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Abstract

The chemical shifts of nuclei that have chemical shielding anisotropy, such as the >N amide in a protein, show significant
changes in their chemical shifts when the sample is altered from an isotropic state to an aligned state. Such orientation-dependent
chemical shift changes provide information on the magnitudes and orientation of the chemical shielding tensors relative to the
molecule’s alignment frame. Because of the extremely high sensitivity of the chemical shifts to the sample conditions, the changes in
chemical shifts induced by adding aligned bicelles do not arise only from the protein alignment but should also include the accu-
mulated effects of environmental changes including protein—bicelle interactions. With the aim of determining accurate >N chemical
shielding tensor values for solution proteins, here we have used magic angle sample spinning (MAS) to observe discriminately the
orientation-dependent changes in the >N chemical shift. The application of MAS to an aligned bicelle solution removes the torque
that aligns the bicelles against the magnetic field. Thus, the application of MAS to a protein in a bicelle solution eliminates only the
molecular alignment effect, while keeping all other sample conditions the same. The observed chemical shift differences between
experiments with and without MAS therefore provide accurate values of the orientation-dependent >N chemical shifts. From the
values for ubiquitin in a 7.5% (w/v) bicelle medium, we determined the >N chemical shielding anisotropy (CSA) tensor. For this
evaluation, we considered uncertainties in measuring the 'H-!>N dipolar couplings and the >N chemical shifts and also structural
noise present in the reference X-ray structure, assuming a random distribution of each NH bond vector in a cone with 5° deviation
from the original orientation. Taking into account these types of noise, we determined the average >N CSA tensor for the residues
in ubiquitin as Ac = —162.0 + 4.3 ppm, y = 0.18 £ 0.02, and f = 18.6 £ 0.5°, assuming a 'H-'°N bond length of 1.02A. These
tensor values are consistent with those obtained from solid-state NMR experiments.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

The change in chemical shift observed for a given
nucleus with anisotropic nuclear shielding, when shifting
from an isotropic medium to a liquid crystalline phase,
gives information on the magnitude and orientation of
chemical shift anisotropy (CSA) tensor relative to the
molecular alignment frame [1-4]. Accurate knowledge
of the CSA tensor values is essential for the quantitative
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interpretation of backbone dynamics in spin relaxation
analyses, especially when considering the anisotropic
overall tumbling motion [5-9]. For the interpretation of
experiments using the interference between CSA and
dipolar interactions, the CSA tensor angles are also re-
quired [10,11].

In addition to solid-state NMR experiments [12-23],
several trials using liquid-state NMR to determine the
SN CSA tensors have been reported recently [1,3,4,24—
28]. In liquid-state experiments, the magnetic field
dependence of the N relaxation rate yielded a consid-
erably lower CSA value [27], Ac = —172 4+ 13 ppm, than
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that observed in solid-state experiments, Ao = —160
ppm. Independent support for this lower value was
provided from a N dipolar—CSA relaxation interfer-
ence experiment [28], Ac = —170 ppm, and also from
measuring changes in the "N chemical shifts that oc-
curred when a protein was partially oriented in the
magnetic field [4], Ac = —168 4+ 20 ppm. Different ap-
proaches using orientation-dependent chemical shift
changes under enhanced alignment by bicelles also
support the lower >N CSA value [1,3]. These two ex-
periments used temperature shifts over the phase-tran-
sition point for the bicelle medium, during which the
bicelle is switched from an isotropic to a liquid crystal-
line phase [1,3]. Cornilescu and Bax [3] reported a value
of Ac=—162.5ppm with a vibrationally corrected
'H-5N bond length 1.04 A [29]. They also noted that
the Ao value is lowered to —173 ppm if the static 'H-""N
bond length, r,, = 1.02A, is used [3], which is in good
agreement with the Ag value from "’N relaxation studies
[27,28]. Boyd and Redfield [1] reported Ao = —174.4
ppm, with the assumption of r,, = 1.04 A, further sup-
porting the lower Ag value. However, Fushman and co-
workers [24-26] have reported a different average Ao
value, —157 & 19ppm, from °N relaxation measure-
ments made at multiple fields.

The noted discrepancy for the reported "N CSA
values among the various NMR experiments motivated
us to determine the "N CSA tensor by an alternative
method that enables us to obtain more accurate orien-
tation-dependent changes in the >N chemical shifts,
ASPN. In the present work, we applied magic angle
spinning (MAS) to an aligned bicelle medium. The rapid
sample spinning over the reorientation rate of the liquid
crystalline bicelle at the magic angle, 54.7°, removes the
torque that aligns the discoidal phospholipid against the
magnetic field [30-33]. Thus, under MAS, the bicelles
are not aligned, even though they maintain their dis-
coidal shape and show negative magnetic susceptibility
as potency for their alignment [30-33]. Therefore, the
chemical shift differences in the spectra observed with
and without MAS provide directly the orientation-de-
pendent N chemical shift changes. Because sample
conditions other than the alignment are kept the same
between the experiments carried out with and without
MAS, we can measure more accurate orientation-de-
pendent changes to the >N chemical shifts.

In the present calculation for the >N CSA tensor, in
addition to the measuring uncertainties in the dipolar
couplings and the chemical shifts, we also considered
structural noise present in the reference X-ray structure,
which was represented by a Gaussian random distribu-
tion of each NH bond vector in a cone with 5° deviation
from its original orientation [34]. The obtained CSA
values with errors, by assuming either ry, = 1.04A or
rah = 1.02A, were —162.0 £ 4.3 and —152.9 + 4.1 ppm,
respectively, for ubiquitin dissolved in a 7.5% (w/v)

phospholipid bicelle medium at 30 °C. These values are
in good agreement with those obtained by solid-state
NMR and N relaxation studies by Fushman and co-
workers [24-26], but slightly larger than the values from
other solution NMR experiments, in which A is around
-170 ppm [1,3,4,27,28].

In this paper, we describe the details of these MAS, or
so-called ‘high-resolution MAS,” experiments for deter-
mining the >N CSA tensor. In addition, we report the
SN CSA values determined with extensive noise con-
sideration, including not only the error evaluation noted
above but also possible systematic drift to the observed
AS"N.

2. Experimental
2.1. Sample preparation

Uniformly "N-labeled human ubiquitin, whose gene
was derived from HeLa cell, was used in the present
experiments. The gene was subcloned into expression
vector pET21. Protein expression from this construct in
Escherichia coli strain BL21(DE3), uniform enrichment
by PN, and protein purification by ion-exchange were
carried out essentially as described previously [47]. The
backbone resonance assignments under the present so-
lution conditions were obtained using '3C and °N
double-labeled human ubiquitin expressed from our
construct with standard triple-resonance experiments
[48].

A bicelle mixture of dimyristoylphosphatidylcholine
(DMPC) and dihexanoylphosphatidylcholine (DHPC)
doped with cetyltrimethylammonium bromide (CTAB)
was prepared according to a previously described pro-
cedure [35,37,49,50]. Here, we used a 3.2:1.0:0.1
DMPC:DHPC:CTAB 7.5% (w/v) bicelle solution con-
taining 50mM sodium phosphate pH 6.4 and 2mM
EDTA. The sample solution contained 0.5mM 'N-
enriched human ubiquitin and 95% H,O and 5% D;0O.
The same sample solution was divided into 160 ul and
40 pul aliquots for spectral measurement in normal and
MAS NMR experiments, respectively.

2.2. NMR spectroscopy

All spectra were recorded at 30°C, at which the
quadrupolar splitting observed in the 2H NMR spectra
of the sample solution was 10.9 Hz. The data in an
aligned state were recorded with the '"H-{X} double-
resonance probe equipped with Z-axis gradient coil on a
Varian INOVAS500 spectrometer operating at
499.84 MHz for 'H. For data collection under MAS, we
used a Varian gHX NanoProbe harboring a 'H-detec-
tion coil with X tuned for "N, equipped with a “magic
angle” single axis gradient coil. The sample solution for
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the experiments in an aligned state was poured into a
Shigemi micro-cell (BMS-2, Shigemi). The 40 ul sample
solution for the MAS experiment was packed into a
Varian standard glass tube for the NanoProbe. The
sample spinning rate was 2.6 kHz, which was enough to
eliminate anisotropic spin interactions and also average
out field inhomogeneity [45].

The 'H-°N dipolar couplings were measured in
'H-N IPAP-HSQC spectra collected with the pulse
scheme modified in the standard manner by attachment
of pulsed-field gradient sensitivity enhancement [48].
The acquisition times in #; and #, dimensions were 111
and 128 ms, respectively, with the sizes of matrices
200 * (#1,5N) x 1024 * (t,,'H) complex points. Apo-
dization with 68°-shifted sine bell filters was used in both
dimensions prior to extensive zero-filling to yield a
digital resolution of 2.0 ('"H) and 0.88Hz (°N). For
recording the '"H-SN HSQC 2D spectra, the 'H-'’N
HSQC with pulsed-field gradient sensitivity enhance-
ment was used. The recorded data size and the applied
data processing were the same as in the IPAP-HSQC
spectra. Because of the limited sensitivity in the
NanoProbe experiments, a greater number of scans was
used to acquire data under MAS. In our experiments
using 0.5mM "“N-labeled ubiquitin, 128 transients per
one complex fid were applied to collect data under
MAS. By contrast, for data collected with the standard
probe, we used 32 transients per fid. All data were re-
corded on the same sample in a 7.5% (w/v) bicelle so-
lution in an aligned condition at 30 °C.

Data were processed using the NMRpipe program
software package [51]. Peak positions were determined
by fitting ellipsoids to each of the calculated contours
between 60 and 80% of the peak maximum with the
program PIPP [52]. The center of each ellipsoid provides
a measure for the peak position and values obtained for
all contours in the 60-80% intensity range of a given
peak were averaged to provide the peak position. This
procedure improved the reproducibility of the measured
peak positions [53].

2.3. Determination of alignment and CSA tensors

Inhouse-written C programs incorporating published
subroutines [54] were used in this work to determine the
alignment tensors and the SN CSA tensors. The align-
ment tensor can be derived from experimental dipolar
couplings and a reference structure by singular value
decomposition (SVD) [40]. The effect of experimental
uncertainties in dipolar couplings and chemical shifts on
best-fitted alignment tensor and CSA tensor was evalu-
ated through iteration of the SVD calculation on the
generated datasets. These datasets were generated by
adding Gaussian noise to the experimental values.
Gaussian noise was assumed to be distributed in a rel-
ative probability, —exp(x?/24¢?), where x is the experi-

mental value and ¢ is the rms noise estimated from the
pairwise rms deviation between successive measure-
ments on either dipolar couplings or chemical shifts. The
structural noise was simulated by reorienting the
'"H->N bond vectors in a random manner. The devia-
tions between the original and the reoriented vectors are
described in a cone having 5° tilt angle from the original
orientation. In our simulation of structural noise, the tilt
angles between the original and reoriented 'H-°N
vectors were assumed to be in Gaussian distribution,
exp(—a?/260%), where o is the tilt angle and 0 is the as-
sumed standard deviation for the tilt angle being fixed to
5° for this study. The transverse rotation angle of the re-
reoriented vector in a cone was simulated to be equally
distributed. The selection of the appropriate values from
the simulated data was accomplished according to the
criteria described in the text.

3. Results and discussion
3.1. Measurement of 'D,;, and A8

In this work, a 7.5% (w/v) DMPC/DHPC/CTAB
ternary bicelle solution was used [35-37]. This ternary
phospholipid bicelle has negative diamagnetic suscepti-
bility, Ay < 0, in its discoidal liquid crystalline phase. In
a high magnetic field, the director—the normal to the
disk shape bicelle plane—orients perpendicular to the
external magnetic field direction [30,31]. Fast sample
spinning at greater than the critical frequency for the
bicelle reorientation can incline the bicelle director from
its energetically favorable direction in the stationary
state [30-33]. The discoidal phospholipid shows different
behavior for the director orientation depending on the
range of the sample rotation angle, 0, from the magnetic
field. In the range below the magic angle, 0 < 54.7°, the
director tends to orient perpendicular to the rotation
axis, whereas in the range above the magic angle,
0 > 54.7°, it orients parallel to the rotation axis [30-33].
At the exact magic angle, 6 = 54.7°, which is the
switching point for the director orientation from per-
pendicular to parallel to the rotation axis, there is no
torque to keep the director at a particular angle [33].
Thus, the overall order of the bicelle disappears under
magic angle sample rotation (MAS), even though the
discoidal shape is maintained and shows negative mag-
netic susceptibility. This was experimentally confirmed
by the disappearance of the residual quadrupolar split-
ting for D,0O and the residual dipolar couplings for the
protein dissolved in the bicelle medium under the MAS.

Fig. 1 shows a comparison of the 'H-'>’N HSQC
spectra for ’N-labeled ubiquitin in the bicelle medium
in liquid crystalline phase measured with MAS (Fig. 1a)
and without MAS (Fig. 1b). Elimination of the align-
ment of the bicelless by MAS caused significant N
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Fig. 1. Comparison of the regions of ubiquitin 'H-'>N HSQC spectra recorded in the liquid crystalline phase. Spectrum (b) was measured with a
standard NMR probe, which maintains a weak alignment of the molecule. Spectrum (a) was measured for the same sample solution under magic
angle spinning at 2.6 kHz. Note that the signals in spectrum (b) are broader than the corresponding signals in spectrum (a) as a result of the residual
dipolar couplings among spatially neighboring protons. This confirms that the effective alignment was eliminated under magic angle sample spinning.
The noisy line spreading along the >N dimension at around 10.0 ppm for the 'H frequency is the spinning side band from the large resonance of the
water proton. The temperature was fixed at 30 °C. The spectrum for the aligned state was measured using 160 ul of the '*N labeled ubiquitin dissolved
in a 7.5% (w/v) bicelle solution poured into a Shigemi microcell (Shigemi). A 40 ul aliquot of the same sample solution was packed into a NanoProbe

(Varian) sample tube for spectra obtained under magic angle spinning.

chemical shift changes to the 'H-!’N correlation signals
(Fig. 1). It should be noted that, in measuring the
spectra in liquid crystalline phase, one of the two split
’H lines is used for the frequency lock. Therefore, the
chemical shift values in the spectrum include the offset
from the center of the two 2H lock signals; this center
corresponds to the lock frequency in an isotropic state.
To correct properly for the offset in the directly read
chemical shift values, two 'H-'SN HSQC spectra were
collected sequentially with frequency locking to each of
the split 2H lines. Thus, the "N chemical shifts in
aligned state that were used in the following analyses
were the average of the values read from these sequen-
tially measured spectra. The orientation-dependent N
chemical shift changes were obtained as Ad'’N = 6'°N
(aniso) — 6'3N(mas), where ' N(aniso) is the N
chemical shift for a residue measured in the aligned
state, and 6'°N(mas) is the SN chemical shift observed
under MAS. In Fig. 2, the collected A6'>N values for
ubiquitin along with the corresponding residual dipolar
couplings, 'Dy,y, obtained from a set of 'H-'SN IPAP-
HSQC spectra [38] measured with and without MAS are
plotted against the residue number. In the present work,

30 T T T T T

1Dnh & A315N / Hz

.30 L . L L L L L

[} 10 20 30 40 50 60 70 80
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Fig. 2. Residue-by-residue plots of both the residual dipolar couplings,
Dy, (black bars), and the orientation-dependent changes to the N
chemical shifts, Ad (1’N) (gray bars), measured from spectra recorded
for ubiquitin in the liquid crystalline phase with and without magic
angle sample spinning. For comparison, the Ad (1’N) values are also
plotted in units of Hz.
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the observed AS'’N values ranged from 0.1207 to
—0.1226 ppm. The uncertainty in measuring A6'°N was
estimated from the pairwise rms deviation of the N
chemical shifts in "H-'>’N HSQC spectra collected se-
quentially with a NanoProbe. This value was 6.65 ppb,
which corresponds to 0.34 Hz in the present experiment
on a 499.84 MHz spectrometer for 'H resonance fre-
quency.

3.2. Determination of the alignment tensor and °’N CSA
tensor

The N CSA tensor values for ubiquitin were de-
termined according to the procedure described in pre-
vious studies [1-3]. To determine the Saupe order matrix
[39] that defines the molecular alignment from the re-
sidual dipolar couplings, we used the singular value
decomposition (SVD) [40]. In the present work, the ef-
fect of the internal motion on the scaling of the observed
residual dipolar and >N chemical shift changes was not
considered, because it was noted previously that this
approximation does not significantly affect the result [3].
In the present analysis, however, to be conservative and
avoid the considerable effect of internal motion in the
following analysis for ubiquitin, we excluded the values
from the flexible terminal residues, 2-11 and 73-76 [41].

Table 1

The alignment tensor was determined on the basis of
the "H-""N residual dipolar couplings from a set of the
IPAP-HSQC spectra [38] measured with and without
MAS. For the analysis, we used the 1.8 A X-ray coor-
dinates of human ubiquitin [42] with protons attached
by the program MOLMOL [43]. Zweckstetter and Bax
[34] have recently shown that, when fitting dipolar
couplings to a high-resolution X-ray crystal structure,
structural noise—rather than uncertainties in the mea-
sured dipolar couplings—is the primary source of the
uncertainty in the alignment tensor values. They also
demonstrated that, when considering structural noise as
a random NH bond vector distribution in a cone with 5°
deviation from the original orientation, the rms devia-
tion between the input and the back-calculated dipolar
couplings becomes comparable in size to the experi-
mental observation [34]. Accordingly, in the present
analysis, in addition to the uncertainties in the mea-
surements of dipolar couplings and >N chemical shifts
we considered the structural noise.

3.3. Alignment tensor determination
As a prerequisite for the ’N CSA tensor determi-

nation, we determined the alignment tensor values un-
der various conditions of noise (Table 1). In these

Alignment tensor magnitudes and orientations in ubiquitin® determined from experimentally obtained D,y values with added random noise® to

reference coordinates containing structural noise®

Method A.. (1074 A, (1074 Ay (107%) o (deg.) B (deg.) y (deg.) Rmsd (Hz)? ©°

No noise (1) -12.92 10.60 2.32 72.9 70.4 79.0 2.34 0.165

No noise (2) -13.09 11.23 2.46 72.9 70.4 79.0 2.34 0.165
Measuring noise (1)f —12.92 +£0.06 10.60 £0.06 2.32 +0.04 72.9+0.3 70.4 £0.1 79.0£0.2 2.374+0.05 0.167 +0.004
Measuring noise (2) —13.69 £0.07 11.23+£0.06 2.46+0.04 72.94+0.3 70.44+0.1 79.0+£0.2 2.374+0.05 0.167 +0.004
Structure noise (1)# —12.82 £0.27 10.50 £ 0.28 2.324+0.12 73.1+14 70.3+£0.9 790+ 1.1 2754021  0.196 £0.017
Structure noise (2) —13.59 +£0.29 11.13+0.29 246+0.13 73.1+1.4 70.3+£0.9 79.0+1.1 2.75+0.21 0.196 £0.017
Measuring noise + —12.82 £0.27 10.50 £0.27 2.32+0.14 73.1+£1.3 70.3£1.0 789+ 1.1 2774020 0.197 £0.016
structural noise (1)"

Measuring noise + —13.59 £0.29 11.13+£0.29 246+0.14 73.1+t14 70.3+£0.9 789+ 1.1 2.77+0.20 0.197+0.016

structural noise (2)

# Using 7.5% bicelles in 95% H,0, 5% D, 0O at 30 °C. The Euler angles o, §, and y define the alignment tensor relative to the coordinate frame of the
1.8 A X-ray structure (using the convention of successive rotations around z, y, x axes) [42]. Proton positions were added to the crystal structure using
the program MOLMOL [43]. 4.y, A4,,, and 4. are the principal components of the alignment tensor. Calculations (1) and (2) used 7y, =0.102 and

0.104 nm, respectively.

®(.384 Hz rms noise, which corresponds to the uncertainty in the measurement for the residual dipolar couplings, has been added to the exper-

imental values.

¢A random distribution of each NH bond vector in a cone with 5° tilt angle has been applied prior to the alignment tensor analysis.
4 Average and standard deviation of the pairwise root mean square deviations between the experimental and back-calculated dipolar couplings

obtained from a 1000 time Monte—Carlo simulation.

¢ Average and standard deviation of the quality factor, Q, to the fittings in a 1000 time Monte—Carlo simulation. Quality factor, Q, is defined as
0=V, - DRdY2 /N2 pms | where D™ was calculated by considering the non-uniform distribution of the NH-bond vectors in ubiquitin

NHi
as D™ = {DZ[4+3(D,/Da)’]/5}"/* [44].

fA random noise described by a Gaussian distribution with the 0.384 Hz rms was added to the measured dipolar couplings by Monte—Carlo

procedure.

€ The structural uncertainty is simulated by reorienting the NH vectors in a random manner, such that the deviations between the original and final
vectors with keeping the nitrogens as origins are randomly distributed in a cone with the tilt angle of 5°.
" The random noise addition to the measured dipolar values and the structural noises were simultaneously applied according to the Monte—Carlo

procedure.
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calculations, a static NH bond length, 1.02 A, and the
vibrationally corrected bond length, 1.04 A [29], were
used. The rms uncertainty in reading the dipolar cou-
plings, 0.39Hz, produced limited deviation in the
alignment tensor values. By contrast, adding structural
noise to the X-ray reference coordinates produced sig-
nificant deviation in the resultant tensors.

In this calculation, in order to retain the reality of the
noise simulation, we selected the tensors that yielded
close agreement between the experimental uncertainties
and the standard errors obtained in the Monte—Carlo
simulations. We set the rms deviation margin of accep-
tance to 3.1 Hz, which corresponds to the addition of a
twofold rms uncertainty, 0.39 Hz, to the rms deviation
value obtained in the original SVD fit, 2.37 Hz. The
fraction of the accepted solution was 76% of the total
Monte—Carlo simulations. The obtained alignment ten-
sor values from the structural noise simulation showed
approximately 2% uncertainties in both the principal
values and the tensor angles to the molecular axis. Si-
multaneous consideration of uncertainties in the dipolar
couplings and structural noise yielded comparable re-
sults to those obtained in the calculation based on only
structural noise, because the structural noise was the
primary source of the uncertainties in the alignment
tensor values. In comparing the results with either
roh = 1.04 A or ryy = 1.02 A, the alignment tensor angles
were the same, whereas the tensor magnitudes differed
from each other (Table 1). In regard to the quality factor
[2,44], O, there was no difference in the fitting between
the results obtained with either '"H-!°N bond length.

3.4. BN CSA tensor determination

Fig. 3 defines the orientation of the CSA tensor
components a1y, 03, and o33 relative to the peptide
plane represented by the angle f. In this paper, we re-
port the values of chemical shielding tensor, ¢, which by
convention has the opposite sign of the chemical shift
tensor. Using the Saupe order matrix elements deter-
mined from the dipolar couplings, we optimized the °’N
CSA tensor values, o1, 622, 033 and the angle § between
the o1 axis and the NH bond by fitting the predicted
AS"N values from the X-ray reference structure to the
experimental data. Here, the isotropic chemical shift,
Adiso = (011 + 022 + 033) /3, was assumed to be zero,
and thus three independent parameters were used as
adjustable parameters for fitting. We assumed that all
ISN CSA tensor are the same for every residue in the
protein; thus, the resultant >N CSA is the average CSA
value. Fig. 4 compares the experimental and the calcu-
lated AS"’N with the optimized tensor values. Overall
they show a good match, but locally they show subtle
differences. These small mismatches are likely to repre-
sent the local CSA variation and suggest that the as-
sumption of a uniform CSA value is not completely

cll H

Fig. 3. Definition of the principal coordinate system for '*N chemical
shift anisotropy on the peptide plane.
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Fig. 4. Plots of the observed orientation-dependent "N chemical shift
changes (dotted line) and the values calculated (open circles) with the
optimized "N CSA tensor values and the 1.8-A X-ray coordinate of
ubiquitin [42] with proton attachment by the program MOLMOL [43].

perfect. Table 2 lists the obtained average >N CSA
tensor values from the present experiment. For com-
parison, previously reported values from the solid-state
NMR experiments are also listed in Table 2.

The "N CSA values were calculated with two
"H-"N bond lengths, 1.02 A for the static bond length
and 1.04 A for the vibrationally corrected value [29]. For
the calculations, the experimental uncertainties in
reading the dipolar couplings, 0.39 Hz, and the °N
chemical shift, 6.7ppb (0.34 Hz), were considered in
addition to the structural noise in the reference X-ray
structure. As in the case of the alignment tensor deter-
mination, these noises were incorporated into the cal-
culation by Monte—Carlo simulation. The uncertainties
in the resultant CSA values were elucidated as a stan-
dard deviation in the fraction of the accepted solution.
The selection for the solution was based on the consis-
tency between the back-calculated and input dipolar



Table 2
Average backbone SN CSA tensor magnitude and orientation in ubiquitin determined in the present work?® with summary of the >N CSA tensors determined from various samples®

Sample o1 (ppm) a2 (ppm) 33 (ppm) Ac® (ppm) n B (deg.) o Rmsd (ppm)"  Ref.
15N-ubiquitin (1) -107.2 43.8 63.4 -160.8 0.18 18.7 0.21 0.013 Present work
15N-ubiquitin (2) -101.1 414 59.8 -151.7 0.18 18.7 0.21 0.013 Present work
Monte—Carlo sim. (1)t —108.04+29  442+19 63.8+19 —162.0+43  0.18+0.02 18.6+0.5 0.24 +0.02 0.0154+0.001  Present work
Monte—Carlo sim. (2) ~101.9+27  417+18 60.2+ 1.8 —152.9+4.1  0.184£0.02 18.6+£0.5 0.24 +0.02 0.015+0.001  Present work
15N-lysozyme -116.3 49.4 66.9 ~174.4 0.15 18.7 1]

2H/" C/" N-ubiquitin -108.3 439 64.5 -162.5 0.19 20 3]

ISN-Gly collagen powder -1125 439 68.6 -168.8 0.22 24.5 [17]
2H-1SN-Gly collagen -106.8 2.4 64.4 -160.2 0.21 23 [15]
AcGlyAlaNH, -109.7 34.6 75.1 -164.6 0.37 17.6 9]
AcGlyTyrNH, -96.5 357 60.7 -144.7 0.26 19.6 [19]
GlyGlyHCl -101.0 492 51.7 -151.5 0.02 18.6 [19]
AcGlyGlyNH, -105.0 40.8 64.3 -157.6 0.22 17.6 [19]
Boc—(Gly), "N-Gly-OBz -109.6 513 58.3 -164.4 0.06 22 [14]
GlyGIyHCIH,O (crystal) -100.0 448 55.4 -150.3 0.11 213 [13]
GlyGIyHCIH,O (powder) -98.8 46.6 52.2 ~148.2 0.06 25 21]
Ala—15N-Len -97.7 459 51.8 -146.5 0.06 17 23]

Average! —103.8+£57  435+54 60.3+54 —1553+£82  0.16+0.11 20.6+3.0

%611, 02, 033 values are evaluated the isotropic chemical shift, ai5,, being zero.

® All principal values of the chemical shifts were re-evaluated under the assumption of gis, = 0.0 from the reported values in the literatures.

‘Ao =01 — (0'22 + 033)/2.

dy = [(Gint — Omin)/0max), Where the subscripts maximum(max), minimum(min), and intermediate(int) refer to the absolute magnitudes of o1, 622, 033.

¢ Quality factor, Q, defines the value 3" (A0 — ASR)?/ SV (AS)? [3].

TPairwise root mean square deviation between best-fitted and observed Ady.

€ Calculations (1) and (2) used ry, = 0.102 and 0.104 nm, respectively.

" The random noise was added to the measured dipolar couplings and the structures used for the calculation contained structural noise allowing the random reorientation of the NH vectors in a
cone of 5° tilt angle. Calculations (1) and (2) used r,, = 0.102 and 0.104 nm, respectively. The experimentally evaluated rms noises were added to the measured values with assuming a Gaussian noise
distribution by the Monte—Carlo procedure; the applied rms noises were 0.384 Hz and 6.65 ppb (0.336 Hz) for the dipolar couplings and chemical shifts, respectively.

i Average and rmsd values of the cited N CSA tensor values determined by the solid-state NMR experiments.
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couplings; the margin of acceptance was set to 3.1 Hz as
used in the alignment tensor determination described
above.

The Ao values obtained in the present analyses were
-162.0 and —-1529ppm for ry, = 1.02A and 1.04 A,
respectively. And the uncertainties in the CSA tensor
values were around 3%. These values are in good
agreement with data from solid-state NMR experi-
ments. The average Ao value from the listed represen-
tative solid-state data was —155.3 + 8.2 ppm (Table 2).
The present Ac values with the two 'H-'>N bond
lengths were both within a standard deviation of the
listed solid-state Ao values. This was also the case for the
values of n and f.

Boyd and Redfield [1] have evaluated the Ao value
using different X-ray structures for lysozyme as the
reference coordinates. They selected 10 structures that
gave Q factors below 0.22, and their calculation pro-
duced the following uncertainties in the resultant N
CSA tensors: Ac = —173.6 £ 2.1 ppm, n =0.16 +0.01,
and f=18.2£0.8° by assuming r,, = 1.04A [1]. We
note that the uncertainties in their >N CSA tensor are
close to those estimated in the present Monte—Carlo
simulation. This fact supports the previous proposal
that the X-ray coordinates should be considered to in-
clude structural noise represented by a Gaussian ran-
dom distribution of each 'H-'>N bond vector in a cone
with deviation angle of 5° [34].

In addition to the uncertainties in measurement and
reference structure, we also considered other possible
systematic errors in the present experiment. At this
stage, the high-resolution MAS experiment has an in-
trinsic, unavoidable source of systematic error in mea-
suring AS°N, because in the experiment with a
NanoProbe, we cannot measure a high-resolution
spectrum without sample spinning. MAS above a sig-
nificant spin rate diminishes the demagnetization field
from a sample tube in a coil, which thereby destroys the
magnetic field homogeneity around the sample inclined
to the magnetic field [45]. Thus, without sample spin-
ning, not enough field homogeneity is attained around
the sample in a magic angle probe by the usual shim-
ming procedure. In our spectrometer setup, a sample
spin rate above 1.5kHz was necessary to gain enough
field homogeneity to record high-resolution spectra.
Because of the difficulty in shimming for a magic angle
probe without rapid sample spin [45], we had to switch
the NanoProbe to an ordinary probe to collect the
spectra of the weakly aligned protein. Owing to the
different architectures of these two NMR probes,
the efficiency of sample cooling by air flow is likely to
differ between experiments with the two probes. In the
NanoProbe experiment, the total sample volume was
40 pl as compared with the 160 pul used in ordinary probe
experiments; in addition, the air flow in a NanoProbe
was much faster than that in the ordinary probe, be-

cause in a NanoProbe the applied air is simultaneously
used for rapid sample spin, typically at 2.6 kHz, and for
sample cooling. Thus, even though the same probe
temperature is set on the console, the effective sample
temperature will change during radiofrequency pulsing,
owing to different sample heating between the experi-
ments with a NanoProbe and an ordinary probe. To
avoid unwanted changes in the sample temperatures
during the experiments, before starting all experiments
we carefully adjusted the temperature on both probes to
keep the effective sample temperature the same by
monitoring the chemical shift difference between the two
peaks in an ethylene glycol spectrum [46]. The average
pairwise °N shift difference, 6N (NanoProbe) — 6'°N
(ordinary probe) and its standard deviation on all resi-
dues used for the "N CSA analysis were —0.0051 +
0.0061 ppm. This is almost the size of the rms error in
the chemical shift values, thus, there seems to be a
marginal offset in the chemical shifts between the ex-
periments with a NanoProbe spectra and those with an
ordinary probe. This N systematic drift probably
comes from the different cooling efficiencies in the
probes in spite of the careful temperature setting prior to
the experiments. Despite that fact that the marginal size
of the drift in the >N chemical shifts was less than the
rms measurement error, 6.1 ppb, to determine its effect
on the resultant CSA value, we recalculated the N
CSA tensor by imposing this offset, —0.0051 ppm, on the
experimental AS'°N. The re-evaluated CSA values were
—154.7 and —164.0 ppm for r,, = 1.04 and 1.02 A, re-
spectively. Both of them were smaller than the original
Ao values, whereas the fitting qualities in both cases
were the same as in the original dataset; the rms devia-
tion between the experimental and the back-calculated
ASPN was 0.013 ppm (Q = 0.21) in either case. From
this recalculation, we could demonstrate that even a
very small systematic chemical shift offset to the ob-
served AS'°N can alter the Ac value by about 1%. Thus,
this result indicates that systematic drift in the AS"°N
values, which happens even when there are only subtle
changes in experimental conditions, has to be treated
carefully in discussing the approximately 6% difference
in Ag values observed between solid-state and liquid-
state NMR experiments.

4. Conclusions

In summary, we have shown a new approach for
obtaining the N CSA tensor values in liquid-state
NMR experiments. In the present approach, magic an-
gle sample spinning, MAS, was used. In this MAS based
experiment, we can switch the ordered state of proteins
to an isotropic state by simply applying sample rotation
and keeping all other conditions the same. The chemical
shift is extremely sensitive to the changes in experi-
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mental conditions including temperature, pH and the
state of the co-solutes, i.e., bicelles or micelles; thus, the
present approach yields accurate orientation-dependent
SN chemical shift changes that are the basis for the ’'N
CSA tensor determination.

In the present work, we considered the structural
noise that intrinsically exists in the X-ray reference
structure [34], in addition to the errors in measuring the
dipolar couplings and chemical shifts. The elucidated Ao
and f values in the present work were Ag = —162.0 +
43ppm, f=18.6+£0.5°, and Ac = —152.9 +4.1 ppm,
B = 18.6 & 0.5° with the assumption of ryp = 1.02A and
ran = 1.04 A, respectively. Both of these values were
consistent with the mean Ao,  values among the rep-
resentative solid-state values listed in Table 2; —155.3 &
8.2ppm, f=20.6+3.0°. And the present Ac and f
values, which are determined with the static 'H-""N
bond length of 1.02 A, were fairly consistent with values
obtained from magnetic field alignment [4],
Ao = —168 £ 20ppm, = 13 +5°, and those obtained
from SN spin relaxation analyses at multiple fields [25],
Ag = —157 £ 19ppm, =157 £ 5°.

In this study, we also demonstrated that the appar-
ently marginal systematic error in the observed A6"°N
also causes a 1% decrease in the calculated Ac value;
from —162.0 to —164.0 ppm. Therefore, the accumula-
tion of systematic errors of a few percent may induce
significant biases in the resultant As values. The sys-
tematic errors in experimental values may become ap-
parent, for example, in different solute states, i.e., bicelle
or micelle, and/or in different protein—phospholipid
contacts at shifted temperature. These small differences
do not seem to be readily resolved in temperature shift
experiments to measure Ag'>N [1,3], in which the A6"°N
values are extracted after correcting the intrinsic tem-
perature-induced chemical shift changes. These poorly
resolved errors in the temperature-shift experiments may
explain, in part, the approximately 6% difference in the
Ac values between the temperature shift experiments
[1,3] and those obtained in the present MAS based ex-
periment. We may need further careful analyses to see
the significance of the difference in the Ac values de-
termined by the similar experiments based on AS!°N.

The high-resolution MAS based experiment de-
scribed here would provide a good alternative way to
determine accurate CSA tensor values for other nuclei, if
further hardware modifications are made to the probe.
With the currently available NanoProbe we could not
vary the spin angle against the magnetic field; that is, the
variable angle range was limited to within a few degrees
around the magic angle. If the variable angle sample
spinning (VASS) experiment [30-33] could be achieved
with a high-resolution MAS probe like a NanoProbe, we
would be able to obtain much accurate CSA values by
collecting the orientation-dependent changes to chemi-
cal shifts and the dipolar couplings at various angles,

thereby tuning the anisotropic spin interaction in the
bicelle medium to various degrees [32,33].
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