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Abstract The heteronuclear "’N—{'H} NOE values
are typically determined by taking the ratio of °N
signal intensities recorded in the presence and absence
of 'H saturation prior to evolution of N magnetiza-
tion. Since the intensity ratio of two independent
experiments is taken, complete recovery of °N mag-
netization during the scan repetition delay is critical to
obtain reliable NOE values. Because it may not be
practical to wait for the complete recovery of magne-
tization at high magnetic fields, Solomon equations
may be used to correct measured NOE values. Here,
based on experiments and simulations, we show that
since the cross-correlation between 'H-'"N dipole and
>N chemical shift anisotropy becomes significant at
high fields for small or deuterated proteins, measured
NOE values can not be accurately corrected based on
the Solomon equations. We also discuss ranges of
rotational correlation times and proton spin-flip rate,
in which the NOE values can be corrected by the
equations.

Keywords Cross-relaxation - Cross-correlation -
Protein - Dynamics - Relaxation - NMR
Introduction

NMR is often used to characterize internal motions of
proteins (Dayie et al. 1996; Ishima and Torchia 2000;
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Fushman and Cowburn 2001; Palmer 2001; Bruschwe-
iler 2003; Redfield 2004; Kay 2005; Jarymowycz and
Stone 2006; Igumenova et al. 2006). The “N-{H]}
steady-state NOE in proteins is sensitive to motions at
frequencies of wy + wy. In the model-free analysis that
widely applied to proteins, the longitudinal (7;) and
transverse relaxation times (7,) are used together with
I5N—{H} NOE values to derive model-free parameters
(Palmer 1997). However, the rotational correlation
time is a two-valued function of 74, and T, reflects
chemical exchange as well as motion at oy + wy fre-
quencies. Thus, "N-{H} NOE is an indispensable
component in the model-free analysis to characterize
sub-nanosecond motion of proteins (Palmer 1997).
One disadvantage of the NOE experiment has been
that because the starting magnetization of the SN—{H]}
steady-state NOE experiment is >N, sensitivity of the
NOE experiment is ca. 10 times lower than the typical
HSQC-based 7; and 7, measurements. However,
use of recent low-temperature probes significantly
increases the sensitivity of the "’N-{H} NOE experi-
ment, and enables accurate quantitative evaluation of
>’N-{H} NOE values.

The 'N—{H} steady-state NOE values are deter-
mined by taking the ratio of the >N signal intensities
recorded in the presence and absence of proton satu-
ration prior to excitation of '’N magnetization (Kay
et al. 1989). There are at least three critical factors that
require attention in order to measure reliable NOE
values. First, water—amide proton exchange can affect
NOE values if the water-flip pulse is not applied
(Grzesiek and Bax 1993; Li and Montelione 1994;
Skelton et al. 1993). Second, 'H saturation is also
important to obtain quantitatively reliable NOE values
(Kay et al. 1989; Renner et al. 2002). Third, complete
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magnetization recovery during the pulse repetition
delay is critical for accurate measurement of NOE
values. Because 'H and '°N T} values become longer as
magnetic field strength increases, it may not be prac-
tical to wait for a complete recovery of proton mag-
netization in the NOE experiments at 800 MHz and
900 MHz NMR instruments. Holak’s group has quan-
titatively demonstrated the effects of insufficient pulse
repetition time (Renner et al. 2002). In theory, the
effect of the insufficient recovery time can be corrected
using Solomon equations (Solomon 1955). Correction
equations in which cross-relaxation between amide 'H
and "N and extra relaxation sink from surrounding
protons have been previously proposed (Freedberg
et al. 2002; Grzesiek and Bax 1993; Skelton et al.
1993). In recent publications by other groups (Grzesiek
and Bax 1993; Skelton et al. 1993), insufficient recov-
ery of 'H magnetization was taken into account in a
correction equation by using experimentally deter-
mined 'H 7, values, whereas in a previous paper
(Freedberg et al. 2002) we had accounted for the
recovery of both 'H and "N T values to derive a
correction equation.

None of these above-mentioned efforts, however,
have explicitly taken the effect of cross-correlation
between 'H-'"N dipolar coupling and >N chemical
shift anisotropy (DD-CSA) into account (Werbelow
and Grant 1977). In the previous derivations, the cross-
correlation effect is assumed to be negligible or com-
pletely averaged out by fast proton-spin flip rate. The
effects of the DD-CSA on °N T} and >N T, have been
well studied previously, and been suppressed using
pulse sequences that apply "H 180° pulses, or 'H sat-
uration pulses during the relaxation period (Boyd et al.
1990; Kay et al. 1992; Palmer et al. 1992). In spite of
the studies done on the effect of DD-CSA cross-
correlation on 7; and 7, values, the influence of
DD-CSA cross-correlation on the "N-{'H} NOE
experiment has not yet been described.

In this study, we will first show that NOE values
determined by the experiments with insufficient scan
repetition delay cannot be explained by simple Solo-
mon equations (Solomon 1955) when the apparent
amide 'H T, values of the sites are long. Therefore,
such NOE values cannot be properly corrected by
using published equations. We will next show that >N
magnetization recovery in the presence of 'H satura-
tion is expressed by a theoretical curve derived from
the Solomon equations, whereas the magnetization
recovery in the absence of 'H saturation does not for
the sites that have long amide 'H 7, values. The
magnetization recovery in the absence of 'H saturation
for these sites can be explained using Goldman’s
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equations which take into account cross-correlation
between "N (or 'H) chemical shift anisotropy and
'"H-"N dipolar interaction (Goldman 1984). Finally,
we will describe rotational correlation times and
proton spin-flip rates for which the cross-correlation
effect is significant, and discuss a strategy to determine
I5N—{H} NOE values at high magnetic fields.

Methods
Theory

Time dependence of longitudinal relaxation of a
"H-'5N two-spin system is typically expressed using the
Solomon equations (Solomon 1955). From the solution
of the Solomon equation (for example, Eq. [5.17] in the
reference Cavanagh et al. 1996), "N longitudinal
magnetizations that recover in the absence and pres-
ence of 'H saturation, N3°™*(¢) and N'(¢), respec-
tively, are expressed by the following equations.

O'HNHoz(e_t/TlN _ e—l/TlH)
(1/Tin—1/Tn)
(1)

N (1) =Ny (1 —e ") 4 Tinoun Hy (1 —e /1) (2)

Ngonsat(t) _ N%(l _ e—r/TlN) _

Here, >N T, and 'H T, are noted as Tyn and Ty,
respectively. oy is a cross-relaxation term between
ISN-TH dipolar interaction. NY and HY are Zeeman
equilibrium magnetizations of '°N and 'H spins,
respectively. From Egs. (1) and (2), it is obvious
at t — oo, NZ™(f) approaches Ny and N'(f)
approaches N%(1 + Ti;nounHY). Therefore, the NOE
enhancement value determined by the ratio of N%'(¢)
and NZ7%(¢) is

N ) gyt

NOE = et~ = NZ =+ TINGHNHZ =1 +— TlNO-HN
NP (1) N

(3)

As described previously (Freedberg et al. 2002;
Grzesiek and Bax 1993; Skelton et al. 1993), Egs.
(1-3) can be used to derive the following simple rela-
tionship.

NOE
~ 1-f(1-NOE) “)

Here, NOE,, and NOE indicate the measured and the
theoretical NOE values, and the NOE,, is given by
NZY(1)/NS (). fis defined by (Freedberg et al. 2002)

NOE,



J Biomol NMR (2007) 37:147-157

149

TlH e—f/Tu-[ _ e_t/TlN
f= — 7 (5)
Tin—Tin 1—e /T

When Ty is sufficiently small (or ¢ is sufficiently large)
to satisfy the condition of exp(—t/Tin) & 0, fsimplifies
to f = exp(—t/Tu) as described previously (Grzesiek
and Bax 1993; Skelton et al. 1993).

Simulation of >N magnetization recovery

In the above theory, the effect of spin diffusion is taken
into account in the manner that the 7Ty is an effective
relaxation time that includes the effect of spin diffusion
from surrounding protons to the amide proton, but
cross-correlation between N (or 'H) chemical shift
anisotropy (CSA) and '"H-"N dipolar interaction is
not accounted for. Both effects are taken into account
using the theory of Goldman (Goldman 1984), which
shows that:

d Nz 1/Tix ONH N
@ Hz |=—| ong 1/Tia+1/Tun 1y
2NzHz N 1 1/Tn,m,
Nz —Nzeq
x |Hz—Hzeq (6)
2NzH,

Here, 1y is the relaxation rate due to cross-correlation
between the 'H-""N dipole and >N CSA, and 7y is the
relaxation rate due to cross-correlation between the
"H-'N dipole and 'H CSA. The equilibrium magne-
tization of 'H and !N are indicated by Nz oq and Hz ¢,
respectively.

We numerically calculated the time-dependence of
the recovery of the >N magnetizations, NI =
N, + N,H, and N® = N_- N,H,, using Eq. (6) un-
der the following three conditions. (I) First, we simu-
lated Freeman-Hill type (Freeman and Hill 1971;
Sklenar et al. 1987) decay of the two components (N
and N®) at a variable time assuming 500 MHz and
800 MHz operating proton frequencies. In the
Freeman-Hill approach, the decay of the difference
between two scans is taken in which N has respective
values of Nz(0) and -Nz(0). This simplifies the solution
of Eq. (6) to u(t) = exp(—Mt) - u(0) . Here, u(f) = [N,
HY, 2NZH%], and M is the 3 x 3 relaxation matrix in
Eq. (6). Therefore, in this simulation, the initial con-
dition is [N%, HZ, 2N HY] = [1, 0, 0], and magnetiza-
tions relax to [0, 0, 0], as in recent T; relaxation
experiments based on the original work by Sklenar
et al. (1987). (II) Second, we calculated a recovery
of the sum of the NV and N® magnetization as a

function of time, starting with the initial condition of
[N%, HY, 2NZH%] = [0, 0, 0] and reaching to an equi-
librium of [1, 1, 0]. This mimics the experimental
condition of the NZ°™%(¢) recovery experiments de-
scribed below. (III) Third, we calculated the decay of
N® and N® as a function of the effective rotational
correlation time, at a decay time of 3 s. We started with
the initial condition of [N%, HY, 2N HY%] = [1, 0, 0] in
order to assess how the rotational correlation time af-
fects the cross-correlation effect. In the simulation,
relaxation matrix elements were calculated assuming a
single rotational correlation time. CSA values for '°N
and 'H were assumed to be 170 and 17 ppm, respec-
tively. In simulations (1) and (2), we also included the
effect of external protons by adding an additional
amide 'H relaxation rate of 0.5s™ to account for
'H-'H dipolar interactions of 0.5 s™!, and by an addi-
tional 2H,N relaxation rate due to 'H spin flip effects
(Kay et al. 1992) of either 1.5 s or 1,000 s™. In sim-
ulation (3), we included a '"H-'H dipolar interaction
assuming one 'H-'H dipolar interaction with an
internuclear distance, ry, of either 2.7 A or 19 A, to
provide the effect of the external protons.

Experiments

All NMR relaxation experiments were performed
using 0.8 mM deuterated "*N-labeled ubiquitin (Spec-
tra Isotope) in a 20 mM acetate buffer at pH 5.0. NMR
spectra at 17°C were recorded on a Bruker DRX800
spectrometer  operating at a 'H frequency
of 800.13 MHz and using a triple-resonance cold-
temperature probe with a shielded z-gradient coil,
unless otherwise noted. Under these conditions, the
water—amide exchange is expected to be slower than
1 min. Therefore, we did not take into account the
effects of water—amide proton exchange.

15N magnetization recovery in the presence and
absence of 'H saturation was recorded using a typical
pulse sequence for ’N—{'"H} NOE experiment with the
following minor modifications (Grzesiek and Bax
1993). (1) After a 7 s scan repetition delay, °’N and 'H
90° pulses are applied followed by a gradient. (2) A
variable delay was applied with/without 'H saturation.
(3) An >N 90° pulse is applied to record '’N magne-
tization for # evolution followed by the INEPT trans-
fer for 'H detection (Fig. 1). Since we modified only
the initial portion of the pulse sequence and acquisition
order of the typical ’N—{'H} experiment, we show only
a simple flow diagram of the pulse sequence in Fig. 1.
The 'H saturation was achieved by applying 120° 'H
pulses with 10 ms delay (Kay et al. 1992), and applied
for durations of 0.1, 0.2, 0.4, 0.5, 0.6, 0.8, 1.0, 3.0, and
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Fig. 1 (a) Simple pulse schemes for the modified NOE exper-
iments to detect magnetization recovery in the presence and
absence of 'H saturation, and (b) a portion of the magnetization
recovery to suppress the cross-correlation effect. After the initial
delay (d1), the transverse '°N and 'H magnetization is dephased.
The delay followed by the d1 period was varied as described in
the experimental section. Two series of experiments were
performed, one in the presence and one in the absence of 'H
saturation during this variable delay time. The 'H saturation was
achieved by applying 120° 'H pulses in every 10 ms (Kay et al.
1989; Renner et al. 2002). Original phase cycles and gradients as
described in the Bruker pulse sequence library (Bruker,
Billerica, USA) were applied after the second '°N pulse

4.0 s. The delays without 'H saturation were 0.1, 0.3,
0.5, 0.7, 1.0, 2.0, 3.0, 4.0, and 6.0 s. Using the data
acquired in the presence and absence of 'H saturation,
NOE values were calculated as a function of the delay
time.

In the above experiments, the initial condition of the
magnetization recovery is set to Nz(0) = Hz(0) = 0.
This is because at the end of acquisition, 'H magneti-
zation decays quickly by 75, and 'H Z-magnetization
recovery starts from 0. Similarly, "N magnetization
that is decoupled during the acquisition period is
0 at the end of the acquisition period. Therefore, the
7s scan repetition delay is not for recovery of
Z-magnetization because the magnetization recovery
starts after the 90° pulse and the gradient. Rather, we
added the long delay to eliminate possible contribution
of two-spin order terms that remain after the acquisi-
tion period prior to the start of the next experiment.
Ideally, even if 2HzN term remains, it is converted to
multi/zero-quantum coherence by the 90° pulses and
should decay during the magnetization recovery delay.

Non-selective inversion recovery experiments were
performed to determine 'H 7, and N T, values,
respectively, using typical pulse sequences based on the
'"H-"’N HSQC and the 'H-'>N refocused HSQC
(Freedberg et al. 2002). Spectra for 'H T, relaxation
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were recorded with relaxation delay times of 0.0, 0.5,
1.0, 2.0, 3.0, and 4.0 s. Since the 'H T} values are used
to estimate the rate of recovery of magnetization for
NOE experiments, the relaxation period was placed to
precede the start of the HSQC sequence to establish a
non-selective inversion recovery. The scan repetition
delay for the '"H T, experiment was set to be 7.5 s,
which is less than three times the typical 7, value of
our sample. However, the short delay does not affect
the T; measurement because the Freeman-Hill meth-
od (Freeman and Hill 1971; Sklenar et al. 1987)
is applied in a manner similar to the typical 7; exp-
eriments. In the N T, experiment, spectra were
recorded with relaxation delays of 0.1, 0.2, 0.3, 0.5, 0.7,
and 0.9 s. The acquisition of "H T} and '°N T spectra
took 20 and 12 h, respectively.

The 2HZNj; relaxation was measured with the
relaxation delays of 0.0, 0.02, 0.04, 0.08, 0.16, 0.24, 0.32,
0.4, and 0.48 s, using the pulse scheme published pre-
viously (Boyd et al. 1990; Kay et al. 1992; Muhandiram
et al. 1995). Using the 2HzN7 relaxation time and N
T,, the proton-spin flip time, T, was determined using

Eq. (7).
/Ty =1/Tongn, —1/Tin (7)

All data were processed using nmrPipe and
nmrDraw software (Delaglio et al. 1995; Garrett et al.
1995). Relaxation times were determined by fitting a
single-exponential function to the decay of signal
intensities using non-linear least square minimization.
Uncertainties of the relaxation times were estimated
by the Monte-Carlo method. Uncertainty in the NOE
value was estimated based on signal-to-noise ratios of
the peak intensities.

Results

Magnetization recovery curves that exhibit
NOE,, > 1.0

Using the modified pulse scheme for the "N—{'H}
NOE experiment (Fig. 1), '°N magnetization recovery
was recorded in the presence and absence of 'H satu-
ration. As shown in Fig. 2, the excited magnetization
recovers from 0 to 1 or to a saturated intensity in the
absence or presence of 'H saturation, respectively. The
typical signal-to-noise ratio of the peaks at 6 s when
using 'H saturation was 150-300. Therefore, even for
this highly sensitive ubiquitin sample, use of a cold-
temperature high-sensitivity probe was indispensable
to acquire the series of 2D spectra of the '"N—{'H]}
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Fig. 2 Recovery of °N

magnetizations for (a) residue (a)
8, (b) residue 9, (¢) residue 5, 1
and (d) residue 6. Intensities
of the magnetizations, N$'(f)
(open circle) and N5°™*(¢)
(closed circle), were recorded
in the presence and absence
of proton saturation,
respectively. Residue
numbers were tentatively
assigned from the similarity of
the chemical shifts. Note that

Intensity

taking the ratio of N$'(¢) and
NZ™*(¢) at a sufficiently long
delay time, a correct NOE

value is obtained. The N$'(f)
values are used to determine
relaxation time, 75, using a
single exponential recovery
function. The solid lines are
the fit recovery curve

Intensity

NOE experiments with a sufficient signal-to-noise
ratio. For residues 8 and 9 (Fig. 2a, b), the >N mag-
netization intensity recorded in the absence of 'H
saturation, N%°™'(), is larger than that recorded in the
presence of 'H saturation, N%'(¢) at any time duration.
In contrast, for residues 5 and 6, the magnetization
intensity in the presence of 'H saturation becomes
larger than the non-saturation recovery intensity for
delays less than 4 s (Fig. 2c, d). For the latter case
(Fig. 2c, d), if the NOE value is calculated using the
intensities recorded using delays in the range of 1-3 s,
the measured NOE values, NOE,,, becomes larger
than 1.0.

According to Egq. (2), NZ¥Y(7) relaxes as
(1 —exp(—t/Tin)). On the other hand, the relaxation
of N2°™Y(¢) is more complex, as described by Eq. (1).
The difference in the decay between NZ°™*(¢) and
NZ'(¢) is in the second terms of Egs. (1) and (2), and
results in the NOE,, (NZ"(r)/NZ*™*(¢)) expressed by
Eq. (4). When Ty > Tn and t > Ty, f defined by Eq.
(5) is always less than 1. When ¢ > 1 s, this is true in a
small protein that does not experience extensive spin-
diffusion. In the condition of 0 < f < 1, the NOE,
must be less than 1.0 for all values of ¢ because the
subtraction of denominator from numerator, NOE —
(1-f(1-NOE)) = (NOE-1)(1-f), becomes negative.

Thus, Egs. (4) and (5) do not properly correct the
measured NOE values when NOE,, > 1.0. Overall, the
observed magnetization recovery in Fig. 2c, d can not
be explained by the Solomon equation.

Experimental investigation of the violation
of the Solomon equations

These violations from the Solomon equations are not
limited to a small number of residues. As shown in
Fig. 3a, many residues have NOE,, > 1.0 when the
recovery time is set to 3 s in both experiments in the
presence and absence of 'H saturation, i.e., in the case
of NOE,(3,3). When the decay becomes sufficiently
long, ca. 6 s in the absence of 'H saturation and 4 s in
the presence of 'H saturation, NOE,,(4,6) values are
mostly less than 0.9, values that are consistent with the
theoretically estimated NOE values. The sites that
have NOE,,(3,3) larger than 1.0 generally exhibit
longer "H T values (>3 s) (Fig. 3b). Holak’s group has
also previously pointed out that mobile regions exhibit
NOE,, > 1.0 when the pulse repetition delay time is
small, although an explanation was not provided for
this observation (Renner et al. 2002).

To understand why NOE,, values >1.0 are observed
(or N%™*(r) < NZ'(¢)), we investigated which magne-
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Fig. 3 (a) Plots of measured "’N—{'H} NOE values against 'H
longitudinal relaxation time (7}). (b) Plot of measured >N—{'H}
NOE values versus "N—{'H} NOE values determined using
different recovery times. In (a), plots are shown for the >’N—{'H}
NOE values determined using the 3 s recovery magnetization
recovery in both presence and absence of 'H saturation (filled

tization recovery, N2°™%(¢) or N$'(¢), differs from the
predictions of the Solomon equation. Equation (2)
predicts that N%'(f) relaxes by a single exponential
function characterized by >N T,. Therefore, we
determined the relaxation time obtained from the
magnetization recovery of N$'(¢), T+, and compared
it with the N T determined by the inversion recovery
method. Figure 4 shows a correlation between the N
T and "N Ty. In spite of a small systematic differ-
ence of 0.03 s, the N 75 values are highly correlated

15 N T1sal (S)

0.6 1 1 1
0.6 0.7 0.8 0.9 1

"NT,(s)

Fig. 4 Plot of °N relaxation rate determined in the presence of
'"H saturation, 75, versus N T, values determined by
conventional inversion recovery experiment
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circle, NOE,,(3,3)), and also shown for the ">’N—{'"H} NOE values
determined using the 4 s recovery magnetization recovery in the
presence of 'H saturation and 6 s recovery in the absence of 'H
saturation (open circle, NOE,(4,6)). In (b), plots are shown for
NOE,,(4,6) versus NOE,(3,3). In (b), open squares indicate the
amide sites that exhibit 'H 7; values longer than 3 s

with the >N T} values. Possible mechanisms that cause
the systematic difference are (1) insufficient suppres-
sion of the DD-CSA effect, or (2) lack of full recovery
intensity, N** (). First, we think that the lack of full
recovery intensity may introduce larger errors in
longer 7' but is not expected to cause a systematic
increase in T values. Second, regarding the sup-
pression of the DD-CSA effect, we measured the
efficiency of 'H saturation (data not shown) and found
a similar result to that of Holak’s group (Renner et al.
2002) in which "H magnetization is almost instanta-
neously reduced by over 90%. Since the apparent
relaxation time changes ca. 60% (1.89 and 1.18 s in
Fig. 6) with and without the cross-correlation sup-
pression, the 10% remained proton signals perturbed
by 120° pulses may cause the slight increase of the
relaxation time. Nevertheless, 0.03 s difference (less
than 5% of N 77') in >N T5* from '*N Tdetermined
by inversion recovery is too small to make the recovery
of N**(r) magnetization faster than NZ°"*(f) magne-
tization. Overall, '’N magnetization recovery in the
presence of 'H saturation, N%(¢), is consistent with the
prediction of the Solomon equations.

To understand whether the time dependence of
NZ°™*Y(r) magnetization differs from the prediction of
the Solomon equations, we recorded relaxation of the
NzHz two-spin order because the DD-CSA cross-
correlation is expected to be significant if the proton
spin-flip time, Ty, is similar to or longer than the '°N
relaxation time. As shown in Fig. 5, the Ty values are
0.4-2.0 s, which are compatible to those of 15N Ti,
which indicates that the DD-CSA cross-correlation
may have a significant contribution in NZ°™%(r)
recovery. Since the effect of the cross-correlation was
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Fig. 5 Plot of proton spin-flip time, 7y, versus proton 7;. The
spin-flip time was calculated based on Eq. (6) using the 2NzH
relaxation time and >N T}

not taken into account in the two-spin Solomon
equations described above (Egs. 1 and 2), quantitative
evaluation of the effects of CSA/dipolar cross-corre-
lation on NZ°™*(¢) will be required.

Although DD-CSA cross-correlation effects on °N
T, and T, have been studied and pulse sequences to
suppress the effect have been published, the DD-CSA
effect on '°N T, was observed to be relatively small.
This is partly because the effect was partially sup-
pressed by relatively rapid proton spin flips in pro-
tonated proteins and partly because these earlier
studies used low magnetic field strengths (Boyd et al.
1990; Kay et al. 1989).

Interestingly, the Ty values did not have a clear
correlation with the "H T values (Fig. 5). This lack of
correlation is presumably because T primarily de-
creases with increase in the effective correlation time
and the number of dipolar interactions, whereas 'H
relaxation time, 7, decreases with an increase in the
number of dipolar interactions but increases with an
increase in the effective correlation time.

Simulation of >N magnetization relaxation

To understand the effect of DD-CSA cross-correlation
on the recovery of magnetization, we simulated relax-
ation of the longitudinal magnetizations including the
DD-CSA cross-correlation mechanism in the relaxa-
tion matrix. First, we tested a simple relaxation in
which initial magnetization of [N%, HY, NZH%] =[1,0,
0] relaxes to [0, 0, O] with an effective correlation time
of 6.5 ns and 'H T;é of 1.5 s7 (Fig.6, using simulation
(1) in Methods). This effective correlation time
includes the amplitude reduction of the spectral den-
sity function by internal motion, and is larger than the
actual rotational correlation time estimated for
ubiquitin at 17°C. The T value used in the simulation
is within the range observed in the experimental result

in Fig. 5. As shown in Fig. 6, two components of °N
longitudinal magnetization (see Methods), N and
N®), decay at different rate due to the DD-CSA cross-
correlation effect. However, the difference in the
intensities between the two components is small at a
500 MHz 'H-NMR frequency. For example, at 3 s
duration of a decay time, the difference of the intensity
between N and N® is 1.7% of the initial N
(= 0.5 N2) whereas the difference of the intensity is
12.7% at 3 s duration assuming a 800 MHz instrument
(Fig. 6). This increase of the discrepancy between N
and N® at higher magnetic field strength is reasonable
because chemical shift anisotropy increases as the
magnetic field strength increases, and makes the cross-
correlation effects increase (Boyd et al. 1990; Kay
et al. 1989). The apparent T, value determined for the
magnetization recovery of the summation of N and
N® magnetizations (using 11 points of time duration
from 0 to 3 s which corresponds to the range used to
detect magnetization recovery in the NOE experi-
ments) became 1.89 + 0.076 s, which is considerably
longer than the T value (1.18 s) that does not include
the cross-correlation effect. The 1.6 times longer T}
explains why N%°™Y(f) magnetization relaxes slower
than estimated from the Solomon equation.

Next, we simulate the magnetization recovery in the
absence of 'H saturation and compared the recovery in
the presence of 'H saturation (simulation (2) in

0.5

Intensity

Fig. 6 Simulated decay of intensity of N® and N® components
at 500 MHz (broken lines) and 800 MHz (solid lines). Proton
spin flip (75 = 1.5 s™") and external proton relaxation (0.5 s™!) in
addition to N-H interaction were taken into account for the
calculation. The simulation assumes an effective rotational
correlation time of 6.5 ns
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Methods). We simulated the later curve as an expo-
nential recovery with 7} = 0.7 s towards the saturation
intensity of 0.85, which is the maximum NOE value at
an effective correlation time of 6.5 ns. The simulation
in the absence of 'H saturation was achieved by
assuming T5 = 1,000 s~ in which the spin-flip is very
quick relative to the average relaxation (or recovery)
of the two components (Fig. 7a). The simulation in the
absence of 'H saturation was performed including the
DD-CSA cross-correlation effect in which 73 was
assumed to be 1.5 s! (Fig. 7b). The N() magnetiza-
tion plotted in Fig. 7 is the sum of NV(r) and N®(y).
When the DD-CSA effect is suppressed by the fast
spin-flip, the magnetization recovery calculated in the
absence of 'H saturation is always larger than that in

Intensity
o
6]

e
&

Intensity

0 1 2 3 4 5 6
Fig. 7 Simulated magnetization recovery (a) when proton spin
flip is fast (T3 = 1,000 s!) and (b) when proton spin flip is
slow (T = 1.5 s7) in the absence of 'H saturation (solid lines).
Broken lines are magnetization recovery curves in the presence
of 'H saturation, which is calculated as a single exponential
recovery characterized by >N T, which was assumed to be 0.7 s.

The simulation assumes an effective rotational correlation time
of 6.5 ns and the 800 MHz proton operating frequency

@ Springer

the presence of saturation (Fig. 7a). However, when
cross-correlation is significant, the magnetization
recovery in the absence of 'H saturation becomes so
slow that the magnetization in the absence of 'H sat-
uration becomes smaller than that in the presence of
'H saturation during the recovery duration up to 3 s
(Fig. 7b). Figure 7a adequately describes the situations
depicted in Fig. 1a and b whereas the Fig. 7b describes
that in Fig. 1c and d.

Although the magnetization recovery in the absence
of 'H saturation is not rigorously a single exponential
function because of the '"H-'°N cross-relaxation effect
(Eq. 1), the above differences in magnetization recov-
eries are more adequately characterized by fitting as a
single exponential curve. The approximate relaxation
time of the magnetization recovery calculated from the
solid curve of Fig. 7a (in the absence of 'H saturation,
with suppression of the cross-correlation) becomes
0.9 s. This value is slightly larger than the >N T} (0.7 s)
of magnetization recovery in the presence of 'H satu-
ration, with the difference due to the 'H/"N cross-
relaxation. On the other hand, the approximate relax-
ation time of magnetization decay calculated from the
solid curve of Fig. 7b (in the absence of 'H saturation,
without suppression of the cross-correlation) becomes
1.53 s, which is almost twice longer than the N 7.

Correlation time dependence of NOE N and N®

As described in the above section, the magnetization
recovery time in the absence of 'H saturation for the
>’N-{'H} NOE experiment becomes significantly long-
er than the recovery time estimated based on the
Solomon equations. This phenomenon becomes evi-
dent at high magnetic field strength as shown in Fig. 6.
We will therefore calculate the intensities of the N
and N® as a function of an effective correlation time.
To simulate N® and N@® intensities at different
effective correlation times, the amount of external
"H-'H dipolar interaction and proton spin flip rate are
given by a function of the effective correlation time. In
this calculation, "H-'H dipolar interactions with
external protons are tentatively simulated by an
effective interaction with a single proton with an in-
ternuclear distance, rg, of 2.7 A and 1.9 A for a deu-
terated and a protonated protein, respectively.

A previous study by Bax and colleagues indicates
that 21,S; relaxation time of calcium loaded calmod-
ulin is in the range of 50-130 ms (7% in the range of
6-19 s™') with an apparent rotational correlation time
of 6-7 ns (Kay et al. 1992). Figure 5 shows Ty of the
deuterated ubiquitin becomes ca. 1.5 s™'. In our ten-
tative model, 74 for protonated (rg= 1.9 A) and
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deuterated (ryy = 2.7 A) proteins at 7 ns correlation
time are calculated to be 8 and 157!, respectively.
Although our model may underestimate the Ty of
protonated proteins at larger correlation times, this
model will elucidate the qualitative difference of T
effects on N and N® between a protonated protein
and a deuterated protein.

At 800 MHz for a deuterated protein (rg =2.7 A)
(Fig. 8a, solid lines) there is a significant difference in
the signal intensities of N and N® components at 3 s
recovery time at effective correlation time less than
20 ns. The difference in the N and N® intensities is
diminished at an extremely high correlation time
(>30 ns) due to efficient spin diffusion, even though the
proton density is low. On the other hand at 500 MHz

05
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(0]
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05
(b)
0.4 1
2 031
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[
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k=
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0 :

0.1 1 10 100
Effective correlation time (ns)

Fig. 8 Simulated intensity of N® and N® components at
500 MHz (broken lines) and 800 MHz (solid lines) at 3 s delay
versus the effective rotational correlation time. Simulations were
performed using a model which includes a single 1H—\’IH dipolar
interaction with a distance of (a) 2.7 A and (b) 1.9 A assuming
deuterated and protonated proteins, respectively (see Methods)

(Fig. 8a, broken lines), both of the N and N® com-
ponents are more relaxed after a 3 s duration when the
correlation time is in the range of 2-10 ns, indicating
that {'"H}-'>’N NOE data can be measured with a
relatively small error, using 3 s duration even for a
deuterated protein at 500 MHz. However, Fig. 8a also
predicts that even at 500 MHz, the N and N®
components relax significantly differently due to the
CSA-DD cross-correlation when the effective correla-
tion time is less than 2 ns.

Assuming a protonated protein (ry = 1.9 A), the
N® and N® components relax almost simultaneously
at the correlation times more than 2 ns, even at
800 MHz (Fig. 8b, solid line). This prediction indicates
that although the magnetization recovery of a molecule
at an effective correlation time of >10 ns is not com-
pleted at 3 s, the measured NOE values can be cor-
rected using Egs. (4) and (5). This equality of N and
N® at 800 MHz is similar to that of 500 MHz (Fig. 8b,
broken line). However, even in protonated proteins, at
correlation times less than 2 ns at 800 MHz (Fig. 8b),
the spin flip rate becomes insignificant, and the N»
and N® components relax significantly differently due
to the CSA-DD cross-correlation. Therefore, the cor-
rection equation may not be applicable for a small
protein or mobile regions even when the protein is
protonated. This prediction qualitatively agrees to the
experimental results published by Holak (Renner et al.
2002).

Design of NOE experiment

These simulations indicate that DD-CSA effect is
evident for the system that has slow proton spin-flip
rate, i.e., deuterated protein or small protein. A simple
solution is to record the NOE experiments at lower
magnetic field strength, such as 500 MHz or 600 MHz.
Nevertheless, it is technically possible to suppress the
DD-CSA cross-correlation effects using two "N 180°
pulses during the magnetization recovery (Fig. 1b).
Note that in this sequence, the sign of the cross-
relaxation does not flip because the sign of the 'H
magnetization does not change. As shown in Fig. 9, the
NOE("’N_flip) values measured by using this sequence
(Fig. 1b) are mostly less than 1.0, even at 2 s delay. A
drawback is that the insertion of the >N pulses during
the magnetization recovery period complicates the >N
magnetization recovery itself, and terribly reduces
signal-to-noise ratio of the experiment due to insuffi-
cient the recovery of Nz magnetization due to the 180°
pulses. As compared with the correlation between
NOE(3,3) and NOE,(4,6) (Fig. 3b), the correlation
between NOE('’N_flip) and NOE,,(4,6) (Fig. 9) is not

@ Springer



156

J Biomol NMR (2007) 37:147-157

0.8 -

NOE(°N_180)

0.6 - .

0.6 0.8 1
NOE,(4,6)

Fig. 9 Plots of ’N-{'H} NOE values measured using the two
5N pulses during the recovery delay (Fig. 1b scheme) versus
NOE(4,6) shown in Fig. 3

significant presumably because of the complexity of the
recovery profile. Therefore, this experiment is only
proposed to demonstrate the cross-correlation effect
on the NOE experiments, but is not recommended for
practical applications.

Practically, for the systems with slow proton spin-flip
rates, since the correction equations (Eqs. 4-5) cannot
be used, it is necessary to wait a sufficient delay time
when the NOE experiments are performed in a high
field magnets. However, we emphasize again that we
do not need to wait for the same delay time for both
experiments performed in the presence and absence of
proton saturation (Renner et al. 2002). Since the '°N
magnetization recovery in the presence of saturation is
basically characterized by the '°N T, the experiment in
the presence of 'H saturation can be set shorter than
that in the absence of the 'H saturation: for example,
ca. 3 s and 6 s respectively. As described previously,
the delay time in the absence of 'H saturation has to be
longer to obtain accurate NOE value for mobile region
(Renner et al. 2002).

In summary, we have explained why N'(¢) intensity
becomes larger than the N3°™*(¢) intensity during the
magnetization recovery in the "’N—{"H} NOE experi-
ment, quantitatively by taking into account the
DD-CSA cross-correlation effect, using experiments
and simulations. We also clarified under what condi-
tions the DD-CSA significantly affects magnetization
recovery for NOE experiments.

@ Springer
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