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Abstract

A database of peptide chemical shifts, computed at the density functional level, has been used to develop an
algorithm for prediction of >N and !3C shifts in proteins from their structure; the method is incorporated into a
program called SHIFTS (version 4.0). The database was built from the calculated chemical shift patterns of 1335
peptides whose backbone torsion angles are limited to areas of the Ramachandran map around helical and sheet
configurations. For each tripeptide in these regions of regular secondary structure (which constitute about 40%
of residues in globular proteins) SHIFTS also consults the database for information about sidechain torsion angle
effects for the residue of interest and for the preceding residue, and estimates hydrogen bonding effects through
an empirical formula that is also based on density functional calculations on peptides. The program optionally
searches for alternate side-chain torsion angles that could significantly improve agreement between calculated and
observed shifts. The application of the program on 20 proteins shows good consistency with experimental data,
with correlation coefficients of 0.92, 0.98, 0.99 and 0.90 and r.m.s. deviations of 1.94, 0.97, 1.05, and 1.08 ppm
for PN, 13¢C*, 13CP and 13C’, respectively. Reference shifts fit to protein data are in good agreement with ‘random-
coil” values derived from experimental measurements on peptides. This prediction algorithm should be helpful in

NMR assignment, crystal and solution structure comparison, and structure refinement.

Introduction

Chemical shifts have been long recognized as an im-
portant part of the potential structural information
contained in NMR spectra. Their high sensitivity to
conformational variations and high accuracy of mea-
surement make shifts attractive candidates for struc-
tural interpretation. Further, there is a large database of
information to draw from (Seavey et al., 1991; Szila-
gyi, 1995), and interest in deciphering the structural
information encoded in chemical shifts has rapidly in-
creased in the past decade. Empirical methods (Spera
and Bax, 1991; Wishart et al., 1991, 1997; Szilagyi,
1995; Grgnwald et al.,, 1997; Iwadate et al., 1999;
Cornilescu et al., 1999), semi-empirical models (Os-
apay and Case, 1991; Williamson and Asakura, 1993)
and ab initio quantum approaches (de Dios et al.,
1993; de Dios, 1996; Sitkoff and Case, 1997; Ando

*To whom correspondence should be addressed. E-mail:
case @scripps.edu

et al., 1998) have all revealed promise for structural
investigations of proteins.

Reliable and automated prediction of chemical
shifts from structure would be an important step to-
ward this goal. Chemical shift predictions of a-'H and
NH from crystal structures have been developed us-
ing semi-empirical methods (Osapay and Case, 1991,
1994; Herranz et al., 1992; Williamson et al., 1992)
with correlation coefficients of between 0.74 and 0.84
for 'H* and between 0.57 and 0.71 for HN. Pre-
dictions for side chain protons (especially in methyl
groups) are more accurate. Empirical chemical shift
surfaces have been used to predict '3C* and '3CP
shifts for valine residues from X-ray structures with
reasonable agreement between predicted and observed
shifts, and for some valine fragments ab initio cal-
culations with geometry optimization improved the
prediction accuracy (Pearson et al., 1997). In addition
to these structure-based prediction methods, Wishart
et al. developed a sequence-based prediction method
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(SHIFTY) to automatically predict the 'H and 3¢
(Wishart et al., 1977), and 15N chemical shifts on
the basis of sequence homology, with good accuracy
when the sequence identity is high. Other empiri-
cal databases have been constructed to predict 13C®
and 13CP chemical shifts (Iwadate et al., 1999), and
to deduce backbone conformation from sequence and
chemical shift homology (Cornilescu et al., 1999).
Here we examine what sorts of results can be extracted
from a database of quantum chemistry calculations on
peptides.

Our recent density-functional investigation of
structural effects on 1°N, 13C®, 13CP, and 13C’ shifts
in peptides (Xu and Case, 2001) has shown that
backbone conformation effect, side-chain orientation
effect, neighbor residue effect and hydrogen bonding
effect all contribute to the shifts in different ways. A
combined consideration of these effects may provide
more reliable structure information than any one of
them in isolation. Here we propose a new structure-
based prediction method of chemical shifts in proteins.
The idea is based on an additive model of chemical
shift contributions corresponding to conformational
effects found in a database of density functional theory
(DFT) calculations on peptides.

Materials and methods

Database

A calculated database was established using the model
systems listed in Table 1. A hybrid density functional
method (Becke’s three-parameter hybrid method and
employing the LYP correlation functions, B3LYP)
(Becke, 1993; Lee et al., 1988; Miehlich et al., 1989;
Pople et al., 1989) of the GIAO (Gauge Included
Atomic Orbitals) (Wolinski et al., 1990)method in the
Gaussian 98 program (Frisch et al., 1998) was used for
the calculation. A standard Gaussian basis set 6-31G**
was uniformly adopted for all atoms. As described
in our previous work (Xu and Case, 2001), differ-
ent conformational contributions to chemical shifts
were computed separately. With different amino acids
X and Y, various backbone torsion angles ¢ and
within energy favorable regions, and with several side-
chain orientations, a total of 1335 peptide sequences
were studied. These calculated results have shown that
significant conformational contributions to chemical
shifts arise not only from the probe residue itself (i,
or s) but also from the preceding residue (i — 1, or p)
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Figure 1. Dots show the distribution of backbone torsion angles for
the proteins analyzed here (Table 2); the backbone conformation
range of the DFT database is shown by the rectangular regions.

as well as the following residue (i + 1, or f). There-
fore, we used chemical shift patterns corresponding
to tripeptides of consecutive residues, with their back-
bone torsion angles, the types and side-chain orienta-
tions of residues i — 1 and i, and hydrogen bonding
being used to constitute the database. The available
backbone conformation range of the database is out-
lined by rectangles in Figure 1. We found that the
influence from x, and 3 on the shifts of the neigh-
boring residues is small in most cases. Therefore, we
can address the neighboring residue effects, including
x1 and residue type effects, (for all residues except
Pro) using fixed x 2 and 3 values based on their most
probable orientations in the protein data bank. For
the self side-chain orientation effect, different com-
binations of ¥, X2 and x3 within favorable energy
ranges were studied and included in the database for
most residues. All amino acids except for Cys and Pro
can be predicted, but the restriction that three consec-
utive backbone ¢,\r pairs be in the regions outlined
in Figure 1 limits us to regions of regular secondary
structure, in effect about 40% of all residues. Poten-
tial methods to overcome this limitation are discussed
below.

Proteins used for prediction

The proteins studied here are listed in Table 2. We se-
lected twenty proteins based on the availability of as-
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Table 1. Model systems used for establishing the calculated database

System Sequence Purpose
conformation
1 G1GGGGGGy Hydrogen bonding effects

G1GGGGGG-duplex
G1GGGGGG-triplex

G1GGGGGGGGy

2 G AYAGs?

3 G XYGy?
G;GGXYGGGg?

o,  Backbone effects

Side-chain orientation and
a neighboring residue effects

*X, Y = all amino acids except for Pro and Cys.

Table 2. Proteins used for the predictions

Protein PDB code  Resolution (A) No. of residues ~ Chemical shift ref.
(BioMagResBank)

Alpha-lytic protease 2alp 1.70 198 Davis et al., 19972

Calmodulin 1cll 1.70 148 Tkura et al. 1990 (bmr547)2

Calmodulin/W-7 Imux 148 Osawa et al., 1998 (bmr4056)°

(NMR)

Calmodulin/M13 ledl 2.20 147 Ikura et al., 1991 (bmr1634)2

Che Y Ichn 1.80 126 Moy etal., 1994 (bmr4083)

Cutinase lcex 1.00 214 Pompers et al., 1997 (bmr4101)

Cutinase lcug 1.75 197 Pompers et al., 1997 (bmr4101)?

Cyclophilin 2cpl 1.63 165 Ottiger et al., 19972

Dehydrase Imka 2.00 171 Copie et al., 1996*

Human carbonic anhydrase 1 1hcb 1.60 260 Sethson et al., 1996 (bmr4022)?

Human HIV-1 lhvr 1.80 99 (bmr4356)3

Human thioredoxin in reduced form lert 1.70 105 Qin et al., 19962

II-glc 1f3g 2.10 168 Pelton et al., 19912

Profilin lacf 2.00 125 Archer et al., 19942

Profilin Ia 1prq 2.50 125 Archer et al., 19942

Ribonuclease H 2rn2 1.48 155 Yamazaki et al., 1993 (bmr1657)b

Serine protease PB 92 Isvn 1.40 269 Fogh et al., 1995

Ubiquitin lubi 1.80 76 Wang et al., 19952

Ubiquitin lubq 1.80 76 Wang et al., 19952

Ubiquitin 1d3z 76 Wang et al., 19952

(NMR)

2Corrected data from TALOS database (Cornilescu et al. 1999).
bCorrected data (Iwadate et al. 1999).
CCorrected in this work: —0.5 ppm for 13C®, 13CB and 13¢’.

signed resonances and with high resolution (< 2.5 A)
crystal structures. The protein coordinates were taken
from the Brookhaven Protein Data Bank (Bernstein
et al., 1977). Most of the experimental chemical shifts
were taken from BioMagResBank or the database used

for TALOS, with some chemical shift referencing cor-
rections (Cornilescu et al., 1999). Other chemical
shifts were obtained from the original literature using
the 13C shift referencing corrections made by Iwadate
et al. (1999). Details are provided in Table 2.
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Structure (X-ray, NMR, or modeling)
v

Calculate the structure parameters A(k) from Database
and make index for each residue with ID_k:
2 D_residue (p, s, f)*
Calculate individual shift correction » D_atom (N, C% CP, €
AK) = 8(k) — Brerll) D_bb_o (p. 5, H*
D_bb_¢ (p, 5, H*
v D_x(p 5. f)*
Find the total correction A(c) from D_y; (s)*
D_HB (D, I, DI)
A=YA(k)
&
v * pr preceding
s self
Predict chemical shift 5"*“by ¥ following
& = Brep + A
v
Refine structure based on shift
deviation from experiment data

Figure 2. Flow chart of the part of I5N and 13C shift prediction in
SHIFTS program.

Results and discussion

Algorithms and program

Figure 2 presents an outline of the prediction pro-
cedure used in our SHIFTS (version 4.0) program.
The program takes an input of a structural file in
pdb format, and an optional file of observed shifts.
The latter is only used to prepare a table that com-
pares calculated and observed shifts; its format is
like a subset of the data in an ‘NMR-star’ file from
BMRB (see http://www.bmrb.wisc.edu). The program
first calculates the structural parameters for all amino
acids in the protein, including backbone conformation,
side-chain orientation, and hydrogen bonding geome-
tries. From our density functional calculations we have
identified eight potential contributions to the shifts,
which are given in Table 3; we use the notation A(k,c),
where k identifies one of the eight contributions in Ta-
ble 3, and c is either helix or sheet. The first three
contributions (BB-p, BB-s and BB-f) estimate the
contribution from the backbone ¢ and s torsion angles
of the preceding (p), self (s) and following (f) amino
acids; the next two consider the influence of the type
of sidechain and the ; torsion angle for the preceding
and self residue; and the final three consider hydrogen-
bonding effects for I5SN shifts, either ‘direct’ (to the
NH group), ‘indirect’ (to the carbonyl group), for both
(for amide groups with hydrogen bonds at both NH
and carbonyl). The contributions that depend upon
torsion angles are interpolated directly from the DFT
peptide results, which were calculated at 10° incre-

ments in the helical and sheet regions; hydrogen bond
contributions are empirical functions of the hydrogen
bond length. In the present model, these contributions
are assumed to be additive (see Equation 1, below).

All calculated contributions are relative to a ref-
erence shift given in Table 3. For example, the DFT
shifts of the third residue in GAAAG with ¢ = —139°
and ¢ = 135° were used as the reference value for
backbone conformation effects for residues in a sheet.
The value for A(BB-s,sheet) is then an estimate of the
difference in the shift at the actual values of ¢ and s,
compared to that computed for (¢, V) = (—139, 135).
Similarly, A(x; & R-p, a) for Ile in a helical con-
formation would be determined from the difference
of its DFT shift in GGGXIGGG (where the chemi-
cal identity and torsion angles of residue ‘X’ match
those in the protein of interest), compared to the DFT
shift in the sequence GGGAIGGG with standard heli-
cal structure parameters. Details about these chemical
shift patterns are described in our previous report (Xu
and Case, 2001). The total contribution for either sheet
or helix is then assumed to be the sum of the individual
ones:

Ale) =) Ak, ©) ()
k

and the final predicted chemical shift, $P™4(c), is given
by

8Pd(c) = Srer(c) + A(c). 2)

Here 3rgp(c) is a chemical shift reference for each
amino acid, with ¢ = B for sheet and ¢ = « for helix.

Ideally 8rgr(c) would be determined by DFT cal-
culations using the standard structure parameters given
in the footnote of Table 3. However, there are two
practical problems with this prescription that led us
instead to allow some empirical adjustment of the
drer(c) values. First, the absolute chemical shifts of
various types of nuclei are not uniformly well calcu-
lated at the level of theory we have used. For example,
Ca and CB shifts (relative to TMS) are close to exper-
iment, but computed shifts for C' are about 16 ppm
too low, and computed shifts for N are about 7 ppm
to large in these quantum calculations. Secondly, we
found that the basis set dependence of the chemical
shifts varies for different residues by amounts up to
3 ppm). Much larger basis sets could dramatically
improve this, but are not computationally feasible; fur-
ther, trends in shifts (which changes in single bond



Table 3. Individual chemical shift references and corrections for residue Ala

k _ k

k4 A" =38 —38 ¢

BB-p d and Sfef values from the A4 backbone shift pattern®
with actual ¢,  for § and standard bs, P for Bfef.

BB-s d and Sl:ef values from the A3 backbone shift pattern®
with actual ¢, { for 8 and standard® g, g for Sfef'

BB-f 3 and Blr‘ef values from the A, backbone shift pattern® with
actual ¢, { for 8 and standard® s, Py for E’lr(ef'
X 1&R-p 8 and Sfef values from the A4 side-chain
orientation shift pattern® at X = A

X 1&R-p 3 and Sff values from the A, side-chain orientation
shift pattern® at X = A

x1&R-s 3 and Blr‘ef values from the A side-chain orientation

shift pattern® at X = A

HB-D, HB-I, HB-DI = Formulas derived from the calculated dependence of

shifts on hydrogen bond lengthd

4Figure 9 in Xu and Case (submitted).

by = —139° & | = 135° for B-sheet and ¢ = —58° and | = —47° for a-helix.
CFigure 12 in Xu and Case (submitted).

dFigure 5b in that one.

Table 4a. Chemical shift references SRgp(B) used in the program SHIFTS

Residue 1N 1B3ca 13¢ch 13¢'
Calc. Modif. Diff. Calec. Modif.  Diff. Calc. Modif.  Diff. Calc. Modif.  Diff.

Ala 128.76  121.76 7.0 51.96 51.96 0.0 2462 23.12 1.5 16326 176.26 —13.0
Gly 11532 107.32 8.0 44772 4472 0.0 - - - 159.10 173.10 —14.0
Met 12530 1193 6.0 55.69  55.69 0.0 36.83 3483 20 160.02 175.02 —15.0
Gln 125.66  119.66 6.0 55.36 55.36 0.0 35.01 33.01 20 160.29 17529 —15.0
Glu 12470  118.70 6.0 5497 54.97 0.0 36.13 34.13 20 160.26 17526 —15.0
Lys 125.74 119.74 6.0 55.97 5597 0.0 39.83 37.83 20 16235 17535 —13.0
Arg 12495 11895 6.0 55.73  55.73 0.0 3695 3495 20 16230 175.80 —13.5
Phe 123.98 117.98 6.0 56.93 56.93 0.0 45.02 43.02 20 16222 17522 —13.0
Tyr 12435 11735 7.0 57.07 57.07 0.0 4396 41.96 20 16255 17555 —13.0
Trp 127.94 11894 9.0 56.10  56.10 0.0 3147 3347 —2.0 16195 17695 —15.0
His 12429 11529 9.0 55.06  55.56 0.0 33.58 3258 1.0 161.74 17474 —13.0
Ser 120.7 113.70 7.0 55.95 5595 0.0 66.02 66.02 0.0 16024 17424 —14.0
Asn 12094 11494 6.0 52.86 52.86 0.0 4025 41.25 —1.0 164.10 177.10 —13.0
Asp 120.67 116.67 4.0 52.55 52.55 0.0 3992 4292 -3.0 162.17 175.17 —13.0
Tle 127.20  121.20 6.0 60.65  60.65 0.0 4496 4246 25 16194 17494 —13.0
Val 126.40 12040 6.0 60.98 61.98 —1.0 3738 36.38 1.0 162.10 176.10 —14.0
Leu 125.68 118.68 9.0 54.13  54.13 0.0 44.69 46.19 —1.5 16235 17635 —14.0
Thr 122.14 115.64 6.5 56.71  59.71 -3.0 7050 72.50 —2.0 160.62 174.62 —14.0

325
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Table 4b. Chemical shift references dSrgp (o) used in the program SHIFTS

Residue 1N B3ca 13¢ch 3¢/
Calc. Modif. Diff. Calc. Modif.  Diff. Calc. Modif.  Diff. Calc. Modif.  Diff.

Ala 12326 119.26 4.0 5491 5491 0.0 2029 17.79 25 16425 179.25 —15.0
Gly 111.07 103.07 8.0 4733 4733 0.0 - - - 159.54 176.54 —17.0
Met 12093 11493 6.0 59.70  59.7 0.0 31.60 31.6 0.0 16041 17691 —16.5
Gln 121.11  115.11 6.0 59.65 58.65 1.0 2948 2748 20 160.83 178.83 —18.0
Glu 120.58 11458 6.0 59.36  59.36 0.0 30.75 28.75 20 160.51 179.01 —19.0
Lys 122.57 116.57 6.0 60.65  60.65 0.0 3423 3223 20 16245 17945 —17.0
Arg 120.38 114.38 6.0 59.98 59.98 0.0 31.67 29.67 20 16297 17947 —16.5
Phe 123.94 11694 7.0 56.97 5797 —1.0 3695 3595 1.0 16231 17831 —16.0
Tyr 12497 11697 8.0 5773 58.73 —1.0 3573 36.73 —1.0 162.16 178.16 —16.0
Trp 12295 11595 7.0 56.89  58.89 —2.0 29.16 29.16 0.0 16244 17844 —16.0
His 121.15  115.15 6.0 60.87  60.37 0.0 2941 2741 20 16193 17793 —16.0
Ser 119.55 113,55 6.0 60.29  61.79 —1.5 6290 624 0.5 16033 17583 —15.0
Asn 12458 115.58 9.0 56.30  56.3 0.0 3732 3832 —1.0 16293 17743 —15.0
Asp 12242 11642 6.0 56.03 57.03 —1.0 3733 39.33 —2.0 16224 17924 —-17.0
Tle 122,51 117.51 50 64.86 64.86 0.0 39.82 36.82 30 162.15 178.15 —16.0
Val 12325 11625 7.0 65.70  66.7 —1.0 29.29 31.29 —2.0 16257 177.57 —15.0
Leu 120.31 11531 5.0 56.88 57.88 —1.0 39.16 40.66 —1.0 16244 17844 —16.0
Thr 118.11  109.11 9.0 63.72 64.72 —1.0 65.15 68.15 -3.0 160.52 17552 —15.0

aWithout side-chain torsion angle modification.
bWith side-chain torsion angle modification.
¢ Calculated using SYBYL without protons.

torsions) are adequately calculated at the level of the-
ory we use (Xu and Case, 2001). Even after making
a global correction for the absolute shifts, we found
smaller problems related to differences in amino acid
side chains. For example, '*C’ shifts for alanine in
helices are observed to be about 3 ppm higher than
for glycine in a similar environment, but the DFT dif-
ference is about 5 ppm. Hence we allowed additional
small (<4 ppm) adjustments in the 8rgr(c) values to
account for these problems. Our final values are listed
in Table 4, where they are compared to the ‘raw’ pre-
dictions from the DFT calculations; the ‘modified’
values were optimized manually by comparison of fits
to experiment for subsets of the 20 proteins given in
Table 2; some improvement could probably be made
by a further automatic adjustment of these parameters,
but this has not been done.

Although the introduction these adjustments adds
some empiricism to the prediction scheme, the final
values are quite reasonable. For example, if we define
dav—REF as a simple average of drgp(a) and drer(B),
the values of 8,y_rgF, are close to the corresponding
experimental random coil shifts from peptides. [This
simple average of helical and sheet results proved
useful earlier in comparing calculated proton shifts

to those of random coil peptides (Osapay and Case,
1994).] A comparison between 8,y_rgr and the ex-
perimental shifts obtained from the AcGGXGGNH,
sequence (Schwarzinger et al., 2000) is shown in Fig-
ure 3. (Here we have added an additional correction of
—4.3 ppm for nitrogens and —0.30 ppm for carbonyl
carbons [derived from our earlier DFT calculations] to
account for the fact that the residue preceding ‘X’ is
glycine in the experimental values and alanine in our
Sav_RrEF calculated values. For 13C% and 13CP, the pre-
ceding residue effect predicted by DFT is negligible,
so that no correction was made for them.) In gen-
eral, the reference values we obtained by optimizing
our SHIFTS predictions on proteins are close to the
‘random-coil’ values extracted from measurements on
peptides, and the latter values could be used in place of
the former with only a small degradation in prediction
quality (data not shown). This consistency supports
the notion that our empirical adjustments to the ref-
erence shifts indeed compensate for systematic errors
in relatively small-basis-set DFT calculations, and are
not simply making the final data ‘look good’ by op-
timization of adjustable parameters. We consider this
point more fully in our discussion of Figure 8 (below).
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Table 5. Examples of the improvement on the prediction accuracy via the side chain orientation modification

Residue X1 X2 NH c* ch c Energy (kcals/mol)
(PDB ID)
L116 Without M®  —138.46  —141.49  120.84 59.98 4149 180.62 312.796
(lacf) With MP 180 60 12223 58.10 40.63 17855 311.779
Expt. 122.11  57.54 40.26  178.50
T107 Without M? 66.02 - 109.62 63.89 66.78 176.23  166.859
(1cex) With MP —60 - 113.20 65.58 6851 176.33  167.673
Expt. 111.50  64.77 69.07 176.74
Ell Without M2 —57.96 176.87 112.09 59.00 28.72 17931 161.882
(1cly With MP 180 60 11625 5682 27.86 17997  162.001
Expt. 117.10 5540 29.10  180.20
125 ol AR formation. The another output is a predicted chemical
20} N { & ¢ ] shifts file giving a breakdown of the detailed contri-
15 | | ot . butions. Comparison with experimental data is also
55 | ] given in the output file if the data is available. The run-
%‘_ 110 g 1 &l ] ning time for prediction is in seconds. Both NAB and
i’.' 105 L r=094 | sl r=0.97 SHIFTS are distributed under the terms of the GNU
= rmsd = 1.87 rmsd = 1.33 General Public License (GPL), and may be obtained
% 000 705 110 115 120 125 40 45 50 55 60 65 70 from http://www.scripps.edu/case.
o
.§ . 180 Side-chain orientation refinement
2 —
% 5| C ’ sl © .. | Using the SHIFTS program, we calculated the 1SN,
K . 13co 3B, and 13C’ chemical shifts for twenty pro-
% ST 176 | : i teins with known shifts, as described below. Checking
© 4t 1 -~ the data with large deviations for both I5N and 13C
s | r=0998 | 174 | r=062 A (see examples in Table 5), it was found that some
rmmsd = 1.62 rmsd =0.96 modification on side-chain orientation is often helpful
2 a5 a5 55 o5 75 72 174 176 178 180 to improve the prediction accuracy We also checked

Experimental random coil shift (ppm)

Figure 3. Comparsion of reference shifts from Table 4 with ob-
served shifts from AcGGXGGNH, peptides.

The shift prediction program SHIFTS is written
in the NAB (Nucleic Acid Builder) language (Macke
and Case, 1998). The whole package includes the
functionality of our earlier SHIFTS code (Osapay and
Case, 1991), for calculations of proton chemical shifts,
plus the new material described here for >N and
13C shifts in proteins. There are two output files be-
ing formed after running SHIFTS. One of them is
a structural parameter file with backbone conforma-
tional parameters (¢ and V), side-chain orientation
parameters (x; and ¥2), and hydrogen bonding in-

the flexibility of side-chain orientation in some pro-
teins. The example given here is the structures (PDB
code lubq, lubi and 1d3z) of protein ubiquitin. 1ubq
(Vijay-Kumar et al., 1987) and lubi (Ramage et al.,
1994) are crystal structures determined by two differ-
ent groups and 1d3z (Cornilescu et al., 1998) is the
structure obtained by NMR. Taking 1ubq as reference,
Figure 4 gives the relative variations in the backbone
torsion angles ¢ and 1V, and side-chain torsion angles
x1 and ¥ 3. For these structures, the variation in back-
bone conformation is negligible except for the region
close to the C terminal. The significant differences in
side-chain orientations (top two panels of Figure 4)
suggest that the most representative side-chain confor-
mation may not be present in any particular PDB entry.
‘With this in mind, we added automatic side-chain ori-
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Figure 4. Relative variations in the backbone torsion angles ¢ and
Y, and side-chain torsion angles | and x, for three ubiquitin
structures lubq, lubi, and 1d3z with 1ubq as the reference.

entation refinement process with weighted criterion

Q = 0.9AN + 1.0AC* + 0.8ACP + 0.3AC" (3)

into SHIFTS. Here AN, AC®*, ACP and AC’ are the
absolute differences between predicted and experi-
mental shifts for these nuclei, and the coefficients were
emprically determined, based roughly on the influ-
ence of side-chain torsion angles on each type of shift.
When a new side-chain orientation is a low-energy
region, and the Q2 value is less than the former one
more than 1.0 ppm, the former 2 and side-chain ori-
entation are replaced by the new ones and all related
effects are recalculated. The process is repeated until
a minimum €2 is obtained. The examples in Table 5
show significant improvement in predicted results. For
example, for residue E11 in calmodulin, use of the
crystal structure geometry leads to prediction errors
of 5.0, 3.6, 0.4 and 0.9 ppm for N, Ca, CB, and C/,
respectively. Changing the side-chain torsion angles
as shown reduces these deviations to 0.9, 1.4, 1.2 and
0.2 ppm, with the improvement especially noticeable
at the N and Cu positions. The percentage of residues
involved in such refinement is around 10%. It should
be noted that since this procedure relies upon com-
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Figure 5. Results for the protein cutinase.
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Figure 6. Distribution of deviations between predicted and ob-
served shifts, with (clear bars) and without (shaded bars) sidechain
torsion angle refinement.

parison to experimental shifts, it cannot be used for
‘blind’ predictions from structure alone, but it is useful
in pointing to side chain orientations that may benefit
from more careful attention in refinements where the
shifts are known.

Chemical shift predictions
Figure 5 presents an example result for the chemical

shift prediction of protein cutinase (PDB code: 1cex)
using SHIFTS. The predicted chemical shift pattern
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Table 6. Percentage of predictable residues and good prediction

Protein PDB No. of Predictable ~ Good percentageb

code residues  residue # 5N Beo  Bep B

(%)*

Alpha-lytic protease 2alp 198 57 (28.8) 67.9 84.6 78.8 78.8
Calmodulin Icll 148 83 (56.1) 83.6 985 93.9 94.0
Calmodulin/W-7 Imux (NMR) 148 71 (48.0) 80.0 93.8 90.6 93.8
Calmodulin/M13 lcdl 147 76 (51.7) 89.1 953 90.5 84.4
Che Y 1chn 126 66 (52.40 92.3 943 92.5 na®
Cutinase lcex 214 79 (36.9) 859 923 88.6 89.7
Cutinase lcug 197 78 (39.6) 89.5 921 88.2 89.5
Cyclophilin 2cpl 165 46 (27.9) 79.5 932 95.5 na®
Dehydrase 1mka 171 66 (38.6) 86.4 91.7 80.0 90.0
Human carbonic anhydrase I 1hcb 260 81 (31.2) 704  80.2 80.0 78.2
Human HIV-1 lhvr 99 39 (39.4) 71.1 921 92.1 81.6
Human thioredoxin in reduced form  lert 105 53 (50.5) 923 904 94.2 na®
1II-glc 1f3g 168 34 (20.2) 87.9 90.9 90.6 93.9
Profilin lacf 125 58 (46.4) 843 90.2 89.1 85.4
Profilin Ta 1prq 125 53 (42.4) 81.2 833 88.6 90.9
Ribonuclease H 2rn2 155 46 (29.7) 84.0 92.6 86.1 92.6
Serine protease PB 92 Isvn 269 97 (36.1) 753 845 79.1 87.6
Ubiquitin lubi 76 33 (43.4) 87.5 938 93.8 93.8
Ubiquitin lubq 76 33 (43.4) 90.6  93.8 100 87.5
Ubiquitin 1d3z (NMR) 76 32 (42.1) 81.3 921 100 90.6
Average (40.7) 83.0 91.0 89.6 88.4

4Determined by the available size of the database.

O Criterions: [Spred — Sexpt| < 3.0 ppm for >N and [Spreq — Sexpt| < 2.0 ppm for 13, 13CP, and 3¢

“No experimental data available.

for both >N and 13C are very close to that from ex-
periment. Figure 6 shows the distribution of prediction
errors with and without side-chain orientation modifi-
cation. These distributions are nearly symmetric about
zero error, and are made slightly better by side-chain
optimization, but the differences are not great. Ta-
ble 6 lists the percentage of predictable residue and
‘good prediction’ for all of the proteins in Table 2.
Here the number of predictable residues is determined
by the available size of our DFT database and ‘good
prediction’ is defined as a deviation from the corre-
sponding experimental value by less than 3.0 ppm for
SNH 2.0 ppm for 13C®, 3CP, and 13C’. The aver-
age value for predictable residue percentage is 41%.
It is expected to be improved by the extension in the
database size. The percentages of good prediction in
average are 83, 91, 89 and 88% for PN, 13¢c*, 13¢P
and 13C’ respectively after side-chain orientation re-
finement. Without such refinement, the corresponding
percentages 76, 85, 89, and 86%. Prediction devia-
tions greater than 5.0 ppm for >N and 2.5 ppm for

13C raise the real possibility that the residue in ques-
tion either has a different conformation in solution
from that in the crystal, or has an error in the pub-
lished shifts (Iwadate et al., 1999). The percentage
of residues with deviations of this size was 6.2% for
15N, 5.4% for 13C%, 6.2% for 13CP, and 6.4% for 13C’
from 1135 NH, 1061 C%, 1006 CP and 917 C’ shifts
in 1181 amino acids with available experimental data.
For comparison, Iwadate et al. (1999) excluded about
9% of observed C* and CP shifts in constructing an
empirical database.

Figures 7 and 8 give overall results for these four
nuclei after the exclusion on this criterion. Figure 7
compares the final calculated and observed shifts,
whereas Figure 8 subtracts the reference shift from
both, so that secondary shifts are being compared.
Linear correlation coefficients are shown in the plots,
showing that the general behavior of chemical shift
dispersion is being captured in this model. Note that
the values plotted in Figure 8 are independent of the
adjustments to the reference shifts discussed above;
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Table 7. Comparison of predicted 13¢% 4nd 13¢P chemical shifts using our computational database (SHIFTS)
and an empirical database (TANSO, Iwadate et al., 1999)

PDB code C% co
rmsd (ppm) Good (%) rmsd (ppm) Good (%)
SHIFTS TANSO SHIFTS TANSO SHIFTS TANSO SHIFTS TANSO

lacf 1.21 1.12 90.2 90 1.17 1.06 89.1 93.3
2alp 1.46 1.36 84.6 82.4 1.85 1.81 78.8 74.5
Icll 0.87 1.21 98.5 95.5 1.21 0.74 93.9 100
Imux 1.08 1.26 93.8 92.2 1.11 0.71 90.6 98.4
lcdl 1.02 1.05 95.3 93.7 1.13 0.86 90.5 95.2
1chn 0.86 1.02 94.3 96.2 1.00 1.23 92.5 86.8
lcex 1.06 1.53 92.3 82.1 1.29 1.16 88.6 90
lcug 1.08 1.49 92.1 82.7 1.43 1.25 88.2 88.1
2cpl 1.16 1.53 93.2 81.8 1.02 1.24 95.5 90.9
Imka 1.26 1.53 91.7 79.5 1.59 1.63 80.0 76.2
1hcb 1.46 1.32 80.2 85.3 1.70 1.80 80.0 68.9
lhvr 1.27 1.21 92.1 94.6 1.26 1.15 92.1 89.2
lert 1.25 1.13 90.4 92.2 1.03 1.07 94.2 88.2
1f3g 1.09 1.07 90.9 93.9 1.49 1.31 90.6 93.8
lacf 1.21 1.12 90.2 90 1.17 1.06 89.1 93.3
Iprq 1.34 1.18 83.3 91.5 1.46 1.37 88.6 86
2rn2 1.12 1.26 92.6 83.5 1.29 1.33 86.1 85.7
Isvn 1.43 1.3 84.5 89.2 1.62 1.39 79.1 83.7
lubi 0.98 0.98 93.8 100 0.87 1.06 93.8 93.5
lubq 0.98 0.97 93.8 100 0.84 1.14 100 90.3
1d3z 0.83 0.92 96.9 100 0.87 1.13 100 96.8
Auver. 1.18 1.26 90.4 89.2 1.32 1.27 88.2 87.9

they are hence based completely on DFT calculations
without adjustable parameters. (The use of the seven
terms shown in Table 3 is of course somewhat ar-
bitrary. Once this choice is made, though, there are
no explicitly adjustable parameters involved in get-
ting the data shown in Figure 8.) By contrast, the
absolute shifts shown in Figure 7 would look much
worse had we not made empirical adjustments to the
DFT-predicted reference shifts, as discussed above
and documented in Table 4. This behavior is consistent
with our belief that our DFT calculations are reason-
ably reliable in giving trends in shifts as a function of
conformation, but are not accurate enough to be useful
in predicting changes in shifts when going from one
side chain type to another.

The root-mean-square deviations of the predictions
are of course the same for Figures 7 and 8. These
are 1.94, 0.97, 1.05 and 1.08 ppm for N, Ca, CB,
and C/, respectively. Without the exclusion of those
‘bad’ residues (deviations >5 ppm, about 6%), the
corresponding rms deviations are 2.55, 1.18, 1.32, and

1.31 ppm. As Figure 8 illustrates, these errors are
roughly 1/10 of the observed range of secondary struc-
tural shifts for all four nuclei. The remaining errors
are the result of uncertainties in the structures we have
used, and of deficiencies in the computational model.
As with similar predictions of proton shifts (Osapay
and Case, 1991), it is not possible at present to sep-
arate these two effects. The carbon shifts show clear
differences between helix and sheet conformations,
which have been recognized for a long time (Spera and
Bax, 1991; Sziladgyi, 1995). The nitrogen results are
more complex, a fact that has also been recognized for
some time.

It is of interest to compare the present method to
other approaches for estimating shifts from structure.
The most straightforward comparison is to Iwadate
et al.’s (1999) empirical method TANSO, which can
predict C*and CP shifts from structures. Table 7 shows
results from both TANSO and SHIFTS on a set of
20 proteins. The general accuracy of prediction for
these two approches is quite close, suggesting that the
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DFT calculations on peptides have captured about the
same information content as this empirical survey. A
second comparison for '3C* and 13CP predictions can
be made to quantum chemistry results from Pearson
et al. (1997). We chose valine residues in the pro-
teins calmodulin (1cll), SNase (1snc) and ubiquitin
(lubq) for comparison. Without any side-chain struc-
ture refinement, the correlation coefficient r for our
prediction results is 0.93 for 13C® and 0.89 for 13CP,
compared with 0.67 and 0.39 for Pearson et al. (1997).
With geometry optimization combined with the selec-
tion of lowest energy x| conformation, Pearson et al.
(1997) significantly improved their r values to 0.96
and 0.95, which is somewhat better than the SHIFTS
results. However, this model is only directly applicable
to valines, and requires considerable computational
effort for each prediction.

The SHIFTY program (Wishart et al., 1997) can
be used to predict both >N and '3C shifts. Its per-
formance is strongly dependent on the sequence sim-
ilarity to a protein with known shifts. For example,
alpha-lytic protease (2alp) has 26% identity to pro-
teins with known shifts; the correlation coefficient
from SHIFTY for SN shifts is 0.39 and for 13C* is
0.73, compared with SHIFTS values 0.83 and 0.96.
These are impressive results for such low sequence
identity, and the usefulness of a comparison program
like SHIFTY will grow as more shifts are measured.
Still, the current protocol should be a useful adjunct to
homoogy-based models.

Conclusions

The chemical shift prediction method and program
SHIFTS was developed and first applied to practical
application for proteins in this work. Good results
were obtained based on an additive model for multiple
effects on chemical shift in proteins and the establish-
ment of a computational database in which backbone
conformation, side-chain orientation, sequence and
hydrogen bonding are systematically varied. In some
cases, the prediction accuracy may be improved by
alterations in side-chain torsion angles; this analysis
then provides specific suggestions for residues (mostly
on the protein surface) where the predominant side-
chain orientation in solution may differ from that
found in crystal structures.

It is clear that there is still a lot of work to be done
to understand the origins of chemical shift dispersion
in proteins. The most obvious limitation of the cur-

rent model is that it is limited to regions of regular
secondary structure, i.e., to about 40% of residues
among the proteins we studied. We are working to
extend the number of residues for which predictions
can be made by carrying out additional DFT calcu-
lations on peptides with a wider range of backbone
torsion angles (cf. Figure 1). It is also likely that a
combination of information derived from empirical
and computational databases will in the end provide
the most useful and reliable information. We hope that
proton, nitrogen and carbon chemical shift data will
be increasingly useful, in conjunction with other NMR
data, in structural analyses of proteins in both high and
low-resolution applications.
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