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Abstract

Empirical shielding surfaces are most commonly used to predict chemical shifts in proteins from known backbone
torsion angles, ¢ and \r. However, the prediction of >N chemical shifts using this technique is significantly poorer,
compared to that for the other nuclei such as THe 13C2 and 13CP. In this study, we investigated the effects from
the preceding residue and the side-chain geometry, x !, on >N chemical shifts by statistical methods. For an amino
acid sequence XY, the 19N chemical shift of Y is expressed as a function of the amino acid types of X and Y, as well
as the backbone torsion angles, ¢ and {'~!. Accordingly, 380 empirical ‘Preceding Residue Specific Individual
(PRSI)’ N chemical shift shielding surfaces, representing all the combinations of X and Y (except for Y=Pro),
were built and used to predict 1N chemical shift from ¢ and {'~!. We further investigated the ¥ ! effects, which
were found to account for differences in >N chemical shifts by ~ 5 ppm for amino acids Val, Ile, Thr, Phe, His,
Tyr, and Trp. Taking the y ! effects into account, the x !-calibrated PRSI shielding surfaces (XPRSI) were built and
used to predict YN chemical shifts for these amino acids. We demonstrated that >N chemical shift predictions
are significantly improved by incorporating the preceding residue and y ! effects. The present PRSI and XPRSI
shielding surfaces were extensively compared with three recently published programs, SHIFTX (Neal et al., 2003),
SHIFTS (Xu and Case, 2001 and 2002), and PROSHIFT (Meiler, 2003) on a set of ten randomly selected proteins.
A set of Java programs using XPRSI shielding surfaces to predict >N chemical shifts in proteins were developed
and are freely available for academic users at http://www.pronmr.com or by sending email to one of the authors
Yunjun Wang (yunjunwang @yahoo.com).

Introduction

For several decades, NMR spectroscopists have been
attempting to understand chemical shifts in proteins.
An important step toward this goal is to predict chem-
ical shifts in proteins from known structures. To date,
several fundamentally different techniques have been
developed for this purpose, including semiempirical
methods (Osapay and Case, 1991; Williamson and
Asakura, 1993), empirical ¢/ shielding surfaces
(Spera and Bax, 1991; Le and Oldfield 1994; Wis-
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hart and Nip, 1998), ab initio quantum mechanical
calculations (de Dios et al., 1993; Pearson et al., 1997,
Havlin et al., 1997 and 2001), and sequence homology
based approaches (Wishart et al., 1997; Xu and Case,
2001). Among them, the empirical ¢/ shielding sur-
face is probably the most practical approach, which
allows "H®, 13C* and 3CP shifts to be predicted
with reasonable accuracy. However, application of this
method to N chemical shifts usually yields consid-
erable discrepancies between predicted and observed
values, indicating a need to identify other parameters
influencing N chemical shifts in proteins.
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In addition to the well-studied backbone conform-
ational effects, the preceding residue and side-chain
geometry have also been known for a long time to have
a significant influence on >N chemical shifts (Krichel-
dorf, 1981; Glushka et al., 1989; de Dios et al., 1993).
However, the separate identification and quantitative
determination of each individual contribution to the
overall observed chemical shifts has proved to be very
difficult. Consequently, quantitative measurements of
the preceding residue effects are typically limited to
the random coil state using short model peptides —
e.g., AcGGXGG-HN; studied under denaturing ex-
perimental conditions (Braun and Wiithrich, 1994;
Wishart et al., 1995; Schwarzinger et al., 2001). The
parameters obtained from the short model peptides
cannot be applied to folded proteins for chemical shift
prediction, secondary structure identification, or struc-
tural refinement. For the same reason, some earlier ab
initio quantum chemical shift investigations for the '
effects on YN chemical shifts have not been successful
(de Dios et al., 1993; Havlin et al., 2001).

With the rapid growth of the protein chemical shift
and three dimensional structure databases, statistical
analysis is playing a more and more important role
in deciphering the relationship between the observed
chemical shift and protein structure. In the past sev-
eral years, secondary structure effects (Wishart et al.,
1991; Wang and Jardetzky, 2002a) correlation of the
chemical shift with backbone torsion angles (Spera
and Bax, 1991; Le and Oldfield, 1994), the hydrogen-
bond and side-chain geometry effects (Iwadate et al.,
1999), contributions of specific structural features,
such as the helix capping box (Gronenborn and Clore,
1994) and B-hairpin (Santiveri et al., 2001) have been
successfully identified from the empirical chemical
shift database. Recently, we investigated the nearest
neighboring residue effects on THo 1SN, TN 13ce,
3B, and 13C’ chemical shifts, and reported that the
preceding residue effects on the N shift depend on
both the amino acid type of the preceding residue and
on the secondary structural status (fB-strand, random
coil, or a-helix) for the folded proteins (Wang and
Jardetzky, 2002b). We have also shown that the pre-
ceding residue effect on >N chemical shifts in protein
is traced on electronic induction. Our initial motiva-
tion of this study is to improve the N chemical shifts
prediction by incorporating the preceding residue ef-
fect in the empirical shielding surfaces. Based on our
previous work, for an amino acid sequence XY, we
propose that >N shift of Y is dominated by four in-
dependent variables—the amino acid type of X, the

amino acid type of Y, phi torsion angle of Y(¢),
and psi torsion angle of X (Y'~1). Accordingly, we
construct 380 Preceding Residue Specific Individual
(PRSI) ¢/~ shielding surfaces for the prediction of
5N chemical shifts. Compared to the currently used
¢/~ shielding surfaces, which do not specify the
preceding residue (hereinafter called non-PRSI), PRSI
gives significant improvements in >N chemical shift
prediction.

In this study, we also statistically determined an-
other factor that has a significant influence on SN
chemical shifts in proteins— the side-chain geometry
(x ). We demonstrated that '3N chemical shift predic-
tion can be further improved by incorporating the '
effect into the shielding surface for amino acids Val,
Ile, Thr, Phe, His, Tyr, and Trp.

5N chemical shifts in proteins span a range of
up to nearly 40 ppm and contain very rich structural
information. Unlike other nuclei such as 'H®, 13C®,
and 13CP, the theoretical interpretation of I5N chem-
ical shifts has never been sufficiently accurate to allow
the information it contained to be used for purposes
of structure determination. We believe this work will
help to understand the origins of >N chemical shifts
in proteins, and will eventually lead to the application
of N chemical shifts in secondary structure identi-
fication, and the tertiary structure determination and
refinement.

Methods

Preparation of chemical shift database. Assigned PN
chemical shifts were downloaded from BioMagRes-
Bank (BMRB; http://www.bmrb.wisc.edu) and those
meeting the following criteria were selected. (1) The
length of protein sequence > 50. (2) The most com-
monly used materials, DSS, TMS, TSP, and liquid
NH; were used as either direct or indirect °N chem-
ical shift reference (Wishart et al., 1995). When
several BMRB entries were available for the same
protein, priority was given to the one with the most
complete assignments. Abnormal chemical shift as-
signments were thoroughly checked; many of these
were found to be obvious typing errors, e.g., 8.7 ppm
for a !N chemical shift, and excluded. The assign-
ments of the very first two N-terminal and last two C-
terminal residues of each protein were also excluded to
avoid terminal effects on >N chemical shifts. The 3d-
coordinates of the selected protein were downloaded
from Protein Data Bank (http://www.rcsb.org/pdb),



from which torsion angles ¢, Yi~! and x! were calcu-
lated, and then combined with assigned 15N chemical
shifts to form a database, d(¢, qfi_l). As noticed
by several earlier studies (Iwadate et al., 1999; Wis-
hart and Case, 2001, Zhang et al., 2003), improper
ISN chemical shift referencing is one of the problems
associated with the protein '3N chemical shift assign-
ments deposited in BMRB. A recent study by Zhang
et al. (2003) shows that a significant amount (27%)
of BMRB entries with protein "N chemical shift as-
signments required significant (>1.0 ppm) reference
readjustments. In this study, each protein was carefully
checked for improper !N chemical shift reference,
and reference readjustments were made accordingly
using the protocols by Zhang et al. (2003). As an ex-
ternal check, we compared the reference corrections
calculated in this study with those by SHIFTX (Zhang
et al., 2003) for a set of fifteen randomly selected pro-
teins. The averaged difference between the two sets of
calculated reference correction is less than 0.5 ppm-—
that is statistically insignificant for >N chemical shift
in proteins. The resulting database, 8(¢, wi_l), is com-
posed of 54239 reference-adjusted 'SN chemical shift
entries derived from 511 distinct non-paramagnetic
proteins. Each entry contains the assigned '’N chem-
ical shift, torsion angles ¢, '~!, and y!, the amino
acid types of the preceding residue (X) and the tar-
get residue (Y). A specific identification number was
also generated and assigned to each entry. Subsets of
the database to be used for comprising different types
of the '’N-shielding surface as described below, were
generated from this database.

Non-PRSI database. The above prepared >N chem-
ical shift database, 3(¢, 1[;1_1), was split into 19 sub-
sets, 3Y (¢, qfi_l), based on the amino acid type of
the target residue Y (except for Y = Pro). During
the calculation of '>N chemical shifts using non-PRSI
database, the large number of chemical shift entries in
each of 8Y (¢, ¥'~1) were trimmed to 500.

PRSI database. Similarly, 380 subset databases,
8XY(¢, ¥~ 1), representing all the combinations of
20 amino acid types of X and Y (except for Y = Pro),
were generated from 8(¢, y'~!) based on the amino
acid types of X and Y.

Preceding residue-combined PRSI database. Despite
our efforts to collect all assigned protein chemical
shifts as well as the corresponding 3d structures,
the database we have built in this study is still not
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large enough to build three dimensional PRSI (¢,
Yi=1, x1) shielding surfaces. Overcoming this prob-
lem, we built the preceding residue (X) combined
databases, 5X7°°MY (¢, 1), to investigate the side-
chain geometry (x') effects on >N chemical shift.
The 20 amino acids of the preceding residues were
clustered into eight groups, X = {Val, and Ile}; { Asp,
and Asn}; {Phe, Tyr, His, and Trp}; {Leu, Met, Lys,
Arg, Glu, and Asn}; {Thr, Cys, and Ser}; {Ala};
{Gly}; and {Pro}. Such clustering is based on our
observations in this study as well as in our earlier
work (Wang and Jardetzky, 2002b): the amino acids
in the same group are very similar in their side-chain
structures and show very similar effects on the N
shifts of the following residue. As a consequence,
the 380 PRSI databases 8XY(¢, ') were grouped
into 19 x 8 = 152 preceding residue (X) combined
databases, 3X~°MY (¢, '~ 1). Based on the x ! value,
each XMy (¢, i~ database was further split into
three %! specific ones, 8X~°mYy (¢, V'), where
y! = 180 — 30° or —180 + 30° (hereinafter referred
to as 180 £ 30°), 60 &£ 30°, or —60 % 30°.

To quantify the x ' effect, we define one of three
staggered conformation of y!(180 £ 30° for Val;
—60 + 30° for Ile, Thr, Phe, His, Tyr, and Trp) as
the reference. For each amino acids, the staggered
conformation we selected as the reference is the one
with the largest population and energetically most
stable. We propose that an observed >N chemical
shift, BObS(x 1), can be written as:

8% () = 8(y = ref) + ACY)x !,

where AXY)x! is x! effect correction factor. By
definition, A(XY)x ! equals zero for the reference con-
formation, x' = —60 =+ 30° (180 =+ 30° for Val). In
this study, the statistically averaged correction factor,
< AXY)x! >, was calculated and used to represents
the x ! effect. < AXY)x! > was obtained by calcu-
lating the averaged difference between the observed
SN chemical shift in the database 8X~°™Yy!(¢,
i~1) and that predicted using database 8X ™Yy ! =

ref(¢, ¥~ ).

XPRSI database. 380%'-calibrated PRSI (XPRSI)
databases, SXYxl(cb, qfi_l), were generated from the
corresponding 8XY (¢, ™). More specifically, each
of the >N chemical shift in the PRSI database, $XY (¢,
i), was calibrated with, AXY)y!, if its x ' angle
lie within any of the three above defined ranges, 180 &
30°, 60 £ 30°, and —60 &£ 30°.
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Chemical shift prediction. N chemical shift predic-
tion is performed by convoluting each of the observed
values in the database of interest with a Gaussian func-
tion as suggested by Le and Oldfield (Le and Oldfield,
1994). For example, the N shift of Y (preceded by
X), XY (¢, P71, was predicted from its ¢, i~
angles by convoluting each of the chemical shifts in
the corresponding PRSI database, 8XY (¢n, Yi—1).

XY (¢, ¥i7h =

. i—1 i—
XY (G, i) xexpl—[sin? (#2572 sin? (Y 5V 1)) )

’

i—1 i—
3 exp{—[sin?(252 ) psin? (B S¥ 1)) 4)

where A is a constant and is set to 0.03 unless
otherwise indicated; the summations extend over all
residues n in the corresponding PRSI database. When
the XPRSI database, XYy !(¢, ¢'™1), is used for
the prediction, the calculated shift from above Gaus-
sian function, when applicable, is re-calibrated with
the side-chain effect correction factor, A(*Y)x !. Dur-
ing all the calculations, when a given chemical shift
was computed, that shift itself was identified via its
specifically assigned ID and was excluded during the
convoluting calculation.

All the calculations and data manipulations were
accomplished using a series of JAVA programs coded
by one of the authors (Y.J. Wang).

Results and discussion

The preceding residue effect

As representative examples, four calculated PRSI
shielding surfaces are shown in Figure 1. They demon-
strate the variation of "N chemical shifts with the
preceding residue as well as with the backbone tor-
sion angles, ¢ and !, Shown on the left of this
figure are the PRSI shielding surfaces for amino acid
Glu preceded by Val (VE) and Ala (E) respectively.
The magnitudes of the YE surface are consistently
higher than the one of AE with difference as large as
nearly 8 ppm in certain areas (Figure 1C). These two
surfaces, YE and AE, differ by ~ 4-5 ppm in the B-
strand region (Y'~! = 90-180°), and ~ 2 ppm in the
a-helical region (y'~! = —90-0°). In our previous pa-
per (Wang and Jardetzky, 2002b), we have statistically
studied the preceding residue effect on '>N chemical
shift in proteins and shown that it is an electronic in-
ductive effect, which, therefore, is determined by side

chain structure of the preceding residue and the back-
bone dihedral angle {~!'. Ala and Val differ greatly
in their side-chain and on their electron withdrawing
or donating properties. Consequently they have a dif-
ferent effect on the following residues. In the other
hand, those amino acids with similar side chains, as for
example, Val and Ile both with branched side chains
at their CP atoms, have a similar effect on the °N
chemical shift of the following residue. To demon-
strate this, two PRSI shielding surfaces for amino acid
Asp preceded by Val (VYD) and Ile (\D) are shown on
the right of Figure 1. As shown in this figure, these
two shielding surfaces, VD and 'D, show a high degree
of similarity. The difference in magnitude between
the two surfaces is below 0.5 ppm in a-helical and
B-strand regions — the most populated ¢ and '~}
areas.

The PRSI shielding surfaces, which incorporate
the preceding residue effects, significantly improve the
accuracy of >N chemical shift prediction. To quant-
itatively determine the preceding residue effects, the
ISN chemical shift of each entry in the database, 5(¢,
qfi_l), was calculated from its torsion angles, ¢ and
=1, using PRSI and non-PRSI surfaces respectively.
The predicted >N shifts were compared with the ob-
served values, and their differences were statistically
analyzed based on the amino acid types of the pre-
ceding and the target residues. The average deviations
between predicted and observed >N chemical shifts
are listed in Table 1. As shown in this table, the °N
chemical shifts predicted using PRSI surfaces show no
significant differences (<0.15 ppm for most XY pairs)
to the observed values for all the amino acid types of X
and Y. On the other hand, when non-PRSI surfaces are
used, systematic and large deviations were found for
certain preceding residues. As highlighted in Table 1,
regardless of the amino acid type of the target residue
Y, the deviations are consistently higher (>1.0 ppm)
when the preceding residue is Ile, Val, Ala, Thr, or
Pro. The average (over all the 20 amino acids of Y)
deviations between observed and predicted YN chem-
ical shifts are plotted versus the amino acid type of the
preceding residue in Figure 2.

Side-chain geometry (x') effect

A major problem associated with the statistical in-
vestigation of the ! effect is insufficient chemical
shift data. In this study, we construct the preceding
residue combined database, BX_ComY(d), 1[;1_1), to
overcome this problem. We found that nearly 90%
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Figure 1. Representative PRSI 15 N-shielding surfaces show how I5N shifts vary with the preceding residue and backbone torsion angles, ¢
and xlfifl. On the left are N shifts of Glu preceded by Val (A) and Ala (B) respectively; for comparison a slice from A and B is shown in
(C). On the right are I5N shifts of Asp preceded by Ile (D) and Val (E) respectively; similarly their slices are shown in (C). These surfaces are
calculated in 10 degree intervals with A=0.045 in the Gaussian convolution function.

of xl torsion angles of residues Val, Ile, Thr, Phe,
Tyr, His, and Trp can be clustered into one of the
three staggered conformations—180 £ 30°, 60 £ 30°,
or —60 £ 30°. This is obviously due to the steric
hindrance caused either by the branched side-chain
at CP atom of Ile, Val, and Thr or by the aromatic
ring of Phe, His, Tyr, and Trp. Three subset data-
bases, XMy y (¢, yi~1) (where x! = 180 + 30°,
60 £30°, or —60 £ 30°), were generated from each of

the preceding residue combined database, BX_ComY(d),
Y1), The §X—comyy (¢, ¢~1) databases were used
for the investigation of the y 'effects.

As a representative example showing the x ! ef-
fects, three '’N-shielding surfaces of Val calculated
using databases 8X~°mYy (¢, ¢'~!) are shown in
Figure 3. Among the three surfaces, the one with
x! = 60 + 30° differ greatly (up to 8 ppm in cer-

tain areas) from the other two. Inspection of the steric
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Figure 2. Average deviation between the observed I5N chemical shifts and those predicted using PRSI and non-PRSI shielding surfaces
respectively.
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Figure 3. 15N-shielding surfaces of Val calculated using the database BX_Comel(d), wi_l), where, Y=Val; X={L, M, K, R, E, Q};
xl = 180 £ 30°, 60 + 30°, and —60 + 30° respectively.




structures of three staggered conformations revealed
that, as early proposed by Le and Oldfield (Le and
Oldfield, 1994) the influence on N chemical shift
from the side-chain geometry of Val is caused by the
strong shielding from the methyl constituent on the
B-carbon. The shielding from the methyl group also
accounts for the strong x ' effect observed for Ile and
Thr. Meanwhile, the strong xl effect that we have
observed for amino acids Phe, Tyr, His, and Trp are
obviously caused by the aromatic ring. In this study,
no significant side-chain (xl) effects were detected for
the remaining amino acids, Ala, Arg, Asn, Asp, Cys,
Gln, Glu, Gly, Ser, Leu, Lys, and Met.

We have defined and calculated the x ! effect cor-
rection factor, A(XY)x !, which represents the change
in N chemical shift for a amino acid when its side-
chain orientation shift from the referenced (as defined
in this study) conformation to another. The averaged
correction factors—over all the data points in each of
the database of interest, < A(XY))(l >, are calculated
and listed in Table 2. As shown in this table, the xl
induced change in !N chemical shift can be as high
as 5 ppm for the amino acids Val, Ile, Thr, Phe, Tyr,
His, and Trp. The result in Table 2 is quantitatively
in very good agreement with that calculated by deD-
ios et al. using ab initio quantum mechanical methods
(deDios et al., 1993). In general, the variation of the
x ! effect with preceding residue types can be ignored.
As shown in Table 2, there are a few data points stand-
ing out for being significantly different than others in
the same row, particularly for the 60 £ 30° staggered
conformation. These unusual < A(XY))(1 > values
are very likely caused by the extremely low number
(less than 10) points used in the analysis. On average,
the population is only 13%, 19%, and 68% on the
staggered conformations of 60 £ 30°, —60 + 30, and
1804 30° respectively for the above-mentioned amino
acids (except for Val).

The present XPRSI shielding surfaces, which sim-
ultaneously take into account the backbone conform-
ational effects, the preceding residue effects, and the
xleffects, were constructed to predict I5N chemical
shifts in proteins from the torsion angles ¢, i~
and x !. To evaluate the x ! effects, the chemical shift
entries of Val, Ile, Phe, Tyr, Trp, Thr, and His were
clustered into three groups with their x ' angle in the
range of 180 & 30°, 60 = 30°, and —60 = 30° respect-
ively. The >N chemical shifts in each cluster were
predicted using PRSI shielding surfaces (from ¢ and
=1y and XPRSI shielding surfaces from (¢, ¢i~!,
and x ') respectively. The averaged deviations between
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Figure 4. Average deviation of the predicted from the observed 5N
chemical shifts for amino acids Ile, Val, Thr, Phe, Tyr, His, and Trp.

predicted and observed >N chemical shifts are plot-
ted in Figure 4. As shown in this figure, there are no
significant deviations between observed >N chemical
shifts and those predicted using the XPRSI shielding
surface for all the three xl conformations. In contrast,
significant discrepancies (for example as large as up
5 ppm for Ile at 60 & 30°) exist between the observed
ISN chemical shifts and those predicted using PRSI
shielding surfaces.

Comparison between non-PRSI, PRSI, and XPRSI

250 chemical shift entries for each of the 20 amino
acids (target residue Y, except for Pro) were randomly
selected from the database 8(¢, ¥i~!) and used to test
the efficiency of PRSI and XPRSI. 15N chemical shift
of each selected entry was predicted from its torsion
angles using non-PRSI, PRSI and XPRSI shielding
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Table 4. Correlation coefficients, RMS deviations, and slopes for linear regression fits of the observed
I5N chemical shifts versus those predicted using non-PRSI, PRSI, and XPRSI shielding surfaces

respectively
Amino
acid Correlation coefficient RMS deviation Slope

Non- PRSI  XPRSI Non- PRSI XPRSI Non- PRSI  XPRSI

PRSI PRSI PRSI
A 0.530 0.657 2.81 2.56 0.356  0.513
R 0.582 0.668 3.02 2.71 0.385  0.540
N 0.497 0.662 331 2.92 0311 0.482
D 0.5759  0.710 3.17 2.80 0.344  0.526
C 0.564 0.635 3.70 3.32 0.341  0.488
Q 0.584 0.692 297 2.59 0.405  0.595
E 0.564 0.666 2.96 2.68 0.323  0.497
G 0.588 0.630 3.28 2.98 0.354  0.517
S 0.456 0.734 3.25 2.87 0.241  0.536
L 0.620 0.719 2.86 2.61 0.397  0.600
K 0.624 0.731 3.07 2.76 0.345  0.580
M 0.676 0.695 291 2.83 0399  0.540
Average  0.567 0.678 3.11 2.80 0.347  0.529
F 0.627 0.723  0.803 3.47 3.21 2.98 0.334 052 0.658
I 0.475 0.662 0.764 3.54 3.27 2.99 0.231 0437 0.615
H 0.676 0.732  0.762 3.37 3.30 3.16 0.403  0.601 0.646
T 0.489 0.565  0.694 4.50 4.18 3.69 0.229 0.382 0.53
w 0.688 0.696  0.767 3.21 3.07 2.90 0.423 0576  0.678
Y 0.531 0.631  0.722 3.56 3.18 2.95 0.282 0479 0.596
\ 0.421 0.549  0.715 3.91 3.61 3.20 0.215 0423 0.576
Average  0.558 0.651  0.747 3.65 3.40 3.12 0.302 0.488 0.614

surfaces respectively. Three parameters are used for
the evaluation. They are (1) chemical shift dispersion
(here defined as six times the standard deviation), (2)
RMS deviation, and (3) linear regression fits (slope
and correlation coefficient) between the observed and
the predicted >N chemical shifts.

For an amino acid, the dispersion of its chemical
shifts represents a number of factors contributing to
its chemical shift. For each of 20 amino acids (except
for Pro), the dispersions of the observed !N chemical
shift and those predicted using non-PRSI, PRSI, and
XPRSI shielding surfaces are listed in Table 3. The
results shown in this table (as well as in Table 4) were
categorized into two groups. Group I contains those
amino acids, of which the >N chemical shifts are less
sensitive to ¥ ! conformation. Group II is composed
by Val, Ile, Thr, Phe, Tyr, His, and Trp, for which
ISN chemical shifts are strongly influenced by the x !
conformation. On average, the dispersions of the ob-
served N chemical shifts for Group I amino acids are

notably narrower than those in Group II — the averaged
dispersions are 22.9 and 26.1 ppm for Group I and
II respectively. The ! effect, which is stronger for
Group II amino acids, could be a good explanation
for the differences between Group I and II. Among
the Group I amino acids, Cys stands out for having
the largest observed !N chemical shift dispersion of
27.4 ppm, much higher than the averaged value of
22.9 ppm. This is because, an additional factor—the
redox state of the side chain of Cys, greatly affect
its chemical shifts. The second largest dispersion in
Group I is that for Gly, 26.64 ppm. Close inspec-
tion of the >N chemical shift distribution reveals that
around 4% of observed chemical shifts of Gly fall
in a range of 120-130 ppm, that is far from its nor-
mally observed values (105-115 ppm). As pointed out
by one the reviewers of this manuscript, these higher
field Gly shifts could be simply a mis-assignment— the
folded peaks caused by the narrow spectral window
used for the !N dimension during the experiments.
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Figure 5. Correlations between the observed I5N chemical shifts
and those predicted from ¢ and 1],;1_1 backbone dihedral angles us-
ing Non-PRSI (A), PRSI, and XPRSI (C) shielding surfaces for the
amino acid Val.

On the other hand, the absence of a side-chain on Gly,
which allows this amino acid to have more flexibil-
ity in its backbone conformation, could also make its
I5N shifts more sensitive to the environment than other
amino acids. Therefore, the observed higher field Gly
SN shifts might indicate the existence of unknown
factors that greatly affect its SN chemical shift. A
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Table 3. Chemical shift dispersions (six times of the RMS
deviation, in ppm)

Amino Non-PRSI PRSI XPRSI  Observed
acids

A 11.58 14.52 19.68
R 13.14 16.08 21.30
N 12.00 18.42 21.78
D 13.74 18.12 24.30
C 14.40 21.30 27.42
Q 13.26 15.96 21.30
E 11.88 15.72 20.94
G 14.04 14.46 26.64
S 12.72 14.64 22.92
L 13.98 18.06 22.20
K 11.16 16.62 21.96
M 15.48 17.52 24.30
Average  13.12 16.79 22.90
F 12.66 16.14  18.90 24.60
1 11.46 15.06 17.94 24.06
H 15.06 18.72  20.46 25.50
T 11.28 17.28  22.02 28.32
w 15.72 21.66  22.86 27.36
Y 13.08 18.12  20.04 26.04
\% 11.76 16.20  19.08 26.58
Average  13.00 17.60  20.19 26.07

further study of these abnormally high Gly shifts is
clearly needed. Excluding the 4% extremely high val-
ues in the calculation yield a narrowed dispersion of
22.4 ppm, which is much closer to that for the other
amino acids in this group. As shown in Table 3, disper-
sions of the predicted "N chemical shifts significantly
increase when PRSI and XPRSI shielding surfaces are
used. For Group I amino acids, the averaged disper-
sion for the predicted shifts using PRSI surfaces is
16.8 ppm (6.1 ppm less than that for the observed
I5N chemical shifts). For Group II, the average disper-
sion for the predicted shifts using XPRSI surfaces is
20.2 ppm (5.8 ppm less than that for the observed N
chemical shifts). This indicates that incorporating the
x! effect improves the prediction of Group II amino
acids to the same level of accuracy as for Group I
amino acids. More important, the narrower dispersion
of the predicted >N shifts (6 ppm less than that for the
observed value) clearly demonstrates the existence of
other unknown factors that have a strong influence on
I5N chemical shift in proteins.
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Figure 6. Correlations between the observed I5N chemical shifts and those predicted using (A) XPRSI, (B) SHIFTX, (C) SHIFTS, and (D)

PROSHIFT for protein MTP1598.

The predicted >N shifts versus these observed for
Val are plotted in Figure 5. As shown in this figure,
the observed >N chemical shifts of Val spread over
a range of ~25 ppm (from 107 to 132), however,
those predicted using non-PRSI surfaces are limited
to a relatively narrow range of 16 ppm (from 119—
125). When PRSI and XPRSI surfaces are used for the
prediction, the predicted >N chemical shifts spread
over a wider range of ~20 ppm.

Linear regression fittings of the observed PN
chemical shifts versus these predicted using non-PRSI,
PRSI, and XPRSI shielding surfaces were performed
for each of the 20 amino acids (except for Pro). Table 4
lists RMD deviations, correlation coefficients (r), and
slopes of such a fit for each amino acid. From non-
PRSI to PRSI and to XPRSI shielding surfaces, better
predictions are clearly demonstrated by the improved
fitting (increased correlation coefficients and slopes)
and lower RMS deviations for each amino acids as
listed in this table. The prediction for Gly is at first
glances rather poor in comparison with all other amino
acids (r = 0.492, RMS deviation = 3.76, slope =
0.289 compared to the average values of 0.68, 2.80,
and 0.53 respectively). Close examination of the pre-
dicted and the observed N chemical shifts reveals
that this poorer prediction for Gly is, again, caused by
the 4% unusual chemical shifts in the range of 120—
130 ppm, that can’t be accurately predicted by any
of the shielding surfaces. Again, excluding these 4%
extremely high shifts yields a better prediction for Gly

I5SN shifts: Correlation coefficient = 0.588, RMS de-
viation = 2.98, slope = 0.517, which is much closer
to that for the other amino acids in the same group.

Comparison with other approaches

In the past decades, several techniques have been
developed to predict the chemical shifts in proteins
for 1N as well as for other nuclei. Among those
available, ab initio quantum mechanical calculation
needs very complicated computations; sequence ho-
mology based approach is largely dependent on the
availability of homologous proteins with assigned
chemical shifts. We have noticed that three pro-
grams that can automatically predict protein chem-
ical shifts from its 3d coordinates have been pub-
lished recently. They are SHIFTS which uses dens-
ity functional theory (Xu and Case, 2001, 2002),
SHIFTX which is based on a hybrid predictive ap-
proach (Neal et al., 2003), and PROSHIFTS which
based on a neural network (Meiler, 2003). Similar
to the present approach, all these three algorithms
are utilizing chemical shifts and 3D structural correl-
ations that are empirically derived from BMRB-PDB
database. However, unlike the present study, each in-
dividual parameter affecting chemical shifts has not
been quantitatively determined and applied in these
earlier studies. The XPSRI shielding surfaces we pro-
posed in this study use three quantitatively determined
effects — backbone conformation (¢ and ¢i~!) ef-
fect, the preceding residue effect, and the side-chain



339

Table 5. Correlation coefficients, RMS deviations, and slopes for linear regression fits of the observed ISN chemical shifts versus those
predicted using XPRSI, SHIFTX?, SHIFTSP, and PROSHIFT® for the ten test proteins

Proteins Correlation coefficient RMS deviation Slope
(BMRB & PDB
#)

XPRSI SHIFTX SHIFTS PRO- XPRSI SHIFTX SHIFTS PRO- XPRSI SHIFTX SHIFTS PRO-

SHIFT SHIFT SHIFT

I-FABP
(5285, 3IFB) 0.755 0.627 0.573 0.692 354 457 5.76 393  0.617 0.607 0.726 0.565
NNOS PDZ
(4304, 1B8Q)  0.785 0.703 0.623 0.765 3.68 4.62 6.40 372 0741 0.757 0.878 0.633
FimC
(4070, IQUN) 0.856  0.868 0.751 0.827 2.86 2.82 4.67 312 0759 0.857 0.961 0.641
Betv I-L
(4417, 1B6F)  0.849 0.833 0.712 0.824 2091 3.23 5.08 326 0713 0.79 0.892 0.632
Scaffoldin
(4589, 1IEHX) 0.804 0.72 0.649 0.749 237 478 6.29 421 0.647  0.65 0.78 0.555
Apaf-1 CARD
(4661, 2YGS)  0.847 0.845 0.735 0.791 2.10  2.13 3.06 242 0.682 0.79 0.819 0.594
UblDS8
(4663, 1C3T)  0.897 0.841 0.759 0.858 2.56 4.34 3.01 0.785 0.791 0.816 0.674
HEDA
(5027, 1J8K) 0.838 0.841 0.717 0.814 3.23 5.06 5.59 343 0.697 0.712 0.971 0.655
MTP1598
(5165, 1JW3)  0.782  0.692 0.534  0.763 3.18 4.17 5.35 328 0.672 0.711 0.624 0.586
RRF
(5190, IEK8)  0.814 0.8 0.605 0.807 2.46 2.65 4.49 248  0.72 0.794 0.799 0.653
Average 0.823  0.777 0.664 0.789 2.89 3.72 5.12 329 0703 0.746 0.824 0.619

ASHIFTX- version 1.0, Neal et al. (2003).

DSHIFTS- version 4.1, Xu and Case (2001, 2003). Side-chain refinements were applied during the prediction.

¢PROSHIFT- current version, Meiler (2003).

orientation (x!) effect, in N chemical shift pre-
diction. Ten proteins were randomly selected from
our database and their '>N chemical shifts were pre-
dicted using the present XPRSI, SHIFTX (version 1.0;
http://redpoll.pharmacy.ualberta.ca), SHIFTS (version
4.1; http://www.scripps.edu/case), and PROSHIFT
(current version, http://www.jens-meiler.de) respect-
ively. Performance evaluations for the four programs
were made through the comparison the observed
shifts with that predicted using each program respect-
ively. As a representative example, the observed N
shifts versus these predicted using XPRSI, SHIFTX,
SHIFTS, and PROSHIFT for one of the test pro-
teins, Methanobacterium Thermoautotrophicum Pro-
tein 1598 (MTP1598), are plotted in Figure 6. Mean-
while, Table 5 lists the correlation coefficients, RMS
deviations, and slopes for linear regression fits of the
observed !N chemical shifts versus those predicted

for all the ten testing proteins. The results summarized
in Table 5 clearly demonstrate performance of each
of the four programs in predicting the '’N chemical
shifts. Briefly, the present XPRSI shielding surface
and PROSHIFT yield significantly lower RMS devi-
ations than that SHIFTS and SHIFTX for all the ten
testing proteins. The averaged RMS deviations of the
prediction for the ten testing proteins are 2.89, 3.29,
3.72, and 5.12 ppm for XPRSI, PROSHIFT, SHIFTX,
and SHIFTS respectively. The present XPRSI and
PROSHIFT also give higher correlation coefficients—
the averaged values are 0.823, 0.789, 0.777, and 0.664
for XPRSI, PROSHIFT, SHIFTX, and SHIFTS re-
spectively. On the other hand, XPSRI and PROSHIFT
give lower fitting slopes (0.703 and 0.619 respectively)
than SHIFTS and SHIFTX (0.746 and 0.824 respect-
ively). We believe, better 1SN shift prediction using
present PRSI (and XPRSI) shielding surfaces could
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be reached by taking into account additional paramet-
ers, such as aromatic ring effects, hydrogen-bond, and
solvent effect, etc.
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