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Abstract: A comprehensive description is presented of the effects on two-spin coherences (i.e., superpositions
of zero- and double-quantum coherences) of cross-correlation between the fluctuations of two different relaxation
mechanisms in nuclear magnetic resonance (NMR). Dipdipole (DD) interactions between four nuclei and
chemical shift anisotropy (CSA) of two of these nuclei are considered. Two complementary experiments have
been designed fdN,13C-labeled proteins to quantify the effects of cross-correlation betweeti@he 1H*
and™N—HN dipolar interactions on two-spin coherences involf@* of theith residue with thé®N of the

(i+1)th amino acid. Two other experiments allow one to quantify the effect of cross-correlation between the
13C’ (carbonyl) CSA and thé3C*—1H* dipolar coupling on the relaxation of two-spin coherences involving

the 13C' and 13C nuclei on the same residue of the protein. These experiments have been used to extract
relevant cross-correlation rates'iN,13C-labeled human ubiquitin. These rates show a high degree of correlation
with the backbondP angles in proteins.

Introduction bone8 1112 Similarly, cross-correlation between the chemical
shift anisotropy (CSA) of &3C' (carbonyl) nucleus and*&C*—

In nuclear magnetic resonance (NMR), cross-correlation 1o« dipolar coupling has been investiga®®:12 It has been
between the fluctuations of two different relaxation mechanisms shown that the corresponding relaxation rates allow one to

has been shown to be a valuable source of information aboutyetermine backbone anglé in proteins, which have been
structuré~® and dynamic$:> Cross-correlation effects have also  hjtherto inaccessible. These experiments bear a relationship to

proven to be useful to study chemical exchahddter early methods designed to measure dihedral angles in the solid
seminal work by Wokaun and Erisin the effects of correlated  gta1e13.14

fluctuations of external fields on transverse relaxation of multiple  Tpis paper consists of three distinct parts. In the first part of
quantum coherences, there has been a recent renewal of sucthe paper, we present a compact theory for the description of
studies® 12 In particular, it is possible to quantify the effects ihe effects on two-spin coherences (i.e., zero- and double-
?sf crciss,,q-co!rrelatlon between the fluctuations®@*—*H* and  quantum coherences involving two spins) of correlated fluctua-
N—H" dipolar (;ouspllngs on athe relaxation of two-spin  tions of dipole-dipole and CSA interactions. In the second part,
coherences involving®N and *3C* nuclei in a protein back- e present new experiments to measure these cross-correlation
TTo whom comespondence should be addressed. E.mail effects. Finally, in the third part, we relate two of the rates that
Geoffrey.Bodenhausen@ens.fr. Phore33 1 44 32 34 0. Fax:+3é 144 - we can' measure accurately, namely the, rate due t.O Cross-
32 33 97. correlation betwee#C*—1H®* and>N—'HN dipolar couplings
"Universifede Lausanne. and the rate due to the cross-correlation betweeAXHeCSA
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Table 1. Cross-Correlated Interactions in a
IH«—13Ce— . —15N—1HN System®

Rogua Rogus Rogsa Rogss Rzqua Rzqup Rzqsa Reqss
Rospenn— + - - + - + + -
Reopn,npe + - - + - + + -
Reape,copy - + - - + + - - +
RuHenky - - + + - - +
Roope nne + + + + - - - -
Reen + + + + - - - -
Reapn ey + + + + - - - -
Reecone  + + - - + + - -
Ru.NHe + + - - + + - —
Ruce  + + - - - - + +
» Reenne  + + - - - - + +
oy Resnbd  + - + - - + - +
Figure 1. Nuclei belonging to the backbone of a protein that can sustain QFHNN i B i _ :L i_ J_r i_
two-spin coherences which are affected by cross-correlation effects. Ry ‘Cq,:' + _ + _ + _ + _
) ; ) NH
The peptide plane is spanned by the five atorfis C;, O, Ni+1, and
HN.,1.The CSA tensor of the carboniC' nucleus has a principal 2The + and — signs in the table indicate whether the contribution
componenty along the G=0 bond, a componentx that lies in the of a particular term must be added to or subtracted from the average

transverse relaxation ratésSee the Appendix, section B, for explicit

eptide plane, and a componentthat is perpendicular to this plane. ;
pep P ponen perp P expressions of the rates.

paper we extend the methodology to the measurement of cross-

; . H* HN HY, HN
correlation between th&®C' CSA and the!3C*—!H dipolar : :

.

coupling on the relaxation of two-spin coherences involvi@) N (SN
and3Ce. The experiments described in our earlier publication Regienin R e i
involved a fixed relaxation delay, which had to be chosen to e mN Y
be a multiple of the inverse of the scalar coupliHigC*CF) \/ \/
(~35 Hz), to minimize losses of coherence. Such long delays (% N (% ING
(on the order of 25 ms) are unfavorable in large proteins with R&H%C;'HN liNHa,NHN
short transverse relaxation times. In the experiments described HY CHN pe Y HY, o
here, in analogy to experiments described by Yang éf alg \\ // WS
have used band-selective pulses applief@s (but not to'3C’ ‘¥ N it I @ @
and13CF), so that one can chose relaxation delays of arbitrary Reopanme  Rewoonm Rean

durationT. - U

Theory

In this section, we shall consider cross-correlation effects
involving various nuclei in the peptide plane shown in Figure
1.

CeH%/NHN Dipole—Dipole Cross-Correlation. Consider an
initial density operator consisting of a suitably excited two-
spin coherence, i.eg(0) = 2C%Ny. The main interactions that
need to be taken into account to describe the transverse
relaxation of this term are the two chemical shift anisotropies
CSA{3C%} and CSA'™N}, and the four dipolar couplings DD-
{13C(1_1H(1}Y DD{lacoc_lHN}’ DD{lSN_lHN} and DqlSN_
1H%} . The relevant cross-correlated relaxation mechanisms are
summarized in Table 1 and represented graphically in Figure Reo copn

2. If the rotational diffusion is in the slow-tumbling regime, Figure 2. Pictograms representing various interactionsiH%a-3C*—
only _the z_ero-frequency components of th_e spec_tral density  Zisy_in subsystem. Bold lines and circles stand for the DD and
functions, i.e., the(0) terms (see the Appendix, section B) can csa interactions that are responsible for various cross-correlated
make Significant contributions to the relaxation rates. The relaxation effects. Pictograms shown on the same row produce
density operatorg(t), can be expanded in a suitable basis of analogous effects on the relaxation of two-spin coherenceNaC
orthogonal operator§By} :16

where the coefficienty(t) are collected into a vectds. The
_ matrix R describes both relaxation and coherent evolution. Each
o) = Zkbk(t)Bk (1) coherence associated with a pair of eigenstates, i.e., with a single
) ) ) ] o transition, can be represented by a product of shift operafors
where the time dependence is contained in the coefficients g3nq|_ (which will be denoted €, C*_, N, and N to indicate
by(t). The spin dynamics are governed by the master equation,tne chemical identity of the spins that carry the angular

which can be represented in matrix form as momentum) and polarization operatdgs= E/2 + |, andlz =
E/2 — 1,, whereE represents the identity operat§iThese will
db/dt = —Rb @) likewise be denoted %, H%s, HY,, and HYg. Thus, the four

(16) Emst, R. R.- Bodenhausen, G.. Wokaun PAnciples of Nuclear lines of the doublet-of-doublets in the double-quantum spec-

Magnetic Resonance in One and Two Dimensi@iarendon Press: Oxford, ~ TUm associated with the coherencé.®. can be asso-
1987. ciated with the four single-transition operatorg;@l+H*,HN,
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CU‘+N+Ha&HNﬂ, Cu+N+H0’/3HNg_, and C}+N+H°’/3HNﬁ. A similar a b T4 T T4 TA
notation may be used for the coherences of oper 0 and - : i - i i
—2. The relaxation matrixR has a block diagonal form |
consisting of four 4-dimensional subspaces spanned by subsets N
of basis functions. Thus, the = +2 and one of theg = 0 R
manifolds may be written as
et
N N
2C* N ,H* H", 2C* N_H* H", -
b = 2C*, N, H* H",0 — 2C*,N_H* H",0 -
N N *
EZC“+N+H“/;H o0 EZC“+N,H°‘ﬁH o0 Recw
a N o 4N
2C*,N,H sH g 2C*,N_H sH 50

Figure 3. Manipulations by sequences of pulses of two-spin
The elements of the vectobs ™ andb~ transform as complex coherences (a) 2tNx and (b) 2GCe. These schemes are designed to
conjugates ofb*~ and b**, respectively. Therefore, it is measure the cross-correlated raes i« n™ andReepe o, respectively.
sufficient to follow the evol,ution of the f6rmer WO \,/ectors If the pulses are positioned as shown by filled symbols, evolution under

licitl he basis f . h h h chemical shifts of the heteronuclei and scalar couplidi@$H) and
explicitly. The basis functions have the same norm as the J(CH) are suppressed. In (a) all DECSA cross-correlation effects

Cartesian operators. The evolution lof™ and b*~ in their are removed because the protorpulses invert both Hand HY. If
respective subspaces is described by these two pulses are shifted simultaneously in the same direction, this
does not affect any of the cross-correlation rates of Table 1, while
db T /idt = =R T (4a) evolution under scalar coupling§C*H®) and J(NHN) is no longer
— I canceled. The toggling frame pictures below show how the scalar
db" /dt=—-R" b (4b) couplings and cross-relaxation rates change sign as a result of applying
m pulses. In (@QJ(NHN) transforms in the same manner H€“H%).
whereR™* andR*~ are given by The rates in Tables 1 and 2 behave as follows: with reference to (a)

rates 17 of Table 1 afRceqeng™ and rates 815 of Table 1 afy cone;
with reference to (b) rates 1 and 2 of Table ZRasce« and rates 36
i, Ry HRogue R R Raa R Rt R Rea - Ri~Ri—RatRan of Table 2 asRere cxe. In (b) only the effects of the ratéReee o and

4 4 Rone e are retained. If the outéH and*3C’ pulses are simultaneously

-t

4
w 17, _+RyHRoges R‘_Ra‘fam“ R‘_Ra‘:Ra_R‘“a moved toward the center, the overall effect of the cross-correlation rates
R-R+R,—R, R-R~R,+R. . R+R,—R,~R.. of Table 2 is not modified, while scalar coupling evolution can occur.
7y 7 Ty AR Rogre. ———— Note that the chemical shift of the carbonyl is not refocused anymore.
Ri—RyRatRa Ri—R;tRa—Ria RitRyi—Ra—Raa 7in‘]+++Rav+RDQ/3/i .
\ Z 2 7 elements provided thdRaa — Rail, [Ra — Ril, |Raa— Rl |Rai
(52) — Ril < [47X)(C*HY)| — |472(NHN)|. In this case, only the
— diagonal element& of the R matrix need to be considered,
I3, +Rt ey RﬁRa;R;Raa R‘*Rai:R;Raa R‘*Ra.;RﬁRaa so that all coherences feature monoexponential decays:
R1i+Ra\:1Ria7Raa inJ+++Rav+RZQ(x/a‘ R\iRai;Rwa+Raa R\iRai:RiaiRaa bk(t) = bk(O) eXp(—Rkkt) (7)
Ri—RitRa R Ri“Ri—RatRa RitRi—Ra—Raa .
T Rt Ry ———— The effect ofz pulses on thé3C*, 15N, and'H channels is

4 4
RRi R R R RitRa R R RaRa  igg 4R 4Ry, to interchange €. with C*-, N+ with N-, and H, with Hp,
4 4 4 respectively. If one or morer pulses are applied between
(5b) consecutive time intervals of duratidxt,, the various operators
Bk will be interconverted. After the last interval &t= > At,
the components db are

J,, = "I(CH®) + LINHY) N
J,_ =1I(C*H%) — LINHY) (6) bi(T) = by(0) L exp(-RyAt,) (8)

with the effective scalar couplings

Since chemical s_hifts are refocused in our experiments, _therhere the density operator is in the st&eat the beginning,
need not be considered in eq 5. The average rate appearing irg, in the nth interval At,, andB; at timeT.

the diagonal terms iBay = (Ri + Ra + Rai + Rad/4. The rates The scheme in Figure 3a has been designed to measure the
Ri, Ra, Rai, andRaaare the autorelaxation rates of the in-phase cross-correlated relaxation between the dipolar interactions
and antiphase terms 2@, 4CHNHY, 4CHNH®, and 13Ca—1Ha and IN—1HN. In the slow tumbling limit, the only
BC*NHNH, respectively. For the time being, we assume that fjyctuating dipolar Hamiltonians that contribute to this relaxation
these relaxation rates are equal for the zero- and double-quantumnechanism are proportional td*El*, and NHV,. The effect
manifolds. The other contributions to the diagonal elements of of gipole—dipole cross-correlation on the initial density operator
the matrixes of eq 5 are due to cross-correlation between thea(o) = 2C%Ny is a partial conversion into a term(T) =
different interactions mentioned before. Each of these rates 8C%NyHeHN,. It is important that the pulses interconvert the
comprises up to 15 rates that are due to different cross-correlated:gnerences in such a way that the sign of the Ry
relaxation mechanisms (see Table 1 and Figure 2 for further :

; ; ; i (17) Brutscher, B.; Bremi, T.; Skrynnikov, N.; Bsahweiler, R.; Ernst,
details). It is convenient to study the effects of the off-diagonal R. R.J. Magn Reson1998 130 346,

elements on the spin dynamics using perturbation tHéory (18) Merzbacher, EQuantum Mechanic2nd ed.; Wiley: New York,
(Appendix, section A). One can safely neglect the off-diagonal 1970.
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toggling frame diagrams in Figure 3a). This can be achieved b™t =

that one wishes to measure is preserved (see Table 1 and (B/EC“JFC;H‘X&;)

by applyings pulses simultaneously to two of the four nuclei
involved. Thus in Figure 3a twtH = pulses are applied av4
and at 3/4, while & pulses are applied a2 simultaneously
to the 13C and >N channels. ThéH pulses average out the
CSA—dipole interactions (the last eight terms in Table 1), while
13C and®®N pulses refocus the chemical shift evolution. Using
eq 8 one can calculate the density operator at timand,
therefore, the expectation values of the operators of interest:

2C* N, 0= 7,(2C* N, H 1N O 2C* N, HY HN O
2C* N, HEHY T 2C* N HYHY O
2C* N_H* H" O+ 2C*,N_H* H", O+
2C*,N_H%,H" [ 2C*,N_H*;H", [+ cc)
= Y1 {exp[(T;, + Ty)T] + exp[~(T, + Ty)T]}
expl—(Ry, + TYT] + (T, — T)T] +
exp[—('; — [T exp[=(R,, + I')T] (9a)
BC* NH* HY = Y,(~2C* N, H* H" O
2C*, N, H* H" 0+ 2C* N, H*HY O~
2C* N, H*HY O+ 2C*, N_H* HY, O~
2C* N_H H",0- 2C* N_H*;H" O+
2C*,N_H*H", O+ cc)
= 1 explT; + T +
exp[—(I'; + [yT]} exp[—(R,, + I'YT] +
T{explC; — TT) +
exp[—([', — [)T]} exp[—(R,, — T')T] (9b)

where cc stands for complex conjugate, and where

Iﬂl = RCﬂHnt,NHN + RC(IHNyNH(x (10a)
FZ = RCﬂHﬂ,CaHN + RNHOL’NHN (10b)
FS = RCﬂHﬂ,NHa + RCon,N + R(:uHNyNHN (100)

Providedl';T < 1 andI'3T < 1, the ratio of the two expectation
values is given by

BC* N H*H",0

= tanh 1la
2N D ()] (11a)

We shall see that this ratio can be determined from the ratio of
the cross-peak intensities of two complementary experiments

labeled | and II:
a(ll)/a(l) = —tanh(C,T)

C2H%/C’ Dipole—CSA Cross-Correlation. The dipole-CSA

(11b)

cross-correlated relaxation of the multiple quantum manifold

C'«C% can be treated in a similar fashiéh.The relevant
mechanisms involved are C$XC*} and CSA3C'} and the
dipolar couplings DB3C*—1H*} and DO{13C'—1H*}. When

N (B/icﬂc'_H“aa w2

w/2c,c H, /2C*,C_HY,

The vectorsdb™ andb~ transform as complex conjugates of
b** andb*~, respectively. The evolution di** andb™~ in
their subspaces is described by eq 4 with

++ _

i7J(C*H®) + R,, + Rooq
R-R

R-R

—iI(C*HY) + Ry, + Ry
(13a)

R-R
2
—izJ(C*H®) + Ry, + Ry
(13b)

iZI(CHY) + Ry, + Rooe

R-R
2

where R and R, indicate the auto-relaxation rates of the in-
phase and antiphase terms®2Cy and 4CC'yH%,. R,y is the
average ofR and R, The remaining rates in the diagonal
elements are due to cross-correlation between the four relevant
mechanisms (see Table 2).|R — Ry < |471)(C*HY)|, the
off-diagonal terms can be neglect&d.

The cross-correlated relaxation between €S&'} and DD-
{18Ce—1H%} leads to a partial conversion of 2C'y into
4C*,C'yH*, and can be measured with the scheme proposed in
Figure 3b. It is necessary to invert two of the three nuclei
involved in order to maintain the relative signs of the cross-
correlation rate that one wishes to determineTAt and 374,

IH and13C' & pulses are applied simultaneously, whileTé&

IH and3Ce 7 pulses are applied. The overall effect is to retain
only the CSA-dipole interactions involving three different
nuclei (the first two terms in Table 2) and to refocus the
chemical shift evolution. Using eq 8, one can calculate the
expectation values of the relevant operators:

[2C",C 0= (V2/4)([3/2C", C'  H* O+ 3/2C", C' H* O+
/2C*,C'_H", O+ /2C*,C'_H",0+ cc)
= ",(exp{—(Ry, = T)T} + exp- (R, + I')T}) (14a)
[4C*,C'\H* (= (v2/4)(32C*,C'  H" [H
/2C*, C H* O+ 2C*, C'_H*, 0~ /2C*,C_H*O+
cc)= 1/2(eXp{ —(Ry = I')T} +exp=(R,, + I'/)T})

(14b)
where
I = Ro cure T Remooo (15)
The ratio of the two expectation values is
Mﬂ: tanh(;'T) (16a)
2c',c.0

the single transition operators are chosen as a basis, the

relaxation matrix is reduced to four:2 2 blocks. For thep =
+2 and one of thep = 0 blocks, the components of vector
in analogy to eq 3, are given by

We shall see that this ratio can be determined from the ratio of
the cross-peak intensities of two complementary experiments
labeled 1 and II:



6880 J. Am. Chem. Soc., Vol. 121, No. 29, 1999

Table 2. Cross-Correlated Interactions int¥C' —13C*—1H«

Systen? a ;
H A, T4, T4, T, v
H B

RDQ<1 RDQ/f RZQa RzQ/f 'H I"M :"—Mﬂawlmz L xA{ﬁ IA:I; e Deeonpiing il H’H‘Ilb..‘__
RC’,C“H“ + - - + BN I | 1zl i) I | I I ' I’“‘l“" i l‘ﬂm l I I l [“Desouing 1
Ree ope + — - + o -
Reme cope + + — — e l I‘l‘! . - [1-11 I
RC’,C“ + + — — 13aliphatic I I | I l I
Ree coapqe + - + — o
Re ope + - + - PFG A A 7Y A i

Chiarparin et al.

aThe + and— signs in the table indicate whether the contribution

of a particular term must be added to or subtracted from the average
transverse relaxation rateésSee the Appendix, section B, for explicit
expressions of the rates.

a(ll'ya(l’y = tanh(",T)

Other Effects. So far it has been assumed that the double-
and zero-quantum operators have the same average selff
relaxation behavior. In a more rigorous treatment, the average
ratesRyy in egs 5 and 13 have to be replaced Ry and
Ra/ZQ in the double- and zero-quantum subspaces, respectively.
We can define a new averag@a, = Y2(RaPQ + Ry/?Q) so that
RaP? = Ray + 0 andRa/A? = Ray — 0, With 6 = 1/5(R,\PQ —

Q). The termd has an effect similar to that due to the GSA
CSA cross-correlated relaxation mechanism, so that we can
include it in the corresponding rates by substitutRg, n =
Reon + 0 @and Req.c = Reoc + 0. Further cross-correlated
rates of interactions involving remote nuclei can be included in
the autorelaxation rate.

Measurement of the Backbone AngléP. In proteins, the
relaxation rated™; and I'Y’ defined above are related to the
backbone angl&’. SinceRcope gy > ReeyN ywe, One obtains
T'1 ~ Reenene, because of the unequal internuclear distances,
and one may write in the slow-tumbling limit

r = (@)Z Yuvery (3 cod 69 — 1) 257,
! Vit 4 2 5

(16b)

(17)
rNH3r<:|-|3

wherercy andryy are the @—H® and N-HN bond distances
and Ocunn is the angle subtended between the—E* and
N—HN internuclear vectors, is the global rotational correlation
time assuming isotropic overall tumbling aBds the generalized
Lipari—Szabo order paramet&2° Assuming the peptide bond
to be planar (see Figure 1), the angle,nn is related to the
backbone angl& in the following way:

Och = COS 1[0.163+ 0.819 cosf — 120°)] (18)

Similarly, Ro ceqe > Ropece, S0 = R ceye. In the slow
tumbling limit one obtains

e[

VCZVH 2

BOF(UX,UY,UZ)% (19)

3
en 3

whereBy is the static magnetic field ané(ox,0v,07) is given

by9,10,12

F(0,,0y.0,) = 1[043 cod 0, — 1) + 0 (3 cod 6, — 1) +
0,(3 cog 6, — 1)] (20)

whereg; (i = X, Y, Z) are the three principal components of the

C' chemical shift tensor ané; (i = X, Y, Z) are the angles

(19) Lipari, G.; Szabo, AJ. Am. Chem. S0d 982 104,4546.
(20) Lipari, G.; Szabo, AJ. Am. Chem. S0d 982 104, 4558.

b

H |"I“I 2 Decoupling

Decoupling

&

bbbl

N l | rzl 4 | |1““““ = l’x-ﬂ'w I I | l [Decoupting |
T y
e il =11 1
y
13 aliphatie I I
£10k
PFG __ A A Ak i i

Figure 4. Pulse sequences employed for the measurement of cross-
correlation rates (aRcenenwd and (b) Ro.cope. Narrow and wide
rectangles indicata/2 andx pulses. Thé®C* z pulse in the middle

of the relaxation period has a RE-BURP profile (typically of 2.5

ms duration to cover 16 ppm at 100 MHz). THe  pulse atT/2 in

(b) is applied after the sotfC* pulse in order the allow refocusing of
the scalar coupling (if they are applied simultaneously they interfere
with each other). The fixed delays are setrio= 1/4J(NHN), 7, =
1/A(NC'), 73 = 1/4J(C'C%), A, = 1/8)(C*H%) and A, = {1/8I(NHN)

— 1/8J(C*H%)}. The relaxation period must be larger than 132C*H%)

so that the pulses can be shifted over a suitable range in experiments
Il'and II'. The >N magnetization evolves freely duringt8, then in

the manner of a constant time experiment during the period where the
Jne scalar coupling is refocused. The constarman be chosen to obtain
the desired resolution in th&N chemical shift domain. Detection is
achieved using echeantiecho gradient selection to enhance sensitiv-
ity.?> Unless specified otherwise, all pulses are applied along-thés.
Phase corrections for BloetSiegert shifts must be optimized for all
pulses marked with stars. In experiments | and |l the phase cydig is

= (X, (=X); P2 = 2(x), 2(=x); @3 = 4(y), 4(=y); P2 = 8(y), 8(—Y);

s = 16(x), 16(y), 16(—x), 16(—y). In experiments'land Il the phase
cycle is®; = (X), (—x); P2 = 2(y), 2(—Y); 3 = 4(y), 4(-y); P4 =

8(x), 8(y), 8(—x), 8(—y). For experiments' land II', the phasal must

bey andx, respectively. Decoupling of the proton and nitrogen channels
can be achieved with WALTZ-28 and GARP%’

subtended between the internucle&rE1* vector and the three
principal axes of the shift tensor. Except for glycine residues
in proteins we may assume that the CSA tensor is oriented as
shown in Figure 1 and the angl@sare related to the backbone

¥ angle in the following way:10.12

0 = cos [—0.3095+ 0.3531 cosp — 120°)]

6, = cos [—0.1250— 0.8740 cos{ — 120°)]  (21)

6, = cos '[—0.9426 sinf — 120°)]

Results and Discussion

Experiments | and Il To Measure RceyenyN. Figure 4a
shows two sequences which make it possible to measure the
signal amplitudes required for the ratio of eq 11b. First, the
multiple quantum coherence 48KC'; is excited?! Hereafter,
the scheme of Figure 3a is inserted. After the relaxation time
T, either of the two terms 4)C%C', or 16N,C%,C' H*HN, need
to be converted into an observable signal. In experiment |, we

(21) Bax, A.; Ikura, M.J. Biomol. NMR1991, 1, 99.
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Figure 5. Experimental spectra dfN,*C-labeled human ubiquitin obtained with the sequences I, llarid II of Figure 3 with a relaxation
interval T = 17 ms. The ratios of the cross-peak amplitud@$/a(l) and a(ll’')/a(l"') give the rateRcenene™ and Re coqe, respectively. Negative
cross-peaks are filled in black. The digital resolution in éhedimension is 11 Hz, and 128 scans were accumulated for each of the Adidts,
resulting in a total experimental time of 7.5 h per experiment. The experiments have been carried out with a 1.5 mM s&mpte-ddibeled
human ubiquitin (VLI Research) in #:D,0 = 9:1 buffered at pH 4.5 at 303 K with a Bruker 400 MHz Avance spectrometer equipped with a
triple resonance TBO probe. All data-processing and peak-picking were carried out using the NMRpipe and NMRdrawZXoftware.

collect 4NC*C', directly, while in experiment Il, 16)C%,
C' H*,HN, is first converted into 4MC%C';, by moving the two
H pulses byA; = 1/8J(C®H¢) during the T period. This adn o
generates an asymmetry ohd= 1/2J(C*H%) in the sequence a(l) Lysine-?_,/"/
which allows the scalar coupling(C*H*) to convert 2@GH%, 02} Pl
into C%. The J(NHN) coupling acts not only during but p
also in an extra period of durationA4 = 1/2J(NHN) —
1/2)(C*H%) to convert 2NHN, into N,. To have similar signal
attenuation in the two experiments, a period of duratioa 4
with the same number of pulses, but positioned so that evolution e
under scalar couplings is suppressed, is also inserted in %t p eV
experiment | (see Figure 4a). Note thENHN) and J(C*H®) T
have opposite signs (becayse< 0) so that 16)§C*,C' H*HN, ' '
is converted into-4NyC*C',, hence the minus sign in eq 11b.
Thex pulse aff/2 inverts only the € nuclei (but not the €or
the C nuclei), thus the timel does not need be set to a
multiple of 10(C*CF).1% Note that shifting pulses in experiment
Il relative to experiment | does not influence other relaxation o1l al)
properties (see Figure 3). At the end of both experiments | and P -
I, the multiple-quantum term 4C%C', is transferred back to Y S e
the HY proton. Both experiments include an evolution period 00 beszrr®
to separate the signals according to tfé chemical shifts! e
The intensity ratios of the cross-peaks observed in the two 2D e
spectra is given by eq 11b. Aspartic acid-39 "™
Experiments I' and II' To Measure Re¢ coqe. The pulse
sequences of Figure 4b are designed to med&gieee. A term
2C N is first created through successive transfers and converted
into a doubly antiphase coherence®4C,N, during a delay 2; 0
= 1/2)(C*C'). A semiselectiver/2 pulse applied to the aliphatic

Glutamine-62 _ _..----7

0 0.01

0.03 0.04
Time (s)

0.01 0.02 0.05

carbons converts this into 4N, as discussed elsewhéfe! ) TNt :
The scheme of Figure 3b is then inserted to allow a partial function of the relaxation interval. Two-spin coherences®gn)N,-
conversion of 4€,C'y\N, into 8C*C'yN,H*, under cross-cor-
related CSA3C'}/DD{3C*—1H%}. In experiment’land If, a

band-selectiver pulse inverts thé3C* at T/2 without perturbing
the 13C# carbong In experiment I1 the simultaneousH and

13C' 7 pulses are shifted bg; = 1/8J(CH*) toward the center
of the evolution period in order to create an asymmetry/of 4

= 1/2)(C*H*) which leads to the conversion of the term

Figure 6. Examples of intensity ratioa(ll)/a(l) and a(ll')/a(l') as a

(n+1) or C(n)C'«(n) are identified by the name of theth amino acid.
The dashed lines are fits to eq 11b &gH)/a(l) and eq 16b fom(ll')/

a(l').

8C%,C'yN,H*, into 4CC'\N,. After a /2 pulse on*3C%, the
terms 4C,C'\N; and 4C,C'yN; are transformed during a second
period of 23 = 1/2)(C*C’) into 2CyN, or 2C,N in experiments

I" or II', respectively. Thus, tHEC' “read” pulse has to be shifted
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structure?® The curves in Figure 7 represent the rates predicted
from eqs 1721 calculated for three different values of the order

parametelS’. Except for the terminal residues, most residues
in ubiquitin haveS values which lie between 0.76 and 0.9.

Conclusion

In this paper, we have presented a compact theoretical
treatment of the effects of cross-correlated relaxation mecha-
nisms on the relaxation of two-spin coherences involving various
nuclei in1°N,13C-labeled proteins. We have presented improved
experiments to measure cross-correlation between the dipolar
13Ca—1Ha and I5N—!HN interactions on two-spin coherences
involving the 13C* nucleus of thdth residue of a protein and
the 15N nucleus of the neighboring residue+ 1). We have
also presented experiments to measure cross-correlation between
the13C' (carbonyl) CSA and the dipoldfC*—!H® coupling on
the relaxation of two-spin coherence involving #€&' and3C*
nuclei of theith residue of a protein. These methods have been
applied to °N,13C-labeled human ubiquitin to extract the
relevant cross-correlation rates, which we have demonstrated
to be related to the backbone angllein proteins.

Appendix

A. Perturbation Expansion of the Relaxation Matrix. The
effect of the off-diagonal elements of eq 5 on the dynamics of
the spin system can be determined by using perturbation
theory!® We illustrate this by considering the submatRx™
given in eq 5aR*" may be split into two matrixefp™t and

0
¥(deg) Rno ™"
Figure 7. Experimental cross-correlation ratBg««ny and Re cope Ry "=
plotted as a function of the backbone anglefound for 53 well- i, ,+Ry+Rooee O 0 0
resolved amino acids (except glycines) from the X-ray structure of [g i7d, _+RyHRoges 0 0
ubiquitin. The curves represent the theoretical dependence derived from| g 0 —ind;_+Ry*+Rogsa O
egs 17 and 18 foRcoyeny® and from eqs 1921 for Re cone. The 0 0 0 —i7d, 1 R+ Rogss

correlation time was assumed to be 4 ns. The values,afy, andoz

(A1)

(see Figure 1) were assumed to be 244, 178, and 90?ppire three
curves correspond to order parametgts= 1, 0.90, and 0.76. The It is to be noted thaRyp™ ™ is Hermitian even thougR™* is
rates corresponding to the four residues in the C-terminal loop which

have a small order parameters are indicated by open circles. Rwo [~

X X . 3 ) 0 RitR—Ra—Ria Ri—RytRa—Ria Ri—Ry—RatRaa

in phase by 99 in experiment Il relative to experiment’l 4 4 4

Evolution under3C’' chemical shifts is suppressed in both m 0 Ri*Rai;RﬁRaa Ri*Rai:RfRaa
experiments by applylngjéc npulse right after the relaxatllon R-RiRiRu R-RRtR R4R,-R, R, | A2
periodT. In experiment Il two simultaneousr pulses ont3C 7 7 -

and 13C are applied at &; = 1/4)(C*H%) after the firstz/2 Ri R RatRaa Ri—RitRaRia RitRiRaRan

13C' pulse, while in the experiment these two pulses are \ 4 4 4

applied immediately after the/2 **C" pulse. Again, shifting  non-HermitianRyp** can be treated as a perturbationRut .

the pulses does not influence the relaxation properties (seeThe first-order corrections to the matrix elements R

Figure 3). Like in the experiments | and I, we record two vanish. The second-order corrections are given by

complementary 2D spectra and determine the ratio of the

intensities according to eq 16b. (Ruo )i (Rp i Ry )i

Applications to 5N,13C-Labeled Human Ubiquitin. Figure (R™),@ = z ! - z !

5 shows parts of 2D spectra obtained with the four experiments FR - R AR — (R
) i ) i i i i

described in Figure 4. Experiments | and Il were performed (A-3)

with relaxation delay§ = 6, 10, 17, and 25 ms, whilé and N -
Il were performed withr = 10, 17, 25 and 35 ms. In Figure where we have utilized the Hermitian characteRgh™*. The

6, the ratios of the signal amplitudag/ay anday-/a, are plotted (23) Vijay-Kumar, S.; Bugg, C. E.; Cook, C. J. Mol. Biol 1987, 194,

for some selected residues as functionToéind fitted to eqs 53%. )

11b and 16b, respectively. The fits were performed using the (24) Geen, H.; Freeman, R. Magn. Reson1991, 93, 93.

subroutines of the ODRPACK libra#y. Reg%?fg?%g ’i'él”" Cavanagh, J.; Wright, P. E.; Rance, MMagn.
In Figure 7 the values dRceqe vt andRe coqe obtained from (26) Shaka, A. J.; Keeler, J.; Frenkiel, T.; FreemanJ Rvagn. Reson

these fits are plotted against tHeangles observed in the X-ray =~ 1983 52, 335.

(27) Shaka, A. J.; Barker, P. B.; FreemanJRMagn. Resorl985 64,
(22) Boggs, P. T.; Byrd, R. H.; Rogers, T. E.; Schnabel, RUBer’s 547.

Reference Guide for ODRPACK 2:8%oftware for Weighted Orthogonal (28) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax,

Distance RegressionNIST IR4834; U.S. Government Printing Office:  A. J. Biomol NMR 1995 6, 277.

Washington, DC, 1992. (29) Teng, Q.; Igbal, M.; Cross, T. Am. Chem. Sod992 114,5312.
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second-order corrections obtained from eq A-3 are complex and @ Rogus — Re

comprise both real and imaginary parts. One can estimate the a =

second-order correction to the eigenvalues by assuming that \/(RDQaﬁ - Ri)z + RAZ

Rooaa — Roous & Rogaa — Rogsa & Reee nHY, Ra =~ Rai & Rj R

+ R, andRaa & Ra + Rt ~ R + 2R", whereR;" is the ai(3) — A (A-8)

contribution to theT; of HN (or IH*) due to homonuclear

dipolar interactions with othefH’s. Assuming aRceqe g™ Of . . ) . . .
15.0 s (which is an upper limit in the present case) arféi4 It is evident that the coherences are mixed if their precession

of 6.4 s°1, we obtain a value of about 0.01sfor the real part frequencies are nearly equal. Thus, to first order, the coupled
of the correction, i.e., a negligible adjustment of the decay rates differential equations governing the evolutiontwf* ineq 3
of the coherences. Similarly, the imaginary part (which gives split up into one subspace of dimensions 2 and two of dimension
rise to frequency shifts of the components of the doublet-of- 1- ) .
doublets) corresponds to about 0.08 Hz. These corrections are B- Cross-Correlation Rates In the slow-tumbling limit, the

evidently very small and may be neglected in the present case.'élaxation rate due to cross-correlation of the fluctuations of
two dipole—dipole interactions is given by

\/(RDQaﬂ - R;t)z + RAZ

A special case arises whdn_ = 0, which may be the case
when one studies the effects of cross-correlation between two Holt Zyiyjykm( 3co$ 0 — 1\282 T,
1H—-13C dipolar interactions, say in the case-#t*—1H®, 13C/— ik~ \ 2 33\ 2 | 5
1H# pairs. This condition corresponds to the overlap of the two i K
central lines of the doublet-of-doublets in the zero- and double- wherer;; andry are the internuclear distances afigk is the
quantum spectra. In this case, the above form of perturbationangle subtended between the two internuclear vectors. The other
theory can no longer be used sindg®{*)2. ~ (Ro* )33 (due symbols have their usual meaning.
to the fact thatRpoes ~ Rogsa)- In this case, we can remove The relaxation rate due to cross-correlation of the fluctuations
the degeneracy (to first order) by forming linear combinations of a dipole-dipole interaction and a chemical shift anisotropy
of the spin-states corresponding to these rates. The resultingin the slow tumbling limit is given by

nondegenerate states are given b ‘ '
i ’ ’ ( oh\ViVij 2B, _ 0;/(3cod 6, — 1) 2S'r,

B 40'[, rjk3 3 2

(B-1)

Rijk (B-2)

b2' _ a+(2)2Ca+Cﬂ+HaaCﬂﬁ + a+(3)2C0L+C:B+H°*ﬁC,Ba

P ) B o ~B @) B Ly ~B with £ = X, y, zwhereo: is the&th principal component of the
by’ =2 "2C%, O, H' Oy +a "2C", CLHTCY,  (A-4) CSA of spini and ¢ ié the anglepsubtgnded bgtween fiile
principal axis of the CSA tensor and the internuclear vector.
The corresponding diagonal elements of the alt&ed matrix The general case of cross-correlation between the CSA’s of
(correct to first order) are given by two nucleii andj, where both nuclei have chemical shift tensors
which are not axially symmetric, leads to rather cumbersome
expressions. Some simplification is obtained when one of the

R22++' =R,+R, chemical shift tensors (say for nucleigs axially symmetric.
. In this case, the rate is given by
"= +R_ A-5 - - .
Rz " = Ray (A-5) 2BAG _0/(3 cod 0, — 1) 27,
_1 = .. B_
R, = 4 [Rocu + Roosl £ Ri=m—g 2 5 &9

[(Roges — Rogga)” + 4R%A1Y3 (A-6)

whereAg; is the CSA of nucleusand& = x, y, zwhereod is
the &th principal component of the CSA of spjirand6¢ is the
where angle subtended between tté principal axis of the CSA with
the unique axis of the CSA tensor of nucleus

Supporting Information Available: Table givingRceye ygN

_1 :

Ry= 7R — Ry~ Rt R.) (A7) andRe cane values in ubiquitin (PDF). This material is available
free of charge via the Internet at http://pubs.acs.org.

The mixing coefficientsa.@ anda.® in eq A-4 are given by  JA984390P



