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Abstract

A method is presented to determine bétlands backbone angles in proteins simultaneously. This is achieved
by measuring the effect on two-spin coherences of cross-correlation betéérN and3C*-1H* vectors. The
cross-correlation rates are obtained by comparing two complementary three-dimensional experiments.

Introduction be correlated in an empirical fashion wit(HVH®)
(Karplus, 1959).

Cross-correlation effects on two-spin coherences can  In this communication, cross-correlation effects
be an effective probe of protein conformation (Reif are utilized to determinsimultaneouslyhe backbone
et al., 1997; Yang et al., 1998; Yang and Kay, 1998; ¢ and{ angles. The proposed method requires no
Pelupessy et al., 1999; Chiarparin et al., 1999). The calibration to estimate th¢ angles, but only requires

extent of cross-correlation between the fluctuations knowledge of the molecular correlation time and or-

of the 1N-THN and 13C*-1H* internuclear vectors
on the relaxation of zero- and double-quantum co-
herences involving thé3C* nucleus of thei(— 1)th
residue of the protein and th®N nucleus of the
()th residue depends on the backbanangle (Reif

et al. 1997; Yang and Kay, 1998; Pelupessy et al.,

der paramters, which are readily available for nearly
spherical proteins.

The method proposed here relies on the simulta-
neous creation of two types of two-spin coherences
involving C* and N nuclei of the protein backbone.
At the start of a relaxation period T, the coherences of

1999). Likewise, cross-correlated relaxation between interest may be represented by the following schemes:

the 13C’ (carbonyl) chemical shift anisotropy (CSA)
and thel3C*-1H? dipolar interaction affects zero- and
double-quantum coherences involving thie* and
13C’ nuclei of the same amino acid also provides in-
formation on thes angle (Yang et al., 1998; Yang and
Kay, 1998).

On the other hand, the anglg is usually es-
timated from the magnitude of the scalar coupling
3J(HNH®), which can be measured, for example, by
HNCA-J (Montelione and Wagner, 1990) or HNHA
experiments (Vuister and Bax, 1993). T¢x@ngle can
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Figure 1. Pulse sequences employed for the simultaneous measurement of cross-correlati®jo@tgsand R{6({,)}. Narrow and wide
rectangles indicater/2 andnt pulses. The fixed delays are setip = 2.5 ms,to = 7.5 ms, A = 1/8J(NHN) —1/8)C*H%) = 0.48 ms

and A, = 1/8JC*H%) = 0.89 ms. The bold-outlined rectangles in the experiment | are placed so that the scalar couplings are refocused. In
experiment |l these pulses (dashed rectangles) are shifted to allow evolutioni§adéet*) and](NHN). Thel3c® refocusing pulse has a
RE-BURP profile (Geen et al., 1991). The long and short arrows pointing to the left or right indicate that the pulses have to be sfilited by
andrq/4 or by /2 andt,/4. The sequences are designed to allow constant time evolutigruimder thel3C chemical shifts. The evolution

in the 1N dimension occurs inptin a constant time manner during the conversion BRCHY and N.HY C2 into N, HY . Unless specified
otherwise, all pulses are applied along #hexis. The phase cycle i®1 = y, -y, y, =y, y, =y, y, —y; 2 = x, x, —x, —x, x, X, —X, —X;

&3 = x, x, x, x, —x, —x —x, —x, With concomitant alternation of the receiver phase.

have their usual meaning. For non-spherical proteins

H © H" He with anisotropic tumbling the dependence of the re-
! . ”, . | ) | ) laxation rates on the anglésis less straightforward
C'i-D) — CGE—-1D — NO — C*0D (Daragan and Mayo, 1997; Ghose et al., 1998). Equa-
v @ ¢ tion (1) applies to both 4N HY and 4NHYC?
4N, (i)HQ’(i)Cg(i) coherences. If the Cbelongs to the previous residue,
(henceforth 4I}IH§VC‘;) 6 is related to thels:

cog96) = 0.163+ 0.819 cosW — 120°), (2)

By ordering the operators in the sequence in which
the atoms appear in the backbone it is possible to
drop the indicesi(— 1) and (). Dipole-dipole cross-
correlation between the®®l“ and NH\ vectors during
the delayT partly converts 4QN, HY into 4C/HIN,
and 4NHYCS into 4N, CYHZ. Assuming isotropic
overall tumbling, the rate of this conversion depends
on the angl® between the @H* and NHN vectors:

where it has been assumed that 180, i.e. that the
peptide bond is planar. On the other hand, if tite C
and N nuclei belong to the same residdidepends on
the¢ angle:

cog0) = —0.163+ 0.819 cosdp — 60°). 3)

A set of two complementary three-dimensional ex-
periments has been designed to excite simultaneously

woi\ 2 v2veyn (3cog 6 — 1) 252, the terms 4¢N HY and 4NHYC} and to measure
o= an rRHTEH 2 5 (1) the conversion processes#¢ HY — 4CHN and

4NXHQ’C§ — 4N, CYH?. The pulse sequences are
e shown in Figure 1. The magnetization of the amide

wheres? is the generalized order parameter and wher TLN 5 )
HN is transferred to!®N and thensimultaneously

1. is the global correlation time. All other symbols



to the 13C%s of the same i(th and of the previous

(i —1)th residue in the fashion of an HNCA experiment
(Kay et al., 1990), throughJ(NC*) ~ 7-11 Hz and
2J(C*N) ~ 4-9 Hz. At this stage of the sequence, there
are four relevant components: 2NY, 4C'N HY,

4N HYC? and 8GN HNCZ. A transfer delay of
30 ms is chosen in order to maximize the amplitude
of the second and third terms, while the offspring
of the first and fourth terms is later eliminated by
phase-cycling. Two-spin coherences‘;M;HQ’ and
4N, HYC? are then excited by the application ot%C
(m/2)y pulse. Experiment | is designed to measure sig-
nals proportionalto the initial termg S (4C)N, H?’)

and $ = (4NxH2‘C§> while experiment Il allows
one to measure signals arising from cross-correlation
S| = (4C};NyH§‘) and § = <4N),C‘;H§‘) in analogy

to similar experiments (Felli et al., 1999; Pelupessy
et al., 1999; Chiarparin et al., 1999). The difference
between the two experiments lies only in the position
of the protonr pulses (see Figure 1). The experiments
have the same overall length and show identical re-
laxation behavior during the delays, but differ only in
the evolution under scalar couplings. In experiment |
all scalar couplings are refocused, while in experi-
ment II, J(C*H®) is active during A2 = 1/2J(C*H%)

and J(NHN) during 42 + A1) = 1/2J(NHN). The
ratio of the signal intensities of the two experiments is
related to the cross-correlation rates:

Sit(ACHHEN,) /S (ACEN HY) =
— tanhR[6($)IT} = —[exp{RIO($)]T'}
— exp{—R[6(P)1T}]/[exp{R[O($)]T}

+ exp{—R[6()IT]], (4)

Sit (4N, C2H%) /S (AN HNCY) =
— tanl(R[6(W)]T} = —[exp{R[O(V)]T}
— exp{—R[6(W)IT}]/[exp{ R[O(W)]T}

+ exp{—R[O(W)]T}]. (5)

Evolution of thel3C* chemical shift in t allows
separation of terms in Equation (4) which arise from
C*(i) from those in Equation (5) which arise from
C*(i — 1). The band-selective carbonpulse (Geen
et al.,, 1991) in the relaxation peridll inverts only
the C' region, so that the duration of the relaxation
period7 need not be a multiple of (C*CP) (Yang
etal., 1998). Note thal(C*CP) evolution occurs intt,
since the band-selective pulse is shifted by/2. It
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Figure 2. Representative planes through three-dimensional spec-
tra at selected®N chemical shifts, showing3C® resonances that
belong to a few selected amino-acid residues and to the previous
residue for Experiment | (a, ¢) and Il (b, d). (a) and (b) correspond
to al®N chemical shift of 121.2 ppm iy, (c) and (d) correspond

to wp = 1214 ppm. The selected residues are Isoleucine-30 and
Lysine-29 (130 and K29, in the middle of anhelix), Threonine-14
and Isoleucine-13 (T14 and 113, infasheet), Isoleucine-23 and
Threonine-22 (123 and T22, at the start of@helix), Arginine-74

and Leucine-73 (R74 and L73, in aloop). (c) and (d) show signals of
six residues, because theN shifts of T14, 123 and R74 are nearly
degenerate around 121.4 ppm.

is possible to prevent this evolution by inserting some
additional pulses, but this was not deemed useful since
J(C*CP) ~ 35 Hz is much smaller than the digital
resolution in our experiments+«(95 Hz). The posi-
tion of thelH pulses in both experiments | and Il is
such that the effects of CSA/DD cross-correlations are
averaged out. A-filter is inserted to purge unwanted
components. Evolution of th&#N chemical shift in

a constant-time fashion in tduring the conversion
processes 4N, HY — 2N HY and 4NHNC? —
2NyHQ’ allows further dispersion of resonances. Thus,
in both experiments, we obtain spectra in which each
amide H proton observed i3 is correlated with
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0.34 s'1 for R{6(¢)} and 0.83 51 for R{B(V)}. Also

50} shown are the rateR{6(¢)} and R{6({)} calculated
ool using Equations (1)—(3). Using this method alone, it
= ' is not possible to determine thgand s angles un-
S 50} ambiguously, since there are several values @ind
"2 ¥ that are compatible with a pair of experimentally

-100 determined cross-correlation rates. This is reminiscent

of the ambiguity in using so-called Karplus curves. It
is possible to resolve some of this ambiguity by mea-
suring other rates which are related to the backbone
angles, as shown by Yang and Kay (1998).

In conclusion, we have proposed methods which
72 allow the simultaneous determination of the backbone

-150

50} 4

¢ and ¢ angles without having to rely on Karplus
00 curves, by measuring dipole-dipole cross-correlation
§ ' rates between®@ and NH\ interactions. These rates
T 50t are obtained by comparing signal intensities of two
ha complementary experiments, provided the correlation
oof — 222 = g-g time and the order parameters can be obtained from

150} conventional relaxation measurements.
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