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Abstract

New nuclear magnetic resonance (NMR) methods are described for the measurement of cross-correlation rates
of zero- and double-quantum coherences involving two nitrogen nuclei belonging to successive amino acids in
proteins and peptides. Rates due to the concerted fluctuations of two NHN dipole-dipole interactions and to the
correlated modulations of two nitrogen chemical shift anisotropies have been obtained in a sample of doubly
labeled Ubiquitin. Ambiguities in the determination of dihedral angles can be lifted by comparison of different
rates. By defining a heuristic order parameter, experimental rates can be compared with those expected for a rigid
molecule. The cross-correlation order parameter that can be derived from a model-free approach can be separated
into structural and dynamic contributions.

Abbreviations: NMR — nuclear magnetic resonance; DQ — double quantum; ZQ — zero quantum; SQ — single

quantum; CSA — chemical shift anisotropy; DD — dipole-dipole; NOE — nuclear Overhauser enhancement.

Introduction

Relaxation phenomena in NMR can provide a great
deal of insight into molecular dynamics (Daragan
and Mayo, 1997). In proteins fast internal motions
of the backbone are usually probed by determining
the relaxation parameters of the amide nitrogen nu-
clei (Peng and Wagner, 1992). Typically, a set of
transverse and longitudinal relaxation rates, comple-
mented by the measurement of nuclear Overhauser
enhancements (NOE) caused by saturation of the pro-
tons, are interpreted using the model-free approach
(Lipari and Szabo, 1982). Transverse and longitu-
dinal cross-correlation rates involving the N chem-
ical shift anisotropy (CSA) and NHN dipole/dipole
(DD) interactions provide useful additional informa-
tion (Tjandra et al., 1996; Kroenke et al., 1998). These
parameters however are insufficient to fully determine
local motion, since they are insensitive to rotations

*To whom correspondence should be addressed.

about the NHN vector and often cannot distinguish
between different models. These problems can be al-
leviated by the measurement of C’ carbonyl relaxation
parameters (Dayie and Wagner, 1995) and several
cross-correlation rates such as C//NHN (CSA/DD)
(Brutscher et al., 1998), C’/C'HN (CSA/DD) (Pang
et al.,, 1999; Friih et al., 2002), C'/N (CSA/CSA)
(Pang and Zuiderweg, 2000) and NHN/C'C* (DD/DD)
(Carlomagno et al., 2000). These rates are sensitive to
internal motions that are faster than or comparable to
the global correlation time (Lipari and Szabo, 1982).
Slower motions can be detected when the isotropic
chemical shifts are modulated. The effect of such
modulations on single quantum coherences can be ob-
served by Carr—Purcell-Meiboom-Gill (CPMG) with
variable repetition rates (Loria et al., 1999) or by
spin-lock experiments (Akke and Palmer, 1996). Slow
motions may also lead to differential relaxation be-
tween zero- and double quantum coherences (Wokaun
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and Ernst, 1978; Tessari and Vuister, 2000; Kloiber
and Konrat, 2000b; Friih et al., 2001).

Cross-correlated relaxation rates can be used to de-
termine W-angles (Reif et al., 1997; Yang et al., 1997,
Chiarparin et al., 1999) and ®-angles (Pelupessy et al.,
1999b; Kloiber and Konrat, 2000a) in proteins. Ambi-
guities inherent to these kinds of parameters can be
overcome by measurements of additional rates such
as those involving C*H*/C*H* (DD/DD) interactions
(Chiarparin et al., 2000) or C'/C’ (CSA/CSA) (Skryn-
nikov et al., 2000) in successive residues. The ef-
fects of anisotropic tumbling (Deschamps and Boden-
hausen, 2001), of local motions (Deschamps, 2002)
and of conformational exchange (Tolman et al., 2000)
on these rates have recently been investigated.

In this paper we introduce methodology to mea-
sure NHY/NHN (DD/DD) and N/N (CSA/CSA) cross-
correlation rates of two-spin coherences involving two
amide nitrogen nuclei in successive residues. These
rates provide useful structural information, in addition
to the previously mentioned rates. The methods are
ideally suited for the study of local dynamics, since the
results can be directly compared with those obtained
for the well-studied single quantum relaxation rates of
amide nitrogen nuclei (Tjandra et al., 1995).

Methodology

Figure 1 shows two pulse sequences which allow
quantitative measurements of cross-correlation rates
arising from correlated fluctuations of two NHN DD
interactions or of two nitrogen CSA’s involving suc-
cessive residues. The pulse sequence utilizes a cascade
of four INEPT-like transfers in order to convert amide
proton magnetization H}],V (i) into multiple spin co-
herence 8Ny(i)C§‘(i)C£(i)Ny(i + 1), involving two
nitrogen spins in successive residues. In the following,
the position of the nuclei in the product operators re-
flects the order of the nuclei in the protein and we can
therefore omit the indices (i) and (i + 1). After the
relaxation period T the coherence is reconverted into
observable amide proton magnetization by a sequence
of reversed INEPT steps, mirror-imaging the first four
steps.

Operators describing the relevant coherences at
different stages in the sequence are indicated in
the figure. The relaxation period 7', as highlighted
in frames, can be designed to measure either the
DD/DD cross-correlation rates between two NHY vec-
tors or the CSA/CSA cross-correlation rates associ-

ated with two nitrogen nuclei of successive residues.
Under the influence of the DD/DD-interaction the
coherence 8N, CYC. N, is partially transformed into
32N HNCYC.N,HN. At T/4 and 3T /4, two mt-pulses
are applied to the protons to suppress the influence
of DD/CSA cross-correlation mechanisms involving
protons and nitrogens (Chiarparin et al., 1999). The ni-
trogen m-pulse refocuses the chemical shift evolution
and various scalar coupling interactions.

Two experiments must be performed, one to detect
the decay of the initial coherence (I) and the second
to detect the coherence resulting from DD/DD cross-
correlation (IT). In experiment II the proton m-pulses
are shifted by 1/(8!Jyz) with respect to experiment
I, in order to convert 32N, HN C*C. N, HY back into
8N,CIC.N,. This scheme permits us to focus on
identical coherences at the end of the relaxation period
T in both experiments.

In addition to the coherences discussed above,
other terms are created that result from long-range
scalar couplings. Specifically, the second INEPT se-
quence which is intended to transfer from the nitrogen
to the neighboring C* will also lead to a partial trans-
fer to the C* of the preceding residue. The operators
resulting from this unwanted pathway are indicated in
brackets in figure 1. The two pathways cannot be sepa-
rated by phase-cycling. However, the 7t/2 pulses flank-
ing the relaxation period 7' do not affect the second
pathway. Hence, by omitting the pulse indicated by
an asterisk and inverting the receiver phase, the con-
tribution of the undesired pathway can be eliminated
(Chiarparin et al., 2000).

The sequence has to be slightly modified to mea-
sure the CSA/CSA cross-correlation rate which con-
verts the coherence 8 N, CYC. Ny into 8N, CZ*C.N,. In
this case, proton decoupling is applied throughout the
relaxation period 7. In order to detect the coherence
that is created by cross-correlation, one merely has to
shift the phase of the nitrogen pulse marked with an
asterisk by 90°. Such experiments will be referred to
as T and IT'.

Figure 2 depicts the main cross-correlation rates
(Yang and Kay, 1998) that affect an 2N,N, two-
spin coherence in a spin system containing two ni-
trogen and two proton nuclei. The rates can be di-
vided into two groups. Group A involves DD/DD or
CSA/CSA cross-correlations, while group B contains
the CSA/DD rates. The DD interactions are indicated
by bold lines between the nuclei and the CSAs by
bold circles around the nuclei. Group A is effective
during the entire relaxation period 7, whereas the
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Table 1. Cross-correlated interactions which contribute to relax-
ation of two-spin coherences between two amide nitrogen nuclei
in successive residues

R Interaction Operator? Rate?
1 N@H®G),NG+DHG+1) 8NyH;NxyH; J(0)
2 N@HHG+1),NG+DHG) 8NyH;NxH; J(0)
3 N(@{),N@G+1) 2Ny Ny J(0)
4 N@HG),NG+1)H®G) 2Ny Ny J(0) + %J(u)H)
5 N@HHG+1),NG+1)HG+1) 2Ny Ny J(0) + %J(mH)
6 N@IH(®G),N@HG+1) 8NyH NyH; J(0)+ %J(mN)
7 N@G+DH@G),NG+DH(+1) 8NyH NyH; J(0)+ %J(u)N)
8 N(@),N@{)H() 4Ny H; Ny J(O) + %J(mN)
9 N(@+1),NG+1)H(3{) 4NyH; Ny J(O) + %J(mN)
10 N@),NG@)H(@+1) 4Ny Ny H; J(0) + %J(u)N)
11 N(@+1),NG+1)H@+1) 4Ny Ny H; J(O) + %J(mN)
12 N(),NG+DHG) 4Ny H; Ny J(0)
13 N(+1),NG)HG) 4Ny H; Ny J(0)
14 N(),NG+D)HG+1) 4Ny Ny H; J(0)

15 N(@i+1),N@)HG+1) 4Ny Ny H; J(0)

40perator that is created by the interaction starting from an initial
density operator 2Ny Ny.
bSpectral density that contributes to the relaxation rate. The inter-

2 y2y2 2 2ByAc
action constants are ( 20} YEYN (Mol YHVNZZ0R0K g
4n 733 4n 33
u'v v

2 4B2 Aoy A
WMV for DD/DD, CSA/DD and CSA/CSA cross-

correlation rates, respectively. The CSA is assumed to be axially

symmetric. The spectral densities are defined in such a manner that
— Qi vy 2 Tc Cor i ; ; S

J(®) = Py(cos ©"Y) 5 THww)? for isotropic tumbling of a rigid

molecule.

rates of group B are averaged out by the proton -
pulses, as can be seen in the ‘toggling-frame’ diagrams
of Figure 2. The transformation of the initial density
operator 2N, Ny under the influence of the different
interactions is given in Table 1. Mechanisms that lead
to the same product operator are indistinguishable.
The ratio between the expectation values of the
operator term created by cross-correlated relaxation
and the initial density operator can be expressed by
(Pelupessy et al., 1999a; Felli et al., 1999)
<8N HNN HYN >/ (T)
<2NyNy >; (T)
where Ry and R, are given in Table 1. At longer
relaxation times the product operator in the numer-
ator might be also generated by two-step processes
analogous to spin diffusion in NOESY. For example,
8N, HZN Ny HZN can be also created by

R3+R4+R Re+R
NN, RS on N T 8N HY N HY . (2)

Hence, Equation 1 is valid only when (Chiarparin,
2000):

= tanh [(R] + R»)T], (1)

15N |_|

Figure 2. Effect of different cross-correlation rates during the relax-
ation period 7 of Figure 1. The rates can be split into two groups:
group A, that consists of DD/DD and CSA/CSA rates, is not affected
by the mt-pulses. The CSA/DD rates of group B are inverted by the
proton m-pulses and their effect is nulled, as can be seen from the
toggling-frame diagrams. All rates of Table 1 that can be represented
by mirror-images of the pictograms with respect to a vertical plane
have been omitted.

|R3 + R4+ Rs| x |Re + R7| x T? < 1. 3)

Another factor that should be considered is the
cross relaxation rate oy between the two amide
protons. When the secular approximation holds (i.e.,
when ['Ixg () — "InuG + D] > logul), this
rate causes a similar effect as Rg and Ry (Reiff et al.,
2000). However, one-bond scalar couplings between
amide protons and nitrogen nuclei are often similar.
When lJNH(i) ~ lJNH(i + 1), the cross relax-
ation rate oy y affects only the ZQ coherences and
Equation (1) must be modified (see Appendix A):

<8N HNNHY > (T)
< 2NyNy >; (T) B

| 4)
tanh[(R] + Ry + ZGHH)T].

Since DQ coherences are not affected by o 57, one
can also redesign the experiment to detect only these
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Figure 3. Representative spectra obtained with the sequence of Figure 1 at 600 MHz and 303 K to measure DD/DD cross-correlation rates in
a sample of 13¢, I5N- labeled human ubiquitin. The relaxation period T was set to 43 ms. The number of scans was 256 for experiment I and
768 for experiment II, resulting in a total acquisition time of 44 h. The representative vertical cross-sections shown correspond to Lysine 29.
The peak heights provide information on the correlated motions of the two NHN vectors of Lysine 29 and Isoleucine 30.
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coherences. For this purpose, the pulse sequence has
to be slightly modified: instead of removing the pulse
marked by an asterisk in figure 1 in alternating scans,
one must shift its phase by 90°. Note that since the
phase of the receiver needs to be inverted on alternate
scans in order to detect the double quantum coher-
ences the unwanted pathway depicted in figure 1 is
still suppressed. We shall refer to these experiments
as I” and IT”. In this case however the rates R and R»
are no longer distinguishable from Re and R7, and the
measurements give

< 8N+HZNN+HZN > (T) _
<2NyNy>p (T) (5)
tanh[(R; + Ry + Re + R7)T].

Note that R; is the dominant term in both Equa-
tions (4) and (5) and that all rates in these equations
depend on the same dihedral angles.

The CSA/CSA cross-correlation rate R3 is indis-
tinguishable from R4 and Rs, hence

< 2NNy >p (T)
< ZNyNy > (T)

=tanh[(R3 + R4 + R5)T]. (6)

Results

The experiments of Figure 1 have been applied to a
sample of SN/!3C labeled human ubiquitin that was
obtained commercially (VLI). The protein was dis-
solved in 200 wl of 10% D,0/90% H,O with an
acetate buffer at pH 4.5 to a concentration of 1.5 mM
in a Shigemi tube. NMR data were acquired at 30 °C
with a Bruker DMX-600 spectrometer equipped with
a triple resonance TBI probe with triple axes gradients.
The 2D spectra were acquired in an interleaved man-
ner, with 256 scans for the reference experiment I and
768 scans for experiment II, using a relaxation delay
of 1.4 s between subsequent scans. The spectral width
was 14 ppm in the proton and 30 ppm in the nitrogen
dimension. A total of 50 complex points was acquired
in the indirect dimension. The experiments have been
performed once for a relaxation delay 7 = 21.5 ms
and twice with T = 43 ms. The relaxation period is
chosen so that 7 = 2n/' vy, with integer n, in order
to minimize errors that might be caused by differential
relaxation of in- and anti-phase operators (Meersman
and Bodenhausen, 1995). In Figure 3 representative
spectra obtained at T = 43 ms are shown. The cross-
correlation rates were obtained from the intensity ratio
of two experiments using Equation (4), averaged over

values obtained from different experiments. In Fig-
ure 4 the measured rates are plotted against the angle
@NH.NH petween the NHN bond vectors of succes-
sive residues, taken from X-ray (Vijay-Kumar et al.,
1987) and NMR (Cornilescu et al., 1998) structures.
When the measurements are plotted against the angles
from the NMR structure there is less scatter. This sug-
gests that the rates may be sensitive to the differences
between structures determined in solution and in the
crystalline phase. The curves in Figure 4 show the
theoretical values for the NHN/NHN cross-correlation
rate calculated for a molecule with a correlation time
T, of 3.8 ns, without internal motion and assuming
isotropic rotational diffusion

2
o h 21,
Ryirnn = <7MSKY§VN) Pa(cos VNI (7)
"'NH

where P, is the second-order Legendre polynomial
and the other symbols have their usual meaning. The
gray circles represent the theoretical rates including
the effects of Ry and oy . In Figure 5, the results are
shown for an experiment where only DQ coherences
are detected where the rates are insensitive to og .

We have also measured the CSA/CSA cross-
correlation rates. The theoretical values for a rigid
molecule that is tumbling isotropically can be readily
predicted if we assume that the two CSA tensors have
cylindrical symmetry

Rrisid _ <2VNBOA0 2t

NN 3 5°
The experimental results are shown in Figure 6. For
the theoretical curve the N CSA tensors were as-
sumed to be uniform for all amino acids, with an
anisotropy Ao of 170 ppm and a principal axis rotated
in the peptide plane through an angle of 20° away from
the NHN dipolar vector toward the carbonyl group
(Tjandra et al., 1996). In Figure 7, the CSA/CSA rates
are plotted against the DD/DD rates. Clearly, the frag-
ments with angles @VH#-NH smaller and larger than
90° can be distinguished. These measurements can
thus alleviate the ambiguity in the results of Figures 4
and 5.

Assuming planar geometry of the peptide bond, the
angle VAN can be related to the dihedral angles
¢ and { defined in accordance to Ramanchandran’s
conventions, using standard bond angles as indicated
in Figure 8:

cos @NVHNH — (0.097 + 0.37 cos  + 0.47 cos ¢
—0.26 cos cos ¢ + 0.72 sin P sin ¢.

2
) P> (cos @) (8)
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represent the theoretical values for a rigid molecule including all contributions to the rates of Equation (4).

0 45 90 135 180
@NHNH

Figure 5. Same as Figure 4, except that only the DQ coherences
have been detected and only the NMR structure has been used
to obtain the angle @VH-NH  The gray dots include all rates of
Equation 5.

A similar relation can be derived for the angle V-V

between the unique axes of the two nitrogen CSA
tensors:

cos OV = 0.22 4 0.41 cos | + 0.50 cos ¢
—0.14 cos Y cos ¢ + 0.39 sin s sin ¢.

Figure 8 shows how the DD/DD and CSA/CSA rates
depend on the dihedral angles ¢ and {r. Clearly, many
ambiguities can be resolved if the rates are compared
to each other.

(10)

Rnn (s)

0 45 90 135 180

@N,N

Figure 6. Experimental CSA/CSA cross correlation rates plotted
against the angle ON-N petween the unique axes of the CSA tensors
estimated from the NMR structure. Each CSA tensor was assumed
to be axially symmetric, with an anisotropy of 170 ppm and a
symmetry axis tilted in the peptide plane by 20° from the NHN
vector toward the carbonyl atom. The gray dots include all rates
of Equation 6.

Discussion

If the global tumbling is isotropic, the discrepancies
between the experimental and expected rates shown
in Figures 4 and 5 can be ascribed to local motion.
We may define a heuristic order parameter in the
following manner
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2 (heur) _ ""NH,NH
NH,NH

exp . rigid
where Ry HNH 1S the measured rate and Ry HNH

the theoretical rate for a rigid molecule as defined in

Equation 7. In Figure 9 the order parameter Slzvg'eﬁz
as defined in Equation 11 obtained with the experi-
ments to measure the NHN/NHN cross-correlation rate
is plotted against the residue number (we have omit-
ted order parameters which, as a result of a small
value of the denominator in Equation 11, have an er-
ror larger than 0.3). The values of the order parameter
Slzv y obtained by Tjandra et al. from the single quan-
tum NHN dipolar auto relaxation rates (Tjandra et al.,
1995) are shown for comparison. It can be seen that the
order parameters deviate considerably. In general the
order parameters from the MQ cross-correlation are
smaller than those obtained from SQ auto-correlation.
Of course the order parameters need not be identical.
A deeper analysis of the results needs to be performed
in order to explain the differences.

It is instructive to reexamine the model-free for-
malism (Lipari and Szabo, 1982) in order to ana-
lyze our results. The DD/DD (or CSA/CSA) cross-
correlation rate is determined by the spectral density

o0
JY(w) = 2/ C"?(t) cos wt dt (12)
0

at zero frequency, i.e. J*V(0) = 2 [;° C*Y(1)d1,
in which C"*(¢) is the correlation function and the
indices u and v stand for different DD (or CSA) in-

teractions. For isotropic global motion, assuming that
global and internal motions are independent, the total
correlation function can be factored as:

Clof (1) = Caiop()Cirt' (1) (13)
with the correlation function for the global motion
1
Caton(t) = ze™'/* (14)
and the internal correlation function

Cini (1) =< Pa["(0) - n' ()] > . (15)

The unit vectors " and ¥ describe the orientation of
the interactions in a molecule-fixed reference frame.
First we consider the case in which both interactions
are associated with a fragment where the relative ori-
entation ®*'? of the two interactions is fixed. For cross
correlated interactions, the initial value of the internal
correlation function is then given by

C“7(0) = Pa(cos ©“Y). (16)

Using the addition theorem for spherical harmonics,
Equation 15 can be written as:

2

4
Cinl)=— Y <3, O3, >. (17)

5

m=-2

Under the influence of internal motions, the correla-
tion function decays and its limiting value for t — oo
is defined as the cross-correlation order parameter

(Friih, 2002):

dn &
§2, =ChY(00)=— Z <YE*s<¥i > . (18)
’ 5 m=-2
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Figure 8. Fragment of a protein backbone with plots of the Legendre polynomials that determine the N HN/NHN (DD/DD) and N/N (CSA/CSA)
cross-correlation rates for rigid molecules, shown as a function of the dihedral angles ¢ and { defined according to Ramanchandran’s conven-
tions. The sketch correspond to ¢ = = 180°. The black squares and circles correspond to the ¢- and {r-angles from the NMR structure of
ubiquitin. For the clusters centered on ¢ = —90° and { = —20°, where residues located in a helices can be found, ONH.NH ang @N-N are
similar and the P;(cos ®*+V) that determine the DD/DD and CSA/CSA rates are also comparable. For the cluster centered on ¢ = —100° and
P = +140°, where residues in § sheets appear, the functions P, (cos QNH.NHY are mostly positive and P (cos NNy mostly negative, thus

allowing an easy distinction between the two clusters.

u * v
The ensemble averages < ¥, * > and < ¥, > of

the spherical harmonic functions depend on various
internal motions that affect the orientations £2,, and 2,
of the interactions u and v with respect to a molecule-
fixed frame. They can be described by appropriate
orientational probability distribution functions p(£2,)
and p(€2,) governed by internal motions.

Cini (00) = 19)

int
/ / Palcos O (Qu, )1 () p(Q0)dud D,

where the relative angle ®*" (2, Q2,) is determined
by the absolute orientations €2,, and €2,. In the ‘model-
free’ approach proposed by Lipari and Szabo (Lipari

and Szabo, 1982), the probability distribution func-
tions are not evaluated explicitly in terms of a specific
model for internal motion. Instead, the internal cor-
relation function is defined to feature an exponential
decay from its initial value to an asymptotic value:

CiV (1) = ChY(00) — [C1o (00) — CIP (0)]e ™!/ Tint =

int int int int
2 2 5 - in
Su,v - [Su,v - PQ(COS Ch v)]e 1 h (20)
where 1;,; is the correlation time of the internal
motion. This leads to a spectral density
[Py (cos ©“Y) =52 ]t
1+ (w1)?2

2 S,%’UIC
S\ 1+ (w1,)?

’

2D

JE ()=
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Figure 9. Ratio g2 Gheur)

T L T
— — Q2 (heur)
* SNH,NH
F 2
1 SNH
| |
| 1 l
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Residue

NH Np s defined in Equation 11 between measured rates and the theoretical values for a rigid molecule for DD/DD

cross-correlation between two successive NHN vectors using the NMR structure for reference (black squares). The rates are averages of those
presented in Figures 4 and 5. Rates with errors larger than 0.3 are not shown. Also shown are the values of the Lipari-Szabo order parameter
S,% obtained from single quantum relaxation measurements on amide nitrogen nuclei (gray circles).

where 1! = 'Ezl + 'r:l._n} so that T ~ 1,y if T < Te,
i.e., if the internal motions are fast. Note that the effect
of internal motions that are slower than global tum-
bling will be masked by the exponential decay of the
global correlation function, since T &~ t. if Tjpr > T
in which case J*'V(w) = %Pz(cos "t /(1+ wzt%)
regardless of S,f’v. Hence the oo in Equation 18 may
be interpreted as only a few times the global correla-
tion time t.. For rigid or slow-moving fragments the
relaxation rates depend only on the correlation time T,
of the global motion and the relative orientation ®*-?
of the spin interactions. If on the other hand, the in-
ternal motions of the fragments are much faster than
the global motion, the rates depend on the amplitude
of these motions through the cross-correlation order
parameter S2 , defined in Equation 18, provided the
fast internal motions are indeed truly independent of
the global motion. In the case that slow conforma-
tional exchange influences the fast internal motion it
is better to speak of an average order parameter. The
previous equations have to be averaged over the differ-
ent conformations with suitable weights. For example,
Equation 20 becomes:

CV(1) = S2, — [S2, — Pa(cos ©v)]e~t/Tin, (22)

The theory presented above is also applicable for auto-
correlation rates, provided one replaces the index v by
u and sets ®** to zero.

In the case of DD/DD cross-correlation between
two successive NHN interactions the rigid body ap-
proximation is not likely to be fulfilled, hence one
cannot speak of a fixed angle ®*V between the two
interactions. In a first approximation we assume that
there is no correlation between the local motions of
successive NHYN vectors. In this case the internal
cross-correlation function is time independent:

Chl(t) = Clht(00) =82, =

int nt

2 (23)

47
— Yyt ><vy, >.

5

A

m=-2
This equation is identical to Equation 18, except that
only motions that are on the order of or faster than
the global correlation time must be taken into account
for the averaging in Equation 18, while motions on all
time scales are important in Equation 23. The effect
of slow uncorrelated motions is thus fundamentally
different compared to the effect of two interactions
that are rigidly fixed with respect to each other (or to
the effect of auto-correlated relaxation) as expressed
in Equation 22. While in Equation 22 the slow inter-



nal motions only indirectly affect the relaxation rate
if they influence the fast motions, in Equation 23 the
order parameter is directly affected by the amplitude
of the slow motion and has exactly the same effect as
fast motions.

We now consider the effect of internal motions for
the specific case of DD/DD cross-correlated relaxation
involving two NHN dipolar interactions of successive
residues. Clearly the rapid fluctuations of the orien-
tations of the peptide planes in which each of these
interactions are located contributes to a decrease of
the order parameter observed in cross correlated re-
laxation. These fast internal motions are the same as
those which are reflected in the auto-correlated single
quantum NHY dipolar relaxation rate. It is not possi-
ble to relate the order parameters S2 and S derived
from the single quantum relaxation rates to the order
parameter S u , of the cross-correlation rate without
precise knowledge of the angular probability distribu-
tions p(£2,) and p(2,) of the individual interactions.
However, if each angular probability distribution is
approximated by a function that does not depend on
the azimuthal angle, i.e., if the fluctuations of each
NHN interaction are axially symmetric with respect to
the average NHN orientation (the hypothesis of ‘axial
symmetry’), the SQ order parameter is given by:

§2 =< Py(cos ©") >2, (24)

where ®" is the angle between the instantaneous and
the average positions of the vector 7, (NHN). With the
same hypothesis, the cross-correlated order parameter
can be expressed as

Sz, = SuSyPa(cos @), (25)

where S, =< Py(cos ®") > and ®"V is the angle
between the average orientations of the interactions
u and v. The cross-correlation order parameter there-
fore contains both structural and dynamic information.
In order to separate these two contributions one can
define a dynamic order parameter as:

S2 (dyn) _ Sﬁ U/PQ(COS @M,U) =S,5,, (26)

i.e., the order parameter of Equation 25 is divided by
the second-order Legendre polynomial which corre-
sponds to the order parameter for a rigid molecule.
This definition is consistent with the heuristic order
parameter of Equation 11 used in Figure 9.

Recent studies of dynamics from residual dipolar
couplings (RDCs) and molecular dynamics calcula-
tions (Meiler et al., 2001) indicate that the assumption
of axial symmetry of the individual NHN fluctuations
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is valid for most residues of ubiquitin. However con-
siderable motional asymmetries (and thus violations
of Equation 25) are expected for residues in the loop
regions (Thr7 to Lys11, Gly35, Ile36, Gly47, Gly53,
Arg54) and in the flexible C-terminus. In the results
shown in Figure 9, the nature of the fluctuations
of NHN vectors within a peptide plane is apparent.
For the order parameters derived from the NHN/NHN
cross-correlation rates, the residues with asymmetric
NHN motions show large deviations from the aver-
age. However, the order parameters estimated from
the cross-correlation rate are on average lower than
would be expected from an estimate based on auto-
correlated relaxation, even excluding these residues. If
the assumption of axial symmetry of the fast motions
is verified for most residues, this discrepancy must be
due to motions that are slower than the global corre-
lation time. In Figure 10 the effect of slow motions
on the cross-correlated order parameter is illustrated in
the case where both residues exhibit motions that are
axially symmetric. The internal correlation function is
plotted for two interactions # and v, along with the
resulting total correlation function. Two models are
assumed, model A with internal motions that are ten

times faster than the global correlation time, t/%* =

T./10, model B with additional internal mot1olrr1l; that
are ten times slower than the global correlation time,
If’i‘[’“’ = 1071.. The internal correlation function for
model A can be obtained from Equation 20 (Lipari and
Szabo, 1982).

For model B the internal auto-correlation function
is given by (Clore et al., 1990)
clt — S2 (fast)

int

s2(fast)y —i/<

St% (slow) + [l _

HSI 00 ool )

In the model calculation of Figure 10, the order pa-
rameters corresponding to the fast internal motion are
assumed to be (a) S2 /Y = 0.9 and (b) 52 V4 =
0.8, respectively, while the slow internal motion fur-
ther decreases the resulting internal order parameters
0 (a) Sz (fast) Sz Glow) _ 37 and (b) Sz (fast)

2 (slow) = 0.6. At the right of the plots the spectral
densmes J(0) as defined in Equation 12, i.e., the in-
tegrals over the total correlation functions, are given
for the different models (normalized to the spectral
density for global motions in the absence of internal
mobility). The values of J(0) are almost identical for
both models in the case of the auto-correlated correla-
tion functions (a) and (b), indicating that slow motions
hardly affect the outcome.
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Figure 10. Internal correlation functions for two interactions that exhibit azimuthal symmetric motion. In (a) and (b) the auto-correlated
correlation functions are displayed, in (c) the cross-correlation function is shown for uncorrelated modulations of the two interactions and
in (d) for two interactions with orientations that are fixed with respect to each other. The correlation functions are plotted for two different
cases. In the first case (dashed lines) only very fast internal motions are considered with a local correlation time t :Cn = 1./10. The second

case (dotted lines) includes an additional slow internal motion with a correlation time t;,7* = t¢ x 10. In fragment u the order parameters are
= 0.7. The corresponding values for fragment v are 52 (fast) = 0.8 and S2 (fast) 2 (slow) _ 6.

2(fasl) — 0.9 and S2 (fast) 2(&10117)
2 (fast) 2 (fasl) 2 (slow)
The cross-correlated order parameters as obtained by Equation 26 are S, ;; = 0.85 and S, = 0.65. In (a) (b) and (d)

the spectral density J(0) (numbers on the right of each figure) as defined in Equation 12 is eq%entlally determmed by the order parameter of
the very fast internal motion alone, while in (c) both fast and slow internal motions are important, leading to a lower spectral density J(0). The

slow

spectral densities are normalized to a rigid molecule. In each of the frames the total correlation function of Equation 13 is also plotted.

When the motions of u and v are completely un-
correlated the cross-correlated correlation function of
Equation 23 with order parameters as defined in Equa-
tions 25 and 26 is affected by motions on all time
scales (Figure 10c). Hence a clear difference can be
seen between model A (only fast motions) and the
model B (that also includes slow motions).

In the case where the interactions # and v are
rigidly fixed with respect to each other so that ®*?
is time independent, Equation 20 has to be used to
express the correlation function for the model A with
only fast motions. For model B with additional slow
motions Equation 27 has to be slightly adapted to
express the cross-correlated correlation function:

cH — S2 (fast)

int

x Sz 8low) L Py (cos @7)

fas
e s - e e

int

% Sz(slaw)]e_t/tslnw )

As in the case of the auto-correlated relaxation only
very fast motions significantly affect the spectral den-
sity (Figure 10d). Hence, a measurable difference
can be seen for the cross-correlated spectral densities
when slow internal motions are present between the
two cases of correlated and uncorrelated internal mo-
tions. Note that in Figures 10a, 10b and 10d it has been
assumed that the internal motion is uniform for all con-
formations, that is to say the averaging of Equation 22
has been neglected. The cross-correlated order para-
meters have been taken from Equation 26. In reality
the cross-correlated order parameter is given by:



2

Spbm —5s, (29)

However this might only lead to considerable dif-
ferences when the auto-correlated order parameters
vary significantly over the different conformations in
a correlated way.

In reality the motions are likely to be much more
complex than in the two simple models we have pre-
sented. The motions could be partly correlated (or
anti-correlated). The decay of the correlation func-
tions would probably lie between those shown in
Figures 10c and 10d. Efforts are under way in our
laboratory to refine the theory in order to account for
all possible kinds of motions.

It is not possible to draw definitive conclusions
about the exact nature of the motions from these mea-
surements. Based on the average value of the cross-
correlated order parameter of < Si,f,he'”) >= 0.75
(an average that excludes the outliers and terminal
residues) compared to < S2 >= 0.85 for the aver-
age auto-correlated order parameter, we conclude that
the amplitudes of the slow motions that cannot be de-
tected by traditional single quantum methods must be
considerable. It is difficult to make statements about
the timescale of these motions, although they must
be outside the range of very fast motions that can be
detected by measurements of the auto-correlated re-
laxation rates. This seems in agreement with recent
studies based on residual dipolar couplings (Peti et al.,
2002; Tolman, 2002).

Conclusions

In this paper we have presented new methods to mea-
sure relaxation rates of two-spin coherences involv-
ing two amide nitrogen nuclei of successive amino-
acids in proteins and peptides. These rates are sen-
sitive to structural and dynamic parameters. In con-
trast to auto-correlation rates and short-range cross-
correlation rates (such as the DD/CSA rate between
NHN and N of the same residue), these rates are
sensitive to local motions on all time scales and not
only to motions that are faster than or comparable to
global tumbling. The new experiments are useful to
complement information that can be obtained from
auto-correlation rates, which are mostly sensitive to
fast internal motions on time-scales T,y < t.. They
can also complement slow time-scale exchange ex-
periments. The NHN/NHN cross-correlation rates that
are obtained in a sample of >N,!3C-labeled ubiquitin
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strongly suggest the presence of internal motions that
are slower than the global correlation time.
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Appendix A: Effects of HY(i)-HY(i+1)
cross-relaxation

In order to consider the influence of cross-relaxation
(Overhauser effect) between two amide protons on the
relaxation of a two-spin coherence between the amide
nitrogens of successive residues, it is useful to ex-
pand the density operator in a basis of single transition
operators.

< 2Nt HYNyHY >

<2NyHY Ny HéV >

< 2Ny HéVN+ HY >

<2Ni Hf{"m Hév >

byt =

<2NtHYN_HY >

<2N+H0{"N,Hé" >
by = . Al
+ <2N+HéVN_HO{V > (AD

<2Ni Hf{"N, Hév >

One can describe the evolution of DQ and ZQ coher-
ences independently:

dbyy

=—-Li4b A2
7 ++b+t (A2)
and
dbs_
=—Li_bi_, A3
o +-by (A3)

where £ is the Liouvillian for the DQ coherence
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Rav + Ri(:_ — Waa,aa ~ Waa,af

*Wowt,ocfs Rav + Riﬁ_{. - Wdﬁ.dﬁ
L+ =
~Waa,Ba —Wap,Ba
~Woapp ~Wop.pp
7W0(0L.f50( 7W010(~f56
~Wap,pa ~Wap,pp
) (Ad)
Rav + Ry = Wha o ~Who.pp
~Whopp Rav + R, — Wep
Qi+t 0 0 0
0 Qi + 7/ 0 0
+i
0 0 Qi — WS 0
0 0 0 Qyy — g

The rates Rﬂr correspond to differential line
broadening and narrowing so that RY%_ —l—Riﬁ—}-R?ﬁF—i—
R, + R + RY 4+ RY + R = 0. These
rates depend on the different cross-correlation rates of
Table 1 as indicated in Table A.1. The average rate
R,y is common to all transitions and is mainly deter-
mined by auto-correlation effects. J4 and Jy_ are
the sum and difference between the one-bond scalar
couplings "Iy (i) £' Jyg(G + 1) and Q4 is the
sum of the chemical shifts of the two nitrogens. The
diagonal elements of the W matrix are defined so that
the sum over the rows or columns of W vanishes (e.g.,
Waa,ae = _(Wuoc,ocﬁ + Waa,pa + Waa,ﬁﬁ))- The terms
Waa,ap» Woa,par Wap,pp and Wy, g represent rates of
single spin-flips of one of the two HN protons and
are mainly due to DD interactions with other protons
and to chemical exchange. Wyg gy gives the rate of a
flip-flop process and is given by:

wonv?, \’
0¥y
Wap.pa = (4nr21H> x

1 1
< [EHiVHf, [EHiVHiV,szgVMHO{V]u
(AS)
2N, HyNy Hp > J(0)

2

hy? 1

= (252 ) x 2 x IO =oun,
4ry 4

where oy is identical to the NOE-rate between the
two amide protons in the slow tumbling limit. The rate
Waa,pp correspond to flop-flop processes, which will
be neglected in the further discussion, since they are
proportional to the spectral density J (2w g) and there-
fore expected to be very small in macromolecules.

Also the HNHN/HN (DD/CSA) cross-correlation rate,
which is proportional to the spectral density J(wpg)
will be neglected. In this case Wy o5 = Wpa,pp and
Wau,ﬁu = Waﬁ,ﬁﬁ'

The Liouvillian £4_ for the ZQ coherences is
identical, except that the indices +4 have to be
changed to +—. The off-diagonal elements can be
neglected when they are much smaller than the dif-
ference between the diagonal elements they connect
(Redfield, 1965). Since the scalar couplings involved
are large one can neglect all off-diagonal terms ex-
cept Weg po. This rate can only be neglected in the
(unlikely) case that the scalar couplings ! Jyg (i) and
VJnw (i 4+ 1) are very different from each other. In
this case only the diagonal terms remain. One can then
redefine R, as (Chiarparin, 2000):

1
/
Rau = Ry + Wau,uﬁ + Wau,ﬁa + EGHH' (A6)
The real part of the Liouvillian then becomes:
Ry + RYY — %UHH 0
Roy = 0 Ry + R, + Soyn
0 0
0 0
0 0
0 0
A7
R(/1U+Rﬁa++%0HH 0 ( )
0 Ryy + R&ﬁ - $9HH

and likewise for R4 _. In the DQ space, the alternating
signs —, +, +, — of the oy terms are reminiscent
of the contributions of the rates Ry, Ry, R¢ and R7.
In the ZQ space only the rates Rg and R7 follow the
same pattern whereas the contributions of the rates R
and R; to the relaxation of the four coherences have
opposite signs. Since a two-spin coherence such as
2Ny Ny is a sum of DQ and ZQ coherences the net
effect of oy g is similar to that of Rg and R7.

When the scalar couplings are similar (as is of-
ten the case for one-bond amide NH couplings) the
effects are different for the ZQ and DQ coherences.
For the ZQ coherences the secular approximation
remains valid since the difference in precession fre-
quencies of the coherences that are connected by
Wap,pa 1s given by the sum of the scalar couplings
Yy w (D) + Iy m (i+1). For the DQ coherences the sit-
uation is drastically different. To determine the effect
of this term it suffices to consider the reduced subspace
of Equation A4 describing the two central lines. One
can redefine R, as



Table A.1. Contribution of cross-correlation rates of Table 1 to the
relaxation of single transition operators that describe individual
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components of the double- and zero-quantum multiplets

RY RY Ry YRR RE

+ - - 4+
+ + - -
+ - o+ -
- -+ 4+
-+ - 4+

ap

REL RYY
Ri2 + - -
R3 45 + + +
R6’7 + — —
Rg 9 + + =
Ryjon + - +
Ri213 +  + -
Rig1s + - +

1"
Rav = Rav + Wuoc,ocﬁ + Waoc,ﬁoc- (AS)

The Liouvillian in the reduced subspace then be-
comes:

£red _

( Ry, + Rgﬁ +opn +i(Qy +1J40)
+ =

—OHH

—OHH
: ba . . (A9)
R, + R, +opny+i(Qyq —mJio)

Evenif J4_ = 0, i.e., if the two inner lines in the dou-
blet of doublets of the double quantum spectrum are
exactly degenerate, the off-diagonal terms opp still
manifest themselves since the inherent line-widths of
the two degenerate transitions can be unequal (RS‘PJr #
R_Bﬁk). In general Equation A9 must be diagonalized
to obtain a complete description of the time evolution,
but in actual fact the use of w-pulses allows one to
interchange coherences at will, so that it is sufficient
to focus on the zeroth order average Liouvillian. The
nt-pulse on the nitrogen nuclei causes an interchange
of the +2 and —2 coherences, so that one also has
to consider the complex conjugate of Equation A9. If
we consider the pulse sequence of Figure 2, the zeroth
order average Liouvillian is given by:

R, +0HH  —OHH
octiv_{_red — av , (A10)
—oun R +onn

where R/, = R/, + I, (s(ﬁr)iR,- and where the
summation runs over the first seven rates of Table 1
and (E?ﬁ)i can assume the values +1 or —1 depend-
ing on whether the rate gives a positive or negative
contribution to the relaxation of the 2N HOI:I Ny Hé\l
coherence, as indicated in Table A.1. Since the pulse
sequence is symmetric the calculation is exact up
to second order (Ghose, 2000). The eigenvectors

in the subspace of Equation A10 are the sum and
the difference of the double-quantum coherences <
AN{HYNyHY > + < 2N HZ'NHy > and the
diagonalized average Liouvillian is

. R, 0
av,red,diag __ av
LY - . . (Al1)
0 Rav + 20y

If the initial operator is given by 2N, Ny then the ini-
tial state in the reduced subspace is described by the
first eigenvector of Equation All. Cross relaxation
has therefore no influence on the evolution of the DQ
coherences. By contrast, the oy g term appears on the
diagonal of the zero-quantum Liouvillian £_ while
the off-diagonal terms must be dropped from £ _ due
to the secular approximation (cgy < 'Jyg(i) +'
Jnu (i + 1)) so that the sum and differences of the
zero-quantum coherences < 2N Hy N_Hg' > £ <
2N+Hé\IN_ H&\I > are not eigenvectors of L_. In
the experiment we detect the operators 2Ny N, and
8N, H;N, H;, which are superpositions of ZQ and DQ
coherences. The ratio between the expectation values
of both operators is therefore given by:

<8N H;N.H; > (T) (A12)
< 2NyNy > (T)

_ Sinh[(R + R> + 30571)T1 + sinh[(R + Ro)T |
cosh[(R1 + R + Sopu)T1+ cosh[(Ri + R2)T]

1
~ tanh[(R| + R, + ZOHH)T]-

This approximation is valid when oggT <« 1. The
results of this calculation have been confirmed by
numerical simulations over a wide range of realistic
values for the different scalar couplings and cross-
correlation rates.
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