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We describe a largely automatic procedure for building protein structures from sequence
alignments with homologues of known structure. This procedure uses simple rules by which
multiple sequence alignments can be translated into distance and chirality constraints,
which are then used as input for distance geometry calculations. By this means one obtains
an ensemble of conformations for the unknown structure that are compatible with the rules
employed, and the differences among these conformations provide an indication of the
reliability of the structure prediction. The overall approach is demonstrated here by
applying it to several Kazal-type trypsin inhibitors, for which experimentally determined
structures are available. On the basis of our experience with these test problems, we have
further predicted the conformation of the human pancreatic secretory trypsin inhibitor, for
which no experimentally determined structure is presently available.

Because of the difficulties and uncertainties that
are often involved in the determination of the three-
dimensional structures of proteins by either X-ray
crystallography or nuclear magnetic resonance
(n.m.r.T) spectroscopy, considerable effort has been
devoted to methods of predicting their conforma-
tions by means of analogy with homologous proteins
whose structures are already available (for reviews,
see Blundell et al., 1988; Feldmann et al., 1985;
Greer, 1985b; Swenson et al., 1978). The basic idea
on which these predictions are based is simply that,
since the three-dimensional structures of proteins
tend to be conserved while their sequences evolve,

T Abbreviations used: n.m.r., nuclear magnetic
resonance; r.m.s., root-mean-square; BUSI, bull seminal
inhibitor, PPSTI, porcine pancreatic secretory trypsin
inhibitor; HPSTI, human pancreatic secretory trypsin
inhibitor; JQOM3, Japanese quail ovomucoid third
domain; SPOMS3, silver pheasant ovomucoid third
domain; r.m.s.d., root-mean-square co-ordinate
deviation; PPAD, ¢.,¥ angle difference.
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the conformations and relative positions of the
amino acid residues of the unknown structure
should be similar to those of the corresponding
homologous residues in the known structures.
Although this idea is clearly sound and has been
suceessfully applied to a number of proteins (e.g. see
Blundell et af., 1983; Chothia ef al., 1986; Greer,
1985a; Palmer et al., 1986), there is no general
consensus on what is the best way to put it into
practice. In the first place, the decision as to which
pairs of residues, one in the unknown structure and
the other in the known structure, “correspond”
depends on how the protein sequences have been
aligned. In the second, since there are usually inser-
tions and deletions between these sequences, it is
rarely possible to make the backbone conformation
of the unknown protein coincide exactly with those
of the known proteins, and considerable care is
required in order to model the conformations of
ingerted loops correctly (Bruccoleri & Karplus,
1987; Moult & James, 1986). Although it is
generally easier to predict the conformations of the
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side-chains of mutated residues, even this problem
is not entirely trivial (Snow & Anzel, 1986; Summers
& Karplus, 1989).

Sequence alignment algorithms, though based on
heuristic weights, at least provide us with an objec-
tive criterion by which to obtain the correspondence
between the sequences. Other considerations, for
example the fact that the spatial structure of the
interior core of a protein is usually better conserved
than the surface (Hubbard & Blundell, 1987,
Sutcliffe et al., 1987), can also be incorporated into
the results. The process of actually building a
“similar” three-dimensional model, however,
remains relatively laborious and somewhat subjec-
tive despite substantial efforts at automating the
procedure (see above references). In addition, in
most methods it is necessary to refine the resultant
conformation wersus a potential energy function in
order to obtain good covalent geometry and atom
packing.

Here, we report our preliminary experience with a
new method of deriving the three-dimensional
conformation of a protein from a given {and possibly
multiple) sequence alignment with homologue(s) of
known structure. This method is based on the
EMBED distance geometry algorithm (Crippen &
Havel, 1988; Havel et al., 1983), which has been
used extensively for the calculation of protein struc-
tures from n.m.r. data (Wiithrich, 1986). As a
general-purpose tool for protein model-building, the
EMBED algorithm offers the following distinct
advantages over the usual procedure of r.m.s.
superposition of substructures followed by manual
adjustment of the result.

(1) Tt is efficient, not just in terms of computer
time but also, and more importantly, in terms of
people’s time.

(2) It requires its users to state their geometric
hypotheses concisely, and it helps them to discover
contradictions in these hypotheses.

(3) Once these hypotheses have been stated, the
computation proceeds automatically and com-
pletely free of possible user bias.

(4) Multiple conformations consistent with the
hypotheses are generally found, and the magnitude
of the differences between them provides an esti-
mate of the reliability and precision of the
predictions.

(5) Although these conformations do not neces-
sarily have a low total energy, they are at least free
of significant covalent distortions and unacceptable
steric overlaps before energy minimization.

The input to the EMBED algorithm consists of a
list of lower and upper bounds on the possible
values of the interatomic distances in the molecule,
together with the chiralities of its asymmetric
centres. This type of information will henceforth be
referred to as distance and chirality constraints. As
described by Crippen & Havel (1988), these
constraints are. available in abundance from the
primary structure of a protein, and further
constraints, e.g. hydrogen bond lengths, can be
derived from the secondary structure. The output of

the EMBED algorithm consists of a set of conforma-
tions that are consistent with the given information,
but that are otherwise ‘“random’”. Hence, any
geometric features that are uniformly present in all
members of such a conformational ensemble can be
inferred to be necessary consequences of the given
constraints. In addition, if the algorithm fails to
find any conformations consistent with the
constraints, we can infer that the constraints are
mutually contradictory, i.e. at least one of the
assumptions on which they are based must be in
error. When dealing with the many unknowns
present in evolution, such checks can be extremely
valuable.

"The calculations reported here were done using
the implementation of the EMBED algorithm
known as the DISGEO program (Havel &
Wiithrich, 1984) version 3.0.3 running on an
TBM 3090/600k. Only the heavy (i.e. non-hydrogen)
atoms were included in these calculations, and
neither substructures nor metrization were used,
since it has been shown that the implementation of
these procedures in the DISGEO program can lead
to sampling problems (Havel, 1990). To improve the
convergence, a preliminary refinement of the error
function was performed in four dimensions before
projection into three dimensions and a final refine-
ment. With this procedure together with the large
quantities of uniformly distributed distance infor-
mation available from evolutionary studies, we
have obtained reasonably good convergence, with a
failure rate of less than one in four attempts to
caleulate a conformation.

The first step of the prediction procedure is to
align the sequence of the unknown protein structure
with the sequences of the known structure(s). In
the calculations reported here, this was done using
the GCG sequence analysis package (Devereux
et ol., 1984), and iteratively applying the
Needleman—Wunsch  algorithm  (Needleman &
Wunsch, 1970) with identity matrix weights to all
pairs of sequences. In order to translate the
resulting multiple sequence alignment into distance
constraints, we first identified a subset of the atoms
consisting of all C* atoms together with the (" atoms
in those residues that were the same in all of the
aligned sequences. Lower and upper bounds on the
distances among these atoms of the unknown struc-
ture were then derived from the formula:

di;E (oaA (1 +A4) + 141 +A/2)),

where d;; is the average distance between atoms ¢
and j in the known structures, AL-J- was half of the
observed range in value of this distance, A;; is the
sum of the lengths of any intervening gaps in the
alignment, and ¢, and 7, are adjustable parameters.
In addition, the spatially aligned known structures
were examined in order to identify hydrogen bonds
and disulphides that were conserved during evolu-
tion, and when identical residues were present in the
unknown protein, distance constraints were
imposed that ensured that these same interactions
were present also in the computed conformations.
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Figure 1. Stereoview of the best-convergent SPOM3 structure from DISGEOQO (heavy lines) superimposed on the
crystal structure (light lines) so as to minimize the C* r.m.s.d. between the C-terminal 52 residues. Only C* atoms and
side-chains of the residues that are the same in JQOMS3 have been included.

Finally, in order to ensure that the secondary
structure of the computed conformations coincides
with the secondary structures of the known confor-
mations to the extent that the secondary structures
have been conserved in them, lower and upper
bounds on the oriented volumes among each four
consecutive C* atoms along the sequence were
derived by the formula:

Opijie T (0N +T0),

where v, is the average oriented volume spanned
by the four C* atoms (i.e. half the triple product of
the virtual bond vectors connecting them: Crippen
& Havel, 1988; Kabsch & Sander, 1983), and the
parameters ¢, and 7, will generally be different from
the corresponding parameters o; and 1, for the
distance bounds.

Clearly, these rules for deriving geometric infor-
mation from sequence alignments are somewhat
arbitrary, and we anticipate that they can and will
be improved as our experience with them accumu-
lates. Our immediate concern has been simply to
demonstrate that, when used with any reasonable
set of such rules, the EMBED algorithm is capable
of efficiently generating reasonable protein confor-
mations. For this purpose, we have used the
Kazal-type trypsin inhibitors BUSI, PPSTI,
SPOM3 and JQOM3. A low-resolution n.m.r. struc-
ture is available for BUSI (with a mean backbone
r.m.s.d. among the ensemble of 3 A: Williamson et
al., 1985), and high-resolution crystal structures are
available for PPSTT (1-8 A resolution: Bolognesi et
al., 1982), SPOM3 (1'5 A resolution: Bode et al.,
1985) and JQOM3Y (19 A resolution: Papamokos et
al., 1982). :

As our first problem, we treated the conformation
of SPOM3 as unknown and predicted it from that of
JQOMS3. These two proteins have a sequence iden-
tity of 899, and can be aligned without any gaps. In
the above rules for deriving geometric constraints

T Since the unit cell of the erystal structure of JQOM3
contains 4 non-equivalent but highly similar copies of
the same molecule, we arbitrarily chose one of these for
this study. (1 & = 0’1 nm.)

from this alignment, we set ;=2 A and 7, = 20 A®
(the values of 6, and o, are irrelevant, since we had
only 1 known structure). In addition to the distance
and chirality constraints obtained by these rules,
“supplementary’” distance constraints were imposed
in order to ensure that the three disulphide and 27
hydrogen bonds one would expect to be conserved
were also present in the computed conformations.
With this geometric information as input, the
EMBED algorithm easily produced an ensemble of
ten SPOM3 conformations with a mean C* r.m.s.d.
among them of 076 A, an all-atom r.m.s.d. of
1-43 A, and a PPAD of 60-9°.

The corresponding mean differences between the
computed conformations and the crystal structure
of JQOMS were 0-78 A for the C* r.m.s.d. and 94-8°
for the PPAD, thus showing that the DISGEO
program faithfully produced structures whose back-
bone conformation is quite similar to JQOM3. The
mean differences between the computed conforma-
tions and SPOM3 were 2:36 A for the C* r.m.s.d.,
2:60 A for the all-atom r.m.s.d. and 63-6° for the
PPAD. These differences are comparable to the
corresponding differences between the JQOM3 and
SPOM3 crystal structures, which are 228 A for the
C* rm.s.d. and 84-6° for the PPAD. Most of these
differences, however, are due to the drastically
different conformations of the N-terminal four
residues: when these are deleted, the C* r.m.s.d.
between the crystal structures falls to only 076 A,
while the C* and all-atom r.m.s.d. values between
the computed conformations and the SPOM3
crystal structure falls to only 1-10A and 1-82 A,
respectively. A detailed drawing of one of the
computed structures superimposed upon the
SPOM3 crystal structure may be found in Figure 1,
from which it may be seen that despite the overall
similarity, significant differences still exist, especi-
ally in the orientations of the side-chains. These
differences, however, could be observed also
between the computed structures themselves, thus
showing that they are allowed by our geometric
hypotheses and should be considered as possible
alternatives in the course of any careful structure
prediction.
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Figure 2. The C* trace of the 10-structure ensemble
computed for BUSI superimposed upon the C* trace of the
n.m.r. conformation (heavy line) so as to minimize the C*
rm.s.d. A few residues have been labelled for reference.

In our next computational experiment, we
predicted the conformation of BUSI from a multiple
sequence alignment with the ovomucoids JPOM3
and SPOMS3. In this case, the sequence alignments
of BUSI with the ovomucoids began at residue
number 2 and contained a single gap where the
ovomucoids were missing residues 11 and 12 of
BUSI. The overall identity of BUSI with JQOM3
and SPOM3 was 479, and 489, respectively. As
previously noted, the C* r.m.s.d. between the
ovomucoid structures was 2:28 A, primarily because
of the differences in the N-terminal four residues.
The distance and chirality constraints were
obtained by the same formula, with t;=2 A and
7,= 20 A® as before, and ¢,= ¢, = 2. In addition,
the three disulphides and 16 invariant hydrogen
bonds were included as supplementary constraints.

The mean C* and all-atom r.m.s.d. values among
the ten resulting BUSI conformations were 1:38 A
and 2:25 A, respectively, while the mean PPAD was
74°. The mean C* and all-atom r.m.s.d. values with
the n.m.r. conformation, on the other hand, were
388 A and 500 A, while the PPAD was 79°. The
large r.m.s.d. values were due in part to the
N-terminal four regidues, but also to the significant
differences that exist between the n.m.r. conforma-
tion of BUSI and the ovomucoid conformations in
the extended loop from residues 9 to 16 of BUSI
(where the deletion has occurred). As expected, the
backbone of our computed BUSI conformations
tended to follow those of the ovomucoids in this
loop as well as elsewhere, giving a mean C* r.m.s.d.
between the BUSI ensemble and the JQOMS3 and
SPOM3 crystal structures of 1-44 A and 204 A,
respectively. The (" r.m.s.d. values between the
BUSI n.m.r. conformatiocn and the corresponding
residues of the JQOM3 and SPOMS3 crystal strue-
tures were 356 A and 3-83 A. A drawing of the C*
trace of the ten computed BUSI conformations

superimposed on the n.m.r. conformation is shown
in Figure 2.

A final run was made with BUST using the above
distance and chirality constraints, together with a
collection of 202 distance constraints derived from
n.m.r. spectroscopy {Williamson et al., 1985). Since
n.m.r. experiments usually yield large numbers of
short-ranget distance and chirality constraints, but
are sometimes lacking in sufficient numbers for the
long-range constraints that are available in abun-
dance from evolutionary studies, such studies may
prove to be an extremely useful supplement to
n.m.r. structure determinations (and wvice versa).
Although the mean C* r.m.s.d. among the computed
structures decreased a little (to 1-31 A), the mean C*
ras.d. with the n.m.r, structure remained high
{378 A). Furthermore, the residual viclations of the
distance constraints, though not much larger than
in the previous run, were far more numerous. This
indicates that the evolutionary constraints and the
n.m.r. constraints were not entirely compatible, and
hence that our choice of ¢ and 7 as above were
probably smaller than they should be for the degree
of sequence identity that exists here.

In order to obtain some feeling for the relation
between the parameters ¢ and t, and the accuracy
and precision with which a structure is determined
when the sequence identity is quite low, we next
performed a series of three runs in which we
attempted to derive the PPSTI structure from those
of the same two ovomucoids, and compared the
resulting ensembles with its ecrystal structure
(Bolognesi ef al., 1982). The sequence alignment
used contained no gaps, and the sequence identities
of PPSTI with JQOM3 and SPOM3 were 309, and
219, respectively. The first of these runs (I} used
o;=0,=2,7,=1and 7, = 10, while the second (IT)
used o,=06,=2, 1,= 2 and 1,= 20 (which are the
values used elsewhere in this paper), and the third
(IIL) used 0,=0¢,= 3, 7,=3 and 1,= 20. In addi-
tion the constraints in all three runs included 15
hydrogen bonds and three disulphides.

The mean C* rms.d. and PPAD values among
the resultant ensembles and with the PPSTI,
JQOM3 and SPOM3 X-ray structures are shown in
Table 1. As expected, the greatest differences
between the computed structures and the PPSTI
crystal structure occurred in the N-terminal 20
residues, where the sequence identity is lowest and
the two ovomucoid erystal structures also exhibit
significant differences. Another significant difference
occurred in the position of the triple-stranded
B-sheet, which was displaced by about 4 A towards
the N terminus in the computed structures, a differ-
ence that could be seen also in the ovomucoid
structures. The C* traces of the computed conforma-
tions superimposed on those of the ovomucoid
crystal structures are shown in Figure 3.

t The terms short-range and long-range refer to the
number of covalent bonds separating the pair of atoms
in question, and not to their spatial proximities.
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Table 1
Mean C* r.m.s.d. and PPAD values

Average taken over  Difference  Runl Run II Run III

r.m.s.d. 098 122 1-32
PPAD 68-1 737 766

r.m.s.d. 374 363 4-00
PPAD 764 750 782
rm.s.d. 1-33 1-38 1-61
PPAD 91-1 89-9 93-4

r.m.s.d. 2:27 2-16 2-68
PPAD 82-8 82-1 877

All pairs of
computed structures

PPSTI X-ray plus
computed structures

JQOM3 X-ray plus
computed structures

SPOM3 X-ray plus
computed structures

See the text for explanations.

The fact that the differences to the PPSTI and
ovomucoid structures increased more rapidly than
the differences of the computed conformations with
one another in going from (I) to (III) is a conse-
quence of the fact that with loose constraints the
distance geometry program used here tends to
produce uniformly expanded structures. This
tendency could be eliminated by using a new
distance geometry program recently developed by
the first author, and a more thorough study of the
relation between the degree of sequence identity,
the rules by which sequence alignments are trans-
lated into distance constraints, and the accuracy
and precision of the results with this new program is
in progress. Nevertheless, in order to keep the
results of this preliminary study comparable with
one another, we decided to finish our work with the
Kazal family of trypsin inhibitors wusing the
DISGEOQ program. As we have seen, with the ¢ and
t parameters of run II the r.m.s.d./PPAD among
the members of the computed ensembles and with
the structures from which the constraints were
derived are roughly comparable over a wide range of
sequence identities, indicating that reasonably good
sampling is obtained within the allowed range. In
addition, our experience with the ovomucoids indi-
cates that this choice of parameters is reasonable
when the sequence identity is sufficiently high, in
that the actual structure (whatever it may be)
largely satisfies the resultant constraints and hence
could be found by the DISGEO program.

As our final project, we proceeded to predict the
structure of the human inhibitor HPSTI, for which
no experimental structure currently is available,
from the PPSTI crystal structure. The sequence
alignment again contained no gaps, with an overall
sequence identity of 73%,. Using the values of ¢ and
7 from run II above, the distance constraints
implied by this alignment were combined with the
three disulphide bonds and the 24 invariant hydro-
gen bonds, and used as input for the DISGEO
program. The resulting ensemble of ten conforma-
tions had a mean C* r.m.s.d. of 0:83 A, a mean

all-atom r.m.s.d. of 174 A and a mean PPAD of

68-3°. The mean C* r.m.s.d. to the PPSTI crystal
structure was 1:00 A, and the corresponding PPAD
was 934°. On the basis of our experience with

Figure 3. The C* trace of the 10-structure ensemble
computed for PPSTI in run II, together with the C* trace
of the SPOM3 crystal structure, all superimposed on the
crystal structure of JQOM3 so as to minimize the C*
r.m.s.d. The 2 ovomucoids JQOM3 and SPOM3 have been
drawn with a heavy line, and a few residues have been
labelled for reference.

predicting SPOM3 from JQOMS3, we believe that if
the N-terminal eight residues preceding the first
disulphide are deleted, these structures are all
within 15 A of the “actual” HPSTI structure in
their C* r.m.s.d., and perhaps 25 A in their all-atom
r.m.s.d.

In order to optimize the atom packing, torsional
angle distributions and other fine details of the
structure that are difficult to model by means of
geometric constraints alone, the individual members
of this ensemble were subjected to restrained energy
minimization. These minimizations were performed
using a version of the AMBER program (Weiner ef
al., 1986) that was modified so that consistency with
the distance constraints could be enforced by
adding an appropriate pseudopotential onto the
energy. Although the energies of the structures
obtained from the DISGEO program all exceeded
1000 keal (1 kecal = 4-184 J), after only 500 cycles of
conjugate gradient minimization the energies
ranged from —593 to —244 kcal. As can be seen
from the superposition of the lowest energy confor-
mation before and after minimization (Fig. 4), these
minimizations did not make any significant changes
to the conformations obtained directly from the
DISGEO program, i.e. the geometric constraints
used as input for that program were already suffi-
cient to ensure that the resulting conformations
were all very close to low-energy conformations.
The four lowest energy structures again differed by
exactly 083 A in their mean C* rm.s.d., 1'74 A in
their mean all-atom r.m.s.d., and 67-3° in their mean
PPAD. We conclude that any successful attempt to
reduce the range of structural possibilities by means
of energetic considerations will have to be based on



6 T. F. Havel and M. E. Snow

Figure 4. Stereoview of the best-convergent HPSTI conformation from DISGEO superimposed on the same structure
after restrained energy minimization so as to minimize the all-atom r.m.s.d.

a much more careful analysis, including solvation,
electrostatic and entropic considerations.

In conclusion, we have shown that the EMBED
distance geometry algorithm (Crippen & Havel,
1988) provides protein modellers with a powerful
and as yet under-utilized tool by which complete
protein structures can be built with relatively little
effort. Although the validity of the results obtained
depends upon many other factors, e.g. the percent-
age identity, the sequence alignment weights and
the rules by which the alignments are translated
into distance constraints, this saving in effort
enables one to spend more time experimenting with
these other parameters. In addition, the result of
these calculations consists of an entire ensemble of
conformations consistent with the geometric
hypotheses, which enables one to explore system-
atically the necessity and sufficiency of different
hypotheses.

The methodology described here should genera-
lize easily to much larger proteins, and many
improvements in our procedure for deriving
distance constraints from sequence alignments are
clearly possible. In addition, the rotomeric prefer-
ences of the individual amino acids (Ponder &
Richards, 1987) and energetic considerations
(Summers et al., 1987) could be used to predict the
conformations of side-chains that are under-
determined by geometric constraints. We are in the
process of refining the procedure used here with the
larger and more complicated plastocyanin protein
family, whose structures and evolutionary history
have been studied extensively (Chothia & Lesk,
1982). In addition, we are working on a de novo
prediction of the structure of the flavodoxin from
Escherichia coli, which has been cloned and whose
erystal struecture is now in the process of being
determined (M. L. Ludwig, R. G. Matthews & C.
Osborne, unpublished results).

This work has been supported by NIH grant ROl
GM37708. We thank the Computer Allocation for
Computational Sciences Program of the University of
Michigan for computer time.
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