, in conjunction with quadrature detection in
1(*>N), 2 data sets which are linearly combined employing a
G-matrix transformation (Kim and Szyperski 2003; Atreya and
Szyperski 2005) with the G-matrix
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provides central peak information (wl:Q(lsN)). In both
(3,2)D HNHA and (3,2)D HNHB, the respective three-
bond coupling constants are measured by taking the ratio of
the intensity of peaks at Q('°N) =+ k= Q("HYP) (equivalent
to ‘cross peaks’ in the parent 3D experiment) to
Q(ISN) + K*Q(IHN) (‘diagonal peak’ in the parent 3D
experiment). This ratio is proportional to a function of the
corresponding scalar coupling constant (Vuister and Bax
1993; Dux et al. 1997).

The (3,2)D GFT NMR experiments presented here
provide several advantages: (i) 3D spectral information can
be obtained rapidly with good sensitivity (Table 1).
(ii) Data are acquired with high spectral/digital resolution
(Table 1). (iii) Spectra have high dispersion due to joint
sampling of >N and 'H shifts, which can be ‘tuned’ further
by adjusting the scaling factor, x. (iv) There are no
‘diagonal’ peaks due to detection of linear combination of
N and "H" shifts. This allows integration of peaks which
are otherwise difficult in the 3D experiment due to over-
lapping diagonal peaks (Vuister and Bax 1993).

In the present study, we acquired spectra for: (i) an
u-'""N-labeled M-crystallin (predominantly a fS-sheet pro-
tein; 9.5 kDa; 1.0 mM) (Barnwal et al. 2006) and (ii) an
u-'">N-labeled calcium binding protein (Eh-CaBP; pre-
dominantly an o-helical protein; 16.2 kDa; 1.0 mM)
(Atreya et al. 2001). These two systems were chosen to
demonstrate the feasibility to different types/sizes of pro-
teins and for the measurement of a varied range of coupling
constants. The accuracy of measured couplings was
assessed by comparing them with those predicted from the
Karplus relationship (Karplus 1963) using their respective

Table 1 Acquisition parameters of NMR experiments

NMR-derived 3D structures. The accuracy was also eval-
uated by comparing the coupling constants with those
measured using a regular 3D HNHA and 3D HNHB
experiment. All NMR experiments were performed on
Bruker Avance 700 MHz and 800 MHz spectrometers
equipped with/without a cryogenic probe. The total mea-
surement time for GFT spectra acquired ranged from 1.5 h
to 6 h for (3,2)D HNHA and from 3 h to 14 h for (3,2)D
HNHB (acquisition parameters are provided in Table 1).

Figure 3 shows the (3,2)D HNHA acquired for
M-Crystallin (x = 0.5). 3 Junmo Was measured for 77 out of
an expected 80 residues (~96% yield; Table S1). Notably,
a 3D HNHA with an equivalent spectral resolution would
require 1-2 days for completion. For Eh-CaBP, data were
recorded with k = 1.0 to achieve higher spectral dispersion
(Fig. S1). This yielded 3JHNH1 for 116 residues out of an
expected 129 residues (~90% yield; Table S1; Fig. S1).
Automatic calculation of the 3JHNH1 values was imple-
mented using in-house written scripts. These scripts can be
obtained from the authors upon request.

A comparison of measured 3 JNHy couplings with those
predicted from the 3D structures for residues in regular
secondary structures is shown in Fig. 4. The accuracy of
measured 3JHNHzx values are reflected in root mean square
deviation (r.m.s.d.) of < 1.0Hz obtained with the predicted
couplings. For residues in regions with ill-defined confor-
mation in the 3D structure, 3JHNH“ values were observed in
range of 5.5-8 Hz (Fig. S3) reflecting motional averaging
due to non-rigid backbone conformation. In addition, all
3 Junmo, values obtained from GFT spectra in M-Crystallin
were compared with those obtained from a 3D HNHA,

Sr.  Experiment®  Protein Indirect dimension: Spect. Meas. (S/N)° Q(°N) = Line-width? Peak
No. tmax (MS); complex points; frequency time K*Q('HN)/Q(ISN) (wy) (Hz) detection
digital resolution (Hz/Pt)° (MHz)  (h) + 1*Q('HYP) yield (%)
1 (32D HNHA M-Crystallin w;(*°N; 'H): 25.0; 180; 7.2 800 1.5 185%47/62+23 21.6+2.1/249+23 94
o ("°N; 'H): 32.0; 180; 5.5 700 30 340+7.0/137 51 232+1.8241+12 95
Eh-CaBP o ("N; 'H):32.0; 360; 5.5 700 6.0 363 +72/13.0+8.6 265 = 1.4/30.0+3.0 90
2 (32D HNHB M-Crystallin ;("°N; 'H): 25.0; 180; 7.2 800 30 102+37/7.8+32 229+33244+24 88
o, ("°N; 'H): 32.0; 180; 5.5 700 60 87+29/82+35 225+1.0243x16 91
Eh-CaBP o, ("°N; TH): 27.0; 200; 7.2 800 140 202 +6.8/20.8 +7.3 346 +2.1/393 +34 8l
3 3DHNHA  M-Crystallin o,("H): 9.0; 64; 9.7w,(**N): 700" 120 177 +7.3/104 = 3.8 82+ 0.7/83 + 0.8 84°
11.0; 20; 8.4
4 3D HNHB M-Crystallin ;("H): 6.0; 54; 9.7 w,('>N): 800 180 241 +4.8/184+5.6 139 +7/142+6 86°

12.0; 32; 8.4

2 A 2D [N, 'H] HSQC was recorded as central peak spectra for M-Crystallin (~5 min) and Eh-CaBP (~5 min)
® Direct dimension w,(‘HN)ws;(*HY): 75; 512; 10.0

S/N is calculated as ratio of the peak height to 2.5*standard deviation of the noise

9 Line-widths for peaks at Q(PN) + K*Q(IHN)/Q(ISN) + K*Q(IH“/ﬂ) are given

Data acquired using a conventional triple-resonance probe

Some of the peaks could not be integrated due to overlap of ‘diagonal’ peaks

@ Springer
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Fig. 3 (3,2)D HNHA acquired for M-crystallin showing signals at (a)
o Q(PN) + K*Q_(lﬁ) and (b) ;:Q(PN)-x*Q('H) (x = 0.5). Peaks
shown in blue and red correspond to Q(N) = k*Q('HY) and
Q(°N) + k*Q('H), respectively. (¢) An expansion of peaks corre-
sponding to Lys 40 (shown by dotted lines in panels a and b)

giving an r.m.s.d. of 0.6 Hz (Fig. S4). This suggests an
error of ~0.4 Hz for couplings measured in the GFT
spectra (Assuming both GFT and its 3D congener have
similar errors in couplings, r.m.s.d:a*\/Z, where o
denotes the error of couplings measured).

Figure 5 shows the (3,2)D HNHB acquired for
M-Crystallin. 3JNH5 were measured for 104 out of an
expected 114 couplings (Table S1). In conjunction with
NOE data, this helped in the stereospecific assignment of
30 out of 46 ff-methylene proton pairs with non-degenerate
shifts. In addition, rotamer conformation for all the 14 Val/
Ile/Thr residues was obtained. In the case of EhCaBP,
3JNH,; were measured for 161 out of an expected 198
couplings from the (3,2)D HNHB (Table S1; Fig. S2).

It is known that *Jynm, (through its relation to ¢) cor-
relates with secondary structure in polypeptides (Pardi
et al. 1984; Wiithrich 1986). Thus, the rapid measurement
of 3JHNHa using (3,2)D HNHA can facilitate a quick esti-
mation of secondary structure content without prior
knowledge of sequence specific resonance assignments.
This was verified in the case of M-crystallin and EhCaBP
by counting spin-systems that have >Jynu, in the range

(c) SIL!I)_\'.I'_ 93

[ppm]

(] =

N].'? KI.T
@,('"HN) [ppm]

§0 96 88 8.0
©,("HN) [ppm]

T T
9.6 8.8

Fig. 5 (3,2)D HNHB of Me-crystallin showing signals at (a)
o:Q(N) + k*Q(H) and (b) @,:Q(°N)-x*Q('H) (x = 0.5). The
peaks shown in blue and red correspond, respectively, to Q('°N) =
*Q('HY) and (Q(*°N) = K*Q(IHI;Z/ ﬁ3)). (¢) An expansion of peaks
corresponding to Ser 37 with non-degenerate 'H**#* chemical shifts
(shown by dotted lines in panels a and b)

of <5.5 Hz (wa-helix), 5.5-8.0 Hz/unobserved residues
(random-coil) and >8.0 Hz (f-sheet). The fraction of
residues in these ranges were ~19%, ~41%, ~40% for
M-Crystallin and ~54%, ~35%, ~11% for Eh-CaBP
correlating well with their secondary structure («-helix,
random-coil, f-sheet) content of ~12%, ~40%, ~48%
and ~57%, ~34%, ~9%, respectively, based on their
chemical shift indices (Wishart and Sykes 1994) and 3D
structures (Figs. 2, S3). Thus, (3,2)D HNHA can benefit:
(1) structural genomics projects where samples are screened
to evaluate feasibility for pursuing crystallization/NMR
studies (Montelione et al. 2000; Page etal. 2005),
(i1) protein-folding studies probing secondary structures in
different states (Dyson and Wright 2004), and (iii) auto-
mated assignment methods utilizing information on
secondary structure (Choy et al. 1997; Baran et al. 2004).
On the other hand, (3,2)D HNHB provides 'H” shifts
rapidly, which together with C* and C” shifts, can aid in
spin system identification for resonance assignments
(Atreya et al. 2000). Further, 3JNH,; in the case of Ile, Thr
and Val provides information on their corresponding y;
torsion angle. Taken together, these experiments provide

—
® o

3J(HN-H) (Hz)
[—] N - (=)

1 (b)

Fig. 4 Plot of 3 N for (a) M-crystallin, (b) Eh-CaBP as a function
of ¢ obtained from their NMR-derived 3D structures calculated in the
absence of coupling based restraints. Solid line denotes the Karplus

@ Springer

curve (J(¢p) = Acos*(¢—60) + Bcos(¢p—60) + C; A = 6.63; B = —1.31;
C = 1.63). The r.m.s.d. between measured and predicted couplings is
~0.9 Hz and ~ 1.0 Hz, respectively
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new avenues for NMR-based studies of structure and
folding of polypeptides. Further, the high yield of coupling
information derived both in the case of predominantly
f-sheet and a-helical proteins, indicates the feasibility of
these experiments for medium to large size proteins.
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