
H

b
s

d

c
H
s
p
p

Journal of Magnetic Resonance146,255–259 (2000)
doi:10.1006/jmre.2000.2157, available online at http://www.idealibrary.com on
Determination of Backbone Angle c in Proteins Using a TROSY-Based
a/b-HN(CO)CA-J Experiment

Perttu Permi,*,1 Ilkka Kilpeläinen,* and Arto Annila†
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Transverse relaxation-optimized NMR experiment (TROSY)
for the measurement of three-bond scalar coupling constant
between 1H i21

a and 15N i defining the dihedral angle c is de-
scribed. The triple-spin-state-selective experiment allows mea-
surement of 3JHa N from 13Ca, 15N, and 1HN correlation spectra

2O with minimum resonance overlap. Transverse relaxation of
13Ca spin is minimized by using spin-state-selective filtering and
y acquiring a signal longer in 15N-dimension in a manner of
emi-constant-time TROSY evolution. The 3JHa N values ob-

tained with the proposed a/b-HN(CO)CA-J TROSY scheme
are in good agreement with the values measured earlier from
ubiquitin in D2O using the HCACO[N] experiment. © 2000

Academic Press

Key Words: coupling constants; semi-constant-time; spin-state-
selective filters; TROSY; ubiquitin.

INTRODUCTION

Protein main chain conformation is defined by two d
drals, f and c. These Ramachandran angles relate to th
bond J coupling constants via Karplus relations (1, 2). Six

ifferent three-bond scalar couplings,3JHN Ha, 3JHN C9,
3JHN Cb,

3JC9Ha, 3JC9C9, and3JC9Cb define dihedralf, and there are seve
methods to measure these few hertz couplings (3–9). The c
torsion is more difficult to determine from the three3J cou-
plings, i.e., 3JHa N, 3JNCb, and 3JNN (10–12). The latter two
ouplings are always very small (3JNCb , 0.4 Hz,3JNN , 0.35
z). Therefore their applicability for the determination ofc is
omewhat limited (12, 13). However, for perdeuterated sa
les these two couplings are the only ones available. It is
ossible to extract information onc directly from dipole–

dipole 15N–1HN and 13Ca–1Ha or dipole 13Ca–1Ha and 13C9
chemical shift anisotropy (CSA) cross-correlated relaxa
rates (14, 15) provided that the molecular rotational correlat
time, tc, is known.

In this paper we focus on measurement of three-b
scalar coupling between15N i and 1H i21

a , which has th
largest dependence on dihedral anglec among the three3J

1 To whom correspondence should be addressed. Fax:1358 9 191 59541

pE-mail: Perttu.Permi@helsinki.fi.
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couplings. The early theoretical calculations predicted
ues for3JHa N from 26.6 to11.1 Hz. It was shown, howeve
hat this parametrization provides poor results (11, 16).

ang and Bax recorded from protein ubiquitin3JHa N data
ranging from 0.1 to21.9 Hz for reparametrization of th
Karplus curve (11). There are not, to the best of our kno

dge, many experimental schemes for measurement o
nherently relatively small scalar coupling. The3JHa N has
been measured previously using an E.COSY-type H
CO[N] correlation experiment, using15N as a passive sp
during t 1 and t 3 periods (11). Although it is possible t
record the HCACO spectrum in H2O, the residual wate
signal often distorts the adjacent1Ha signals, hindering da
analysis. The dissolvation of a protein sample into D2O is an
additional task, and due to a viscosity of D2O larger than
that of H2O, the protein’s rotational correlation time
increased. An alternative approach is an HN(CO
E.COSY-type experiment (10), where1Ha acts as a passiv
spin duringt 1 and t 2 evolution periods. We base the m-
surement of3JHa N on this kind of experiment, which ope
the possibility of exploiting the most slowly relaxing15N–1H
multiplet component by a transverse relaxation-optim
(TROSY) selection (17–19). For precise measurement
3JHa N we apply spin-state-selective filtering (20, 21) and use
a semi-constant-time evolution (22) period for 15N chemica
hift and 15N–1Ha coupling during t 2. There are sever

advantages over the HCACO[N] experiment when using
proposed scheme. The gradient and sensitivity-enha
TROSY implementation will yield a distortion-free15N, 1HN

correlation spectrum not disturbed by the water reson
far away. The relaxation time for15N especially for th
TROSY component is much more favorable than that o
1Ha spin. We can alleviate the signal decay due to rap
relaxing the 13Ca spin by separating partly overlappi
13Ca–1Ha doublet components into two subspectra by s
state-selective filtering. In this way, thet 1 acquisition time
an be kept short, and also unnecessary spectral crowd
emoved. Finally, the semi-constant-time TROSY evolu

eriod (23, 24) compensates for the shortt 1 acquisition.
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Copyright © 2000 by Academic Press

All rights of reproduction in any form reserved.



spi
e-

g sp
s n

en

es,
a

e

o
d
gn

e-
edit

nd
ase
rs
-
e

sired
lsed-

he
t
dion
;
s

s,

rred
ing
r

pulses
en

t l
r

y
r

d
ted
r su.
plet comp

e h

256 PERMI, KILPELÄINEN, AND ANNILA
RESULTS AND DISCUSSION

We now describe a three-dimensional TROSY-based
state-selectivea/b-HN(CO)CA-J experiment for the measur
ment of 3JHa N coupling in protonated samples (Fig. 1).The

radient-selected sensitivity-enhanced TROSY scheme,
tate-selective filtering, and a semi-constant-time evolutio

15N are implemented to the HN(CO)CA E.COSY experim
(10). The flow of coherence is

1HNO¡

JNH
15NO¡

JNC9
13C9O¡

JC9Ca

13CaO¡

JCH
13Ca~t1!O¡

JC9Ca

13C9O¡

JNC9

15N~t2!O¡

JNH
1HN~t3!,

where t 1, t 2, and t 3 are the evolution and acquisition tim
respectively. Couplings used for magnetization transfer
indicated above the arrows. The spin-state-selectivea/b-half-
filter element is placed prior to thet 1 evolution period for th
purpose of subspectral editing.

In this approach we first transfer the1HN magnetization t
the 13Ci21

a spin via 15N i and 13C9i21 spins utilizing standar
building blocks for coherence transfer. The desired ma

N a

FIG. 1. Gradient-selected sensitivity-enhanceda/b-HN(CO)CA-J TROS
correlation spectra. Narrow (wide) bars correspond to 90° (180°) pulses,
to obtain water-flip-back. All 90° (180°) pulses for13C9 and 13Ca are applied
he centers of the13C9 and13Ca regions. The1H, 15N, 13C9, and13Ca carrier posi
egion), and 55 ppm (center of13Ca spectral region), respectively. Quadra

to States–TPPI (33). For quadrature detection and TROSY selection inF 2, two
; (II) f 2 5 2x, f 3 5 2y, with simultaneous change in gradient polarity19

delays employed areD 5 1/(4JNH); Ta 5 1/(4JNC9); T9a 5 Ta 2 D; Tb 5
the in-phase spectrum is as follows:f 1 5 x; f 4 5 x, 2x; f 5 5 x; f 6 5 2(
indicate the positions of the Bloch–Siegert compensation pulses. The re
the 15N–1Ha coupling evolution in a semi-constant-time manner. If accor
by gray rectangles should be omitted. Pulsed field gradients are inserte
For each scheme, the in- and antiphase data are recorded in an interlea
into two subspectra. Gradient strengths (durations) are optimized for th
tization can be denoted by the density operator 8Hz NzC9zCy
n-

in-
of
t

re

e-

at time point a. At this point, by inserting a spin-stat
selective filter element into the pulse sequence, we can
the 13Ci21

a magnetization with respect to its directly bou
1Ha spin. In the first experiment, referred to as the in-ph
experiment, two 180° (1H) pulses marked with unfilled ba
are applied at the midpoint of delayst. The desired mag
netization is transferred to 8Hz

NNzC9zCz
a coherence before th

ensuing gradient pulse, which serves to purge unde
magnetization components in a way analogous to pu
field gradient z filtering (PFG-z-filter) (vide infra). The
coupling between the13Ca and1Ha spins emerges during t
subsequentt 1 evolution period when the13Ca chemical shif
is labeled. In order to reduce experimental time, accor
style spectroscopy (25) can be utilized in theF 1 dimension
i.e., 1JCa Ha can be scaled up byl if simultaneous 180° pulse
are applied to the proton and Ca as shown in Fig. 1. Thu
the desired magnetization is in the form of

Hz
NNzC9zCy

acos~vCat1!cos~p 1JCaH a~1 1 l!t1!cos~p 1JCaCb

3 ~1 1 l!t1! 1 Hz
NNzC9zCy

aHz
asin~vCat1!sin~p 1JCaH a

3 ~1 1 l!t1!cos~p 1JCaCb~1 1 l!t1!

for the in-phase experiment at the end of thet 1 evolution period
(time pointb). Subsequently, the magnetization is transfe
back to15N and its chemical shift evolution is monitored dur
the t 2 evolution implemented into the13C9–15N back-transfe
step in a semi-constant time manner.

ulse sequence for determination of scalar couplings from 3D13Ca–15N–1HN

h phasex unless otherwise indicated. Half-ellipses denote water-selective 90°
h a strength ofV/=15 (V/=3), whereV is the frequency difference betwe
s are 4.7 (water), 120 (center of15N spectral region), 175 (center of13C9 spectra
detection in theF 1 dimension is obtained by altering the phase off5 according

ta sets, both for the in- and antiphase spectra, are collected: (I)f 2 5 x, f 3 5
he data processing is according to the sensitivity-enhanced method (34). The
JC9Ca); t 5 1/(4JCH); l $ 0; 0 # k # (Ta 2 D)/t 2,max. Phase cycling fo
2(2x); f rec. 5 x, 2x; for the antiphase spectrum:f 4 5 y, 2y. The arrows
lution in the15N dimension is improved by implementing the15N chemical shift an

style spectroscopy forJ multiplication in t 1 is not used, the 180° pulses deno
s indicated for coherence transfer pathway selection and residual wateppression
manner and subsequently added and subtracted to separate the multionents

ighest sensitivity:Gs 5 30 G/cm (1.25 ms),Gr 5 29.6 G/cm (0.125 ms).
Y p
wit
wit
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In the second experiment, referred to as the antiphase ex-
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periment, two 180° (1H) pulses marked with filled bars a
applied immediately before 180° (13Ca) and 90° (13Ca) pulses
espectively. In addition, the phase of the 90°f4 (13Ca) pulse is
hifted 90° with respect to the in-phase experiment. Thus
esired magnetization is in the form of 16Hz

NNzC9zCz
aHz

a co-
erence before the ensuing gradient pulse, which will p
ispersive components of magnetization arising fromJ mis-
atch. Consequently, the desired magnetization at time pb

s in the form of

Hz
NNzC9zCy

asin~vCat1!sin~p 1JCaH a~1 1 l!t1!cos~p 1JCaCb

3 ~1 1 l!t1! 1 Hz
NNzC9zCy

aHz
acos~vCat1!cos~p 1JCaH a

3 ~1 1 l!t1!cos~p 1JCaCb~1 1 l!t1!

in the antiphase experiment, and is subsequently transferre
to the amide proton analogously to the in-phase experimen

As we allow the evolution of1JHNN and 3JHaN to take plac
during t2, we can select the most slowly relaxing15N–1HN cross
eak by the gradient-selected sensitivity-enhanced TR
cheme (19), and create a familiar E.COSY pattern (26), revealing
he small3JHaN coupling. In order to obtain sufficient resolution
heF2 dimension, the15N chemical shift evolution is implement
as a semi-constant-time TROSY evolution (23, 24). It is advan
tageous to concatenate the13C9–15N back-INEPT and the firsta/b
filter in the generalized TROSY scheme (24, 27) to minimize
ignal loss due to15N transverse relaxation. The last two

pulses on carbon serve as purge pulses for the undesired m
tization components arising, e.g., from theJ mismatch of15N–13C9
coupling (23). Finally, post-acquisitional addition and subtrac
of the in-phase and antiphase experiments will yield two
subspectra with correlations atvCa(i 2 1) 1 (1 1 l)p1JCaHa,
vN(i) 2 p1JNH 1 p3JHaN, vHN(i) 1 p1JNH and vCa(i 2 1) 2
(1 1 l)p1JCaHa, vN(i) 2 p1JNH 2 p3JHaN, vHN(i) 1 p1JNH,
respectively. Clearly, this results in a correlation map with13Ci21

a ,
15Ni,

1Hi
N at F1, F2, F3, respectively, and3JHaN is measured from

the cross-peak displacement in theF2 dimension. It should b
noted that there is not enough resolution in theF1 dimension to
resolve1JCaCb. In addition to3JHaN, we can measure1JCaHa from
theF1 dimension. Interestingly,1JCaHa shows also a large depe-
ence onc, and thus it can be used at least as a qualitative p

for secondary structure (28). The data from3JHaN and 1JCaHa

available from the same experiment can conceivably be
simultaneously to determine thec angle.

There are few additional points to consider in achieving
optimal performance. Generally, TROSY is active during
15N–13C9 out- and back-INEPT steps. It should be noted
two 180° (1H) pulses during the in- and antiphase filter-

ents are applied to obtain optimal sensitivity. If only a sin
80° (1H) pulse was employed, this would interchange am

proton spin states for the15N–13C9 out- and back-transfer step
thus averaging relaxation rates for the fast and slowly rela

multiplet components. However, by inserting another 180
he

e

t

ack

Y

ne-

D
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ed

e
e
t

e
e

g

(1H) pulse during the filter elements, without perturbing1JCH

modulation or decoupling during the filtering, it is possible
maintain the TROSY effect during most of the pulse seque
Likewise, if theJ-multiplication approach is used during thet 1

period (by employing simultaneous 180° pulses on13Ca and1H
denoted by gray rectangles), it is necessary to apply an
tional 180° (1H) pulse prior tot 1 to preserve the TROSY effe
during the latter part of the pulse sequence. Evidentl
neither spin-state-selective filtering nor theJ-multiplication
scheme is used, all 180° (1H) pulses between the first1H–15N
NEPT and TROSY element should be omitted.

It is noteworthy that by using the semi-constant-t
ROSY implementation, the 180° pulse for selective inver
f 1HN is no longer needed (10). In some unfortunate cas

where 1HN and 1Ha spins happen to resonate close to e
other, the semi-selective inversion of1HN might have som
influence on the spin state of1Ha, resulting in a partial collaps
of the desired E.COSY pattern.

The spin-state-selective filters are prone to aJ crosstalk
when coupling evolution does not exactly match the fi
period. TheJ crosstalk is deleterious for subspectral edit
that is, in addition to the desired multiplet component,
minor component from the other spin state will be prese
the subspectra. The intensity ratio of the principle compo
I p to the minor componentI m in this case is

1 1 sinSp
J

~2J0!
D

1 2 sinSp
J

~2J0!
D 5

I p

I m
,

whereJ is the true coupling constant and the filter is matc
o J0. Owing to relatively uniform1JCa Ha values (140–15
Hz), excellent filtering is expected with respect to theJ mis-
match. The minor component arising from theJ mismatch o
the filter is over 30 times smaller than the major compone
the range 120–170 Hz whenJ0 5 145 Hz. Effects ofJ
rosstalk on coupling constant measurements has bee
ussed earlier (29–31). In any case, ifJ crosstalk appears, t
inor component can almost entirely be removed by takin
ppropriate linear combination of the in- and antiphase sp
23, 32).

The spin-state-selective filter elements are designed to
press cross correlation between the CSA of13Ca and the dipola
relaxation (DD) of13Ca–1Ha by averaging relaxation rates
doublet components by the inversion of1Ha’s spin state durin
the filter elements, although13Ca CSA is quite small.

Obviously, 13Ci21
a couples also to Hi21

N and Hi
N spins during

the antiphase spin-state-selective filter element and thet 1 evo-
lution period. These couplings are however very small c
pared to 1JCa Ha, i.e., 2 and 0.5 Hz, respectively, and th
influence on filtering quality and lineshape is negligible. T

1
°holds true also forJCa Cb.
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The t 1 evolution should be kept short because of ra
elaxation of 13Ca in larger proteins (;20 ms) and1JCa Cb

modulation. Consequently, the resolution inF 1 is limited.
However, the spin-state-selective editing circumvents p
lems associated with the short acquisition time inF 1 by reduc-
ing spectral crowding and removing overlapping doublet c
ponents for a precise determination of1JCa Ha. Obviously, in the
case of determination of3JHa N only, t 1 can be extended b
linear prediction to improve resolution.

The final point of interest concerns the semi-constant-
TROSY evolution period, which provides an improved resolu
in the 15N dimension. It is advantageous to follow the slo
relaxing TROSY component longer in the15N dimension to
compensate for the modest resolution in the13Ca dimension. It is

orth mentioning that the experiment could also be recorded
wo-dimensional15N, 1HN TROSY correlation spectrum by om-
ting the13Ca chemical shift and1JCaHa coupling evolution period
In that case, the magnetization is in the form of 4Hz

NNzC9z and
8Hz

NNzC9zHz
a coherences prior to the15N chemical shift evolutio

in the in- and antiphase experiments, respectively. After15N
chemical shift and15N–1Ha coupling evolution, the signal
nterest is in the form of Hz

NNycos(vNt1)cos(p3JNHat1) and
Hz

NNysin(vNt1)sin(p3JNHat1) coherences in the in- and antiph
experiment, respectively, when omitting1JNH evolution for sim-
licity. Thus, after the TROSY selection, correlations atvN(i) 2

p1JNH 1 p3JHaN, vHN(i) 1 p1JNH andvN(i) 2 p1JNH 2 p3JHaN,
vHN(i) 1 p1JNH are available after appropriate addition and-
raction of the in- and antiphase spectra. The3JHaN coupling is
measured from the cross-peak displacement in the15N dimension

The proposed experiment for the measurement of
3J( 15N i 2 1H i21

a ) scalar couplings was demonstrated with a
mM uniformly 15N/13C-enriched human ubiquitin, dissolved

FIG. 2. F1–F2 expansion of thea/b-HN(CO)CA-J TROSY spectrum, re-
orded from 1.0 mM U-(15N, 13C) ubiquitin, 90%/10% H2O/D2O, 30°C at 500

MHz 1H frequency,t1,max, t2,max(t3) 5 3.15, 50.6 (64) ms. The1JCaHa was multiplied
by factor 2 with respect tovCa, i.e.,l 5 1. Data were zero-filled to 10243 10243
12 data matrices and apodized with shifted squared sine-bell functions in a
imensions. Up- (blue) and downfield (red) multiplet components, processe
eparate subspectra, are shown superimposed for L15, D25, S57, and V7
t the1HN (F3) chemical shift of V26.
90%/10% H2O/D2O in a Wilmad 535PP NMR tube, pH 5.8, 50p
d

b-

-

e
n

s a

e
0

mM sodium phosphate buffer, 30°C. Spectra were recorde
a Varian Unity Inova 500 NMR spectrometer, equipped w
triple-resonance probehead and an actively shieldedz-axis

radient system. Figure 2 shows a representative portion
verlaid F 1–F 2 plane of cross peaks taken from the1HN

chemical shift of V26. The subspectra were obtained by ad
and subtracting cosine- and sine-modulated data sets, ac
with the pulse scheme shown in Fig. 1 in an interlea
manner. The vertical displacement of cross peaks yields1JCa Ha,
whereas the horizontal displacement yields3JHa N. It was pos-
sible to measure 653JHa N couplings, i.e., excluding 6 glycin
and 3 residues preceding prolines, from a 3D spectra coll
in 46 h. Additionally, cross peaks for D52 and I23 were
observed.

All the measured couplings fall in the range 0 to21.85 Hz
he helical regions of ubiquitin, i.e., residues 24–34, s

arge3JHa N values between21.2 and21.85 Hz. Similar value
were also found for a shorta-helix extending from residue 5
to 59. The coupling constants were extracted simply from
1D traces. More precise values could be obtained by ta
into account the entire signal of a 2D cross peak. The mea
3JHa N couplings were compared with the corresponding va
determined by Wang and Bax using the HCACO[N] E.CO
type experiment (11). Comparison of 633JHa N couplings gav
a 0.17-Hz pairwise root-mean-square-deviation (RMSD)
3). The parametrization of the Karplus curve by Wang and
(11) gives a residual RMSD of 0.16 Hz compared with 0.19

btained with our data. A reparametrization on the basis o
ata would improve the fit only by 0.02 Hz, which is within
recision of our measurements. The data suggest that th
o systematic deviation between these two methods. How

1Ha spin flip during the delay used for13Ca-to-13C9 back
transfer may lead to systematic errors in the case of a

ree
nto
aken

FIG. 3. Correlation of 3JHa N coupling constants measured from spe
acquired with thea/b-HN(CO)CAJ TROSY vs values measured by Wang

ax from the HCACO[N] experiment (11). The pairwise root-mean-squar
eviation is 0.17 Hz. The couplings were measured from separation of

eak placements in theF 1–F 2 plane between two subspectra.
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protein because observed splittings have a bias toward sm
values. This problem can be alleviated by shortening the
delay 2*Tb. The HCACO[N] experiment uses15N, which has a
long T1, as a passive spin. However, thea/b-HN(CO)CA-J
scheme provides a correlation map and relaxation propert
1HN and 15N spins more favorable than that of1Ha and 13C9
spins used in the HCACO[N] experiment. Also the time for
rapidly relaxing13Ca spin being in the transverse plane can

inized in the proposed scheme.

CONCLUSIONS

In summary, a transverse relaxation optimizeda/b-HN-
(CO)CA-J pulse sequence for the measurement of3JHa N cou-
plings that define the backbonec torsion angle is describe
The proposed method combines desired features of the
constant-time TROSY evolution, spin-state-selective filte
and good resolution of 3D experiment to enable convenien
reliable measurement of3JHa N in proteins not requiring pe-
deuteration (;20–25 kDa). In addition to3JHa N, the experi-
ment yields 1JCa Ha coupling and 13Ca chemical shift data
therefore providing a wealth of information to restrainc in
structure calculations.
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