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Abstract

Recent methods of aligning proteins which were developed in order to measure residual dipolar couplings (RDCs) in solution can
also be used for additional applications such as measuring the '’N CSA in the form of chemical shift differences, As. A new XPLOR-
NIH module has been developed and implemented for NMR structure refinement using the >N Aé data as restraints. The results of
this refinement are shown using the protein Bax. This method should be amenable to any protein which can be studied by NMR. An
analysis comparing the structural information provided by NH RDCs and the N A is included.

Published by Elsevier Science (USA).
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1. Introduction

The N CSA is very sensitive to the local electronic
and molecular environment and therefore represents a
powerful tool with which to characterize protein struc-
ture and interpret relaxation data [1,2]. However, most
N CSA measurements are done on single crystals
which can be difficult to obtain or on powder samples, in
which case the exact orientation of the "N CSA tensor
is difficult to interpret independent of other data such as
tensor orientation information from analogous com-
pounds or ab initio calculations. Furthermore it is
usually near impossible to get "N CSA data for more
than a few specific sites within a protein. Previous '°N
CSA measurements done in the solution state have been
obtained from cross-correlation data between the YN—
'H dipolar and ’N CSA interactions [3,4], relaxation
data at several different field strengths [5,6], and mea-
surements in bicelle media [7,8]. Here we employ a
straightforward method conceptually similar to that of
Boyd and Redfield [7] for obtaining SN chemical shift
orientation-dependent differences (Ad) in a solution
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environment using magnetically aligned protein samples
in solution and demonstrate how this information can
be applied towards structure refinement. There have
been many papers published previously where chemical
shifts, particularly 'H chemical shifts, are used for NMR
structure refinement [9,10] but the present technique
differs markedly from those protocols. In the previous
studies the calculated chemical shifts are usually a
function of variables that require parameterization
whereas in this situation, it is changes in chemical shift
due to partial alignment that are being used as restraints
and the variables needed to calculate the >N chemical
shifts are based on experimentally determined values.
The magnetically aligned sample conditions used here
are the same as those used for obtaining NH residual
dipolar couplings (RDCs) [11,12]. One important point
that must be emphasized is that the N A data, which
is a direct manifestation of the >N CSA, is comple-
mentary to NH RDCs, yet provides a unique source of
structural information. In this paper, the apoptosis
protein Bax [13] is used to demonstrate these techniques.

In order to measure the "N A data, the "N chem-
ical shifts were recorded under isotropic and anisotropic
conditions using a HNCO experiment as demonstrated
for 1*C’ Ad data [14]. Both the isotropic and anisotropic
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samples were the same (0.5mM proteins, 10mM Tris—
acetate, 2mM DTT, pH 6.0, 305 K). In order to create
the anisotropic environment, Pfl phage particles were
added (12mg/ml) [15]. Fig. 1 shows the overlay of the
isotropic and anisotropic data for residue Gly 160. In
this particular HNCO experiment there is no decoupling
in the >N dimension and therefore the >N doublet is
retained [16]. PIPP software was used to analyze the
data [17]. The chemical shifts were determined using
contour averaging [18] under both sets of solution con-
ditions. The actual !N chemical shift is taken as the
average of the two doublet components. Constant time
evolution was used in the >N dimension with an ac-
quisition time of 27.2ms. The error of the measurement
was 0.4 Hz which is based on the assumption that the
reproducibility of the error of the >N chemical shift is
approximately twice that of the '*C chemical shift [19].
This is reasonable given that a comparable acquisition
time along with similar data processing and analysis for
the protein ubiquitin, which is roughly half the size of
Bax, resulted in an error of reproducibility of 0.15 Hz
[20].

The method introduced in this paper relies on the
ability to measure chemical shifts with relatively good
precision. The limits of this method are that all peaks
are well resolved and the error in the measurement is at
least an order of magnitude smaller than the spread in
Ad values. In the three-dimensional HNCO nearly all
peaks were well-resolved. Bax is a moderate size protein
of 192 residues but incorporation of TROSY methods
into the HNCO experiment could be used for larger
proteins where spectral resolution becomes problematic
[21]. The range of >N A values for Bax is approxi-
mately 200 ppb which is an order of magnitude larger
than the error in the >N A¢ values, 17 ppb, a value that
accounts for the error in the >N chemical shift mea-
surement, structural noise, and site to site variations in
the >N CSA tensor [19]. The error should be similar for
larger proteins as long as there is no significant spectral
overlap.

One of the major advantages of measuring the N
chemical shift changes in the solution state is that the
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Fig. 1. "N A$ data for Gly 160 from an HNCO experiment. The N

Ao is the difference between the average of the two isotropic peaks and
the two anisotropic peaks.

data are available for every residue in the protein (except
prolines) and can be used for structure refinement. In
order to carry out the refinement a new module was
incorporated into the program XPLOR-NIH [22]. The
refinement is based on comparing the experimentally
derived and calculated >N A values from the starting
structure according to the following equation:

Ao = A;;cos? 0,0, 1
Z Z Ji j ( )

=x,p,z j=X,y,2

where 4; is the principal axis of the molecular alignment
tensor, J; is the principal axis of the traceless CSA
tensor, and 0;; is the angle between 4;; and J;. The Aé
values are a reflection of the ’N CSA tensor properties
as well as its orientation in the alignment frame. In the
XPLOR-NIH refinement, the following energy term is
generated according to the difference between the ex-
perimentally measured and the calculated N CSA
values:

Ecsa = kcsa(Adobs — Adeare)’ (2)

where kcga 1s the force constant used in the MD simu-
lations. Values for the magnitudes of the principal
components of the diagonalized traceless CSA tensor,
the initial value of the force constant, and the final value
of the force constant must be specified. Previously de-
termined values were used for the magnitude of the >N
CSA tensor principal axis components (g;; = 108.5,
0y = —45.7, 033 = —62.8) [19]. The force constant val-
ues used were determined empirically in such a way that
the final rmsd of the >N Aé was equal to 17 ppb. The
initial force constant value was 0.0001 kcal/ppb? which
was increased to a final value of 0.003 kcal/ppb?. Fig. 2a
shows the improved correlation between the observed
SN Aé values prior to and after refinement. In order to
validate the results of the N A refinement the struc-
tures were calculated without the C,—H, RDCs in order
to use them as a gauge of structural improvement.
Fig. 2b shows the improvement between the observed
and calculated C,—~H, RDCs upon inclusion of the >N
A restraints. The correlation coefficient, R, changes
from 0.853 to 0.884.

The energy terms and rmsd values for Bax structures
refined with the >N A§ protocol are shown in Table 1.
For comparison, results are also listed for structures
calculated without NH RDC or N A§ restraints,
structures calculated with NH RDC restraints but
without 1N A restraints, and structures calculated with
SN A§ restraints but without NH RDC restraints.
Thirty structures were calculated for each set of pa-
rameters and the average values from the 10 lowest en-
ergy structures are included in the table. Looking at the
rms values for the NH RDCs and the >N A§ it can be
seen that inclusion of the >N A§ restraints alone con-
siderably improves the NH RDCs. However, the reverse
is not true; inclusion of the NH RDCs alone only has a
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Fig. 2. (a) Data showing the correlation between the observed and
calculated SN Ad for Bax before (O) and after (@) "N CSA refine-
ment. (b) The Dcy values before (O) and after (@) "N refinement, in
both cases without inclusion of D¢y restraints.

Table 1
Data for Bax protein structures using "N CSA refinement

modest impact on the >N A rms. However, in both
cases there is an improvement in the structural conver-
gence compared to the structures refined without NH
RDCs or PN A¢ as judged by the backbone and heavy
atom rmsd values.

Although the "N Ad and the NH RDCs both provide
orientation information on the >N backbone nuclei the
nature of this information is distinct. This is illustrated
in Fig. 3 which compares Leu 15 and Ile 23. The angles
used to determine the position of o, g,,, 0. relative to
the peptide plane are taken from a previous study [19].
These two residues have the same NH RDC and
therefore the same orientation of the NH bond vector
with respect to molecular alignment frame. However,
the orientations of the principal components of the N
CSA tensor are unique and as a result, so are the "N A
values. If the information provided by "N A values is
duplicated by that of the NH RDCs, one would instead
see the same systematic difference between all values of
SN A and NH RDCs. Fig. 4 shows a plot of PN Ad
values vs. the NH RDCs. Clearly, the >N Aé and the
NH RDCs are moderately correlated. However, given
that the targeted "N AS rmsd is 17 ppb and that the
deviation from a perfect correlation between the YN A
and NH RDCs exceeds this amount demonstrates that
there must be different contributions to the >N A and
NH RDCs.

In order to understand the differences between the °N
Aé and NH RDC:s it is useful to consider the nature of
the N CSA. The PN CSA is sensitive to variables
which can effect the degree of chemical shielding such as
¢, ¥, and y' torsion angles, hydrogen bonding, the NH
bond length, the identity of nearby amino acids, and
electrostatic effects [23-26]. Fig. 5 shows the NH RDC
and >N AS values from a structure refined with
NH RDC restraints but without any "N A§ restraints.
While the NH RDCs somewhat improve the correlation

Null refinement®

RDC refinement®

N A¢ refinement® NH RDC and "*N A¢ refinement?

Energies (kcal/mol)

Overall 416 £12 465+ 18

NOE 13.8+3.0 14.7+£23

Dihedral 0.35+0.18 0.32+0.17

Vdw 74.7+4.3 79.8+6.4
rmsds

ISN-'H RDC (Hz) 6.11+0.70 1.98+£0.12

15N CSA (ppb) 420+22 36.6+2.1
Structure rmsds (helical residues)

Backbone 0.894+0.11 0.77+0.11

Heavy atom 1.63+£0.12 1.63+£0.14

604+9 508 £12
19.0+3.5 164+5.2
0.914+0.28 0.6140.33
87.6+5.4 753+5.1
4.40+0.17 2.44+0.10
152+0.4 13.8+0.55
0.80£0.11 0.83+0.10
1.64+0.11 1.59+0.10

2 Refinement without NH RDCs or >N CSA.

® Refinement with NH RDCs, without SN CSA.
¢Refinement with >N CSA, without NH RDCs.
4C,~H, RDCs omitted.
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Fig. 3. The orientation in the molecular alignment frame of residues Leu 15 (Dyy = 10.15Hz, "N Ad = —96.2 ppb) and Ile 23 (Dny = 10.13Hz,
1SN A6 = —11.30 ppb). The position of the backbone nitrogen and amide proton is shown along with the orientation of the three principal com-

ponents of the "N CSA tensor according to Cornilescu and Bax [19].
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Fig. 4. The >N A¢ vs. the NH RDCs for Bax.

between the PN AS observed and calculated values, the
correlation is still rather poor compared to that for the
NH RDCs, again suggesting that there are additional
contributions to the>N Ad not taken into account by
the NH RDCs. This has to do with the fact that the NH
RDC refinement improves the accuracy of a single
vector whereas the '’N AJ refinement reflects the ge-
ometry of the three-dimensional '>’N CSA tensor. While
a rotation about the NH bond relative to the alignment
tensor axis will not change the NH RDC value, it will
significantly effect the N Ad value.
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Fig. 5. Effect of Dny refinement on "N A values. (a) Dny values
before and after refinement with correlation coefficients of R=0.837
(O) and R=0.990 (@). (b) >N A¢ values for the same structure before
(O) and after (@) refinement with correlation coefficients of R=0.777
(0) and R=0.854 (W).

There is much discrepancy as to whether or not
there are residue specific differences in >N CSA tensor
values; using residue-specific principal axis values may
be important for interpretation of dynamics data,
particularly at high magnetic fields [6]. The force
constant used in the refinement to derive a final rmsd
which is larger than the experimental error is meant to
take into account residue-specific variations. Finally,
hydrogen bonding patterns may influence the ’N
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CSA without affecting the NH RDC. In the case of
the PN CSA it has been determined that decreases in
0., are accompanied by decreases in the hydrogen
bond length, Rn..0, and that o,,, and o,, may show a
dependence on the hydrogen bond angle [27]. The net
effect of changes in more than one of the variables
thought to influence the "N CSA is even less clear.
Given the complexity of the factors effecting the N
CSA and NH RDCs it is difficult to find a single
parameter to which differences for a given residue can
be attributed. Currently our incomplete understanding
of how structural factors govern the "N CSA tensor
puts a limit on how well we can refine a structure with
respect to measured >N A¢ values. In the future when
all of these various contributions to N CSA are well
understood, the >N A$ refinement will only be limited
to experimental error.

Previous studies on the "N CSA have produced
discrepancies as to the average '’N CSA value. Calcu-
lation of the protein-average '>’N CSA using Ad requires
at least five independent Ad measurements for a given
alignment tensor. When a complete set of high quality
RDC data and NOEs data are available one can eval-
uate the optimal average >N CSA value by a grid search
method [14] during the N A¢ refinement. The optimal
average N CSA value can be better determined when
ISN A6 values measured in different alignment media are
available. In fact this protocol can be applied to sub-
structures of the protein. This will be useful for studying
the variation in the average >N CSA value and how it is
correlated with conformational and structural prefer-
ences. In addition, since the CSA values are required for
dynamics data fitting, this technique provides a simple
method to improve accuracy in the interpretation of
dynamics data.
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