aa Journal of Biomolecular NMRL3: 289-302, 1999.
7“1 KLUWER/ESCOM 289
© 1999Kluwer Academic Publishers. Printed in the Netherlands.

Protein backbone angle restraints from searching a database for chemical
shift and sequence homology

Gabriel Cornilescu, Frank Delaglio & Ad Béx
Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney Diseases, National

Institutes of Health, Bethesda, MD 20892-0520, U.S.A.

Received 10 November 1998; Accepted 6 January 1999

Key words:¢ angle, ¥ angle, backbone angles, chemical shift, homology of chemical shift, protein structure,
sequence homology, TALOS

Abstract

Chemical shifts of backbone atoms in proteins are exquisitely sensitive to local conformation, and homologous
proteins show quite similar patterns of secondary chemical shifts. The inverse of this relation is used to search a
database for triplets of adjacent residues with secondary chemical shifts and sequence similarity which provide
the best match to the query triplet of interest. The database cort@ifis13CP, 13C’, 1H* and 15N chemical

shifts for 20 proteins for which a high resolution X-ray structure is available. The computer program TALOS
was developed to search this database for strings of residues with chemical shift and residue type homology.
The relative importance of the weighting factors attached to the secondary chemical shifts of the five types of
resonances relative to that of sequence similarity was optimized empirically. TALOS yields the 10 triplets which
have the closest similarity in secondary chemical shift and amino acid sequence to those of the query sequence.
If the central residues in these 10 triplets exhibit similaand ¥ backbone angles, their averages can reliably be
used as angular restraints for the protein whose structure is being studied. Tests carried out for proteins of known
structure indicate that the root-mean-square difference (rmsd) between the output of TALOS and the X-ray derived
backbone angles is about’lBpproximately 3% of the predictions made by TALOS are found to be in error.

Introduction lation between N chemical shift and hydrogen bond
length (Pardi et al., 1983), suggests that they also con-
The strong dependence of isotropic chemical shifts on tain information on helix bending (Kuntz et al., 1991).
protein structure has long been recognized. In partic- Similar correlations between the backbone torsion an-
ular, the striking correlation betweeéiH® chemical  gles$ and¥ and thetH* and*HP chemical shifts have
shift and secondary structure has been studied exten-been identified, which appear particularly useful for
sively (Pastore and Saudek, 1990; Williamson, 1990; characterization of turns (Osapay and Case, 1994).
Wishart et al., 1991; Osapay and Case, 1994) and the  Although most of the earlier reports on the rela-
IHN shift was found to be sensitive to both hydrogen tion between chemical shift and protein structure focus
bonding and secondary structure (Pardi et al., 1983; on 'H* and 'HN, with the advent of heteronuclear
Williamson, 1990; Wishart et al., 1991). The peri- isotopic enrichment additional chemical shifts have
odicity of the HN shifts observed in many-helical become accessible and offer the potential to make the
structures, in conjunction with the well-established re- relation between chemical shift and structure more
— _quantitative. The secondad?C* and '3C? chemi-
;;12 @moggw correspondence  should be addressed.  E-mail: o) ghifts of a given residue were found to correlate
Suppleméntary material available from the autho@ne figure, closely with its¢ and W torsion angles (Ando et al.,
showing predicted and X-ray crystal structure torsion angles as a 1984; Saito, 1986; Spera and Bax, 1991), and thereby
function of residue for human thioredoxin. also with secondary structure (Wishart et al., 1991).
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Methods have been developed to obtain backbone Materials and methods

torsion angle restraints and secondary structure infor-
mation from either'H* and 13C* (Luginbiihl et al.,
1995), orldce, 13ct, 13C’, and H* (Wishart and
Sykes, 1994). The empirical correlation betwegen
and¥ backbone torsion angles and tHe€* and'3C?
chemical shifts also was found useful for identifica-
tion of N-terminal helix-capping boxes (Gronenborn
and Clore, 1994). This same group also introduced an
effective method for incorporating the empirical sec-
ondary3C® and3CP chemical shift profiles into the
structure calculation protocol (Kuszewski et al., 1995;
Celda et al., 1995). Ab initio calculations (de Dios and

A database was created which contains nearly com-
plete 13c¥, 13¢B, 13¢’, 1H* and 1N chemical shift
assignments of 20 proteins (Table 1), together with the
backbone torsion anglesand W, derived from crys-

tal structures solved at a resolutien 2.2 A (nearly
3000 residues, 14000 chemical shifts). The format
is such that the database can easily be extended by
adding new structures for which at least four of the
five chemical shifts are available per residue, and for
which the structure is known accurately. The structural
data follows the Brookhaven Protein Databank (PDB)

Oldfield, 1993) confirm that the backboreand ¥
torsion angles strongly affedfC* and13CP shield-
ing, and the use of experimentac®, 13c? and1H®

format and the chemical shifts are in the BioMagRes-
Bank (Seavey et al., 1991) format. Residues with
missing crystallographic coordinates (e.g. residues 1—
shifts, in conjunction with residue-specific chemical 17 of cutinase and the amino- and carboxy-terminal
shift surfaces from ab initio methods, has been pro- residues) as well as residues with multiple confor-
posed as a tool for structure refinement (Pearson et al.,mations in the X-ray structure have been excluded.
1995). Beger and Bolton (1997) proposed an approachResidues with high temperatur8)(factors for the
to obtain the most probabteand W angles from cor- backbone atoms, exceeding 1.5 times the average
relation maps between backbone chemical shifts of B-factor for that protein, were also excluded. This in-
13ce, 13¢h I1He IHN and15N of a given residue and  cludes the vast majority of cases where differences be-
its backbone torsion angles. They also showed that thistween crystal and solution structures previously have
information considerably improves structural quality been noted.
when used in cases where only a very small numberof ~ When using collections of chemical shifts of pro-
NOE restraints is available. teins reported by different groups, it is critical to
The similarity in secondary chemical shifts in ensure that the same chemical shift referencing con-
homologous proteins also has been well recognized vention is used for all these proteins. This is par-
(Redfield and Robertson, 1991). Wishart et al. (1997) ticularly important for'3C and®°N, where a wide
developed an elegant approach to utilize this similarity variety of direct and indirect referencing methods have
during the resonance assignment process. However, abeen used. Rather than relying on the information
minimum of ca. 30% sequence identity is quoted as supplied with the deposited chemical shift data, we
the requirement for making this procedure reliable. evaluate the need for applying a correction&g
Here, we describe a hybrid approach which utilizes shifts by calculating how much, on average, the sec-
both sequence and chemical shift homology to predict ondary shifts (calculated by subtracting the random
the most likely backbone angles for a given residue. coil shifts of Spera and Bax, 1991) deviate from the
The idea is based on the notion that if a string of ad- corresponding secondary chemical shifts predicted by
jacent amino acids shows high similarity in secondary the (¢,¥)-surfaces of Spera and Bax. These averages
chemical shifts with a string of amino acids in a data- are conveniently calculated with a routine added to
base, the central residues in the two strings are likely the X-PLOR program (Briinger, 1993) by Kuszewski
to have similar backbone torsion angles. In particular, et al. (1995), and intended for use of the secondary
when qualitative similarity in the residue types of the 13C* and3C? shifts during structure calculation. We
two strings is used as an additional criterion, the ap- apply a chemical shift correction only if the average
proach becomes remarkably robust. In essence, this isdeviation for a given protein exceeds by more than a
a generalization of the idea that helix-capping boxes factor of three the expected random variation in this
can be identified best by combined use of their char- average [i.e., the standard error of ca. 1 ppm (Spera
acteristic patterns of chemical shifts and the residue and Bax, 1991) divided by the square root of the
types involved (Gronenborn and Clore, 1994). number of shifts used]. This manner of correcting the
deposited chemical shifts ensures that all secondary
shifts are defined in the same manner, and corresponds
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Table 1. Proteins contained in the database

Protein No. of X-ray structure ref. Resolution  Shifts
(Chemical shifts ref.) residues *RDB code) (A)

(*BioMagResBank no.)

Alpha-lytic protease (Davis et al., 1997) 198 Fujinaga et al., 1928lp) 1.7 e, HY N
Basic pancreatic trypsin inhibitor (Hansen, 1991) 58 Wilodawer et al., T3ti( 1.1 e, cf,C, HY N
Calbindin (Drakenberg et al., 198%)390) 76 Svensson et al., 1992(cb) 1.6 e, B H N
Calmodulin (Ikura et al., 1990)647) 148 Chattopadhyaya et al., 1992¢ll) 1.7 @, B, C, HY N
Calmodulin/M13 (lkura et al., 1991)1634) 147 Meador et al., 1992Xcdl) 2.2 ¢, P C HY N
Cutinase (Pompers et al., 1997%1101) 214 Longhi et al., 1997 {cex) 1.0 @, ch C HY N
Cyclophilin (Ottiger et al., 1997) 165 Ke et al., 1992¢pl) 1.63 ¢, P HE, N
Cyanovirin-N (Bewley et al., 1998) 101 Yang et al., 1993€zm) 15 e &, C, HY N
Dehydrase (Copie et al., 1996) 171 Leesong et al., 19961Ka) 2.0 @, ch C, HY N
D-maltodextrin-binding protein (Gardner et al., 1998) 370 Sharff et al., 19B&n(b) 1.8 @, ch c, HYN
HIV-1 protease (Yamazaki et al., 1996) 99 Lam et al., 1994 1.8 o @ C, HY N
Human carbonic anhydrase | 260 Kumar and Kannan, 1994cp) 1.6 @, ch C, HY N
(Sethson et al., 1996F4022)

Human thioredoxin in reduced form (Qin et al., 1996) 105 Weichsel et al., T9%6t] 1.7 e, & HY N
Ill-glc (Pelton et al., 1991) 168 Worthylake et al., 199113g) 2.1 @, B C HYN
Interleukin-B (Clore et al., 1990)%1061) 153 Veerapandian et al., 1992i(b) 2.0 e, B H N
MetalloB-lactamase (Scrofani et al., 1998%(.02) 232 Concha et al., 19981¢nb) 1.85 e &, C, HY N
Profilin (Archer et al., 1994) 125 Fedorov et al., 19944cf) 2.0 e, & HY N
Serine protease PB 92 (Fogh et al., 1995) 269 Betzel et al., ¥232r) 14 @, Cch C, HY N
Staphylococcal nuclease (D.A. Torchia, 141 Loll and Lattman, 1988n(c) 1.65 e ch c, HY N
personal communication)

Ubiquitin (Wang et al., 1995) 76 Vijay-Kumar et al., 1987¢bq) 1.8 @, ch C H N

The table lists references describing the chemical shifts, the X-ray structure, the accession codes for data deposited in the BMRB and PDB
databases, the resolution at which the crystal structure was solved, and the types of nuclei for which chemical shifts are available.

to subtraction of the random cditC* and3C? shifts secondary structure) is larger than 1 ppm, a correction
of Spera and Bax (1991) antfC’ (Wishart et al., to the chemical shifts needs to be applied. Alphalytic
1995a) from experimentally determined shifts relative protease was the only protein for which such®a

to internal trimethylsilyl propionate (TSP). Note that chemical shift adjustment (by2.26 ppm) needed to
TSP resonates upfield from the IUPAC-recommended be used. FotH, where historically chemical shift ref-
standard (Markley et al., 1998), dimethylsilapentane- erencing has been much less of a problem, no such
5-sulfonic acid or DSS, by an insignificant amount corrections were applied.

(0.12 ppm at pH 7) (Wishart et al., 1995b). The same To investigate whether thEC’ chemical shift is
correction procedure must be used for all other new strongly influenced by the hydrogen bond length, hy-
proteins added to the database. Only a small fraction drogens were added to the 1.1 A crystal structure of
of the proteins required the above correction proce- basic pancreatic trypsin inhibitor (Wlodawer et al.,
dure. For®®N, the chemical shift reference standard 1984) with the program X-PLOR (Briinger, 1993).
is liquid ammonia at 25C, and the need for applica- For the 24 carbonyls involved in stable backbone-
tion of a correction was evaluated by calculating the backbone hydrogen bonds, no significant correlation
average®N chemical shifts for all non-Gly, non-Ser, was found between the lengths of the backbone-
non-Thr residues i-helical and3-strand regions of  backbone hydrogen bonds, calculated from this struc-
the protein and comparing them with the database av- ture, and the correspondiféC’ secondary shifts. This
erages (119.47 ppm for-helices and 122.38 ppm for  result suggests that tHéC’ secondary shift is primar-
B-strands). Whenever the average of thbelix and ily a function of the backbone geometry, in agreement
B-strand®N chemical shift deviations (weighted ac- with its previously reported correlation with secondary
cording to the number of residues used for each type of structure (Kricheldorfand Muller, 1983; Wishart et al.,
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Table 2. Empirically optimizedk factors, k' (m: homology, €,

N, CP, C,H% n = —1,0, 1), for weighting the relative impor-
tance of a given chemical shift or residue type in determining the
similarity score,S(i, j) of Equation 1

Res. Homology 15N 1H®  13¢/ 13ce  13cB

n=-1 0.74 0.16 1466 1.15 0.72 0.76
n=0 1.48 0.18 1754 1.21 0.99 0.91
n=1 0.74 0.20 1525 1.04 0.72 0.70

1991). Therefore, we decided to include #R€’ shift
information in the evaluation, even while for sev-
eral proteins nd3C’ shifts have been reported in the
database.

Although the®>N chemical shift is known to be in-
fluenced by hydrogen bonding (de Dios et al., 1993), it

is also influenced by backbone geometry and therefore

is included as an input parameter in the torsion angle
prediction procedure. However, as discussed below,
optimization of the torsion angle prediction program
results in a relatively low weighting factor for this
chemical shift.

Results and discussion

Description of the search procedure

The backbone torsion angle prediction package TA-
LOS (Torsion Angle Likelihood Obtained from Shifts
and sequence similarity) is written in the Tcl/Tk lan-
guage (OQusterhout, 1994) and uses NMRWish, a
companion package to the NMRPipe processing and
analysis system (Delaglio et al., 1995). NMRWish is a
version of the Tcl/Tk script interpreter ‘wish’ (Ouster-
hout, 1994), which has been customized to include a
relational database engine for manipulation of spectral
information and molecular coordinates. An outline of
the prediction method used by TALOS is presented in
Figure 1.

TALOS reads the experimental protein chemical
shift tables and converts them to secondary chemi-
cal shifts before entering them in the database. In its
current implementation, TALOS evaluates the simi-
larity in amino acid sequence and secondary shifts
for a string of three sequential amino acids relative
to all triplets of sequential residues contained in the
database. Although we expect that further improve-
ment in performance might be attainable for string
lengths longer than three, the number of residues in

the database is presently too small to yield a sufficient
sampling for such longer strings. For each query triplet
of consecutive residues, the similarity to a triplet
with center-residug in the database is evaluated by
computing a similarity factoi(i, j), given by:

+1

SG. ) = Y [K0ARestype
n=-1
+ Ka(ASCY, , — ACY, )2
+ Ka(ASNitn — ANj4n)?
+k3asch - ASC, )2
+ KA(ASC, , — ASC], )7
+ KR(ASHE , = ASHE 2] (1)

and the value of(i, j) is evaluated for all triplet$
in the databaseAd denotes the secondary shifts of
the 13C*, 13CP, 13C’, 1H* and 15N nuclei. For Gly
residues,'H® shifts are calculated as the average of
1H*2 and 'H®3, Values for the weighting factork?
throughk? are optimized as described below and are
given in Table 2; the residue-type similarity matrix
ascribes a number to how similar two types of amino
acids are and this 26 20 matrix is shown in Ta-
ble 3. The composition of this similarity matrix is
largely based on empirical knowledge that, for exam-
ple, Gly frequently has a positivé angle, Pro has

a very restricted range af angles, and &branched
residues are frequently found pisheets. There has
been some empirical adjustment of the similarity ma-
trix during the process of optimizing the performance
of the TALOS program, but results were not found
to be particularly sensitive to small changes (b%)

in the Table 3 matrix elements. Using the empirical
k values of Table 2, and\resTypeOf Table 3,5(, j)
values typically range from 5 to 600.

For all database tripletg,that yield aS(i, j) value
lower than an adjustable threshold (typicath150),
TALOS reports the corresponding X-ray crystal struc-
ture ¢ and ¥ angles of residug, together with the
S(@i, j) value. The threshold is set sufficiently large
to obtain a minimum of at least 10 matches for each
residuei.

Optimization of the 15 chemical shift weighting
factors made use of a scheme which finds all triplets of
residues in the database for which the central residue
has¢/ ¥ angles within 15 of those of a query residue.

We then calculate the average and the standard de-
viation of the secondary chemical shifts for each of
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I3c(x 13c[3 ISC’ lHa ISN
chemical shifts

Residues: (i—1, i, i+1)

DATABASE

Currently: 20 proteins,

TALOS PROGRAM 3038 residues
Us NMR Chemical Shifts:
es:
130 13~ 13, Iyqa 15
- residue similarity matrix (20x20) detects: ¢, 7CL TG HL N
- compensation factors for missing missing X-Ray Structures (PDB):
shifts assignments resolution better than 2.2 A

- secondary shift weighting factors Residues: (j-1, j, j+1)

Calculates:
- secondary shifts

- differences in secondary shifts for all 5 atoms between

residues (i-1, j-1), (i, J), (i+1, j+1)

- overall similarity score, S(i,j)

. Predicted (¢,y)
- dibedral angles of the 10 lowest scores

for residue 1.

- average (¢,y) and st. dev. of the 10 lowest scores

Interactive inspection of predictions, elimination of outliers, selection of useful predictions.

Figure 1. Flow chart of the TALOS program.

the 15 types of chemical shifts (5 nuclei for residue ent widths of the secondary shift distributions of the

i — 1, i, andi + 1 over this ensemble of triplets. types of atoms involved (i.e., using the rms values of
The root-mean-square value of all database secondarythe®N, 1H*, 13c* 13CB and!3C’ secondary chemical
chemical shifts of a given type of nucleus, divided by shift values in the entire database).

the standard deviation derived in the above described  The relative weight of the residue type homol-
manner, provides a measure for how useful a given ogy versus secondary shifts in tié, j) formula (K

type of secondary chemical shift (e.g\N;_1) is at factors in Equation 1) was optimized empirically, by
providing information on thé /W angles of residuie searching for R factors that minimize the number of
This ratio was calculated 183 times, each time using erroneous predictions, using all residues presentin the
a different cutinase residue as the query residue. Thedatabase for test purposes.

chemical shift weighting factors listed in Table 2 are If a particular chemical shift is missing, the corre-
derived from the averages of these respective ratios, sponding secondary chemical shift difference between
after scaling to compensate for the intrinsically differ- the query and the corresponding database chemical
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Table 3. Residue similarity factorsirestype Used by TALOS in Equation 1

Res. A/ R N C Q E G H I L K M F P S T W V
D Y

A o 1 1 1 1 1 2 1 2 1 1 1 2 3 1 2 2 2
R 1 0o 1 1 1 1 2 1 2 1 0 1 1 3 1 2 1 2
ND12 12 0 11 1 2 1 2 1 1 1 1 3 1 2 1 2
C 11 1 o0 1 1 2 1 2 1 1 1 1 3 1 2 1 2
Q 11 1 1 o0 1 2 1 2 1 1 1 1 3 1 2 1 2
E 11 1 1 1 o0 2 1 2 2 2 1 1 3 1 2 1 2
G 2 2 2 2 2 2 0 3 3 3 3 3 3 3 3 3 3 3
H 11 1 1 1 1 3 O 2 1 2 2 1 3 2 2 1 2
| 2 2 2 2 2 2 3 2 0 1 2 2 2 3 2 1 2 0
L 11 1 1 1 2 3 1 1 O 1 1 1 3 2 2 1 2
K 1 0o 1 1 1 2 3 2 2 1 0 1 2 3 1 2 2 2
M 11 1 1 1 1 3 2 2 1 1 O 2 3 1 2 2 2
F 2 1 1 1 1 1 3 1 2 1 2 2 o 3 2 2 O 1
P 3 3 3 3.3 3 3 3 3 3 3 3 3 0 3 3 3 3
S 11 1 1 1 1 3 2 2 2 1 1 2 3 0 1 2 2
T 2 2 2 2 2 2 3 2 1 2 2 2 2 3 1 0 1 1
wy 2 1 1 1 1 1 3 1 2 1 2 2 o 3 2 1 O 1
\% 2 2 2 2 2 2 3 2 0 2 2 2 1 3 2 1 1 0

shiftis setto 1.5 times the rms value of the correspond- tions fall in the same populated (gray shaded) region
ing secondary chemical shift (rms values are 4.56 of the Ramachandran map (Figure 2), and none of the
ppm for 1N, 2.49 ppm forl3C?, 0.51 ppm fortH¢, center residues in the 10 strings has a positieagle.
2.01 ppm for'3CP, and 2.02 ppm fot3C’). This way If a single residue falls well outside the Ramachandran
of dealing with incomplete assignments decreases theregion in which the remaining 9 residues are located,
likelihood that database residues with incomplete as- its ¢/ W values are excluded from calculating the av-

signments contribute to the) (V) output of TALOS, erage and rmsd. This procedure typically results in
but does not exclude them altogether. predictions for only about 40% of the residues.

A subsequent interactive inspection of the results,
Torsion angle prediction using the graphical interface described below, permits

To date, the database used by TALOS contains only additional predictions to be made. For example, if sev-

20 structures for which both a high-resolution X-ray eral predictions fall just outside the most populated

structure and nearly complete resonance assignmentsegion of the Ramachandran map, but generally cluster

are available. The reason we felt it is not warranted well with the other$/ ¥ predictions, the prediction

to include proteins for which a high-resolution NMR  should be accepted. In some cases, there is one center

structure but no crystal structure is available is that, as residue in the ensemble of 10 most similar triplets for

discussed below, the agreement betweenpthad W which either¢ or ¥ deviates by more than 2 stan-

angles of most NMR structures and the output of TA- dard deviations from the average value for that angle.

LOS is considerably lower than for the high-resolution Empirical testing indicates that it is safe to remove

crystal structures in the database. (at most) one such triplet from the ensemble of 10
The TALOS output for thep andW backbone an-  (TALOS then recalculates the new averagand ¥

gles of the center residue in each string consists of the angles and their rmsd), provided that the outlier does

average of the corresponding angles in the 10 strings in not have itsp angle in the @ < ¢ < +150C range,

the database with the highest degree of similarity (cf. and the averagé(, j) value is less than 80. When

Equation 1). In a first, fully automated but very con- the TALOS output for a given query residue yields a

servative mode of analysis, the program classifies only

those predictions for which at least 9 out of 10 predic-
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Figure 2. Graphical display of TALOS output for HIV protease. The lower right window shows the amino acid sequence, with predictions for
each residue designated as ‘good’ (green), ‘ambiguous’ (yellow), or ‘bad’ (red). The prediction data for the selected residue, K20, are listed in
the prediction display (top right) and graphed in the Ramachandran display (left). The 10 individual matches from the database are indicated as
small green squares in the Ramachandran display, and for reference purposes, thé kiiquasition from the HIV protease X-ray structure

(blue square) is also shown. Clicking on any of the squares highlights the corresponding triplet in the prediction display.

cluster where at least 9 residues have positisagles, unambiguous identification of residues with positive
this prediction also should be accepted. ¢ angles. However, testing indicates that if the center
The standard deviations and the range i) residue of a query triplet has a positigeangle, this
values in the 10 (or 9) most similar database strings frequently results in a significant fraction of center
provide a measure for the uncertainty in these av- residues which also have positigeangles in the 10
erages. When this standard deviation exceeds 45 most similar database triplets. These positivangle
the prediction must be deemed ‘ambiguous’, and it triplets typically yield the lowess (i, j) values, sug-
is recommended that the result of the prediction not gesting that the program will successfully predict most
be used without careful further inspection of other of the positive¢ angles once the database becomes
data, such as the,d(i — 1, i)/dyn(i, i) NOE intensity sufficiently large. For now, unambiguous identifica-
ratio (which provides information on th& angle), tion of such positivep angles in most cases requires
the 3JinHo coupling @ angle), andJcena (primar- additional experimental data, such as a very small
ily for identifying positive ¢ angles; Vuister et al.,  1Joune (<136 Hz) (Vuister et al., 1992, 1993), or
1992, 1993). Not including such cases where NOE or the presence of an exceptionally strong intraresidue
J coupling information is needed, the above described HN-H* NOE.
protocol typically allows a definitive prediction of the
¢ andW¥ angles to be made for about two thirds of the Display of TALOS output
residues. A graphical interface for inspecting and interactively
Because the number of proteins for which com- updating the TALOS output is available. An example
plete NMR assignments and high resolution crystal of its use is shown in Figure 2 for the HIV protease.
structures are available is still very limited, the TA- The interface consists of three windows: the sequence
LOS database usually contains insufficient entries for
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display, the prediction display, and the Ramachandran
display.

The sequence display lists the residues in the pro-
tein whose backbone angles are being predicted. The
residues are color-coded according to whether the
overall prediction for a given residue was designated
as good, ambiguous, or bad. In the initial display, be-
fore interactive analysis, residues are color-coded as
green (prediction accepted in automated mode) and
gray (requires inspection). If the trdg’ W angles are
known, residues for which a wrong prediction was
accepted can be classified as bad (red), which is con-
venient for testing purposes. All residues for which
TALOS has made predictions which meet the criteria

listed above, are highlighted in green. Residues shaded

in yellow are those for which no firm prediction can
be made, but which nevertheless may contain useful
information. For example, if for a given residue 5 out
of the 10 triplets show a positiieangle, this suggests
that there is a high likelihood that the center residue of
the query triplet has a positiveangle.

When a given residue is selected in the sequence
display (K20 in Figure 2), the, ¥, andS(, j) pa-
rameters are listed in the prediction display, together
with the residue numbers and the names of the proteins
from which the triplets were taken. The dQ W pairs
are graphed in the Ramachandran display, which also
shows the most populated areas of the entire database
shaded in gray. If a reference or trial structure for the
query protein is available, it/ ¥ angles will also be
graphed on the Ramachandran display (blue square).
By clicking on an individual match in the Ramachan-
dran display, it is possible to include or remove this
entry from the overall prediction, which is based on
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Figure 3. Plots of the backbone angles (&) and (B) ¥ pre-
dicted by TALOS, versus those observed in the crystal structure,
for ubiquitin.

the average and standard deviations of the selected

matches.

The final results are summarized in an ASCII text
table which gives the average/ ¥ angles and their
standard deviations for each residue. Versions of the
TALOS program are available for most types of UNIX
platforms.

Accuracy of TALOS-predicted angles

Figure 3 plots the predictepland¥ angles of ubiqui-

tin versus those of the high resolution crystal structure.
As can be seen from this plot, TALOS does consid-
erably more than classifying residues by their type
of secondary structure, and there is a good correla-
tion between predicted and crystallographic torsion
angles, even when considering only the residues with
a positive¥ angle, for example.

Figure 4 shows the predictgdand W angles as a
function of residue number, together with the corre-
sponding crystallographically determined angles. The
error bars correspond to the standard deviation from
the average angle for the center residue of the 10 (or 9)
best fitting triplets in the database. No result is shown
if this standard deviation exceeds°4%r if any (but
less than 9) of theé angles of the center residues have
a positivep angle.

Tests of the accuracy of TALOS predictions were
made by eliminating each protein from the database
and using the program to predict its backbone angles
(Table 4). We found that for about 2% of the residues
in the database (i.e., 3% of the predictions made)
TALOS predicts the wrong torsion angles. Some ex-
amples are:
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Table 4. Summary of TALOS results when applied to predicting backbone angles of

proteins included in the database

Name Good (%) Bad (%) Ambig. (%) Avail. All
HIV-1 protease 65 670 1 1.0 31 320 97 99
I-glc 87 617 4 28 50 355 141 168
Alpha-lytic protease 101 546 3 16 81 438 185 198
BPTI 32 582 4 73 19 345 55 58
Calbindin 48 727 0 0.0 18 273 66 75
Calmodulin 107 849 0 0.0 19 151 126 148
Calmodulin/M13 98 803 0 0.0 24 19.7 122 148
Cutinase 122 667 5 27 56 306 183 214
Cyanovirin-N 5 611 1 1.1 34 378 90 101
Cyclophilin 87 540 5 31 69 429 161 165
Dehydrase 91 627 3 21 51 352 145 171
HCAI 149 603 7 28 91 36.9 247 260
Interleukin-B 75 610 3 24 45 36.6 123 153
Lactamase 137 662 4 19 66 319 207 232
Serine protease PB 92 161 627 8 3.1 88 34.2 257 269
D-MBP 217 620 5 14 128 36.6 350 370
Profilin 72 679 0 0.0 34 321 106 125
Staphylococcal nuclease 81 675 4 33 35 29.2 120 141
Human thioredoxin 79 767 1 1.0 23 223 103 105
Ubiquitin 53 757 0 0.0 17 243 70 76
Total:

predictions: 2910

correct: 1920 (65.3%)

incorrect: 58 (2.0%)

Listed are the number of ‘Good’ predictions, and the percentage relative to the total
number of residues with acceptaldé¢actors (Avail.), the number of ‘Bad’ predictions,
and the number of residues for which no predictions could be made (Ambig.), plus the

total number of residues (All).

(1) Th*® in cutinase: predicted = —4 + 10°;
X-ray ¥ = 163. Although theB factor is not unusu-
ally high,®N relaxation data indicate that this residue
is located in the middle of a flexible loop which dif-
fers in conformation relative to the crystal structure
(Prompers et al., 1997).

(2) Aspt®9 of beta-hydroxydecanoyl thiol ester de-
hydrase: predictedd = —57+ 7°, ¥ = —36+ 10°;
X-ray ¢ = 56°, & = 52°.

(3) Aspt? of staphylococcal nuclease: predicted
= —-90+£12°; ¥ = 8+ 11° X-ray ¢ = —156€,

= —166.

Both for Asp>® and Asp?® there is no doubt re-
garding the similarity in backbone angles in solution
and in the crystalline state, but TALOS fails to predict

¢
v

shown below, for the vast majority of cases, the output
of TALOS is highly accurate. When listing the rms dif-
ferences between the predicted¥ angles and those
of the crystal structure, the small fraction of erroneous
predictions are not included.

For ubiquitin, TALOS vyields 53/ ¥ angle pre-
dictions (76% of its database residues) and the rms
differences between the predictéd ¥ angles and
those of the crystal structure are°1®. Similarly, for
cutinased/ W predictions are made for 127 residues
(69%, including 5 bad predictions, but excluding the
disordered N-terminal tail), with rmsds of 422° rel-
ative to the crystallographically determing¢dand W
angles.

BPTI yielded the worst performance of all proteins

the unusual backbone angles of these residues. Theested. Only 32/ W predictions (65%, 4 bad predic-
user therefore should be aware that a small fraction of tions) were made, which agree to within rmsds of 16
the TALOS predictions may be in error. However, as and 17 with the 1.1 A crystal structure. Differences
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A ¢ (predicted) o and 12 from the X-ray structure, respectively), in-
1504 A) ¢ (X-ray) a cluding one erroneous prediction. For reference, the
. rmsds relative to the solution structure for the same
1001 group of¢ andW¥ angles are 20and 22, respectively.
50" j The pairwise rmsd between the crystal structure and

solution structure angles is 16p) and 20 ().

Use of TALOS output in structure calculation
R The dihedral constraints for the backbone torsion an-
ﬁ‘@?‘@l ‘F{ A i gles obtained from TALOS are available immediately
.100-.} Hhﬂi } { E H { f after completion of the resonance assignment and
ﬁF H; ‘{ ﬁ{ E{ﬁ therefore can be used at the very early stages of struc-
-150" ture calculation. It is, however, important to realize
. . . : : . : that a small fraction of the TALOS predictionsiis likely
20 3 4 5 60 70 to be in error. Preliminary testing on the effect of in-
residue number clusion of TALOS constraints in the calculation of a
protein structure was carried out for ubiquitin.
B)  (predicted) «— Three sets of calculations were performed: (A)
. Y (Xray)  a using only 273 NOEs, randomly taken from the to-
200 1 tal set of 2727 NOE cross peaks, peak-picked from
150" 14 ? ﬁ # 3D and 4D NOESY spectra (J.L. Marquardt, unpub-
ﬁé F{;ﬁ B ?ﬁ {f {?{;{; lished results); (B) additionally using TALO&/W
100" : constraints for the 53 residues for which a (correct)
prediction had been made; (C) as B, but deliberately
50" : introducing two serious errors in tig ¥ constraints
by interchanging the TALOS-derived angles of Ka
# { } (TALOS: ¢ = 54+ 7°, W = 394 9°; X-ray:
ol R o b = 48, W — 46°) with those of Ar§* (TALOS:
¢ =—102+ 22°, ¥ = 150+ 17°; X-ray: ¢ = —85°,
¥ = 165°). Starting from a fully extended strand and
. , . . . using an X-PLOR based simulated annealing protocol

-50 ' £

-100" -

o 20 30 40 5060 70 (Nilges et al., 1988), set A yielded convergence for
residue number 9 out of 30 calculated structures. The backbone rmsd
Figure 4. Predicted backbone angles (#)and (B)W of ubiquitin. (residues 2-70) from the average was 1.52 A, and the

The length of the error bars represents the standard deviation from hgckbone rmsd displacement between the average of

the average of the dihedral angles of the 10 residues from the data-

base having the highest chemical shift and sequence similarity with these NMR structures and the C_ryStal Strl_JCture was

the query residues. Triangles correspond to the angles observed in1-36 A. For set B$- and W-constraints were included

the crystal structure. as ‘harmonic-well’ potentials with zero energy over
the rangebtaLost SD and¥ta ost SD, where SD is

. . the standard deviation in the set of 10 (or 9) residues
relative to the solution structure (Berndt et al., 1992) from which ¢aLos and Wra os were derived. Out-

;\i‘re sliglghtlyrllarger (3_%/19' For tge same iet af and side the well, the energy increased quadratically with
angles, the rms differences between the average so-, kca/rad. With 13 out of 30 calculations converg-

lution st.ructure and crystal structure are Bhd 12, ing, the yield was 50% higher than in the absence of
res'gecur\]/ ely. hioredoxin the NMR d h b TALOS constraints. Moreover, the rmsd from the av-
or human thioredoxin the ata have been erage was also considerably lower (0.75 A), as was

dengefd forr] a mutar:t which d|ff$rs fron|1 the sc(ajquegce the difference relative to the X-ray structure (0.89 A).
used for the crystal structure. Theangles predicte For set C, which includes the erroneous backbone con-

bY JA;]LOS iri neverthleless n ve;y g°|°d agreement straints, convergence was worst (7 out of 30), but the
with those of the crystal structure (Supplementary ma- rmsd values from the average (0.87 A) and between

terial), with 80 (78%])p/ ¥ predictions (rmsds of 15 the averaged NMR and crystal structure (1.04 A) were
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intermediate. The errors introduced in the NMR struc- reliable for general use. Three possible reasons for
ture by the wrong TALOS constraints were highly this are that (1) chemical shifts of the backbone nuclei
localized. are not sufficiently sensitive tg1; (2) in the crystal
Although preliminary and clearly incomplete, the structures it is not possible to reliably and routinely
above results for ubiquitin are quite encouraging. They separate residues with a single conformation from
suggest that a substantial improvement in quality of those which undergg@i rotameric averaging; and (3)
the structure can be obtained by including the TALOS- there are practical difficulties in comparigg angles
derived¢/ W-restraints, particularly when the number for residues with different types of side chains, i.e., a
of NOEs per residue is low. The introduction of two CP-branched residue such as Thr with a non-branched
serious errors in the TALOS-derived torsion angle re- residue. Although it may be feasible to develop cri-
straints decreases the quality of the structure, but it teria which yield useful TALOSy; predictions, it is
remains better than in the absence of the TALOS- expected that it will be difficult to make predictions
derived constraints. Nevertheless, it is recommendedthat are more reliable than those based on residue type
that the constraints are used with care, keeping in mind and a residue’s own backbone angles, as implemented
that they may contain errors. Thus, if either a TALOS- by Kuszewski et al. (1997).
or NOE-constraint (or both) is violated consistently Our results indicate that concerted use '8N,
during structure calculations, it is essential to recheck 13C*, TH?, 13C? and3C’ chemical shifts of triplets of
the quality of the constraint(s) involved. In this re- adjacent residues can be used to predict the backbone
spect, an erroneous TALOS-derived restraint is no torsion angles for the majority of residues in assigned
different from a wrongly assigned NOE connectivity.  proteins. When using the crystal structure as the stan-
dard, the accuracy of the TALOS prediction appears to
exceed that of even some of the best solution structures
Concluding remarks calculated on the basis of NOEs and J couplings. In
principle, one could possibly argue that, as the angles
The approach described in this paper is the first to in the database are all derived from crystal structures,
combine both chemical shift and residue type infor- one might expect the TALOS output to be closer to
mation for predicting backbone torsion angles. Also, the crystal structure than to the solution structure.
instead of using the chemical shift information of However, this argument is clearly invalid as it would
only a single residue, it considers the chemical shifts require a systematic (as opposed to a random) differ-
and residue types of a string (of length 3, in the ence between torsion angles in crystal structures and
present case) to obtain this information. The weight in solution. Second, when comparing the TALOS out-
of a particular secondary shift was adjusted by con- put for ubiquitin with a solution structure calculated
sidering the width of its distribution over a narrow by including a large number dfC*-1H*, 13c*-13C,
range of backbone torsion angles relative to the entire TH-15N, 13C’-15N and 13C*-13C# dipolar couplings
range of secondary chemical shifts in the database.(Tjandra and Bax, 1997; Marquardt et al., unpublished
The relative importance of the chemical shifts ver- results) the agreement of the TALOS-predicted angles
sus residue homology has been adjusted empirically with the solution structure is actually better than with
to yield the most reliable predictions for proteins of the crystal structure, with rmsds of 2 (solution) and
known structure. Remarkably, the weighting factors 12° (X-ray) for ¢ and & (solution) and 9 (X-ray) for
for the center residue in the string of 3 residues in W. The rmsd between crystal structure and solution
Table 1 is only slightly higher than for its two flank-  structure torsion angles i$ Tor both¢ andW.
ing residues, indicating that they are of comparable  The 3% fraction of TALOS predictions which are
value when predicting a residuels ¥ angles. The  found to be in disagreement with the crystal structure
contribution from the residue type homology to the includes residues which may adopt a different con-
similarity factor S is rather modest, typically about formation in the solution and crystal structures (e.g.,
25%. Nevertheless, reliability of TALOS predictions Thr*® in cutinase, discussed above), although most of
is considerably improved when including this residue these regions where differences occur are excluded by
type homology. theB-factor criterion (see Materials and methods). For
At the outset of developing this approach, we an- most proteins used in our database, no high resolution
ticipated being able to obtaijmy angle predictionstoo.  solution structure is available, and it therefore was not
However, these 1 results so far appear insufficiently  possible to exclude these residues from the database.
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A set of residues in the database for which the solu- extensive deuteration. It is expected that the use of
tion backbone angles differ strongly from those in the TALOS-derived torsion angle restraints, when com-
crystalline state does not increase the number of errorsbined with one-bond dipolar couplings measured in
when TALOS is applied to a new protein. Instead, if dilute liquid crystalline media (Bax and Tjandra, 1997;

their chemical shifts match those of the query triplet, Clore et al., 1998; Bewley et al., 1998; Hansen et al.,
they result in an outlier in the display of Figure 2. 1998; Wang et al., 1998), will make it possible to

The same is true if a small fraction of residues in the obtain reliable backbone structures for such larger

database is wrongly assigned.
It also should be pointed out that a database ap-

systems, even if only a limited number of NOEs is
available.

proach such as the one described here tends to predict

torsion angles that fall closer to the most commonly

occupied regions of the Ramachandran map than the Software availability

true value. This is a direct result of the fact that TA-
LOS angles are derived from a set of triplets with
the most similar chemical shifts: First, if the true
backbone angles of a given center residue position

it somewhere on the edge of the most populated re-

gion of the Ramachandran map, there statistically will
be a larger number of ‘hits’ inside than outside the

The software, installation instructions and examples,
are available upon request by electronic mail to de-
laglio@speck.niddk.nih.gov. For further information
see: http://spin.niddk.nih.gov/bax/.

most populated region, simply because the density of Acknowledgements

residues is higher in the most populated region. This
effect is visible in Figure 3B, for example, where for
residues with X-raylr angles in the—25° to 4-25°
range the predicted angles are shifted in the direc-
tion of thea-helical region of the Ramachandran map.
Similarly, for residues with unusually largke angles

in the X-ray structure, the predicted values consis-
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region neary = 130°. Second, in rare cases where
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