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A two-dimensional HSQC-based NMR method, '’ N-COSMO-
HSQC, is presented for the rapid determination of homonuclear
3 JinHe couplings in *N-labeled proteins in solution. Scalar cou-
plings are extracted by comparing the intensity of two separate
datasets recorded with and without decoupling of the 3 Jyny during
a preparation period. The scalar couplings are introduced through
a cosine modulation of the peak intensities. The experiment relies
on a BIRD sandwich to selectively invert all amide protons HY and
is very simple to implement. 3 Jynuq couplings were determined us-
ing both the S N-COSMO-HSQC and quantitative-J on >N-labeled
chemokine RANTES. The two experiments show well-correlated
values. © 2002 Elsevier Science (USA)

INTRODUCTION

Several different methods are currently available for the mea-
surement of vicinal 'H-'H scalar couplings between amide
and alpha protons, *Jynue . First, three-dimensional experiments
requiring '3C,'>N-labeled proteins such as E.COSY methods
(1-3) and DQ/ZQ experiments (4). The most widely used
method for !’N-labeled proteins is the three-dimensional
quantitative-J experiment in which the ratio of cross to diagonal
peaks is directly related via a tangent function to the scalar cou-
pling (5-7). Couplings can also be obtained from multiplet split-
tings as in J-modulated HMQC (8) or from two-dimensional
spectra in J-modulated HSQC (9), S3E, and S3CT (10) that re-
quire a transfer of '"H magnetization via NOESY or TOCSY,
J-multiplied HSQC (/7), CT-HMQC-HA/HN (/2, 13), and
CT-HSQC-HA/HN (13). In these last methods, a pair of two-
dimensional spectra are recorded with and without selective de-
coupling of the targeted scalar coupling evolution. The ratio
of the cross peaks in these two datasets gives direct access to
a cosine function of the >Jynua coupling. In the constant-time
J-modulated HSQC sequence (/3), selective H* decouplings of
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different durations are required which can induce sample heat-
ing and can be rather difficult to implement successfully. The
ISN-COSMO-HSQC method presented here achieves clean and
simple refocusing of all 3 JiNHa couplings by a BIRD sandwich
(14, 15) that selectively inverts all '>'N-bound amide protons HN.
In addition, pulsed field gradient sensitivity enhancement (/6)
was included.

RESULTS AND DISCUSSION

Figure 1 shows the pulse sequence of the 'Y'N-COSMO-HSQC
experiment. The sequence is composed of an initial period of
total duration 2, + 28, during which in-phase 'H coherence is
either labeled by a cosine modulation of the 3 JuNHo coupling
or left unperturbed. After this preparation, a filter followed by
sensitivity-enhanced HSQC is applied (/6). "N chemical shifts
are recorded in the indirect dimension and 'H signal is detected.

After an initial purging of residual '>’N magnetization, trans-
verse proton magnetization is excited by a 90°('H) pulse and let
to evolve under the effect of homonuclear couplings leading to a
superpositition of in-phase (Hy ) and antiphase (2HN HY) mag-
netization at point a in the sequence. The 180°('H) proton pulse
applied at 7 /2 refocuses evolution under the effect of both chem-
ical shifts and "H-""N heteronuclear scalar couplings during the
1 period. A BIRD sandwich (74, 15) of duration 28; = 1/ Jxun
is then applied. At point a in the sequence, in-phase coherence
H;\] is converted into longitudinal magnetization HZN , while the
antiphase term 2 HN HY is transformed into a superposition of
zero- and double-quantum coherence 2H} H¢. For a 180°("*N)
pulse, the multiple quantum coherences are modulated by
cos( ' Jnun 2681), while 3Jpynne homonuclear scalar couplings
are effectively decoupled. For a BIRD sandwich delay tuned
to 28, = 1/! Jnun, cos( ' Jnun281) = —1 and the result is a net
inversion of the zero- and double-quantum terms 2HN HY. On
the other hand when a 0°('>N) pulse is applied, the zero- and
double-quantum term 2HNH v is left unperturbed. The fol-
lowing 90°('H) pulse converts 2H H{ back into antiphase
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FIG. 1.
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I5N-COSMO-HSQC pulse sequence for the determination of 3JNp coupling constants in YN-labeled proteins. Black (white) rectangles are 90°

(180°) pulses, the shaped pulse on 'H is a water flip-back 90° pulse of 1.7 ms, and the large black rectangle is a 1-ms purging pulse. The total time for the build-up
of cosine modulation is 27(40 ms < 27 < 60 ms), 28; = 1/"Jyun = 10.7 ms is the duration of the BIRD sandwich, 28, = 1/(2 'Jyun) = 5.4 ms is the duration of
the INEPT, A; = 1.306 ms is a compensating delay for optimum phase in #; and A, =1.154 ms a compensating delay for optimum phase and intensities in 7,.
Phase cycling: ¢1 = x, —x; ¢ = 8(x), 8(—x); ¢3 = x; ¢4 = x (for 180°(1N)) or —x (for 0°(ON)); ¢ps = 16(x), 16(—x); pg = —x, x; 7 = 2(x), 2(—x); pg =
4(x), 4(—x); p9 = 4(x), 4(—x); p10 = 4(y), 4(—y) and ¢rec = x, —x, —x, X, —x, x, x, —x. Gradients were either of 500 us (g2 and g3) or of I ms (g1, g4, g5, and
£6) and of amplitude in G/cm: g1 = 22.5, g2 = 1.5, g3 = 2.5, g4 = 35.5, g5 = 40, and g6 = +4.05 on alternate #;-increments for echo—antiecho phase-sensitive

acquisition in the indirect dimension.

coherence and the longitudinal term HZN into transverse sin-
gle quantum coherence. During the following delay 7, evolu-
tion of the coherences happens as for the first t-period. The
purge applied at the end of the delay t (point ¢ in the sequence)
prevents the conversion of antiphase magnetization 2HN HY
by the INEPT transfer into a superposition of single- and
triple-quantum coherence (4H) H*N,). After the sensitivity-
enhancement scheme (16), those terms would lead to observ-
able magnetization and distort the resulting signals in the YN-
COSMO-HSQC spectra.

As a function of the angle of the 'SN pulse located in the
middle of the BIRD sandwich, 3 Jiunue couplings are either ef-
fectively decoupled (180°(**N) pulse) or evolving for a time
27(0°('3N) pulse) leading to a cos(r *Jynpe 27) modulation of
the spectrum. In proteins, one-bond scalar couplings ! Jxpn are
relatively uniform between 91 and 94 Hz and therefore a BIRD
sandwich is an efficient way to selectively invert all amide pro-
tons with minimal losses.

Neglecting relaxation, the ratio of cross-peak intensity of
those two datasets is directly related to the 3 TN coupling
constant:

ImOd(‘L')

Idec(r) [1]

= cos(n 3.IHNHO,21).

where 1™ is the intensity of a peak in the cosine modulated
spectrum obtained by >'N-COSMO-HSQC with a 0°(">N) pulse,
and 79 is the intensity of a peak in the decoupled spectrum from
a PN-COSMO-HSQC experiment with a 180°('°N) pulse.
Any differential relaxation mechanisms affecting the signal
intensities have to be considered in detail and accounted for.
First, relaxation of antiphase terms is known to be affected by
the spin-flip rate of the H* and the contribution is nearly linearly
proportional to the correlation time 7. (5, /2). The antiphase
component of magnetization, 2HN HY, will relax faster during

the preparation time 2t than the in-phase magnetization com-
ponent HyN by a relaxation rate increased by Tise1 = 1/Ap. In
order to describe the evolution of magnetization during the first
delay 7, the following equation has to be integrated (6, 12),

i([(f)) i ( —p 7T Jirue )<l(t)> 2]
dt\a®))  \~7dme —(o+Ap))\a®))’

where i(?) is the intensity of the in-phase component H;\I relax-
ing with an auto-relaxation rate p, a(¢) is the intensity of the
antiphase component 2 HN HY relaxing with an auto-relaxation
rate p + Ap, and Jyy, is the true coupling constant that could be
observed if relaxation could be neglected. The analytical solu-
tions to Eq. [2] were given by Ponstingl and Otting (/2),

l(t) = |:i0 <COS(7T Jscaledt) + Sil’l(]‘[ Jscaledt)>

U
V1—n?
+ ( ! sin(7r J, t))i|ex { ( + Ap)t}
a B scale - N
0 m scaled Y 1Y 5
(3]
a(t) = |:a0 <COS(27T Jscaleal) — IL sin(r Jscaledt)>

i

] ( ! sin(7r J, t) ]ex { ( +Ap>t}
—1 T scale - A 5
0 m scaled p P 2
(4]

where Jyleq 18 the value of the scalar coupling scaled by T
relaxation according to

(5]

Jscaled = Jtrue 1 - 772
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and 7 is defined as: —25,
Ap 2
n=o (6]
true The antiphase term a(t) will be transformed as
When the initial conditions are prepared to be i(0) = —1 and _
a(0)=0 at a time r = t (point a in the sequence), the intensities a(® +28) = aa(@), [14]
are given by: while for the in-phase term
i(t +28) =i(r) [15]

i(t) = |:—COS(7T Jscaledf) - Sin(ﬂ' Jscaledf):|

Ui
V1—1n2
Ap
x exp{—(,o + 7)1} [7]

. Ap
sin(r Jscaledr)GXP{—<p + —)r} [8]

a(t) = >

1
AT

The effect of the BIRD sandwich is applied to Egs. [7] and [8].
Neglecting relaxation during the BIRD sandwich, the 180°('>N)
pulse yields

a(t 4+ 261) = —a(r), [9]
while for the 0°('°N) pulse:

a(t +261) = a(r). [10]
Applying Egs. [3] and [4] with initial condition from point

b in the sequence given by Eqgs. [7] to [10], the final in-phase

magnetization at t =27 for a 180°(*>N) pulse is given by

. 2 L+7° .,
i(27) = | cos” (7 JscaledT) + 1= 7]2 Sin” (7 Jycated T)

U . Ap
4+ ——— sin( Jcared27) [ €xpy —| 0 + - 2t

V1—n?

[11]
and for a 0°('>N) pulse:
Q1) = |:cos(n Jecwea2T) + \/% sin( Jscaledzr)}
-1
Ap
xexp{—(,o+7>2r}. [12]

An additional relaxation effect needs to be considered: the
terms present during the BIRD sandwich duration 2§; will ex-
perience differential relaxation. The zero- and double-quantum
term 2H,\ H will decay with a rate given by 1/ 7/YP2, which
is much faster than the 1/7) relaxation rate of the longitudinal
term HN This can be described by a factor o defined as:

since during the BIRD sandwich of duration 2§, the longitudinal
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FIG.2. !>N-COSMO-HSQC spectra with 27 = 60 ms for the determina-
tion of 3 JyNne coupling constants in I5N-labeled RANTES. Eight scans were
acquired with 128 complex points in #; for a total recording time of 45 min.
(a) Decoupled spectrum obtained with ¢4 = ¢3, i.e., applying a 180 (°N)
pulse in the middle of the BIRD sandwich. (b) Cosine-modulated spectrum ob-
tained with ¢4 = —¢3, i.e., applying a O('"’N) pulse in the middle of the BIRD
sandwich.
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. o —n .
i2r) = COSZ(” JscaledT) — D 51n2(7r Jscaled T)
o 1—n
3 Y +— sin(r . 2)] {<+AP>2}
< ————— Sin(T Jycqea27) | Xy —| 0 + — )27 ¢.
s -FF+.# V1I=n? 2
= + -
= S [17]
& 5 +
T Scalar coupling constants are extracted by taking the ratio of
+ + Egs. [16] and [17],
OO é 1'0 [mod :COSZ(T[ Jscaledt) - 7:2; Sinz(ﬂ: Jscaledr) + \/lr]_—?72 Sil’l(T[ Jscaledzr)
15N'C()SM()'HSQC Idcc COSZ(T[ Jscaledr) + Tj:}; Sinz(n Jscaledr) + \/1'77—?72 Sin(ﬂ Jsca]edzf)

FIG. 3. Comparison of 3 JHNH coupling constants in I5N-labeled
RANTES measured by quantitative-J and '>N-COSMO-HSQC. Dotted line
indicates £ 1-Hz deviations from ideal correlation.

relaxation of HZN can safely be neglected. A relaxation time
TZZQ/ PQ 6f 20 ms yields a decrease of antiphase magnetization
of about 40% for a BIRD sandwich tuned to a 'Jypy coupling of
92 Hz (26; = 10.9 ms). Estimation with other TZZQ/ PQ times (10
to 30 ms) yield very similar * Jynu, coupling constant values
and a relaxation time of 20 ms was taken for the fitting and
found to be satisfactory for a protein the size of RANTES, i.e., a
homodimer of 16 kDa. As a result of the inclusion of relaxation,
the magnetization components can be expressed as follows for
the 180°(°N) pulse:

. a+n’
—i(21) = [COSZ(T[ JscaledT) + SIHZ(T[ Jscaled T)

1 —n?

n . Ap

+ —— sin(w Jscaled27) | €Xpy —| 0 + — )27
V1—n? 2

[16]

and for the 0°(">N) pulse:

(18]

where 1™ is the intensity measured from the cosine modulated
I>N-COSMO-HSQC spectrum recorded with a 0°(PN) pulse
in the BIRD sandwich and 79 the intensity measured from
the decoupled "N-COSMO-HSQC spectrum recorded with a
180°('3N) pulse in the BIRD sandwich.

The scalar couplings are directly obtained from Eq. [18] by
inserting Eqgs. [5], [6], and [13] into Eq. [18], which was used
as such to fit the value of Jiyye. T1se1 Was set to 100 ms (5).

The chemokine RANTES is a carbohydrate binding protein
(17) involved in recruitement and activation of inflammatory
leukocytes via differential attraction of CD4 4 T-cells. Its struc-
ture was solved by NMR (78, 19): the protein is a homodimer at
1-mM concentration with each monomer composed of a three-
stranded antiparallel B-sheet in a Greek key motif with the C-
terminal «-helix packed across the sheet. 3 Jynpo coupling con-
stants were determined using quantitative-J (5) and using the
ISN-COSMO-HSQC sequence. The decoupled '"N-COSMO-
HSQC spectrum is shown in Fig. 2a, while the cosine-modulatd
dataset is shown in Fig. 2b. For most resolved peaks, a value
of the 3 Junpe coupling constant could be obtained both by
quantitative-J and by ’N-COSMO-HSQC. Both methods give
very similar results. The comparison shown in Fig. 3 indicates
that the determination of 3 Jynug coupling constants using the
fitting function of Eq. [18] with one single uniform relaxation

40 50 60 AA 70

FIG. 4. Comparison of ¢ angles determined from 3 Jinge coupling constants in '’N-labeled RANTES measured by 'YN-COSMO-HSQC (full circles) with
the ¢ angles given by the structure published by Skelton et al. (19), PDB #lrtn (empty circles). The error bars represent one standard deviation of the ¢ angles

(f£10) as measured in the solution structure.
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rate for zero- and double-quantum terms of 20 ms is entirely
satisfactory.

The values of the 3 Jynne coupling constants obtained by N-
COSMO-HSQC yield structural information as can be seen by
the comparison of the ¢ angles obtained using the scalar coupling
values and the appropriately parametrized Karplus relation-
ship (5),

J(¢) = Acos’ (¢ — 60) + Bcos(¢p —60) +C,  [19]
withA =6.51, B=—1.76,and C = 1.60(5). Figure 4 shows that
coupling values determined by '’N-COSMO-HSQC are consis-
tent with the NMR structure of RANTES by Skelton ez al. (19),
at the exception of K25 and K56, both of whose ¢ angles deter-
mined by Y'N-COSMO-HSQC fit with the angles found in the
other NMR structure of RANTES by Chung et al. (18).

CONCLUSIONS

In this communication, a novel NMR experiment, '>N-
COSMO-HSQC, was presented for the measurement of 3 JaNHe
couplings. The use of a BIRD sandwich for the selective inver-
sion of amide protons allows an efficient homonuclear decou-
pling scheme whatever the chemical shift range of the amide
and «-protons. Also, in contrast to the CT-HSQC-HA/HN se-
quences using selective H* decoupling, no complications are ex-
pected from nonperfect offset profile and no additional pulse cal-
ibrations are requested. The ’N-COSMO-HSQC experiment is
highly sensitive and directly applicable to '’N- labeled samples.
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