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Abstract

Based on the sign and amplitude of TOCSY transfer functions, it is possible to determine the relative sign and size of scalar and
residual dipolar couplings in homonuclear spin systems consisting of two spins 1/2. The efficiency of different mixing sequences and
different transfer functions is examined both theoretically and experimentally.
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1. Introduction

In the weak coupling limit, the spectrum of two sca-
larly and dipolarly coupled spins does not allow to un-
equivocally determine the relative sign and size of scalar
and residual dipolar coupling constants. One solution to
the problem is to use an additional spin to solve the sign
ambiguity [1]. Alternatively, the preparation of several
samples with different degrees of alignment allows to
solve the sign problem. Here we present a different ap-
proach, which allows to solve the sign problem for a pair
of homonuclear spins in a single aligned sample if the
scalar coupling is known. The method relies on the fact
that TOCSY transfer functions reflect the full scalar and
dipolar coupling tensors. This makes it possible to de-
termine the sign of residual dipolar couplings in the
presence of known scalar couplings in a two-spin sys-
tem. The approach is demonstrated experimentally us-
ing a model system and potential problems of the
approach are discussed.
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2. Theory

We consider a system consisting of two homonuclear
spins 1/2 termed I and S. In the presence of both dipolar
and scalar couplings the coupling Hamiltonian has the
form:

HC - HD + H_] (1)
with the dipolar coupling term

Hp = 20D {111, — Sihoe = 31y (2)
and the scalar coupling term
HJ = 2M{[lz[22 + ]lx[bc + IlyIZy}- (3>

Hence, the total coupling term H¢ is given by
He = 2n{(D + J)I..Lo. + (J — D/2)(Iis]ox + I1,15,) }

= 27T{CL11212: + CP (I, + IIyIZy)} 4)
with C* =D +J and C* =J — D/2. In the weak cou-

pling limit, the observed splitting 4 is given by the ab-
solute value of the sum of J and D:

A=|C =|D+J| (5)

Hence a given splitting A4 can result from
Ct=A=D" +JorCt=—4A= D" +J, with the two
possible dipolar coupling constants

DY =A—J (6)
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DY =—A—J. (7)

For example, for a scalar coupling of J = 7Hz, an ob-
served splitting of 4 = 3.5 Hz can either result from a
dipolar coupling D) = —3.5Hz or from a dipolar
coupling D”) = —10.5Hz. These two cases cannot be
distinguished for a two-spin system in the weak coupling
limit.

Now we consider a TOCSY sequence [2-4] which
creates the following average coupling terms for two on-
resonance spins [5]:

Hp = 27D{li2hos = ol = Yiyhoy } (8)
and
H,=H,. (9)
Hence
He=Hp +H,

= 2n{Clhals + P (Iobou + Iy ) |, (10)
where
Ct=J+D=J+sD (11)
is the effective longitudinal coupling constant,
CP=J-1D=J—-sD/)2 (12)

is the effective transverse coupling constant and
s=D/D (13)

is the dipolar scaling factor [5]. In the principal axis
system (x',)/,z’) of the effective coupling tensor [6], the
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Fig. 1. Time-dependence of the transfer functions Tx(,ﬂ (solid curve)
and Tx<f) (dashed curve) (A) and T_,(f) (solid curve) and T, ) (dashed
curve) (B) for the dipolar scaling factor s =1 and a line splitting

A=1J]/2.

transverse and longitudinal transfer functions 7, = T,
and T, are given by

T, = T, = sin(nCPt) sin(nCEt)
= sin(n{J — sD/2}7) sin(n{J + sD}1) (14)
and
T, = sin®(nCPr) = sin®(n{J — sD/2}1). (15)
For the two possible values (D) and D), cf. Egs. (6)
and (7)) of the dipolar coupling constant D, Egs. (14)
and (15) can be rewritten as
149 =159 =sin(n{J — sDW /2} 1) sin(n{J + sD*) }1)
=sin(n{(1 +s/2)J Fs4/2}7)sin(n{(1 —s)J £s4}7)
(16)

C/J

Fig. 2. Time dependence of the transfer functions 7, (7) (A) and 7z (z)
(B) for different ratios C;/J and a dipolar scaling factor s = 1.
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Fig. 3. Differences T;,ﬂ - T;f) between the transverse (« = {x’ or y’} see A-D) and longitudinal (« =z’ see A’-D’) transfer functions for s = 1
(A, A'), s=0.5(B, B'), s= 0.25 (C, C'), and s = —0.5 (D, D’). Contour lines (black if positive, white if negative) are shown for £0.2,+0.4,...
Areas with the same value T, 5,“ -T ;f) are filled with the same grey level (e.g., black for |7, ;,H -T 2ff)| <0.2).
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Fig. 4. Root mean square difference ¢"™* of transverse (solid curves)
and longitudinal (dashed curves) transfer for 0 <t < 1/J (cf. Eq. (21))
and the dipolar scaling factors s = 1 (A), s = 0.5 (B), s = 0.25 (C), and
s=-0.5 (D).

and
71" = sin®(n{J — sD®) /2}1)
= sin’*(n{J — s(£4 —J)/2}1)
= sin*(n{(1 +s/2)J Fs4/2}7). (17)

In general, the transfer functions T\ (or TZ(,H) are dif-
ferent from the transfer functions 1;7) (or Tz(f) ). For the
ideal case where the scaling factor s approaches 1, the
transfer functions simplify to

709 = 70" = +5in(%(3J F 4)7) sin(n47) (18)
and
T = sin®(3(3J F 4)7). (19)

Fig. 1 shows the transfer functions Tf,i) and Tz(,i) for
A =|J|/2 and s = 1. Note that the two cases (D*) and
D)) can be easily distinguished by the sign of the
transverse transfer function T)f,” and 7;(,7) for short
transfer times (cf. Fig. 1A). More specifically, for J > 0
the transfer function Tx(f)(r) is positive and Tr(f)(‘c) is
negative, if ¢ <min{}, 355} and if 4 <3| (cf.
Fig. 2A). Conversely, for J < 0 the transfer function
7;(,+)(r) is negative and Tx(f)(r) is positive. In contrast,
the longitudinal transfer functions Tz(,i) (cf. Fig. 1B) are
both positive and can only be distinguished by the
transfer frequency (cf. Eq. (19)). In the general case
(s # 1), the sign of the transverse transfer function for
short mixing times does not directly reflect the sign of
C;. For s > 0 and J > 0 this is only the case if
l—s A4 s+2

s < || < s
For example, for J = 7Hz and a scaling factor s = 0.8
(corresponding to a typical MOCCA-M16 sequence [7]),
the sign of the crosspeaks directly reflects the sign of
C,=D+J,if 2Hz < 4 < 25Hz. From the experimen-
tal point of view, it is interesting to study which transfer
functions (longitudinal or transverse) are most suitable
to distinguish the two possible dipolar coupling con-
stants D) and D). For s =1, s = 0.5, s = 0.25, and
s =—0.5 [5], the difference TX(,+> -T x(f) between the
transverse transfer functions is shown in Figs. 3A-D
and the difference TZ(,+) - Tz<f) between the longitudinal
transfer functions is shown in Figs. 3A’-D’ as a function
of the mixing time 7 for the splittings 0< 4 < 3|J].

Fig. 4 shows the root mean square difference

(20)

Table 1

Coupling parameters of the prepared cytosine samples
Sample 0(D,0) J D J+D DIJ

(Hz) (Hz) (Hz) (Hz) (Hz)

1 0 7.2 0 7.2 0
2 42 7.2 —4 3.2 —-0.89
3 13.5 7.2 -10.7 =35 -3.29
4 18.8 7.2 -14.6 -7.4 —-6.21
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Fig. 5. Doublet splittings 4 = |D + J| of the H6 resonance of cytosine (A-D) and the corresponding residual deuterium quadrupolar splittings of
D,0 (A’-D') of four sample preparations with 4 =~ 7Hz (A and D) and 4 = 3.5 (B and C) for sample 1 (A, A’), sample 2 (B, B'), sample 3 (C, C'),
and sample 4 (D, D’) (see Table 1). The non-Lorentzian lineshapes are due to shimming problems.
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g™ =\ (127 - 1) ’ (21)

D and 1)) for o ={¥,y,7} and
0<t<1/J. For positive scaling factors s, this rms
difference is in general larger for transverse transfer
functions if the splitting 4 is smaller than 3 J, i.e.,
transverse transfer functions 7 are preferable to solve
the sign problem.

between 7.7

3. Experiments

To test this approach in practice, experimental co-
herence and polarisation transfer functions between H5
and H6 of cytosine were recorded in isotropic and an-
isotropic solutions. We prepared four samples with (see
Table 1 and Fig. 5)

D+J~4+3.5Hzand D+ J ~ +7Hz

A
N

-0.54

-1 -

by adjusting the concentration of commercially avail-
able phages (PF1-LP11-92, ASLA, Latvia) [5]. The
residual quadrupolar splittings Q of the D,O signal
are summarized in Table 1 together with the experi-
mentally determined isotropic (J) and dipolar (D)
coupling constants, C; = D +J and the ratios D/J. In
Fig. 5 the experimentally observed doublet of the H6
resonance with the splitting 4 = |D +J| and the cor-
responding deuterium doublet of the D,O signal with
the residual quadrupolar splitting Q are shown for all
four samples.

After selective excitation of the HS5 resonance, the
experimental transfer functions were derived from the
integrated intensity of the H6 resonance as a function of
the TOCSY mixing time [5] for several TOCSY se-
quences with different dipolar scaling factors. The ex-
perimental and simulated transfer functions Tr(,i) and
Tz(,i) for cytosine are shown in Fig. 6 for |D +J| ~ 3.5
Hz and in Fig. 7 for |[D+J|~ 7Hz. The best match

Fig. 6. Experimental (circles: J+ D~ 3.5Hz, squares: J+ D= —3.5Hz) and simulated (solid curve: J+ D= 3.5Hz, dashed curve:
J + D =~ —3.5Hz) transverse (A-C) and longitudinal (A’-C’) transfer functions for the transfer between H5 and H6 of cytosine. Pulse sequences:
MOCCA-M16 with s =~ 0.8 (A) MOCCA-XY16 with s = 0.85 (A’), MLEV-17 with s = 0.25 (B), MLEV-16 with s = 0.25 (B’), and DIPSI-2 with

s=-05(C, C).
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Fig. 7. Experimental (circles: J + D ~ 7 Hz, squares: J + D ~ —7 Hz) and simulated (solid curve: J + D = 7Hz, dashed curve: J + D ~ —7 Hz)
transverse (A—C) and longitudinal (A’~C’) transfer functions for the transfer between H5 and H6 of cytosine. Pulse sequences: MOCCA-M16 with
52 0.8 (A), MOCCA-XY16 with s = 0.85 (A’), MLEV-17 with s = 0.25 (B), MLEV-16 with s = 0.25 (B'), and DIPSI-2 with s = —0.5 (C, C/).

between simulated and experimental transfer functions
was found for the scalar and dipolar coupling constants
summarized in Table 1. A reasonable match is found
between experimental and theoretical transfer functions.
As expected, the sign of C; = D +J can be determined
in Fig. 6A directly from the sign of the transverse
transfer functions acquired with MOCCA-M16 with a
dipolar scaling factor s ~ 0.8. The dipolar scaling fac-
tors of MOCCA-XY16, MLEV-16, and DIPSI-2 are
s =0.85, s =0.25, and s = —0.5, respectively [5]. The
longitudinal transfer functions (Figs. 6A’-C’) are always
positive (cf. Eqgs. (14) and (16)) and the sign of
C, = D +J can only be distinguished for longer mixing
times. In contrast, the sign of C;, = D + J can directly be
determined by the sign of the transverse MOCCA
transfer function (Fig. 6A) for short mixing times. This
may be an advantage in applications where relaxation
losses cannot be neglected.

The experimental results in Figs. 6 and 7 show, that in
the case of transverse magnetisation transfer with
MOCCA-M16 the sign of the first extremum in the
mixing time range from t =0 to 100 ms is identical to
the sign of D +J. Hence, for a typical J coupling of
7 Hz, a two-dimensional MOCCA-M16 experiment with
a mixing time of 50 ms would allow us to determine the
sign of C, =D+ J simply based on the sign of the
crosspeaks for a splitting between 0.25]J| and 3.5|J]| for
s =0.8 (cf. Eq. (20)). So far, the discussion was re-
stricted to the on-resonance case (v; ~ vy ~ 0). How-
ever, the results qualitatively also apply for offsets v; and
v, that are within the active bandwidth of MOCCA-
M16, which is in the order of the rms pulse amplitude
[7]. This is demonstrated in Fig. 8, which shows the
simulated crosspeak sign and amplitude for J = 7Hz
and residual dipolar coupling constants between 0 Hz
(Fig. 8A) and —14 Hz (Fig. 8F) at a mixing time of 50 ms
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Fig. 8. Offset dependence of the transfer efficiency 7" (v, v,) under the MOCCA-M 16 sequence with a dipolar scaling factor s = 0.78 at a mixing time
Tmix = 0ms. The scalar coupling constant is J ="7Hz and the dipolar coupling constants are (A) D=0Hz, (B) D=-3.5Hz, (C) D=-7Hz, (D)
D=-9Hz, (E) D=-10.5Hz, and (F) D=-14 Hz. The sequence was normalized to an rms RF amplitude v = 10kHz. To simulate the effects of RF
inhomogeneity, a Gaussian RF inhomogeneity distribution with a full width at half maximum of 10% was assumed. Contour lines (black if positive,
white if negative) are shown for +0.1,4+0.2,...,+0.9. Areas with the same value of | T;i,“h\ are filled with the same grey level (e.g., black for \T‘i“h| <0.1).

with v = 10kHz. As expected for 4 > 0.25|J| ~ 2 Hz Remember that the previous discussion is strictly
(Figs. 8A, B and E, F), the sign of the crosspeak reflects valid only for 2-spin systems. For systems consisting of
the sign of D+J. three spins 1/2, analytical transfer functions are
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available [8]. In more complicated spin systems, the
transfer functions can be simulated numerically [9]. A
further complication arises in applications to large
molecules, such as proteins, where crossrelaxation rates
are comparable to scalar and dipolar coupling con-
stants. Here, TOCSY transfer through scalar and di-
polar couplings can be accompanied by significant NOE
or ROE contributions [3,10-14]. In the case of trans-
verse MOCCA-M16 transfer, for example, TOCSY
crosspeaks can be superimposed by negative ROESY
crosspeaks if two coupled spins are close in space. This
effect must be taken into account when protein spectra
are analysed. To show this phenomenon, here we pres-
ent MOCCA-XY16-SIAM spectra [22] of basic pan-
creatic trypsin inhibitor (BPTI). Partial alignment of the
protein molecules was achieved by the addition of 12
wt% lipid bicelles [20,21]. The Hy—H,, crosspeak am-
plitudes were carefully analysed for Asp 3 and Phe 45.
For the scalar and residual dipolar coupling constants of
Asp 3 and Phe 45 (cf. Table 2), the Hy—H,, crosspeak
intensities were simulated numerically [9] as a function
of the MOCCA-M16 mixing period (see Fig. 9). In the
simulation, the experimental offsets of the spins (cf. Ta-
ble 3) and the effects of RF inhomogeneity were taken
into account, but crossrelaxation effects were not con-
sidered in the simulation. For a mixing period of 30 ms,
both Hy—H,, crosspeaks are expected to be positive in the
absence of ROE contributions. Note, however, the sig-
nificantly larger amplitude of the simulated crosspeak of
Phe 45 compared to Asp 3. The former crosspeak should,
therefore, be less susceptible to the suspected ROE
contributions. Indeed, the crosspeak of Phe 45 is positive

Table 2
Coupling parameters for the spin systems of Asp 3 and Phe 45 in
aligned BPTI

Residue 1 Atom 1  Residue 2 Atom 2 J(Hz) D (Hz)
Asp 3

Asp(3) Hx Asp(3) H, 6.8 3.1
Asp(3) Hn Pro(2) H, 0 16.3
Asp(3) Hx Asp(3) Hg, 0 134
Asp(3) Hy Asp(3) Hg, 0 4.7
Asp(3) H, Pro(2) H, 0 2.4
Asp(3) H, Asp(3) Hg, 6.6 -1.7
Asp(3) H, Asp(3) Hp, 6.6 33
Asp(3) Hg, Asp(3) Hg, 13 23.9
Asp(3) Hg, Pro(2) H, 0 1.9
Asp(3) Hg, Asp(2) H, 0 1.1
Phe 45

Phe(45) Hn Phe(45) H, 10.2 5.1
Phe(45) Hx Asn(44) H, 0 8.2
Phe(45) Hn Phe(45) Hg, 0 7.3
Phe(45) Hx Phe(45) Hp, 0 34
Phe(45) H, Asn(44) H, 0 2.6
Phe(45) H, Phe(45) Hp, 6.6 0.9
Phe(45) H, Phe(45) Hg, 6.6 5.5
Phe(45) Hg, Phe(45) Hp, 13 26.6
Phe(45) Hg, Asn(44) H, 0 1.5
Phe(45) Hp, Asn(44) H, 0 1.1

7.-y'
a

0.2

0.1- b _

//
7
0 L
-0.14

I I I
20 f 40 60 80 100
t[ms]

Fig. 9. Numerical simulations of the transfer of y-magnetisation under
MOCCA-M16 with an RF power (corresponding to the root mean
square RF amplitude) v’ ~ 7kHz in two 5-spin systems (cf. Tables 2
and 3) neglecting relaxation effects. (a) Hx (Phe 45) — H, (Phe 45) for
spin system 2 and (b) Hx (Asp 3) — H, (Asp 3) for spin system 1.
Transfer efficiency after t,;x = 30.78 ms (see arrow): (a) 0.24 and (b)
0.07. For the simulations of the effects of RF inhomogeneity a
Gaussian RF inhomogeneity distribution with a full width at half
maximum of 10% was assumed.

Table 3

Offsets for the spin systems of Asp 3 and Phe 45 in aligned BPTI
Residue Atom Offset (Hz)
Asp 3
Asp(3) Hy 1059
Asp(3) H, —-1151
Asp(3) Hg, —-1891
Asp(3) Hp, -1891
Pro(2) H, —-1111
Phe 45
Phe(45) Hy 1690
Phe(45) H, -711
Phe(45) Hg, —-1576
Phe(45) Hg, —1886
Asn(44) H, -831

in the experimental 2D spectrum (see Fig. 10). In
contrast, a negative crosspeak is found for Asp 3 which
must be ascribed to the influence of the discussed ROE
contributions. It is, furthermore, interesting to note that
the crosspeaks due to a pure interresidual dipolar cou-
pling, i.e., for J = 0 are usually negative as it is expected
for At < 1 (see Eq. (18)). One example for such a nega-
tive transfer, the crosspeak between H, of Ile 18 and Hy
of Ile 19 is indicated in Fig. 10 (denoted by 18/19).

4. Conclusion

Conventional methods to define the relative sign and
size of scalar and residual dipolar coupling constants
between two spins require the presence of an additional
spin [1]. Here, we demonstrate that the different forms of
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Fig. 10. Characteristic sections of a homonuclear 2D MOCCA-XY16-SIAM spectrum of BPTI measured in a magnetically oriented anisotropic
solution containing 12 wt% lipid bicelles. The in-phase component of the spectrum is shown (for experimental details see [22]). Black contour lines:
signals with positive transfer. Grey contour lines: signals with negative transfer.

scalar and residual dipolar coupling tensors make it
possible to determine the relative sign and size of the
coupling constants even for a simple homonuclear two-
spin system (but not for heteronuclear spin systems). As
shown analytically and experimentally for a model sys-
tem, transverse transfer functions of TOCSY sequences
such as MOCCA-M16 with a large dipolar scaling factor
s (cf. Eq. (13)) are best suited to determine the relative
sign and size of scalar and dipolar couplings. We also
discussed potential problems created in spin systems
consisting of more than two coupled spins and in appli-
cations to large molecules, where NOE and ROE con-
tributions cannot be neglected. The first problem can be
solved using numerical simulations but a possible ex-
perimental solution could be the use of band-selective
TACSY sequences [3,15-18], which can reduce compli-
cated coupling topologies to effective two-spin systems
[3]. A possible experimental solution of the second
problem could be the use of “‘clean” TOCSY experiments
that are suitable for scalar and dipolar transfer [19].
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