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Summary

A new isotope-assisted cross-relaxation editing experiment, ['H-"*C]DINE-NOESY['H-"’N]JHSQC
(DINE =Double INEPT Edited), is proposed. It is based on the selective inversion of CH/CH,; or CH,
protons in the middle of the mixing time. The experiment sorts out the spin diffusion paths according
to the principal mediators, either the CH/CH, or the CH, protons. This is useful in the structure refine-
ment process, as it enables proper alignment of the aliphatic protons in the vicinity of NH protons.

Homonuclear proton—proton cross-relaxation, the
principal source of information in protein structure deter-
mination by NMR spectroscopy, is significantly improved
by isotope labeling (Griffey and Redfield, 1987). Isotope
editing and isotope filtering experiments (Marion et al.,
1989; Ikura et al., 1990; Otting and Wiithrich, 1990;
Clore and Gronenborn, 1991; Ikura and Bax, 1992) sim-
plify cross-relaxation spectra by simultaneously improving
their resolution and quantificability. Unfortunately, spin
diffusion, a notorious problem that complicates the inter-
pretation of macromolecular cross-relaxation spectra, also
appears in isotope-assisted cross-relaxation spectra. It can
be mediated even by filtered-out proton spins. A simple
analysis shows that the protons eliminated by isotope-
assisted filtering contribute to spin diffusion as if they are
fully visible (Zolnai et al., 1995). Thus, most of the mag-
netization exchange network editing (MENE) methods
are concerned with the elimination of spin diffusion (Mas-
sefski and Redfield, 1988; Fejzo et al., 1991,1992; Zwahlen
et al., 1994; Zolnai et al., 1995; Vincent et al., 1996).
However, spin diffusion, if properly identified, may con-
tain valuable information about the cross-relaxation net-
work. Since it involves more than one spin pair, it can
help to identify the contributions to the cross-relaxation
by filtered-out spins or spins that cannot be directly iden-
tified because of considerable overlap. In this communica-

tion, we present an isotope-assisted difference method
that separates the spin diffusion pathways involving H"/
H3 and H™2. In a novel isotope-assisted experiment,
['H-"C]-DINE-NOESY['H-"NJHSQC (DINE = Double
INEPT Edited), the double INEPT sequence (Bodenhausen
and Ruben, 1980; Bax et al., 1990; Norwood et al., 1990)
is used to selectively invert either H"2 or (H",H3) in
doubly labeled proteins. The experiment achieves selectiv-
ity independently of the chemical shift. This is rather
important, since the chemical shift ranges of CH, CH,
and CH; groups overlap in both carbon and proton res-
onances. The experiment is designed for mapping the H™-
HY spin diffusion mediated by aliphatic protons.

Any MENE experiment can be derived from the re-
spective isotope-assisted NOESY sequence by inserting
one or more evenly spaced selective inversions in the
mixing period. Figure la shows the NOESY['H-"’NJ-
HSQC sequence (Norwood et al., 1990). The correspon-
ding double INEPT edited NOESY sequence, ['H-"*C]-
DINE-NOESY['H-"NJHSQC, is obtained by inserting the
INEPT-reverse-INEPT (double INEPT) selective inver-
sion in the middle of the mixing period, Fig. 1b. Depend-
ing on the phase ¢ (Fig. 1b), the double INEPT sequence
selectively inverts either H™2 or (H",H"3), see Fig. lc.

The effect of selective inversion of a group of spins I
with respect to an unperturbed group of spins P can be
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Fig. 1. (a) NOESY['H-""N]HSQC sequence (Norwood et al., 1990). (b)
The corresponding INEPT edited NOESY sequence ['H-"C]DINE-
NOESY['H-"NJHSQC, obtained by inserting the INEPT-reverse-
INEPT (double INEPT) selective inversion pulse sequence in the
middle of the mixing period. (c) Depending on the phase ¢, the double
INEPT sequence selectively inverts either H™2 or (H®, H™) for A=
1/2),;c. Note that the presented evolution of magnetization does not
account for the relaxation and dephasing due to homonuclear coup-
lings. Typically, ~10% of amide proton magnetization and ~30% of ali-
phatic proton magnetization is lost during DINE. Phase cycling: ¢, =
4x,4(—x); §, =x,—X; ¢ =2x,2(—x); receiver =x,2(—X),X,—X,2xX,~X; delays: T,
=1/(2);n); T, = 1/(4J;4y)- Spectra were recorded on a Bruker AMX-500
spectrometer equipped with a three-channel reverse detection gradient
probe.

summarized by the following equations (Eq. AS in the
Appendix):

R =0 i0P jOlandiCL jOP
R{"=R; ijOPi#zjand i,jOLi#%] (1)
RT=R;+ Y R, i0P, jOlandi01, jOP

]

The superscript eff indicates that, although the MENE

experiment does not influence the original cross-relaxation
rates R; and Ry, it alters the magnetization transfer as
though it is governed by the corresponding effective cross-
relaxation rates defined in Eq. 1. The first relation indi-
cates that MENE separates the cross-relaxation network
into two noninteracting subnetworks (Macura et al., 1992;
Zolnai et al., 1995). This results in the complete elimin-
ation of cross peaks between the inverted and noninverted
groups of spins. The second relation shows that the cross-
relaxation within the two groups of spins is not affected
by MENE. Hence, the intensity of the cross peaks af-
fected by spin diffusion through spins from the other
group is reduced. The third relation demonstrates that
spin inversion enhances the apparent autorelaxation rates
of diagonal peaks. The increase in the relaxation rate is
equal to the sum of the cross-relaxation rates over all
excluded pathways.

In the ['H-"C]DINE-NOESY['H-"N]JHSQC experi-
ment with H*2 inversion, the cross peaks between H™
and HY, H™, H™ are removed and, additionally, the
cross peaks among protons that have spin diffusion caused
by H®2 are reduced by the exact amount contributed by
this spin diffusion. Similarly, when (H", H®") are in-
verted, the cross peaks between (H™, H"3) and (HY,
H™) are eliminated, and those among HY and H ™2 are
reduced. Focusing on the HY-HN interactions, in the first
experiment the direct HY-HY cross peaks and HN-HY
peaks with spin diffusion pathways over H", H"s and
H" protons remain intact, while the spin diffusion over
H ™ is eliminated. Also, the HY diagonal peaks will be
attenuated roughly to the extent of their cross-relaxation
with H"2. Similarly, in the experiment with (H™, HM3)
inversion, cross peaks not related to the inverted protons
remain intact, and the HY-H" cross peaks with spin diffu-
sion mediated by the inverted protons are attenuated as
well as the diagonals involved in their cross-relaxation.

Ideally, the attenuation of the HY-HN cross peaks in
both DINE experiments reveals the dominant spin diffu-
sion pathway. Peaks that are attenuated in the first ex-
periment are influenced by spin diffusion over H2 and
in the second over (HY, H"3). However, such a clear
picture can only be observed when the inversions are
perfect, the inversion rate is commensurate with the fastest
magnetization exchange rate and the effective autorelaxa-
tion rates are similar. When the inversions are not perfect,
or if 0, T;,21 (0,,,, is the maximal cross-relaxation rate
that needs to be eliminated and T,, is the interval between
successive inversions; for a single inversion T, =T,./2), the
magnetization transfer before inversion is not exactly
compensated by transfer after inversion. Hence, the resid-
ual peaks among the inverted and noninverted spins may
remain visible. Also, there is an attenuation of peaks due
to the increased apparent autorelaxation rate in the edited
experiments that makes the measurement of spin diffusion
and the interpretation of MENE spectra ambiguous. To
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alleviate this problem, we propose to use the difference
between the spectra with inversion of H“™2 and (HY,
H), To a first approximation, the imperfections in the
two experiments have the same origin, hence their effects
cancel, and the interpretation of the difference spectrum
becomes straightforward.

Consider what happens with HY-H" cross peaks in the
difference DINE-NOESY-HSQC spectrum with H"2 and
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with (H™3, H") inversions: A-DINE = DINE(H ") -
DINE(H ", HY). Because the spin diffusion over H™
is attenuated in the first experiment, and over (H ", H"3)
in the second, the HY-H" cross peaks with dominant H"2
pathways will be negative while those with dominant H"
or H™3 pathways will be positive. Depending on whether
the direct cross-relaxation is dominated by H, H*"3 or
H™:2, the diagonal in the difference spectrum may be
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Fig. 2. (a) The amide region of a NOESY['H-"NJHSQC spectrum of 2 mM doubly C/"*N-labeled human ubiquitin (a small globular protein,
M,,=8565 Da) in 20 mM acetic acid-d;, 90% H,0/10% D,O, pH 4.1, 1,, =500 ms, T,=2.4 ms, 64 scans, 512 increments in t, and 512 t, data points;
total acquisition time ~12 h. (b) Positive and (c) negative levels of the same region of a NOESY['H-"C]A-DINE['H-""NJHSQC spectrum (A-
DINE =DINE(H"2) - DINE(H™, H™3)). 1, =500 ms, T,=2.4 ms, A=3.6 ms, 256 scans for each DINE experiment; total acquisition time ~4 days;
other settings as in (a). In all experiments a 1 kHz rf field was used for WALTZ decoupling of *N during acquisition. The water signal was
eliminated with the WATERGATE sequence. (d) Cross sections from a NOESY['H-"NJHSQC spectrum (upper line, relative scaling 0.2) and from
a NOESY['H-"C]A-DINE['H-"N]JHSQC spectrum, taken along the proton resonance of Lys'' H™. The positive cross peak Lys'/Thr'? indicates
that spin diffusion is mediated by (H®, H®3) and the negative cross peak Lys''/Gly' (the peak labeled with an asterisk is a tail from an
overlapping side-chain amide resonance) indicates that the principal mediator is H"2.
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Fig. 3. Fragment 10-12 from the X-ray structure (Vijay-Kumar et al.,
1987) of human ubiquitin with the spin diffusion pathways identified
in Fig. 2.

either positive or negative. Consequently, in the difference
spectrum the dominant pathway is determined by the sign
of the cross peak rather than by the extent of attenuation
as in a single DINE experiment. Up to the second order
in mixing time T, the volume of the A-DINE cross peak
is given by (Eq. All in the Appendix):

Aﬁ-DlNE(Tm) - AgHz (.[m) _ AS]—LCH; (.[m)

max

g
= 7 DRikRkj)kDCH,CH3

+o(12), i,j ONH

m

max

H
- (RikRkj)kDCHz * Rij6% (2)

Equation 2 assumes that each group of pathways is domi-
nated by a single, maximal term. It illustrates that the
sign of a peak depends on the dominant pathway, and
that the peak intensities are of second order, thus much
weaker than the peaks in the original experiment. R;0
represents the contribution from differential enhancement
of the apparent autorelaxation rates in the two MENE
experiments. This complicates the interpretation of the A-
DINE spectrum, as it can be either positive or negative
and having the same order of magnitude as the first two
terms. It is zero when both amide spins have the same
sums of cross-relaxation rates to H"3 and to H™.
However, it may influence only the very strong peaks,
and in a true spin diffusion case, when R; <R, Ry, can
be safely neglected.

Figure 2 shows the amide section of an isotope-assisted
two-dimensional NOESY spectrum of doubly labeled
human ubiquitin, recorded using the sequences from Fig.
1. The amide part of the NOESY['H-"N]JHSQC spec-

trum recorded with T, =500 ms is shown in Fig. 2a. The
['H-"NJHSQC sequence helps to eliminate all but the HN-
originated NOEs, and allows an easy extension to the 3D
HHN experiment needed for larger proteins. While the
spin diffusion over carbon-bound protons can be ident-
ified from the heteronuclear BD-NOESY (Zolnai et al.,
1995) or QUIET-BIRD-NOESY (Vincent et al., 1996), it
would be beneficial if the dominant diffusion pathway
could be identified. For example, the Lys'' HY proton has
cross peaks with Gly'® HY and Thr'> HY. The heteronu-
clear BD-NOESY experiment (Zolnai et al., 1995) (not
shown) indicates that they are partially influenced by spin
diffusion over H"n, but the identification of proton type
(HM, Hs or H*2) may provide additional information
about their immediate environment. This information can
be obtained from the NOESY['H-"CJA-DINE['H-"N]-
HSQC spectrum (1,, =500 ms) shown in Figs. 2b (positive
contours) and 2¢ (negative contours). In the A-DINE spec-
trum, there is a positive cross peak between Lys'' HN and
Thr'?> HY and a negative cross peak between Lys'' HY and
Gly'® HY, Fig. 2d. This indicates that the spin diffusion in
the first pair is mediated by (H", H™3) and in the sec-
ond by H™2. Structurally, this means that either the H™
or the H™3 proton is in close proximity to both Lys'' HY
and Thr'> HY and that the H®2 is in the vicinity of both
Lys'' HY and Gly' HN. Indeed, inspection of the X-ray
structure of human ubiquitin (Vijay-Kumar et al., 1987)
reveals that Lys"' H® is proximal to Lys" H" and Thr"
HY and Gly'® H*>* to Lys'' HY and Gly'® H, see Fig. 3.

In conclusion, we have proposed a new heteronuclear
cross-relaxation edited experiment, [‘H-"*C]A-DINE-
NOESY['H-"NJHSQC, which enables the distinction be-
tween spin diffusion pathways over H2 or (H", H™5).
This information should be useful for (NMR-based) struc-
tural refinement when orienting side chains and backbone
strands with nearby aliphatic protons that cannot be
directly identified.
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Appendix

Here we describe the DINE experiments in the frame-
work of the theory of magnetization exchange network
editing (MENE) that we have presented elsewhere previ-
ously (Zolnai et al., 1995). The relations between the cross-
relaxation rates R;; and the effective cross-relaxation rates
in the MENE experiment, R{", are obtainable from the
scalar form of the master equation (Kalk and Berendsen,
1976):

O n O n
m; = _ERii + zRinmi + szi<mj> (Al
J=L#

=13

Here, m, is the observable magnetization at spin site i
which is in exchange with spins at sites j, and [in;[is the
average magnetization at site j as seen from site i; in a
standard experiment [n;,CFm;. R;; and R; are the respect-
ive cross-relaxation rates. The leakage relaxation rate R;
encompasses all sources of relaxation outside the cross-
relaxation network. It includes contributions from all
spins (like and unlike) that drain magnetization from the
network, and describes the leakage of magnetization into
the environment. For convenience, we split the network
into two groups of spins, the positive P, which we observe
but do not perturb, and the inverted I, which we manipu-
late in MENE. Then Eq. Al becomes

. 0 O
m; = _ERH + zRij + zRinmi
0P, j#i SO, j#i

(A2)
0 O ,
+HzRﬁ+ ZR%$%%1DPDI

0P, j#i JOL j#i

In a standard experiment, there is no distinction between
the P and the I spins. In MENE, the spins in group I are
inverted during the mixing time. In an ideal case, with a
high number of perfect inversions, the effective magneti-
zation of inverted spins I, as seen from the spins P, is
zero: (0= 0 for jO 1. For j O P, analogous to the situ-
ation in a standard experiment, [h,[=m;, and Eq. A2
becomes

0 0
mi:_BRii+ ZRij+ZRijE‘ni+ > Rym;,iP  (A3)

jOP,j#i  jOn jOP, j#i

Equation A3 describes the magnetization evolution of
spins P under selective inversion during the mixing time
of the spin group I. Although the inversions do not affect
the cross-relaxation rate constants R, they modify the
magnetization transfer network. The character of modifi-
cation becomes apparent if we put Eq. A3 into a form
equivalent to the master equation (Eq. Al) (i.e., satisfying
the principle of micro reversibility):

O " O "
Co— i i fr
mi - 9{;“ + ERiej“ Hmi + ZR; mJ (A4)
j=Lji j=Ljzi
Comparing Eqgs. A3 and A4, we find the relationships
between the new, i.e., effective, relaxation rates and the
original ones as:

R{"=0 i0P, jOlandi01, jOP
R{"=R; ijOPizjand i,j0L i#] (AS)
Rﬁ‘"‘"=Rﬁ+JzRij iOP,jOlandi01, jOP

The volume of a cross-relaxation peak A; as a function
of the mixing time T,, can be expressed in a Taylor series
as (Macura and Ernst, 1980):

Ay(ta)=
o; —R;1,,
120 O (A6)
+—+0 Y RaRy + Rij(Rii +Rjj)+ > RuRy O
[koP. k#i,j kOLk#i,j O

+o(1), i,jOPOI

where, again, we have separated the summations over the
P and I spins. In MENE, where the spins I are inverted,
the cross-relaxation between the two groups is suppressed,
which causes an increase in the leakage relaxation rates.
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Substituting the effective relaxation rates from Eq. AS
into Eq. A6 for peaks ij in group P, we obtain:

AllJ(Tm) = 61_] - Riij
12 0 0
+ > 0> RiRy +Ry ) (Rik +Rjk) O (A7)
Ckop kO O

+o(t2), i,jOP

Superscript I indicates that peak ij from group P is ob-
served when peaks from I are inverted.

For labeled proteins, where N, H™2 and (H", H"3)
can be selectively inverted, assuming that we observe H™-
H" peaks only, we can rewrite Eq. A7 for (H", H™)
inversion as:

A (1) =
o; - R;1,
12 0 U(A8)
+ > O zRikRkj + ZRikRkj +R; Z(Rik +Rjk) O
[kONH kOCH, kOCH,CH; ]
+o(12), i,j ONH
and for Hy, inversion
Ai(j:HZ (Tm) = 61] - leTm
12 0
+ T%ZRikRkj + Y RyRy
ONH kOCH.CH3 (A9)

0
+R; Z(Rik +Rjk)g

KkOCH,

+o(t2), i,j ONH

Finally, taking the difference between the last two

equations we obtain the cross-peak intensity in the A-
DINE experiment:

Aﬁ-DINE (Tm) = Ai(j?Hz (Tm) _ ASH-CHs (Tm)

12 §
ZTD > RiRy = Y RyRy
Ekocion, k[ICH,

(A10)
+ Ru% > (Ru+Ry)= ¥ (Ry +Rjk)%

[kocH, kOCH,CHj3
+o(t2), i,j ONH

Thus, the size and intensity of A-DINE cross peaks
depend on the number of the (CH, CH,) or CH, path-
ways in a rather complex manner. In practice, because of
the dependence of the cross-relaxation rates on the in-
verse sixth power of the interproton distance, usually one
R, R,; pair dominates in each sum, so that the peak sign
and intensity qualitatively depend on the difference be-
tween the two dominant pathways:

Aﬁ-DlNE(Tm) = Ai.CiH2 (Tm) — Ai(j?H,CH3 (Tm)

max max

_T E( O
Ty DRikRkj)kDCH,CH3 - (RikRkj)kDCHz + Rijég (ALl

+o(12), i,j ONH
R represents the contribution from the differential en-
hancement of leakage relaxation rates in the two MENE
experiments. It can be either positive or negative and can
be of the same order of magnitude as the first two terms.
Its presence complicates the interpretation of the A-DINE
spectrum. However, it influences only very strong peaks
and when spin diffusion is the dominant process, i.e.,
when R; <R, Ry, it can be safely neglected.



