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Measurement of 2J,. Vicinal Coupling Constants in Proteins
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Vicinal J couplings represent an additional source of
structural information in proteins by providing estimates of
torsion angle constraints. Recently, 'H, "’C, N triple-
resonance’ (/-5) and 'H, '*C (6-10) double-resonance ex-
periments have been proposed that permit the measurement
of J couplings in labeled proteins by exhibiting E.COSY-
like (11) fine structures in cross peaks with multiplet com-
ponents separated by the large ' J(H-'3C) couplings and the
3 J(H-H) couplings in their respective frequency domains.
All of these experiments provide accurate coupling constants
in peptides and small proteins. However, in larger proteins
small errors may occur in the observed J couplings due to
relaxation effects. In this report we will show that distorted
J-coupling values are generally expected in these techniques
(1-10). In addition, a modified pulse sequence is presented
which minimizes distortions caused by relaxation effects,
thereby yielding more accurate values of *Jyy..

It was not obvious at the outset of our study whether pro-
ton cross-relaxation pathways between the ¢, evolution period
and the detection period would give rise to systematic errors
in the observed * Juu, splittings. For this reason, J couplings
were remeasured with slightly different pulse schemes as de-
picted in Fig. 1.

In the following paragraphs the relevant coherence path-
ways of the sequences depicted in Fig. 1 are written in terms
of product operators. First, amide proton magnetization is
transferred to the amide nitrogen by an INEPT (12) transfer
(Figs. 1A and 1B) or by a DEPT transfer (Figs. [Cand 1D).
Subsequently >N coherence evolves during the first evolution
period 2,,

a(ty) = N,Isin(m' Jynd)cos(wnta), [1]

where N = "N and 1 = 'Hy.
Next, ""N-'3C coupling terms develop during A,

0'([2, A) = NJ_,.Czsin(w‘JNHB)sin(w'JNCA)cos(thz),
(2]

! Preliminary data were presented at the 30th Eastern Analytical Sym-
posium, Somerset, New Jersey, Nov. 18, 1991.
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where C = '*C,, neglecting modulation due to the ! Jy;, cou-
pling, which is refocused at time point d.

At the beginning of the second evolution period ¢, (time
point b in Figs. 1A and 1B), the N.C, term is converted into
I5’N-'3C multiple-quantum coherence, which then evolves
under the influence of the carbon chemical-shift Hamiltonian
and the ' Je.p, coupling. The relevant term of the nitrogen—
carbon multiple-quantum coherence can be written, in terms
of the population of molecules with the 'H_, spin up. as

olty, A, 1)) = N LCJE + 24.]
X F(ﬁ, A)COS(U)le)COS[(wC + W'JCH)Il] [33]

and, in terms of the population with the 'H, spin down, as

o(ty, A, 1) = N.LCJE — 24.]

X F(8, A)cos(wntz)cos[(we — m'Jcudn],  [3b]
where A = H,,, E = 2(A* + 4%, A. = (4° — A4%), and F(3,
A) = Sin(r‘JNH(S)Sin(r'JNCA).

Subsequently, the coherence described in Eq. [3] is trans-
ferred back to the amide proton in close analogy to the
HNCA experiment ( /3). After the application of the carbon
read pulse, the >N coherence evolves under the influence of
the one-bond couplings to the C, carbon and the amide pro-
ton. At time step d in Figs. 1A and 1B, the density operator
can be written, for the population of molecules with the 'H,
spin up, as (retaining only the relevant terms)

0(12’ As tl9 A) = NZIZ[E + ZAZ]COS(O)NZZ)

X cos[(we + 7' Jeu)) 1F(8, A)sin(w'Incd) [4a]

and, for the population of molecules with the 'H,, spin down,
as
o(t, A, 1), A) = N.LIE + 2A.]cos(wnia)

X cos{(we — 1) 1F (8, A)sin(w ' IucA). [4b]
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Pulse sequences used to measure >Jyn, coupling constants: 8 = 4.5 ms, A = 21.6, 7 = 1 /(2" Jyu) = 5.4 ms, 8%(D) = [A + 6]/2 = 13.05 ms,

¥ C) = [6%( D) — 7/2] = 10.35 ms. The length of all Hermite pulses was approximately 1.3 ms with the amplitude of the 180° pulse being twice the
amplitude of the 90° pulse, whose peak amplitude was set to approximately 0.7 kHz. Phase cycling was as follows: ¢, = (¥, —v), ¢, = 2(x). 2(—x). ¢ 3
=4(x), 4(¥). 4(—x), 4(—y), ¢4 = 8(x), 8(—x), 8()), 8(—»), ¢s = 8(x), 8(—x); receiver phase = (4, ~A4, A, —A), where 4 = (x, —x, — X, X, —X,
x, X, —x). The observe frequency was set on the resonance of the solvent peak during both presaturation and the ¢, and ¢, evolution periods and was

coherently switched to the center of the amide region prior to the application of the selective Hermite pulses.

In the subsequent reverse INEPT transfer of nitrogen co-
herence to amide proton magnetization, perturbation of the
'H, proton is minimized by the use of a pair of frequency-
selective Hermite pulses ( Fig. 1B) (/4) in lieu of a TANGO
pulse (15), which requires extra delays.

The detected amide coherence for the population of mol-
ecules with the 'H,_ spin up then can be written as

oty ty, t3) = I_[E + 24.1F*(8, A)cos(wntz)
X COS[(U)C + TIJCH)h]

X exp{ —i(wNH + 3JNHa)*t3 + q’} [Sa]
and for populations of molecules with the 'H, spin down as
o(ty, hy, t3) = I.{E — 2A4,}F*(8, A)cos(wniy)

X COS[(GJC - WIJCH)h]
X exp{—i(onn — *Jana)*t; — @}, [5b]

where & = 73Jun,o for the sequence depicted Fig. 1A and
$ = ( for all the other sequences in Fig. 1.

These results show that accurate *Jyy, can be measured
in small peptides where dipolar relaxation between the 1,
evolution period and the detection period can be neglected.
Any flips of 'H, between 7, and t; due to dipolar relaxation
attenuate the A4, term. The disappearance of this term cor-
responds to an equalization of magnetization within the !Joy
doublets, suggesting that proton dipolar relaxation during
the back-transfer of coherence to the amide proton tends to
convert E.COSY-type cross peaks, as depicted in Fig. 2, into
clover-leaf-type DQF COSY patterns. In high-molecular-
weight proteins, where the proton linewidths exceed the ob-
served 3Juu. splittings, this mixing of the two branches of
the J doublets results in shifting the peak maxima toward
the center of the cross peaks along the horizontal 'Hy fre-
quency axis F; (see Fig. 2). In a 21 kDa protein, the term
N, A;is expected to relax almost twice the rate of N, causing
a detectable error in the observed J value (16).

In the sequences depicted in Figs. 1C and 1D, the nitrogen—
carbon multiple-quantum coherence described in Eq. {3] is
converted into proton-nitrogen multiple-quantum coher-
ence immediately after the end of ¢; (time point c in Fig. 1D)
or after the subsequent period 7 = 1/(2 'Juy) in Fig. 1C.
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FIG. 2. Three-dimensional HNCA J spectrum of [N, '*C]-enriched
hnRNP C1 RNA-binding fragment, 2 mM at pH 5.5 in sodium acetate
buffer: temperature = 20°C, ni(#,} = 32, ni(#;) = 28, np(#;) = 1216, swi
= 3000 Hz, sw2 = 2000 Hz, and sw3 = 4000 Hz. The lengths of the f, and
t, interferograms were doubled using complex linear prediction. Skewed,
i.e., exponentially attenuated, 40°-shifted sine-bell apodization was applied
in 1y, 45°-shifted sine bell was applied in ¢,, and 90°-shifted sine bell was
applied in 1, prior to Fourier transformation. (A) F,('*C), Fy('H) slice at
F, = 125.7 ppm; ( B) cross sections along F, at the location of the arrows

in A.

The relevant coherence for the population of molecules
with 'H, up at time point ¢ in the sequence in Fig. 1D can
be written as

0’([2, t]) = C:N\'IZ[E - 2A:]

X F(3, A)cos(wntz)cos[(we — ' Jew)ti], [6b]

and for the population of molecules with 'H, down as

o(tr, 1)) = C:NrIz[E - 2Az]

X F((S, A)COS(thz)COS[(wC— TIJCH)[ll, [6b]
where I = 'Hy. The subsequent selective proton 902 pulse
converts the N/, terms into heteronuclear zero- and double-
quantum transitions.

At the beginning of the acquisition time (time point d in
Fig. 1D), the relevant term for the population of molecules
with 'H, up can be written as

NOTES

0([2, tla Aa 6) = IX[E + 2Az]
X F2(8, A)cos(wnlz)cos[(we + wlJey)t ] [7a)

and for the population of molecules with '"H, down as

o(ta, 1y, A, 6) = I\*[E - ZA:]

X F2(8, A)cos{wntz)cos[(we — ©'Jew)].  [7b]
During the detection period the density operator described
in Eq. [6a] evolves into

oltz, 1y, 13) = I_[E + 24,1 F*(8, A)cos(wntz)
X cos[(we + 7' Jen)t ]

X exp{ —i{wnn + *nuadts} [8a]
and Eq. [6b] evolves into

olty, ty, 13) = I_[E — 24,1 F?(8, A)cos(wnty)
X cosf(we — ' Jcn)ty ]

X exp{ —i(wnn — *Inma)t3 }. [8D]

In a 15 kDa protein, the terms N, I, , and N, I, A4, as
depicted in Eq. [ 6] are expected to relax at more comparable
rates corresponding to 7, values of approximately 30 and
24 ms, respectively, resulting in a smaller bias in the observed
J splitting. Nevertheless, a certain error in the observed J
couplings remains, since the terms /7, ,A, always relax at a
faster rate than I, , in large molecules. For this reason we
expect all methods that extract J couphings from E.COSY-
type cross-peak patterns to provide biased J values in high-
molecular-weight compounds.

The proposed experiments were first tested on a sample
of [*N, "*C]-enriched Ac-Gly-Ala-OMet using an array of
proton carrier frequencies in order to test the selectivity of
the Hermite pulses. The use of a hard echo pulse (Fig. 1A)
in the reverse INEPT transfer prior to the acquisition period
in lieu of a selective Hermite pulse yielded the same observed
J splittings, justifying the use of a selective Hermite echo
pulse. All sequences in Fig. 1 provided the same coupling
constants for the model peptide.

The sequences in Figs. 1B and 1C were used to measure
the Jin. coupling constants in a [ °N, ’C]-enriched sample
of the RNA-binding domain of hnRNP protein C1, for which
a 3D structure has been recently obtained using heteronuclear
3D and 4D spectroscopy (17). A representative ['H, ’C}
slice of the HNCA J spectrum using the sequence in Fig. B
is presented in Fig. 2A. Cross sections along F through the
peaks highlighted by the arrows are depicted in Fig. 2B. The
separation along F3 ('H axis) of the peaks depicted in Fig.

2B corresponds t0 > Jyy,. Clean, absorption-mode lineshapes
are obtained with the sequences in Figs. 1B~1D, since the
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TABLE 1
Values of Coupling Constants Measured in hnRNP C1 (12)
Using the Sequences in Figs. 1B and 1C

Res. Sequence in Fig. |B Sequence in Fig. 1C
Argl7 5.3 44
Vall8 7.2 7.2
Phel9 42 4.3
1le20 75 7.4
Asn22 6.5 8.4
Leu23 5.6 6.1
Val44 8.2 9.1
Cysd6 4.4 5.5
Valdg8 7.1 7.3
His49 8.0 8.9
Ala53 6.1 6.6
Phe54 5.6 6.7
Valss 8.2 7.7
GIn36 8.1 8.3
Tyrs7 7.3 79
ValS58 7.3 8.2
AsnS9 6.4 6.6
Leu80 2.8 3.0
Asp81 1.5 7.5
1e82 1.6 8.6
Asn83 34 3.1
Leu84 3.0 3.0
Ala85 3.0 22

Hermite echo pulse (see Fig. 1) refocuses both chemical-
shift and proton spin-spin interactions. The accuracy of the
J values can be improved by inverse Fourier transformation
of cross sections along the F; axis followed by zero-filling,
resolution enhancement, and Fourier transformation.

Table | lists observed J values in the §-sheet domains of
hnRNP C using the sequences in Figs. 1B and 1C. As ex-
pected, the sequence in Fig. 1C yields on average slightly
larger J values. The observed coupling constants are in qual-
itative agreement with the previously elucidated secondary
structural features in this protein—small J values of <5 Hz
are observed in the « helices and predominantly large J val-
ues > 7 Hz in the 8 sheets (/7). (see Table 1).

Resolution in both F, and F, was enhanced by extending
the ¢, and 1, interferograms using complex linear prediction
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(18). Carbonyl decoupling during the entire experiment was
achieved by homonuclear selective decoupling (19).

We have shown that accurate >Jyy, coupling constants
can be measured in proteins using the HNCA J pulse scheme
in peptides and small proteins. In proteins of high molecular
weight, however, the observed splittings are biased toward
smaller values due 10 differential relaxation of the coherences
that form the observed cross peaks in the 3D spectrum.
Modified pulse schemes are proposed that provide more ac-
curate values at the expense of lower sensitivity.
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