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ABSTRACT

Precision and accuracy are the limiting factors in extracting structural and dynamic information from
experimental NOEs. In this study, error sources at all stages of such an analysis are identified and errors
are estimated. The data set of HN-HN cross-relaxation rates obtained from triple-labeled ubiquitin pre-
sented in [B. Vogeli, T.F. Segawa, D. Leitz, A. Sobol, A. Choutko, D. Trzesniak, W. van Gunsteren, R. Riek,
J. Am. Chem. Soc. 131 (47) (2009) 17215-17225] is extended to rates obtained from a double-labeled
sample. Analog data sets are presented for GB3. It is shown that quantitative NOE rates can be deter-
mined with high accuracy from both triple-labeled as well as double-labeled samples. The quality of
experimental cross-relaxation rates obtained from 3D HXQC-NOESY and NOESY-HXQC experiments is
discussed. It is shown that NOESY-HXQC experiments provide rates of the same quality as HXQC-NOESY
if both diagonal and cross peaks for a spin pair can be resolved. Expressions for cross-relaxation rates for
anisotropically tumbling molecules exhibiting fast and slow motion are derived. The impact of anisotropy
on the prediction of cross-relaxation rates and on the conversion of experimental rates into effective dis-
tances is discussed. For molecules with anisotropy Dy;/D, up to five the distance error is smaller than 2%.
Finally, “averaged order parameters” are calculated for specific secondary-structural elements showing

similar trends for ubiquitin and GB3.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

It has recently been demonstrated that the measurement of
NOE buildups [1,2] between amide protons in perdeuterated hu-
man ubiquitin enables the determination of HN-HN distances up
to 5 A with high accuracy and precision [3]. These NOE-derived dis-
tances have an experimental error of ~0.07 A, which is smaller
than the pairwise root-mean-square deviation of 0.24 A obtained
with corresponding distances extracted from either an NMR or
an X-ray structure, and also smaller than the pairwise rmsd be-
tween distances from X-ray and NMR structures (0.15A). The
extension of this approach to all protons in a protein poses difficul-
ties. In particular, in a protonated sample spin diffusion is much
stronger. Errors introduced by spin diffusion are examined by com-
paring rates obtained from double and triple-labeled samples. Fur-
thermore, the proton mixing element in the 3D !°N-resolved
HMQC-["H,'H]-NOESY experiment has been placed before acquisi-
tion enabling convenient extraction of the cross-relaxation rates.
However, the water suppression is based on a WATERGATE
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sequence [4] which also excites in part 'H* protons and corre-
sponding NOEs cannot be determined accurately. Such NOEs are
of emergent interest and it is discussed how NOEs can be deter-
mined if an HXQC element (that is, HSQC or HMQC) is placed after
the NOESY mixing time just preceding acquisition. The impact of
diffusion anisotropy has been neglected in the study of ubiquitin
[3]. This is justified by the relatively small ratio of the longitudinal
and transverse axis of the diffusion tensor (Dy/D, = 1.17). While
the error for experimental distances is very small, the error of
cross-relaxation rates (and therefore order parameters) is no more
than 5%. It is, however, important to get an estimate of errors for
proteins with larger anisotropy. The effect is studied on the exam-
ple of GB3 with a ratio of 1.4. Expressions for cross-relaxation rates
for anisotropically tumbling molecules exhibiting fast and slow
motion are derived.

2. Theory
2.1. Cross-relaxation rates
The time dependence of the peak intensities in a NOESY

spectrum is determined by the following differential equation for
N spins [5]:
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= RI(t) (1)

I'is an N x N matrix with the spectral intensities of the diagonal
peaks at mixing time t as the matrix diagonal and those of the cross
peaks as off-diagonal elements. The N x N relaxation matrix R con-
tains autorelaxation rates py of spin K and cross-relaxation rates
oy, between spins K and L and is formally obtained from the inte-
grated form of Eq. (1):

R ln(I(t)ng)’]) 2)

If a third spin M is far apart from K and L, gy = oy = 0. If this is
true for all other spins in the system an exact analytical solution for
the remaining 2-spin system KL can be obtained [3].
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These equations are convenient because every two-spin system
can be independently evaluated in a simple fit. In practice, how-
ever, oxy, om # 0 and the assumption of an isolated two-spin sys-
tem breaks down. The introduced error can be evaluated by a
Taylor series of Eq. (1) to second order in t:

Al (t) 1
Al (0) ~ Pty (pK + 0+ Oy ) (4.1)
Al (t
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In both equations the last terms containing oy or o,y are the
modifications due to an additional loss of K magnetization to spin
M, and due to spin diffusion from K to L via M.

2.2. The impact of cross-correlated relaxation

Although the Solomon Eq. (1) is restricted to the N dimensional
space of all single spin magnetization modes it is usually sufficient
for the analysis of NOESY phenomena. More completely, multi-spin
modes up to N spins may be included [35]. These modes are cre-
ated from single spin modes via cross-correlated relaxation. Simi-
larly to spin diffusion, they are involved in indirect pathways
from spin I to spin S. The two most efficient pathways are via 2I,S,
(first under interference of dipole (IS)/chemical shift anisotropy
(CSA) of spin (I), then dipole(IS)/CSA(S)) and via 4I,S,K, (first dipo-
le(IS)/dipole(IK), then dipole(IS)/dipole(SK), respectively. As op-
posed to spin diffusion, for which all cross-relaxation rates scale
with the spectral density function at zero frequency, all longitudi-
nal cross-correlation rates are sampled at the proton larmor fre-
quency, which results in very small contributions to the NOE
under protein-typical rotational correlation times of several
nanoseconds.

To quantify these small contributions, upper limits were calcu-
lated for GB3 with a NOESY mixing time of 60 ms. All the interac-
tion main axes were assumed to be parallel or antiparallel in order
to generate the maximally possible interaction strengths. Numeri-
cal integration of the complete equation for the three spin system
ISK was used to estimate the (neglected) contribution of the cross-
correlated relaxations in the NOE cross peaks between I and S for
every spin K no further than 8 A apart from both. The cumulative
contributions are smaller than 1% for all the NOEs obtained from

the double-labeled sample and even smaller for the triple-labeled
sample. Generally, the largest relative contributions are obtained
for the weakest NOEs. Furthermore, true cumulative contributions
are expected to be much smaller because every contribution scales
between —0.5 and 1 depending on the true angle between the
interaction axes. Hence, contributions coming from cross-corre-
lated relaxation can be neglected in the presented study on GB3.
For ubiquitin, the errors due to the abandonment of cross-corre-
lated relaxation are even smaller than those for GB3 since the
molecular tumbling time is larger. Conclusively, the impact of
cross-correlated relaxation can be neglected in this study.

2.3. The impact of partial deuteration and perdeuteration

Spin diffusion as described in Egs. (4.1) and (4.2) is omnipresent
and the NOE rates must be corrected for it. The extent of spin dif-
fusion can be reduced drastically by perdeuteration. The deutera-
tion level of a perdeuterated sample is typically ca. 99% for H*
and 95% for other carbon-bound protons. It has been shown that
in most cases Egs. (3.1)-(3.3) can be used to obtain HN-HN ¢y
[3]. For ubiquitin with a correlation time of 9.3 ns and NOESY mix-
ing times of ~100 ms, inclusion of all these additional pathways
leads to an overestimation of NOE rates oy of 10-50% in non-con-
secutive residues in the o helix and loops, and an averaged overes-
timation of only 9% in the other spin pairs. It has been suggested
that this effect can be either corrected using a known 3D structure
or by a uniform factor per secondary-structural element. However,
it is very important to note that the perdeuteration level must be
known. Fig. 1 shows the influence of residual aliphatic protonation
on the determination of NOE rates between sequential amides in
an o helix and a B sheet. It is obvious that accurate correction for
spin diffusion fails in a sample that is deuterated (but not perdeu-
terated), which results in an overall deuteration level of ~85% hav-
ing a highly inhomogeneous distribution of deuterated/protonated
sites [6,7]. The problem of an unknown percentage of residual pro-
tonation is absent in measurements with fully protonated proteins.
In turn, spin diffusion is extensively active. To scope with it with-
out the introduction of large structure-based correction factors the
NOE mixing time has to be reduced drastically. Fig. 2 shows the
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Fig. 1. Influence of residual aliphatic protonation on the determination of NOE rates
between sequential amides in an o helix (gray line) and a B sheet (blue line).
Corrections to apparent experimental cross-relaxation rates are calculated for spin
pairs of amide protons of residues 15/16 and 27/28 of ubiquitin, assuming a mixing
time tmix =100 ms and 7.=9.3 ns and fixing the deuteration level of all protons
except for amide and H* to 95%. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Influence of spin diffusion on the determination of NOE rates between amide spin pairs in dependence of the NOE mixing time t,, and the rotational correlation time z..
Correction which must be applied to apparent experimental cross-relaxation rates are shown for a perdeuterated (A) and a protonated protein (B). Representative spin pairs
from ubiquitin are selected. Spins in an o helix separated by 1, 2 and 3 residues are exemplified by spin pairs 27/28, 27/29 and 27/30, spins separated by 1 residue in a B
strand by 15/16 and from different p strands by 2/15, and spins separated by 2 residues in a loop by 58/60. The ratio of 7. and tn is fixed at 10~7. For the perdeuterated
protein, the deuteration level is assumed to be 99% for H* and 95% for all other non-exchangeable protons. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

correction factors needed in the determination of NOE rates be-
tween sequential and non-sequential amides in an o helix, a B
sheet and a loop in dependence on the product of the mixing time
tmix and rotational correlation time 7. (3D plots with 7. and t,ix on
the x and y axis, respectively, are provided in the Supporting Infor-
mation). In the present study, a maximal mixing time of 60 ms was
used for '3C,'>N-labeled GB3 (. =3.43 ns) and 25 ms for '3C,'>N-
labeled ubiquitin (7. = 9.3 ns), respectively. Corrections of typically
30% to the apparent relaxation rates are required and Egs. (3.1) and
(3.2) are not valid anymore.

In addition, for an accurate determination of the NOE rates the
extent of D,0 in the sample must be known. Because of the 95/5%
and 97/3% H/D equilibria in the GB3 and ubiquitin samples the
NOE rates must be corrected with uniform factors of 1/0.95 and
1/0.97, respectively. In principle, this residual deuteration may
complicate the analysis of NOE rates further because it also influ-
ences the spin diffusion via amide protons and hence minimal
addition of D,0 for locking is advantageous. On state-of-the-art
spectrometers 3% D,0 is by far sufficient.

2.4. Cross-relaxation rates for isotropic tumbling

The homonuclear cross-relaxation rate is given by [8,9]

41,2
Ok = (%%)2 21}0};62 (rri:id)6 J(0) — 6](2w)] (5)
KL

where 7 is the gyromagnetic ratio of nucleus K, e is the spectral fre-
quency of the nuclei, yp is the permeability in vacuum, and h de-
notes Planck’s constant. rj# is the internuclear distance in a
hypothetically rigid structure. A simple expression for the spectral
density J is obtained under the assumption of isotropic molecular

tumbling [10]
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where 7. is the rotational correlation time of the molecule and 7j is
the correlation time for internal motion. The angled brackets denote
a Boltzmann ensemble average. S is an order parameter for fast
internal motion [11],
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An experimentally accessible order parameter which covers all
time scales has been introduced [3]. It is defined by the true
(experimental) cross-relaxation rate normalized to the one ex-
pected for a rigid molecule,

exp
2 _ 6
Sia = % 9)
O-KL

For macromolecules at high magnetic fields J(w) sampled at fre-

quencies other than zero can be neglected and S, can be rewritten as

)6 / 1 1
S =S+ ((rzfld> <rT> - S;?Lm) T+ 7/ Tint

KL

(10)

For internal motion much faster than nanoseconds (T, < Tc), SiL
reduces to the order parameter of fast motion as defined in Eq. (8)

Sa =S (11.1)

For motion much slower than the molecular tumbling
(Tint > T¢) S,Z(L becomes independent of angular coordinates,

SIZ(L — (rrigid6)<rl6>

The simplest and most common way to extract distances from
the measured cross-relaxation rate is to use Eq. (5) under the
assumption of a rigid molecule. Motional effects are absorbed into
the distance which must be replaced by an effective distance rgff:

(11.2)
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2.5. Cross-relaxation rates for anisotropic tumbling

If the molecule tumbles anisotropically, Eqs. (6)-(10), (11.1),
(11.2), (12) have to be modified accordingly. The spectral density
function is given by:

6/ 1 Tori
C: 5fast2 + < r[‘lgld <7> _ Sfast'2> totj
JZ—:Z { 1y ( )2 ( “ ) T )1 (Tmtjw)z
(13)
where 1/t are the eigenvalues of the anisotropic diffusion operator
D [12,13]:
1/1, =6(D+ VD? - D?)
1/1_3 =Dx + Dy + 4D,
1/11 =4Dx + Dy + D,
1/1-1 =Dx+4Dy + D,
1/70=6(D - VD* - D?)

and the coefficients C, contain the dependency on the vector K-L gi-
ven by the polar angles 0 and ¢ in the molecular frame:

(14.1-5)
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where the brackets indicate motional averaging. The indices A and B
designate the K-L vector at time points 0 (A) and t (B). The following
abbreviations are used:

D \/Dny—i-DxDz—i-DyDz. p_Dx+Dy+D;
3 ’ 3
U=V3(Dy—-Dy); w=2D,—D,—D,+24

A=3\D*-D"; N=2VAw

Specific effective correlation times and order parameters of fast
motion are associated with every C; coefficient:

111 6
Toty Tj  Tint

C:
Skij = criga (17)

C;igid are the C, coefficients under assumption of absence of
internal motion and are considerably simpler:
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For practical purposes these expressions are highly complex
and underdetermined in any kind of experimental approach. One
problem arises from the correlation between the vector length
and orientation. In models for motional description of covalent
bonds (e.g. HN-N) independence can be safely assumed and the
distance dependence is separated from the C, coefficients. It has
been shown that this approximation is also valid for many cases
of '"H-"H NOEs [10] but in general care has to be applied. In the fol-
lowing this assumption is made to obtain more convenient
expressions:

2
Ce = (rg) <(T:L)3> cr (19)

For the majority of macromolecules, the assumption of axially
symmetric rather than fully anisotropic tumbling is valid. In this
limit 7_;=7; and

G +C’, :%sin“@
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Even under these simplifying conditions, fast motion of the vec-
tor samples orientations associated with varying impact of t,. In
this study S is calculated using the exact solution for anisotropic
tumbling of a rigid molecule (Eq. (9)). However, to implement a
specific motional model, it is instructive to modify the predicted ri-
gid cross-relaxation rate by a relative change calculated from a
model assuming isotropic tumbling rather than Eq. (15.1-5). This
approach has previously been applied to the prediction of cross-
correlated relaxation rates in an anisotropically tumbling GB3 [14].

3. Experimental section
3.1. Sample expression and purification

GB3 was expressed and purified as described previously [15].
The '3C,'>N-labeled and deuterated (non-perdeuterated)
2H,'3C,'>N-labeled NMR samples contained 350 ul of 4 mM and
500 ul of 2 mM protein solution, respectively, in 95% H,0, 5%
D,0, 50 mM potassium phosphate buffer, pH 6.5, and 0.5 mg/ml
sodium azide.
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13C,15N-labeled and perdeuterated ?H,'3C,'’N-labeled ubiquitin
was expressed and purified as described previously [3]. The NMR
samples contained 400 pl of 4.3 mM protein solution in 97% H,0,
3% D,0, at pH 5.8.

3.2. NMR spectroscopy

All experiments were performed on Bruker 700 and 900 MHz
spectrometers equipped with a triple resonance cryoprobe. Spectra
were processed with the programs PROSA [16] or NMRPipe [17]
and analyzed with the programs XEASY [18] and NMRDraw [17].

The following experiments were used to measure NOE buildup
rates (see Table 1): a 3D ®N-resolved HMQC-NOESY experiment
[3] with a WATERGATE element for water suppression [4] for
2H,'3C,'>N-labeled ubiquitin (mixing times tmix = 30, 60, 90, and
200ms at 700 MHz), 2H,'3C,'>N-labeled GB3 (tmix =30, 40, 50,
and 60 ms at 700 MHz) and '3C,’>N-labeled GB3 (tmix = 30, 40, 50,
and 60 ms at 900 MHz); a 3D '"N-resolved NOESY-HSQC experi-
ment with STATES-TPPI acquisition mode in the >N dimension
[19] and a trim pulse before acquisition [20] for 2H,'3C,'>N-labeled
GB3 (tmix = 30, 40, 50, and 60 ms at 900 MHz); a 3D >N-resolved
NOESY-HMQC experiment [19] with a WATERGATE element for
water suppression [4] for 13C,'’N-labeled ubiquitin (mixing times
tmix = 10, 15, 20, and 25 ms at 700 MHz).

3.3. Order of elements in the HMQC-["H,"H]-NOESY and ['H,'H]-
NOESY-HMQC/HSQC pulse sequences

The intensity of detected 'H; magnetization Iget originating from
the initial "H; magnetization with intensity I'™* can be expressed as
follows for HXQC-NOESY [3]:

I;et(tmix) — O(;'ec . I%nit . T?XQC . TE'IOESY(tmix) . TJ\_;\/G7 oC;‘ec < 1 (22-1)
and for NOESY-HXQC
I5 (Emix) = 00° - M- THO™ (tmiy) - T, o < 1 (22.2)

ofec denotes the part of the magnetization that has recovered
during the interscan delay, TH*% the loss of magnetization during
the HXQC element, T} the loss of magnetization during the
WATERGATE element [4] before acquisition, and T;°*" is described
by Eq. (3.1) for i # j and by Eq. (3.2) for i = j, respectively.

If the NOESY is placed after the HXQC element relaxation during
HXQC is identical for the diagonal and every of its NOESY cross
peaks since they share the same magnetization pathway. Slight
'H; dependence during T}‘-}VG can be neglected by the assumption
that it is identical for all j during the short period. In case this
assumption is invalid it would be reflected in the experimental er-
ror. Th°®Y can now be extracted by normalization of the cross-peak
intensities (i # j) by the diagonal peak intensity (i = j) at tyix = 0:

Ig'et(tmix)

T!\_IOESY ( tmix) —
’ Ii(0)

(23)

The advantage of this approach is that ¢; and ¢ are obtained
independently and can be used for error estimation. In addition,
if one of the pathways cannot be evaluated (e.g. due to peak over-
lap) the NOE can still be obtained. However, there is an error ex-
pected from the assumption of identical T}‘-J’-"G. Furthermore, if the
determination of quantitative NOEs is expanded to aliphatic pro-
tons, the WATERGATE sequence suppresses in part the 'H* signals
which would result in a frequency-dependent TJ‘-’j"G value and hence
the uniformity assumption is not valid anymore.

This problem can be largely bypassed by reversing the order of
the elements. Having the HXQC element preceding acquisition
water signals can be suppressed by gradient coherence selection
orfand by the use of trim pulses [20] just before acquisition.
T = T{°®" can be extracted by the following normalization
using both cross-peak intensities (i #j) and both diagonal peak
intensities (i = j) at tpix = 0:

9 (i) T9 (Emix )
ij mix )4 ji mix _ T!\_IOESY(tmiX) _ T;}IOESY(tmix)

GO )

(24)

Note that this approach could also be used for the HXQC-NOESY
if TJ‘.]("G is not sufficiently identical. This approach gives theoretically
the exact solution but the random error cannot be estimated. If one
of the cross peaks is missing no value can be obtained or a larger
error has to be tolerated. Unfortunately, in practice this situation
is met frequently.

3.4. Corrections for temperature differences

The data sets are recorded at different temperatures (Table 1).
In order to compare cross-relaxation rates and distances obtained
from the various experiments corrections must be applied [23].
In the following, all correlation times at experimental tempera-
tures Texp are estimated from those reported in the literature for
temperature Tj;; as

77 (Texp)Tlit

Tew) = T Tog

Te(Thie) (25)

with #(T) being the viscosity of water at temperature T. For GB3, the
tensors from Ref. [22] are used and for ubiquitin from reference [21]
and scaled to match those reported in reference [3] which was ob-
tained from the program DASHA [24]. For comparison of cross-
relaxation rates, the experimental values are scaled accordingly to
the expected value at T=297 K for GB3 and 300 K for ubiquitin.

Table 1
NOESY experiments conducted.
Code Protein Labeling Pulse sequence Field (MHz) Temp. (K) # Cross peaks # Cross-relaxation rates® rmsd (Hz)®
GB3 2H,13¢,1°N HMQC-NOESY (WG)* 700 291 116 77 (40) 0.035
B GB3 2H,'3C,°N NOESY-HSQC (TP)¢ 700 291 109 72 (38) 0.082
C Ubiquitin 2H,'3C,"°N HMQC-NOESY (WG)* 700 284 215 138 (77) 0.061¢
D GB3 13¢,>N HMQC-NOESY (WG)® 900 293 122 74 (48) 0.063
E Ubiquitin 13¢,5N HMQC-NOESY (WG)* 700 278 150 90 (60) 0.080
¢ Number of spin pairs for which at least one rate could be obtained; in parentheses number of spin pairs for which both rates could be obtained.
b Root-mean-square deviation over all spin pairs for which both cross peaks could be fitted.
€ Water suppression is achieved with a WATERGATE sequence [4].
4 Water suppression is achieved with a trim pulse preceding acquisition [20].
e

Spin pair 35-36 omitted.
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4. Results and discussion

It is the aim of the presented study to discuss various aspects
important for the determination of quantitative NOEs and derived
distances thereof. These include sample preparation aspects, spin
diffusion, the pulse sequences, and the influence of anisotropic
tumbling of the proteins. These criteria are discussed both from a
theoretical and an experimental point of view using the two
well-characterized model proteins GB3 and ubiquitin (Tables 2
and 3).

4.1. Cross-relaxation rate prediction with anisotropic tumbling

Anisotropic tumbling of the molecule can have a significant im-
pact on the prediction of cross-relaxation rates based on a struc-
ture. Fig. 3 shows the variability (ratio between the maximal and
minimal value) of the spectral density function and the effective
distance for a rigid molecule in dependence on the anisotropy of
tumbling. For simplicity axially symmetric tumbling is assumed
where the anisotropy is expressed as Dy /D, . If the isotropic tum-
bling model is used the predicted value falls approximately be-
tween the two extremes and maximal errors can be estimated.

As pointed out previously for ubiquitin the error for the spectral
density is smaller than 5% [3]. Nevertheless, in this study, a sym-
metric diffusion tensor is used with a ratio of the main axis to
the averaged perpendicular axis D;/D, of ~1.17 at T=300K [21].
Very accurate diffusion tensors for GB3 at T=297 K are available
from Ref. [22]. Dy/D, is ~#1.4 and there is a small rhombic compo-
nent. It has been demonstrated on the '°N,'>C-labeled sample used
here that this tensor predicts cross-correlated cross-relaxation
rates very accurately and improves the agreement with experi-
mental data when switching from the isotropic to the symmetric
and finally the fully anisotropic model [14]. (Note: the tempera-
tures during the measurements in this study deviate from those
used for the diffusion tensor determination. The tensors were cor-
rected for temperature effects by assuming that all components
change uniformly.) Fig. 4 shows a correlation plot between cross-

Table 2
Slopes s and Pearson’s correlation coefficients r between apparent HN-HN cross-
relaxation rates g3;” of GB3 originating from different experiments.

Dataset x Dataset y Spin diffusion s r
axis axis® correction
A B No 1.007 0.992
(1.0147 (0.994)*
A B Yes 1.007 0.993
(1.013 (0.994)*
D No 1.035 0.987
D Yes 1.015 0.987
B D No 1.034 0.980
(1.034)* (0.994)°
B D Yes 1.013 0.981
(1.0177 (0.994)*

2 Only for spin pairs for which both cross peaks could be evaluated in B.
b Rates obtained from D extrapolated to T =293 K.

Table 3
Slopes s and Pearson’s correlation coefficients r between apparent HN-HN cross-
relaxation rates ¢®PP of ubiquitin originating from different experiments.

Dataset x axis  Dataset y axis  Spin diffusion correction s r
C E? No 0.972° 0.968
C E? Yes 0.970° 0971

2 Rates extrapolated to T=284 K.

relaxation rates predicted with an isotropic and fully anisotropic
tumbling for GB3. The error can become as large as 10% (Fig. 3A).
If order parameters are calculated (Eq. (9)) the anisotropy has to
be accounted for. If the effective distance is calculated from an
experimental cross-relaxation rate the error is significantly smaller
(Fig. 3B). For ubiquitin the error is less than 0.5% and for GB3 1.5%,
respectively.

4.2. Validation of pulse sequences

The analysis procedures introduced in the experimental section
enable accurate cross-relaxation rate determination with both
experiments proposed (i.e. the HXQC-NOESY and the NOESY-
HXQC). To assess experimentally the effects of swapping the HXQC
and the NOESY elements both pulse sequences were run and ana-
lysed with the triple-labeled GB3 sample (Table 1, A and B). The
slope in a correlation plot deviates by 1% from 1 and Pearson’s cor-
relation coefficient is 0.99 (Fig. 5, Table 2). This shows that virtually
no systematic error is introduced by swapping. If the cross-relaxa-
tion rates in both transfer directions are determined individually
without using Eq. (24) for the NOESY-HSQC experiment, the rmsd
between the two symmetric rates of the latter experiment is
0.82s~! which is twice as large as 0.35s~! obtained for the
HXQC-NOESY experiment. This is caused by the fact that in the
HXQC-NOESY experiment only spectral noise and the different
relaxation pathways during the WATERGATE element contribute
to the rate difference whereas an additional difference in relaxa-
tion is introduced during the HXQC element in experiment B. If
only one of the cross peaks can be used this error must be toler-
ated. However, if both cross peaks can be evaluated Egs. (23) and
(24) can be used and the obtained NOE rates are equally accurate
as those from the HXQC-NOESY experiment.

4.3. Validation of cross-relaxation rates from differently labeled
samples

It is highlighted in the theory section that the labeling pattern of
the protein samples may affect strongly the accuracy and precision
of the determined NOE rates. Deuteration reduces spin diffusion
and therefore smaller structure-based correction factors must be
considered. Furthermore, longer mixing times are possible result-
ing in a larger number of NOE rates. On the other hand, if the exact
deuteration level and distribution is not known (for example in
deuterated, but non-perdeuterated samples) spin-diffusion-related
correction factors are not exact and NOE rates from double-labeled
samples may be more accurate, in particular if very short mixing
times are used. To validate experimentally these theoretical con-
siderations cross-relaxation rates obtained from 3C,’>N- and deu-
terated (non-perdeuterated) '3C,'°N-labeled samples of GB3 and
13C,’>N- and perdeuterated '3C,'>N-labeled samples of ubiquitin
are compared to each other, respectively (Figs. 6 and 7, Tables 2
and 3).

For GB3 equally long mixing times (maximally 60 ms) in all
experiments for both samples were used. The effect of spin diffu-
sion causes rates obtained from the protonated sample appear to
be on average 3.5% larger than those from the deuterated sample
after correction for the slightly different measurement tempera-
tures. The corresponding correlation coefficients are high
(=~0.980; Table 2). Upon taking into account spin diffusion the
average difference reduces to 1.5% between rates from double
and triple-labeled samples. The correlation only notably improves
for corrections on small rates (>0.2s~!) as shown in Fig. 7 and
therefore the correlation coefficients are very similar. The residual
difference may be caused by individual rates. The three strongest
outliers all involve the diagonal peak of residue 35 which strongly
overlaps with the one of residue 15 in experiment D (spin pairing
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with residues 33, 34, 36 and 39). These outliers are therefore to be
categorized as artifacts. Why these build ups have not been identi-
fied and discarded during the initial analysis of the spectra is un-
clear, but may be attributed in part to the semi-automatic
analysis process.

The situation is somewhat different in the case of ubiquitin (Ta-
ble 3). The rates obtained from the protonated sample appear
smaller than those from the perdeuterated sample. This is a trend
opposite to the one expected from spin diffusion. It is likely that
the much larger temperature correction deviates substantially
from the true viscosity difference and correspondingly the rota-
tional correlation time, which to first order proportionally influ-
ences the cross-relaxation rates (see also below for further
discussions). Indeed, the correlation coefficient (which is not af-
fected by the different temperatures used) is high (0.968). This
data comparisons suggest that 'HN-1HN NOE rates can be ex-
tracted with similar precision from both a '3C,'>N- or a perdeuter-
ated !3C,’>N-labeled ubiquitin if for the double-labeled sample
short NOE mixing times (in the case of ubiquitin up to 25 ms only)
are used to reduce the unwanted spin diffusion (Fig. 2). Indeed, the
slope and the correlation coefficient between the two data sets do

not change significantly upon correction for spin diffusion with
notable improvement for small rates (>0.2s~') only (see Fig. 7).
In turn, the short mixing times requested for double-labeled sam-
ples result in a reduced number of cross peaks, which in the case of
ubiquitin drops by around 30% (Table 1).

4.4. Validation of distances

The cross-relaxation rates are converted into effective distances
assuming an isotropically tumbling and rigid molecule following
Eq. (12). The extremely good agreement between these distances
obtained from different experiments and samples used is pre-
sented in Tables 4 and 5. For GB3 the slope between the data set
A and B differs by 1% from 1 (Table 4). Apparent distances obtained
from the double-labeled sample (experiment D) are 2% smaller
than those from the triple-labeled samples (experiments A and
B) because of stronger spin diffusion. Interestingly, all correlation
coefficients are lower than those for the cross-relaxation rates.
Apparently, taking the inverse sixth power causes a larger spread
for small rates with relatively large uncertainties. When repeating
the statistics for distances rather than cross-relaxation rates, cor-
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rections for spin diffusion may play a more dominant role. Effective
GB3 distances obtained from A and B are plotted versus those from
D in Fig. 8. As for the cross-relaxation rates, in GB3, there is virtu-
ally no change in the correlations between A and B since all rates
are affected similarly. Comparing double and triple-labeled sam-
ples shows that triple-labeled sample have smaller apparent dis-
tances than double-labeled samples whereas before the
correction they were somewhat larger. This is caused by the larger
rescaling of the rates from the double-labeled samples.

Similarly for ubiquitin, apparent distances obtained from the
double-labeled sample (experiment E) are 5% smaller than those
from the triple-labeled sample (experiment C) (see Table 5). Upon
correction for spin diffusion, the underestimation of the distances
from the double-labeled sample is reduced from 4.6% to 2.5%,
whereas the correlation is slightly worse. Overall, because of the
inverse sixth power relationship between the distance and the
cross-relaxation rate (Eq. (5)) the extracted distances are not
strongly dependent on the pulse sequences used or the samples
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Table 4 6.0
Slopes s and Pearson’s correlation coefficients r between apparent HN-HN distances
ri_yy of GB3 originating from different experiments. |
Dataset x Dataset y Spin diffusion s r 6
axis axis correction Z 5.01
A B No 0988  0.990 a)
(0.993)* (0.956)* ~ - = -
© i
A B Yes 0.989 0.991 b= 2 -
(0.993)* (0.957)* o 4.01
A D No 0.974 0.962 g
@ <
A D Yes 1.009 0.971 o
x Exp B, both =
B D No 0.985 0.980 o2 3.0
(0.980) (0.945)° 5 :
— Exp B
B D Yes 1.017 0.986 J
a a
(1.015)* (0.958) Exp A y
@ Spin pairs for which one or both cross peaks could be evaluated for B and E. 2.0 T T T T T T T
2.0 3.0 4.0 5.0 6.0

Table 5
Slopes s and Pearson’s correlation coefficients r between apparent HN-HN distances
ripe . of ubiquitin originating from different experiments.

Dataset x axis  Dataset y axis  Spin diffusion correction s r
C E No 0.954 0.950
C E Yes 0.982 0.955

used although they may have extensively different spin diffusion
pathways.

4.5. Validation of the NOE-derived distances by atomic-resolution
structures

It is the aim of this paragraph to validate the measured NOE
relaxation rates by those extracted from available 3D atomic-reso-
lution structures. For this purpose, the NOE-derived distances are
compared to those extracted from the high-resolution X-ray/
NMR structure 20ED [15] with RDC-refined backbone proton posi-
tions [25,26] of GB3 and the 1.8 A resolution X-ray structure 1UBQ

r*f(experimental), [NC]

Fig. 8. Correlation plots of experimental effective distances r of GB3 obtained from
the triple versus those from double-labeled sample. Corrections for spin diffusion
have been applied as described in Ref. [3]. Distances are obtained from the triple-
labeled sample using experiment A (HMQC-NOESY, blue diamonds) or B (NOESY-
HSQC, only if both cross peaks could be fitted, purple squares, and also including
single cross peaks, green triangles). Isotropic tumbling is assumed. The black line
has a slope of 1.

of ubiquitin [27]. The GB3 hybrid structure has been shown to
cross-validate best with 3Jynue scalar couplings [26,28] and Dynie,
RDCs [29]. In the X-ray structure the amide protons were placed at
ideal positions with 1.01 A H-N bond length using the program
MolMol [30]. The cross-relaxation rates are compared here with
single structures rather than with ensemble representations [31-
33] since in the case of ubiquitin the latter did not fit better the
NOE data [3]. The NOE-derived distances are calculated under
the assumption of an isotropically tumbling and rigid molecule fol-
lowing Eq. (12). The anisotropy of the molecule is neglected be-
cause it does hardly influence the distance determination due to
the power of six dependence between the NOE and the distance
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(see Fig. 3). Furthermore, in the course of an NMR structure deter-
mination distance extraction from NOEs cannot rely on the knowl-
edge of anisotropy because of the lack of a structure available
(note, this problem could be circumvented if necessary, since the
anisotropy could be incorporated during the refinement of the
structure determination).

Pearson’s correlation coefficients and slopes obtained from
comparison of experimental effective distances r* of GB3 with
those calculated from the 3D structure are presented in Table 6
and plotted in Fig. 9. The slopes deviate less than 1% for all exper-
iments. Generally, reliable NOEs can be obtained from experiments
with the HXQC before acquisition and from experiments conducted
at temperatures for which the correlation time is estimated using
Eq. (25). Since the influence of spin diffusion on the distances is
in average only 4%, the distances obtained from the double-labeled
sample (experiment D) are as accurate as those obtained from the
triple-labeled sample (experiments A and B). This finding opens
the door to extraction of exact distances between any protons in
a protein.

The same statistics for ubiquitin are shown in Table 7. Again,
the slopes for the triple and double-labeled sample are remarkably
close to 1. When no correction for spin diffusion is applied, the dis-
tances are underestimated on average by 0.4% and 4.2% for the tri-
ple and double-labeled sample, respectively. As shown in reference
[3], for the triple-labeled sample this is mostly caused by distances
between non-consecutive residues. Conclusively, for most cases
exact distances can be extracted for both double and triple-labeled
samples even without accounting for spin diffusion.

4.6. Extraction of dynamics from NOE rates

If a single 3D structure is a true average representation of the
conformational ensemble, a comparison between cross-relaxation
rates extracted from the NOE build ups and those calculated from
the structure enables the determination of through space motional
disorder described by the order parameter SiL as defined by Eq. (9)
[3]. However, the available structures may not be true average rep-
resentations of the conformational ensemble and contain struc-
tural uncertainties and errors. Furthermore, weak NOE rates as
well as the rotational correlation time of the protein may not be
determined with high accuracy. Because the order parameter is
proportional to both of them, it may also not be determined with
high accuracy. Nevertheless, a motional network map may be
established. Fig. 10 shows a correlation plot between experimental
and predicted cross-relaxation rates of GB3 and Table 8 presents
statistics characterizing the correlations. The analysis is carried
out for all spin pairs, and several subgroups such as exclusively
consecutive or non-consecutive residues and secondary structure
elements. In all cases Pearson’s correlation coefficient is larger for
the anisotropic than for the isotropic tumbling model. The slopes

Table 6

Slopes s and Pearson’s correlation coefficients r between experimental effective rif
and theoretical ryn_yn Of GB3. Isotropic tumbling is assumed. Experimental distances
are plotted on the x axis.
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Fig. 9. Correlation plots of predicted and experimental distances r of GB3 obtained
from double and triple-labeled samples. Corrections for spin diffusion have been
applied as described in Ref. [3]. Distances are obtained from the triple-labeled
sample using experiment A (HMQC-NOESY, purple squares) or B (NOESY-HSQC,
only if both cross peaks could be fitted, green triangles) and the double-labeled
sample (blue diamonds). Isotropic tumbling is assumed. Distance predictions are
based on the structure with pdb code 20ED including improved protons positions.
The black line has a slope of 1. 7. is temperature corrected. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Table 7

Slopes s and Pearson’s correlation coefficients r between experimental effective
refl_,w and theoretical ryn_pn Of ubiquitin. Isotropic tumbling is assumed. Experi-
mental distances are plotted on the x axis.

Experiment Correction r s

C Yes 0.938 0.998
C No 0.932 1.004
E Yes 0.945 0.985
I3 No 0.929 1.042

Experiment Correction r s

A Yes 0.922 1.000
A No 0.933 1.004
B? Yes 0.965 0.994
B? No 0.973 0.998
B® Yes 0.912 1.008
B® No 0.890 1.013
D Yes 0.947 0.992
D No 0.933 1.039

¢ Only NOEs for which both cross peaks could be used.
> NOEs for which at least one cross peak could be used.

do not change significantly because either the proton-proton vec-
tors are homogeneously distributed in angular space or they are
not parallel to the largest or smallest main axis of the diffusion ten-
sor. Of particular interest are the inverted slopes 1/s, which are
equivalent to averaged order parameters as defined in Eq. (9). For
both triple-labeled and double-labeled GB3 samples, the averaged
order parameter for all THN-1H" NOEs is ~0.85 and hence similar
to order parameters from 'HN-1°N vectors measured by conven-
tional methods [13,19]. However, within the secondary-structural
elements there is a 5-10% difference in the average order parame-
ters between the two samples. This difference may be attributed in
part to a non-accurate correction for spin diffusion in the double-
labeled or triple-labeled samples. The values for consecutive resi-
dues in B strands and between B strands are larger than the others.
The data on perdeuterated ubiquitin presented in Ref. [3] is reeval-
uated in Table 9. The overall average is ~0.70. The statistics for the
double labeled ubiquitin sample is in agreement with the results
for the triple-labeled sample although an overall down-scaling of
5% is present. This may be attributed to not-accurate corrections
for spin diffusion and correction for the temperature difference.
The exceptions are the spin pairs between non-consecutive
residues in the o helix. The values are ~0.4 larger than those
obtained from the triple-labeled sample. Within this set only four
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cross-relaxation rates are obtained and they have a larger than
usual spread and may not yield a reliable average. In detail, values
much larger than those obtained from the triple-labeled sample
are observed for the spin pairs 29/31 and 30/33. Corrections for
spin diffusion are 25% and 17%, respectively, and possible errors
of these cannot account for the effect. Interestingly, large cross-
correlated chemical shift modulations between C* and C? have
been observed for residues 31, 33 and 34 [34]. Such modulations
are indicative of slow internal motion which may be insufficiently
represented by a single conformer as used here. As observed for
GB3, the values for consecutive residues in B strands are larger
than the others. In contrast to GB3, however, this trend is not seen
for pairs between f strands. The use of the anisotropic tumbling
model does not improve Pearson’s correlation coefficient. This is
not surprising since ubiquitin has a significantly more isotropic dif-
fusion tensor than GB3.

The overall difference between GB3 and ubiquitin may be
attributed in part to an inaccurate determination of the rotational
correlation time of the proteins, to protein-specific variations in
dynamics, to the accuracy of the 3D structures used, and/or the
accuracy of the deuteration levels assumed. In particular, the

determination of the rotational correlation time may be question-
able, since all cross-relaxation rates were scaled to those expected
for the temperature at which the diffusion tensor and/or the effec-
tive tumbling time were determined (297 K for GB3 and 300 K/
284 K for ubiquitin). It is possible that the simple relationship
expressed in Eq. (25) is not sufficient for an exact adjustment. Fur-
thermore, the error of ~10% of the effective tumbling time of ubiq-
uitin at 284 K obtained from the simple relationship of the
relaxation times T; and T, measured in [3] may influence the
extraction of dynamics from NOEs accordingly by scaling the entire
order parameters proportionally. The other source of error men-
tioned is the accuracy of the deuteration level, which is difficult
to know in the absence of perdeuteration as in the case of the tri-
ple-labeled GB3. This lack of knowledge may result in errors in the
order of up to 10% as well. Furthermore, such errors are distributed
unevenly within the protein structure (Fig. 2). Finally, the accuracy
of the 3D structure used may also influence the order parameters
unevenly within the protein structure. In summary, although many
parameters may result in errors that mask detailed motional in-
sight, an overall qualitative similar behavior is observed for the
secondary-structural elements of both GB3 and ubiquitin.
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Table 8

Inverted slopes 1/s and Pearson’s correlation coefficients r between spin diffusion and H/D equilibrium-corrected experimental and calculated HN-HN cross-relaxation rates o of
GB3 assuming isotropic and fully anisotropic tumbling. The inverted slope 1/s is also the averaged order parameter S,2<L.

Experiment, model All* All consec.®  All non-consec.  Consec. p strand  Between B strands  Consec. o helix ~ Non-consec. o helix ~ Loops?®
A, iso 1/s 0852 0.831 0913 1129 ¢ 0.968 0.883 0.927¢ 0.808
r 0967 0.971 0.940 0.937 0.407 0.969
A, aniso 1/s 0870 0.849 1.001 1.103 ¢ 0.978 0.906 0.918¢ 0.826
r 0973  0.977 0.946 0.945 0.639 0.975
B, iso 1/s 0.863 0.846 0.998 0.934 ¢ 1.004 0.928 0.868 0.822
r 0.957  0.956 0.944 0.382 ¢ 0.905 0.967
B, aniso 1/s 0872 0.864 1.000 0.904 ¢ 1.006 0.948 0.836 0.839
r 0972  0.966 0.956 0.400 ¢ 0.925 0.975
BP, iso 1/s 0877 0.851 1.042 1.008 © 1.013 0.904 0.823¢ 0.827
r 0962  0.966 0.948 0.949 0.699¢ 0.966
BP, aniso 1/s 0.896 0.870 1.054 0.981 ¢ 1.026 0.928 0.807¢ 0.845
r 0969 0.973 0.952 0.954 0.826¢ 0.975
D, iso 1/s 0.852 0.846 0.933 1.015¢ 0.893 0.842 0.880 0.847
r 0962  0.956 0.941 0.956 0.468 0.973
D, aniso I/s 0.869 0.865 0.932 0.996¢ 0.891 0.861 0.873 0.866
r 0.968  0.963 0.948 0.967 0.476 0.978

2 Spin pair 11-12 omitted.

b All pairs of which at least one spin pair could be evaluated.
€ Spin pairs 13-14 and 14-15 omitted.

4 Spin pair 13-14 omitted.

¢ Spin pair 33-35 omitted.

Table 9

Inverted slopes 1/s and Pearson’s correlation coefficients r between spin diffusion and H/D equilibrium-corrected experimental and calculated HN-HN cross-relaxation rates ¢ of
ubiquitin assuming isotropic and fully anisotropic tumbling. The inverted slope 1/s is also the averaged order parameter Sil.

Experiment, model All? All consec.?  All non-consec.  Consec. B strand  Between B strands  Consec. o helix ~ Non-consec. o helix ~ Loops®
C, iso 1/s  0.705 0.705 0.690 0.948 0.669 0.716 0.774 0.755
r 0.969 0.961 0.969 0.981 0.275 0.601 0.950
C, aniso 1/s  0.701 0.700 0.688 0.942 0.667 0.710 0.775 0.749
r 0.969 0.961 0.970 0.982 0.457 0.642 0.947
F, iso 1/s 0672 0671° 0.700 1.053 0.653 0.777 1.161 ¢ 0.619°
r 0970° 0.965° 0.956 0.970 0.768 0.633 ¢ 0.966 °
F, aniso 1/s 0668° 0.667° 0.682 1.041 0.646 0.770 1.148 0.616°
i 0970° 0.965° 0.957 0.974 0.835 0.871 ¢ 0.963 °

2 Spin pair 34-35 omitted.
b Spin pair 59-60 omitted.
¢ Poor statistics.

5. Conclusion

In this study errors and error sources for the extraction of
THN-THN NOE rates, average distances thereof and order parame-
ters have been estimated at all stages from sample preparation
to analysis. It is shown that distances can be determined accurately
from both double and triple-labeled samples if for the double-la-
beled sample short mixing times are used. If it is the goal to extract
also dynamics from NOE cross-relaxation rates either perdeutera-
tion of the triple-labeled sample or double-labeling is advanta-
geous. On the level of pulse sequences, NOESY-HXQC
experiments provide rates of the same quality as HXQC-NOESY if
both diagonal and cross peaks for a spin pair can be resolved.
Expressions for cross-relaxation rates for anisotropically tumbling
molecules exhibiting fast and slow motion have been derived. The
impact of anisotropy on the prediction of cross-relaxation rates
and on the conversion of experimental rates into effective dis-
tances can be neglected for exact distance measurements, whereas
for dynamics analysis the effect of anisotropy should be included
for a highly anisotropic molecule. Hence, the determination of
accurate distances by NOE build up rates appears to be surprisingly
robust. More delicate appears to be the determination of local
dynamics via the order parameter S2. Since the order parameter
is also proportional to the rotational correlation time 7. of the pro-

tein, 7. must also be determined accurately. An error in 7. will re-
sult thereby in an overall offset of the order parameters as
demonstrated here for ubiquitin for which the extrapolation of .
seems to agree only within an error of 10%. Finally, “averaged order
parameters” are calculated for specific secondary-structural ele-
ments and shown to have similar trends for ubiquitin and GB3.
In summary, the quantitative determination of 'HN-'HN NOEs in
both perdeuterated and double-labeled proteins is straightforward
and enables the characterization of both the structure and the mo-
tion of a protein on a through-space level.
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Appendix A. Supplementary material

Table presenting corrections, cross-relaxation rates and effec-
tive distances obtained from experiments A and B for GB3; table
presenting corrections, cross-relaxation rates and effective dis-
tances obtained from experiment D and theoretical distances and
predicted cross-relaxation rates for GB3; table presenting correc-
tions, cross-relaxation rates and effective distances obtained from
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experiments C and E for ubiquitin; table presenting theoretical dis-
tances and predicted cross-relaxation rates for ubiquitin. Further-
more, a MATLAB code for calculation of spin diffusion can be
downloaded from our webpage www.bionmr.ethz.ch. Supplemen-
tary data associated with this article can be found, in the online
version, at doi:10.1016/j.jmr.2010.03.009.
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