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ABSTRACT A simple method for predict-
ing the location of surface loops/turns that
change the overall direction of the chain that
is, ‘‘U’’ turns, and assigning the dominant sec-
ondary structure of the intervening transglobu-
lar blocks in small, single-domain globular pro-
teins has been developed. Since the emphasis
of the method is on the prediction of the major
topological elements that comprise the global
structure of the protein rather than on a de-
tailed local secondary structure description,
this approach is complementary to standard
secondary structure prediction schemes. Con-
sequently, it may be useful in the early stages
of tertiary structure predictionwhen establish-
ment of the structural class and possible fold-
ing topologies is of interest.Application to a set
of small proteins of known structure indicates
a high level of accuracy. The prediction of the
approximate location of the surface turns/loops
that are responsible for the change in overall
chain direction is correct inmore than 95% of the
cases. The accuracy for the dominant secondary
structure assignment for the linear blocks be-
tween such surface turns/loops is in the range of
82%. Proteins 27:290–308. r 1997 Wiley-Liss, Inc.
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INTRODUCTION

At low resolution, the native conformation of a
globular protein may be viewed as a series of linear
blocks tied together by surface loops/turns that
change the overall direction of the protein chain1–5;
these regions we term ‘‘U’’ turns. Such a schematic
model, where the local wiggles of the chain have been
averaged out characterizes the topology or global
fold of a protein. Within a given block, the backbone
conformation often comprises a single dominant
element of regular secondary structure; but some-
times it may contain two essentially collinear, regu-
lar secondary structural elements, such as helices or
b strands. Other times, the secondary structure
within the block may be so irregular that, by some
definitions, the backbone would be classified as

entirely unstructured. All such blocks run from one
surface of the protein to another and are transglobu-
lar in nature. Thus, the emphasis is placed on
aspects of the global as opposed to local characteris-
tics of protein structure. In this paper, we describe a
novel approach to predict the number and the posi-
tions of the surface U turns along the sequence, and
concurrently, the dominant secondary structure
within each transglobule block. Application of the
methodology is then made to 38 proteins of known
tertiary structure to assess the ability of the method
to predict the location of the U turns and the identity
of the secondary structure within the blocks.

Overview of the Method

Given this geometric model of protein structure,
the goal is to predict the structural components of
the model, that is, the locations of the U turns and
the structural characteristics of the intervening
blocks. In this approach, we maintain a global de-
scription of the interactions, that is, we recognize
that the native conformation (of the whole protein) is
in the global minimum energy state, which locally
does not necessarily adopt the minimum energy
conformation at each position along the chain. For
example, the best solution for one fragment of the
chain may be a helical hairpin; while in a second
fragment, partially overlapping with the first, the
best solution may be a b hairpin. However, the entire
protein may have a lower energy if a triplet of helices
is adopted. In other words, an approach that ac-
counts for the entirety of interactions within the
entire chain represents an important part of the
nature of proteins. This will account for the fact that
proteins locally may be energetically frustrated, that
is, the best global solution for the chain conformation
need not be the best local solution everywhere in the
chain. To this end, we employ the observation that
small single-domain, globular proteins form compact
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structures whose radius of gyration, S, can be rather
well estimated6,7 [see Eq. (1)]. Depending on the
dominant secondary structural type within a block,
the length of the linear block between U turns spans
a range of values which is a function of S. These
geometric constraints preclude certain conforma-
tions such as the formation of a single 50-residue
helix in a 50-residue protein. We also include the
interplay of energetic terms such as intrinsic second-
ary structural preferences and the burial prefer-
ences of the amino acids. The energy of a given U
turn reflects the tendency of its residues to be
exposed as well their intrinsic preferences to adopt
this particular type of secondary structure. Simi-
larly, the energy of a given set of amino acids in a
block will include the burial energy of those residues
located on the face of the block pointing toward the
core of the protein, and the solvation energy of those
residues on the face of the block exposed to the
solvent, and the intrinsic secondary structural pref-
erences of the residues for the secondary structure
adopted by the block. Thus, the preference for a
particular division of the chain into N blocks con-
nected by N-1 surface U turns is determined by the
total energy of the chain. That is, both U turns and
blocks are treated equivalently, and a self-consis-
tent, global description of the energy is employed.
The goal of the calculation is to identify the

optimum division of the chain into blocks and U
turns with the lowest possible energy. We search for
such a partitioning of the chain by means of a Monte
Carlo (MC) algorithm. The elementary step is equiva-
lent to randomly choosing a set of U turns and
building blocks from a structural library extracted
from known protein structures. The chain is then
stitched together, and its energy is evaluated. The
new conformation is accepted subject to a Metropolis
criterion, and the procedure is repeated many times.
Ultimately, the lowest energy states are collected
and pooled, and their geometric properties yield a
prediction of the blocks and U turns.

Comparison With Previous Studies

At this juncture, it is appropriate to compare and
contrast our blocks and U turns model/predictive
approach with existing work. The conceptual basis of
our geometric model of protein structure bears a
certain similarity to an idea originally proposed by
Cohen and coworkers.8 They, too, view a protein as
being divided into turns and the secondary structure
elements between them. However, there are impor-
tant differences between that work and the approach
described here. Cohen’s group does not distinguish
between turns that simply divide regions of second-
ary structure and those that reverse the overall
direction of propagation of the chain; this distinction
is crucial to our approach. We ignore the former and
explicitly focus on the latter. Furthermore, the ap-
proach of Cohen and coworkers8 is based on amino

acid pattern rather than energy. Using purely local
pattern information, their algorithm first attempts
to find the turns, and then, given the location of the
turns, they try to identify the secondary structure
between predefined turns on the basis of amino acid
sequence patterns. In our approach, turns and second-
ary structure fragments (blocks), are treated simulta-
neously; all are identified based on their energy, which
reflects an interplay between local and tertiary interac-
tions, as described by intrinsic secondary structural
preferences and burial preferences, respectively.
Some aspects of the block and U turn geometric

model of a protein have been captured by the Richard-
son5 ribbon diagrams, which are widely used to
depict and classify protein structure. However, she
defines a ribbon that encompasses individual second-
ary elements as defined by more standard second
structure assignments (as in the DSSP approach9).
Thus, as shown in Figure 1A, a classical Richardson
diagram of plastocyanin10 prepared by the program
MOLSCRIPT11 contains breaks in the second b
strand because of the presence of a bulge; whereas,
as seen in Figure 1B, because they do not change the
direction of the chain, the blocks and U turns model
fuses these two strands into one. Hence our model is
equivalent to a Richardson5 protein diagram whose
secondary structural elements have been smoothed
to eliminate local irregularities that do not change
the overall direction of chain propagation. The com-
parison between Figure 1A,B also highlights the
difficulty in translating classical secondary struc-
tural classification schemes into three-dimensional
models. For example, is a residue, classified by a
classical secondary structure assignment method as
a turn, simply a b bulge, which does not change the
overall chain direction, or is it a U turn? Indeed,
sometimes structures that are classified as bulges
occur in what we call U turns, while DSSP9-type
turns can occur in themiddle ofb strands.Arepresen-
tative example that illustrates this ambiguity is
shown by a Richardson diagram of plastocyanin in
Figure 1A where the bulges and turns as classified
by the DSSP program9 are indicated in blue and red,
respectively. By contrast, given a set of blocks and U
turns as in Figure 1B, it is much more straightfor-
ward to translate this information into an approxi-
mate model of the global topology of a protein.
Next, there is the question of the accuracy of

classical secondary structure prediction schemes.
After years of investigation,12–17 the best secondary
structure prediction methods18 currently have an
accuracy of 50–75% for the prediction of three struc-
tural classes (helix, b, or coil). The margin of error is,
therefore, quite substantial; what is even worse, the
predictions often miss entire elements of secondary
structure. The reason for this high error rate is that
these methods only address the local aspect of chain
interactions and not the role of tertiary interactions.
Of course, every sequence fragment has some intrin
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sic secondary structural propensities.19 In some re-
gions of the chain, these may be quite strong, while
in others they may be quite weak. In folded proteins,
these intrinsic secondary structure propensities are
always to some extent moderated, and perhaps are
often overridden by tertiary interactions. Thus, sec-
ondary structure prediction methods attempt to
solve what is perhaps a nonseparable subset of the
protein folding problem.20,21 Finally, because of the
ambiguity between secondary structure assignment
and the actual direction of the chain, even if they were
to be successful, as discussed above, there would
remain the problem of building a three-dimensional
model from a classical secondary structure assignment.
Another class of methods attempts to attack the

folding problem head on.21,22 Starting from a random
coil state, the global minimum of free energy is
sought bymeans of aMonte Carlo method or another
efficient search procedure.23,24 Tomake the conforma-
tional search tractable, the model of the protein is
often simplified.21 Such an approach clearly de-
mands much from the potential function. While
much can be learned from such methods,21 as yet,
they have only been successful on very simple folds6,25

or exaggerated model protein sequences.24,26,27

A final class of structure prediction methods is
based on an inverse folding paradigm,28–33 where one
attempts to associate a sequence with a particular
structure in a library of known protein structures.
The advantage of such methods is that only a limited
part of conformational space, that corresponding to
already known protein structures, is searched. There-
fore, the procedure is relatively rapid, and the de-
mands on the potential function are far less. How-
ever, the inherent weakness of this method is the
assumption that the structure of a protein similar to
the one of interest already exists in the library of
known structures. If this is not true, then the
method will fail. By contrast, the present method
uses only small pieces (of the size of a hairpin) of
known structures as generic templates for which the
sequence-structure fitness will be computed. Thus,
an example of the overall topology of the protein
need not have been previously determined.

Objectives of the Blocks and U Turns Model

What is clearly required is some technique that
combines the virtues, but not the shortcomings, of all
these extant methods. It should incorporate global

Fig. 1. A: Richardson diagram of plastocyanin where the
ribbons are defined on the basis of classical secondary structure
(DSSP) assignments. Turns and bulges are indicated by red and
blue, respectively. B: Richardson diagram of plastocyanin in the
blocks and U turns model, where U-turns (red) occur when the
direction of propagation of the chain changes global direction, and
blocks (yellow) join successive U turns by running from one
surface of the protein to another on the opposite side of the
protein.
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information into the prediction scheme to avoid the
pitfalls of secondary structure prediction methods. It
should limit the search to ‘‘proteinlike’’ regions of
conformational space and yet not be limited by it.
The work described in this paper is a step in this
direction and lies midway between one-dimensional,
local secondary structure prediction schemes and a
full treatment of the folding problem, with all the
myriad of interactions that constitute a real globular
protein. As will be shown below, in most cases, the
method is able to locate surface U turns which
delineate the end of the transglobule blocks. It also
provides a structural assignment for the blocks as
helices or b-strand/expanded-long-loops. This infor-
mation is sufficient to suggest a small number of
possible folds; these could be further refined with the
help of the constraints provided by the present
model. Application of such a technique will be de-
scribed in forthcoming work; here, we focus on the
development and validation of the method.
The outline of the remainder of the paper is as

follows. In the Results section, we describe the
application of the method to 38 globular proteins of
known structure. Most of these structures were
made public in early 1995 and were unknown to us
at the time the potential was built. All test proteins
were excluded from the database used in the deriva-
tion of the statistical potentials. For nine representa-
tive examples, we present the results in graphic form
and discuss the results in detail. For all proteins, we
provide the statistics of the accuracy of the predic-
tion of the blocks and U turns. Finally, we conclude
with a discussion of the degree of success and
limitations of the present approach and the outlook
for future progress.

METHODS

The basic idea of the methodology described below
is not tied to any particular protein model, nor to any
particular force field. Thus, we separate the descrip-
tion of the basic spherical domain model from the
details of implementation (lattice model and specific
interaction scheme) employed in the present work.

Spherical Domain Model

The basic idea of the model is as follows: The
protein sequence of interest is randomly divided into
several partially overlapping sequence fragments.
For a given sequence fragment, a structural tem-
plate is assigned by random selection from a library
of such structural templates, constructed using a
database of known protein structures. In principle,
one could employ an exhaustive search over all
combinations of sequence fragments and structural
templates; however, due to the large number of
degrees of freedom involved, this would be impracti-
cal. Each structural template is comprised of two
successive protein building blocks which may be
viewed as all a, all b, or mixed motif hairpins. These

structural templates lack sequence information and
are used to provide a library of proteinlike structures
to which the sequence of interest can be assigned.
After division of the protein sequence into frag-
ments, each fragment, now with an assigned struc-
tural template, is oriented with respect to the center
of a hypothetical sphere that approximates the single-
domain protein. Next, the burial energy and short-
range interactions of the structural template are
assessed. Hydrophobic residues, when placed in the
inner part of the sphere, would decrease the ‘‘energy’’
of the fragments, while exposed hydrophilic residues
will contribute accordingly. Similarly, the secondary
structure preferences indicate whether or not, based
on local considerations, the sequence favors the
structural template. The division into sequence frag-
ments and structural templates is repeated many
times, and the top scoring results are used to make
structural predictions.

Outline of Algorithm

The algorithm can be outlined as follows (see the
flow chart given in Fig. 2):

1. For a given sequence, estimate the radius of
gyration of the globule, S0 (a single domain with a
single hydrophobic core is assumed) from the
number of residues,m, in the protein by

S0 5 2.2 m0.38 (in Å) (1)

The above formula has been derived from the
statistics of single-domain proteins7,27 with the
mean square radius of gyration computed as-
suming the same mass for all the structural
units. Note that if the proteins were long
compact homopolymeric chains,34 then the ex-
ponent would be equal to 1⁄3. The small devia-
tion from this theoretical value is associated
with a finite length effect; single-domain pro-
teins being relatively short polymers.35

2. Estimate the range of the number of secondary
structure elements that pass through the entire
globule, Nmin, Nmax. This is done only to speed up
the computations, since, for a given small protein,
this range is fairly narrow. Nmin and Nmax are
obtained from analysis of the database of struc-
tures and the use of a chain smoothing algorithm
that automatically assigns the location of the
blocks and surface U turns in proteins.2

3. Generate an initial division of the test sequence
into N fragments, with Nmin # N # Nmax. The
length of the fragments is limited by the size of
the shortest expanded fragment and the longest
helical fragment that can fit into the expected
limits of the hydrophobic core (range: 1.8S0), and
the entire globule (range: 2.5S0), respectively.
This superimposes some obvious limitations on
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the Nmin and Nmax values. For example, the lower
limit for Nmin could be estimated as Nmin is the
nearest integer to (m/nmax 1 1), where nmax is
equal to 2.5 S0/lh, with lh 5 1.5 Å, the length of a
helix per residue. In a similar fashion, the upper
limit for Nmax is associated with the repeat period
of b-type structures and the estimated size of the
globule (here nmin 5 1.8 S0/lb, with lb 5 3.4 Å the
length per residue of an expanded strand).

4. Select by lottery, N-1 structural templates whose
lengths are appropriate to the current division of
the protein chain. Each structural fragment has
to be a hairpin, which goes across the globule and
passes through three ‘‘checkpoints’’ (the begin-
ning of the hairpin, the top of the hairpin, and its
end) near its surface. One may just cut the
templates from randomly selected fragments of a
protein structural database; here, for simplicity, a
lattice representation of high-resolution folds is
used.

5. Modify by a random shift (by one residue at a
single division point) the original division to
produceN new sequence fragments.

6. Select the lowest energy [computed according to
Eq. (7)] set of templates from many (on the order
of 104) cycles consisting of operations 4–5. The
hairpins partially overlap along the sequence;
however, structurally they are constrained only
by the requirements of the surface positioning of
the top of the hairpin and its two ends.

7. Store the lowest energy set and use the corre-
sponding division as the starting point in step 4.

8. Repeat the process of steps 4–6 many times. Each
time, take the set of the lowest energy building
blocks into the final sample of possible chain
conformations.

9. Perform a clustering of the sample to provide the
most probable number of secondary structure
elements for the sequence of interest, make the
secondary structure assignment, and compute
the most probable locations of the surface turns
and their distribution (range of uncertainty).
Simple geometrical (and local) criteria are ap-
plied for the secondary structure assignment.
Additional details are provided below in the sec-
tions describing the interaction scheme used by
the Monte Carlo procedure.

The proposed procedure is depicted in Figure
3A–C. The hairpin composed of two blocks is used for
computation of the short-range interactions (contri-
butions defined in Eqs. (2)–(3); see below) (Fig. 3B);
however, the two blocks are ‘‘decoupled,’’ and each is
treated separately in the burial energy calculations
(these contributions are defined in Eqs. (4)–(6) be-
low) (Fig. 3C). This is done for several reasons. A
hairpin provides a more physical environment for

the estimation of the secondary structure prefer-
ences. A single block will leave too many dangling
loop residues which behave like free ends. To en-
hance sampling for the estimation of the burial
energy, it is much easier to place a single block
(helical or expanded) within the protein sphere
rather than the entire hairpin. Since most hairpins
come from different size structures, in general, they
will not fit within a given sphere. This technique
enhances the sampling efficiency and maintains the
surface location of theU-turn region and burial of the
hydrophobic faces of the strands. Consequently, the
burial energy is more reasonably estimated when
the two branches of the ‘‘hairpin’’ are treated sepa-
rately. This will make the loop location somewhat
more diffuse, and while one can identify the second-
ary structures belonging to transglobule connectors,
the detailed geometry of the hairpin is lost.

Fig. 2. Flow chart describing the iterative procedure for predic-
tion of secondary structure information from the sequence of
amino acids. The numbers in parentheses correspond to those in
the outline of the method given in the text.
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Geometric realization
For simplicity and speed of computation, we use a

library of structures that are projected onto a high
coordination lattice, which represents the Ca-
reduced backbones of PDB structures with an RMS
(coordinate root-mean-square deviation) in the range
0.6–0.7 Å.36 Each side group is represented as a
single point positioned at the center of mass of the
most probable side-chain rotamer for a given local
main-chain geometry,6,25,27 defined by two consecu-
tive Ca–Ca vectors.

Interaction Scheme
Overview

The force field for this lattice model was developed
previously; here, the relevant subset of interactions
is employed.27,37 Short-range interactions are re-

flected in two kinds of amino acid pair specific terms
designed to account for intrinsic secondary struc-
tural preferences. The first term depends on three
consecutive virtual Ca bond vectors, as encoded by
their end-to-end distance and associated chain chiral-
ity and depends on the identity of the central two
residues. The second class of local terms describes
the angular preferences of pairs of side chains for the
first through fourth neighbors down the chain and is
defined in terms of the angle between respective
vectors from the Ca to the side-chain center of mass.
Tertiary interactions are accounted for in terms of a
centrosymmetric burial energy and a term that
reflects the preferences for the hydrophobic (hydro-
philic) face of a block to point toward (away from) the
center of the molecule. Both the short-range interac-
tions and the burial energy are based on the statisti-
cal correlations seen in a database of protein structures.
The numerical values of the statistical potentials have
been previously published;37 they are available upon
request from the authors or are more easily accessible
via anonymous ftp,38 as is the list of the protein struc-
tures employed to derive the statistical potentials. None
of the test proteins are in the database used for the
derivation of the parameters.

Intrinsic secondary structural preferences
The short-range interactions reflecting intrinsic

secondary structural preferences are described by
Ca backbone correlations and correlations37 between
the side chain vectors.6,7,27 The idea is schematically
depicted by Figure 4A,B. With respect to the former
class of terms, for each set of consecutive Ca virtual
bond vectors, vi21, vi, and vi11, where vi is the vector
from the ith to i 1 1th Ca, the secondary structural
propensities depend on the identity of the two amino
acids of the central two residues (Fig. 4A). The total
energy associated with such triplets of backbone
vectors, ES is given by

ES 5 S eS (Ai, Ai11, r 2*i21,i12)
with

r 2*i21,i12 5 sign [(vi21 # vi) · vi11] ri21,i12
2 (2)

where eS is the virtual backbone conformational
energy for a consecutive triplet of backbone vectors,
Ai, is the identity of the residue at position i, and
r2i21,i12 is the square of the distance from Ca i 2 1 to
Ca i 1 2. r 2*i21,i12 is the ‘‘chiral’’ square of distance
between the corresponding chain vertices. ‘‘Chiral’’
means a negative sign is assigned for left-handed
conformations and a positive sign for right handed
ones, respectively. The potential depends on the r2*
parameter and is coarse grained into 6 bins. There is
a decrease in the system’s energy when the overlap-
ping ‘‘arms’’ of consecutive hairpins have the same
secondary structure; this decrease equals 20.5 kT

Fig. 3. Schematic representation of the method employed in
the present work. A: The test protein sequence is divided onto N
fragments. N is a variable that changes over a narrow range of
‘‘reasonable’’ numbers of secondary structure elements for a
protein of a given size. Two sequence fragments are then matched
to a ‘‘hairpin building block’’ from the structural data base. A set of
geometrical restrictions is superimposed that limits the size of
particular blocks, and the distance (less than expected radius of
gyration of the globule) between hairpin ends.B: Ahairpin (and the
matching test sequence fragment) is used for secondary structure
propensity calculations. C: Single blocks are used for burial
energy calculations. First, the orientation of the hydrophobic and
hydrophilic side chains is used to define the direction to the center
of mass of the hypothetical globule. The length of the Dr vector is
assumed to be equal to S0/2. The procedure is repeated many
times to estimate an optimum distribution of the number and
location of division points, and subsequently, the locations of loops
and secondary structure assignment. See text for more details.
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when a given position in each of the overlapping
arms is in the same bin of r2*.
Somewhat longer range conformational correla-

tions are accounted for via angular correlations
between side group vectors, that is, vectors from the
Ca to center of mass of the current rotamer. This
class of terms contributes for the first through fourth
neighbors down the chain. These interactions are
schematically depicted in Figure 4B. The most prob-
able side chain rotamers are used for the computa-
tions. The total local energy associated with the
angular orientational preferences of the side groups,
Esg-local, is defined as

Esg2local 5 S ek (Ai, Ai1k, cos (Qi,i1k))) k 5 1, 2, 3, 4
(3)

where ek is the energy associated with the orienta-
tional coupling of side groups located at residues i
and i 1 k, Qi,j is the angle between the side group
vectors of residues i and j. The potential is encoded in

the form of a histogram with an angular bin of 36°
and a range of 0° to 180°.

Tertiary interactions
The form of the burial energy of a particular type

of side chain is schematically depicted in Figure 5.
The centrosymmetric potential, el, is amino acid
specific and depends only on the distance between
the center of mass of the globule and the center of the
side group of interest.6,27 The total contribution of
the centrosymmetric potential, El, is given by

E1 5 S e1 (R (Ai)/S0) (4)

where S0 is the expected radius of gyration of a single
domain protein consisting of m amino acids in their
native conformation and is defined in Equation (1).
R(Ai) is the distance of the center of mass of the ith
side group from the center of mass of the entire
chain. The potential is derived from the statistics of
single-domain proteins and is expressed in the form
of a histogram.6

Fig. 4. Explanation of the method of factorization of the
short-range interactions. A: The first contribution comes from the
three vector (two amino acid specific) Ca backbone fragment
energy. B: The second type of contribution is from orientational
correlations between side groups i, and k, with k 5 i 1 1, i 1 2, i 1
3, and i 1 4. All four contributions are amino acid pair-specific. The
most probable rotamer for a given residue and for a given
backbone conformation is employed to define the vectors from the
Ca to the center of mass of the side chain.

Fig. 5. Centrosymmetric burial energy definition. The expected
radius of gyration of a globular protein, S0, serves as the scaling
factor for an 8-shell ‘‘onion’’ model of the protein packing. The
resulting histograms of the burial energy are extracted from the
statistics of the structural database of single domain proteins,
assuming random packing of a protein of average composition as
a reference state. In the lower part of the diagram, the resulting
potential is shown for two amino acids, the hydrophobic residue,
leucine, and the strongly hydrophilic residue, glutamic acid.
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Some explanation is required for the procedure
that positions the particular building blocks with
respect to the center of the hypothetical protein.
First, the orientation of the hydrophobic face of a
strand is determined from a vector f, which is a
burial energy-weighted sum of the side-chain center
of mass vectors and is given by

f 5 S (e(i)K2D · gi/ 0gi 0 ) for rB , S0 (5)

where gi is the vector from the ith Ca to the ith
side-chain center of mass (as in Fig. 3B), rB is the
vector from the center of mass of the building block
to the side chain of interest, and eK-D are the Kyte-
Doolittle hydrophobicity parameters.39 Due to the
different reference state used here, theKyte-Doolittle
parameters have been divided by a factor of 5. It
should be pointed out that there is an implicit
assumption that the face of each block can be defined
and that the supertwist of the secondary structure is
not too large. This is actually one more reason why
the proposed method can only be applied to small,
single domain globular proteins. After determining
the direction of the hydrophobic face from Eq. 5, the
center of the globule is placed at a distance Dr 5 (f/
( 0f 0) · S0/2 from the center of mass of the building
block (Fig. 3C). At this point, the fragment is prop-
erly placed, and the centrosymmetric burial poten-
tial can be computed for all of the side groups. An
additional and rather important contribution comes
from the face separation term, and is given by 0f 0 ,
defined in Eq. (5).
Next, there is a correction (equal to e(i)K2D) for the

burial energy of loop residues, that is, those residues
outside the radius S0. Furthermore, the block resi-
dues are additionally energetically stabilized for a
proper pattern of hydrophobic and hydrophilic resi-
dues associated with helical and b strands, respec-
tively. This term is given by

Epattern

5 SeK2D(i) for rB . S0

5 2SeK2D(i) eK2D (i 1 2) for rB , S0, and n , n*

5 SeK2D(i) eK2D (i 1 2) for rB , S0, and n . n* (6)

Here, n is the length of the block, and n* is the mean
value between the largest possible block and the
shortest possible block. These values are dictated by
the total number of residues in the test sequence. More
precisely, n* 5 (nmax 1 nmin)/2. The largest value of n
(nmax 5 2.5 S0/lh) corresponds to the longest helix that
fits into the globule, and the smallest value of n
(nmin 5 1.8S0/lb) corresponds tob strands that just cover
the hydrophobic core diameter within the globule. The
numbers lh 5 1.5 Å and lb 5 3.4 Å correspond to the
approximate extension per residue (inAngstroms) of an
a helix and b strand, respectively.

Total hairpin conformational energy
The total energy of a hairpin fragment can then be

expressed as the sum of single contributions from the
short-range interactions (comprising the hairpin) and
two sets of contributions for the long-range interactions
in each of the two blocks (1 and 2) in the hairpin; the
latter having been independently positioned with re-
spect to the center of mass of the globule.

Ehairpin 5 ES 1 Esg2local

1 (E1 1 0f 0 1 Epattern)1 1 (E1 1 0f 0 1 Epattern)2 (6)

The 0f 0 contribution reflects the strength of the
orientational separation of the hydrophilic and hydro-
phobic side groups, and Epattern is defined by Eq. (6).
The method is insensitive (over quite a broad range
of parameters) to the specific weighting of the short-
versus long-range interactions. The weighting of
long- versus short-range interactions should be se-
lected in a way that both contributions in the lowest
energy assemblies are of the same magnitude. While
the method is not too sensitive to the particular
scaling of the long- versus short-range interactions,
the above balancing of both types of interactions
somewhat improves performance. This requires a
scaling of about 1:2 for the ratio of the long- to
short-range interactions (i.e., long-range potentials/
short-range potentials 5 1⁄2).

Analysis protocol
Classification of structures

Each simulation provides a set of 200 ‘‘lowest
energy structures,’’ which, based on the energy de-
scribed in Eq. (7), are well suited for the test
sequence. Each of the resulting structures consists of
a series of overlapping hairpins. Those structures
with energies below 1.05 times the average energy
provide information about the location of the division
points and the secondary structure of the blocks
attached to the U turns; see below. The population of
these low-energy structures varies and is dependent
on the width of the energy distribution. In most
cases, the algorithm selects a single set of division
points (all the lowest energy structures have the
same number of transglobular blocks). Thus, it provides
the expected number of secondary structure elements
and the corresponding number of surfaceU turns in the
protein fold. In the remaining cases, there is a leading
division that is taken for future analysis. However, the
presence of a competing division of the chain may serve
as a hint in more ambiguous cases where the turn
distribution becomes flat.

Determination of ‘‘U’’ turn positions
The location of the division points between blocks

usually exhibits a fairly narrow distribution. The
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peaks of this distribution indicate the external loop/
turn regions, and these U turns are assigned for all
nonzero occurrences of the location of the most
probable number of division points. The number of
counts in the histogram representing these U-turn
distributions (shown for example by the thick line in
Fig. 6A) depends on the number of the lowest energy
states selected in a particular run, and therefore, it
reflects the energetic selectivity or the width of the
energy distribution of the implicitly ‘‘assembled’’
chains. A more diffuse distribution of division points
usually indicates a broad surface loop. In contrast,
narrow, b-type turns exhibit a sharp distribution of
division points.
The actual position of the U turns in the structure

are assigned by a chain smoothing algorithm where
the coordinate of the ith Ca is replaced by a weighted
arithmetic average with a window of five neighbors
on each side.
Let X 5 5xi6 denote the actual coordinates of the a

carbons. To account for end effects, in a chain contain-
ingN residues labeled 1 toN, we set

xk 5 x1 and k 5 24, 23, 22, 21, 0 (8a)

and

xN1k 5 xN and k 5 1, 2, 3, 4, 5 (8b)

Then,

Y 5 MX (8c)

withM anN 1 10 byN 1 10 matrix:

M(i, i) 5 51/243

M(i, i 6 1) 5 45/243

M(i, i 6 2) 5 30/243

M(i, i 6 3) 5 15/243

M(i, i 6 4) 5 5/243

M(i, i 6 5) 5 1/243

M(k, l) 5 0 otherwise. (8d)

Next, for this smoothed Ca trace, an approximate
value of the reciprocal of the radius of curvature at
each position i is calculated from

Rc
21(i) 5 0 5Y(i 1 2) 1 Y(i 2 2) 2 2Y(i)6/4 0 (9)

and the regions where the reciprocal of the radius of
curvature is at a maximum are identified and values
above a threshold of 0.11 are defined as the U turns.

This defines the preliminary parsing of the chain
into blocks and U turns. Next, the identity of the
dominant secondary structure within the block is
assigned [see Eq. (10)]. If the length of a extended/b
block exceeds 10 residues or if the length of a helical
block exceeds 15 residues, then the chain is res-
canned to identify those positions, if any, where Rc

21

(i) exceeds 0.06. There are generally regions that
correspond to 90° kinks of the chain. This defines the
location of all U turns. In practice, this definition
sometimes extends the location of a b turn by one
residue on each side, but this level of descriptor is
compatible with the accuracy.

Determination of secondary structure
of transglobular blocks
For each transglobule block, its secondary struc-

ture is extracted from the average local geometry of
the backbones corresponding to the set of lowest
energy structures which are less than 1.05 times the
average energy. The criteria employed for assign-
ment are based on the values of r2*i21,i12 [see Eq. (2)]
of the particular fragments of structural building
blocks, and they are as follows:

(H) helix 0 , r2*i21,i12 , 37 Å2

(T) turn ri21,i12
2 , 60 Å2 and not a helix

(C) coil 59 Å2 , ri21,i12
2 , 75 Å2

(E) extended ri21,i12
2 . 74 Å2 (10)

Alternatively, one could use the straightforward
Kabsch-Sander method9 to assign secondary struc-
ture. However, because our algorithm is driven by
local backbone geometry and not the long-distance
pattern of the hydrogen bonds, this would partially
defeat the purpose of the current procedure. Conse-
quently, assignments of b structure would be very
inaccurate. Thus, we report the results according to
geometry-based assignments.
Because of the manner in which the hairpins are

constructed, the secondary structure assignments in
the predicted U-turn regions are very ambiguous.
The U-turn fragments in the hairpins are used to
extrapolate the secondary structural propensities of
each single transglobule connection. The secondary
structural assignment in the middle portion of the
particular ‘‘transglobular’’ building block is of high-
est accuracy; such regions are perhaps the most
important from the point of view of model building.
Thus, we will use this output to assess the accuracy
of our method. More precisely, the leading secondary
structure assignment for the three central residues
between the centers of the U-turn distribution peaks
[assigned according to rules from Eq. (10)] in each
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Fig. 6. A: The predicted U-turn distribution for the sample of
the lowest energy structures assigned to the sequence of domain
B1 of Streptococcus protein is indicated by the thick solid line. The
secondary structure prediction (the most frequent structures seen
in the building block, based on geometrical criteria for the Ca
backbone fragments) is given by the thin solid line (coil), dot-
dashed line (helix), dotted line (turns), and sparse dotted line (b),

respectively. Below the figure, for purposes of comparison, the
Kabsch-Sander assignment for the native state is presented. B:
Ribbon drawing of the native conformation the B domain of 1gb1.
Red indicates the location of the predicted U turns, blue indicates
predicted expanded states, classified by the MC algorithm as
possibly being of b-type.

B
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transglobular block is used as the assignment for the
entire block.

Summary of predicted information
The algorithm predicts the number of transglobule

blocks, or secondary structure building blocks, and
the secondary structure of the central region of the
transglobule blocks. For all the secondary structure
elements, their end-to-end distances are predicted to
be close to 2S0. Furthermore, the location of surface
U turns, where the chain changes its direction, are
predicted. In a very rare number of runs, the lowest
energy ‘‘structures’’ could be grouped into two clus-
ters that correspond to two competing answers. In
such a case, the secondary structure assignments for
these two clusters could differ in some fragments,
indicating weakly and strongly predicted regions. In
such cases, the algorithm provides two alternative
structural assignments. Thus, a broad diversity of
information is provided that can aid in subsequent
prediction of tertiary structure.

Convergence
Finally, it should be pointed out that the present

method converges very fast. For example, a reason-
able first estimate can be obtained from a run that
explores only a very small sample of test block
conformations (range: 103) per block location for
each of 200 structures generated. Subsequent struc-
tural modifications after 10 times longer sampling
essentially fine tune the predictions. Except for very
short runs, the results do not depend on the starting
division or on the seed number for the Monte Carlo
process. Moreover, the use of half of the structural
template database (instead of the entire set of pos-
sible fragments) has very little, if any, effect on the
predictions. These are very important observations.
First, let us note that even in a very long run, the
algorithm is very far (by many orders of magnitude)
from the limit of an exhaustive search through the
database of the structural templates. Consequently,
there are many structural fragments (and many
combinations) that work equally well in the frame-
work of the Monte Carlo search algorithm. This
implies that the method is not sensitive to structural
details, to the details of secondary structure assign-
ments for the selected fragments, nor to other details
of the model implementation, and is suggestive that
an important physical effect (the interplay between
the short- and the long-range interactions) has been
correctly accounted for.

RESULTS

The list of examined proteins is given in Table I.
All are rather small proteins that have a single-
domain structure. With a few exceptions, which

include the B1 domain of protein G40 and the B
domain of protein A,41 the test proteins were chosen
randomly from a set of coordinate entries made
available by the Brookhaven Protein Data Bank,
PDB, in early 1995.42 Thus, we expect that they are
representative of small globular, single-domain pro-
teins. None is a member of the structural database27

used in the derivation of the statistical potentials
employed here.
Table II summarizes the statistics for the accuracy

of the predictions as applied to the 38 test sequences.
The third column of the table gives the number of
correctly predicted surface U-turn regions and the
actual number seen. In all structures, there are a
total of 180 U turns. The location of each U turn is
read from histograms (as in the one given for 1gb1 in
Fig. 6). The prediction of turns is very permissive in
the sense that, if there is at least one structure
showing a U turn at a given position, then it is
considered predicted. Thus, in general, the turn’s
span could be overpredicted. Except for those U
turns that are assigned to the most exposed irregu-
lar terminal fragments of the test structures, the
error in loop detection in most cases is generally on
the order of a two-three residue shift in position
along the chain.
As described in theMethods section, the secondary

structure as read from the chain geometry of the
building blocks is rather poorly defined in the U-turn
regions, and becomes more and more precise as the
centers of the building blocks are approached. Thus,
the secondary structure assignments of the three
central residues of each block between U turns are
taken as the basis for the structural classification of
the blocks given in Table II, column 5. It is easy to
verify that the accuracy of the method depends very
weakly on the details of the above definition and is
rather high.As shown in column 5, most of the errors
in the secondary structure assignment of the ‘‘trans-
globular’’ blocks occur in the terminal irregular
fragments (mostly a series of expanded turns) that
are wrongly classified as expanded states. Out of 195
assignments of the secondary structure in the inner
sections of the transglobule blocks, 35 are in error.
Parenthetically, let us note that the Rost-Sander
method18 (perhaps the most powerful one-dimen-
sional secondary structure prediction algorithm) also
fails for most of these fragments.
Another important question is the level of accu-

racy to be expected if the predictions were random.
To address this point, we turned off the energy terms
and simply selected chain division points that define
the U turns and secondary structural fragments at
random. The location of all the U turns is predicted
correctly in 10% of the randomly chosen structures
for the three-helix bundle protein A, to less than 1%
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in 1ten and 1tlk. In other words, our results (.90%
accuracy) for the turns are substantially better than
random. We further explored how well our method
performs in comparison to more standard b-turn
prediction algorithms such as that of Wilmot and
Thornton.43 As evidenced by Table III, the Wilmot-
Thornton method predicts 71% of the actual turns;
whereas the present approach is almost 100% accu-
rate on the same set of proteins. While the present
method is applicable to all types of protein motifs,
since the Wilmot-Thornton method is restricted to
the prediction of b turns, in the interest of fairness,
here we limited the comparison to all beta struc-
tures.
Typical results from the calculation for domain B1

of Streptococcus protein G,40 1gb1, a 56-residue
sequence, are depicted in Figure 6A, where the
distribution of division points (i.e., the location of the

U turns) is given in the form of a histogram. For easy
reference, Figure 6B contains a schematic drawing of
the native backbones of 1gb1 with the predicted
surface U turns indicated in red. Yellow would indi-
cate that the secondary structure of a block has been
incorrectly predicted. Its absence in Figure 6B indi-
cates that all blocks are correctly assigned in this
case.
As one may see, the prediction is very good. For

example, the leading division selected by the algo-
rithm corresponds to five secondary structural blocks.
All of the lowest energy ‘‘structures’’ consist of 5
fragments, that is, they are built from 4 overlapping
hairpins. Figure 6A shows the distribution of divi-
sion points that correspond to the locations of the
‘‘U’’-turns. We remind the reader that the term U
turn refers not only to local chain conformation, but
also means that the polypeptide chain changes direc-

TABLE I. List of Test Proteins

No. Symbol Name No. of Residues Global fold

1 1gb1 Streptococcus protein G domain B1 56 b sheet 1 helix
2 proA B domain of proteinA 46 3-helix bundle
3 1fas Fasciculin 61 5-stranded irregular b
4 1pou POU-specific domain 71 Irregular 4a bundle
5 1tlk Telokin 103 Immunoglobulin fold
6 1ris Ribosomal protein S6 97 Up-down a/b protein
7 1lpt Wheat lipid transfer protein 90 Irregular 4a bundle
8 1ten Fibronectin repeat of tenascin 89 Immunoglobulin fold
9 1mjc Major cold shock protein 7.4 69 6-stranded b protein
10 1gps Wheat g-1-P thionin 47 b sheet 1 helix
11 1tfi Transcriptional elongation factor SII 50 4-stranded b protein
12 1tpm Human plasminogen activator 50 5-stranded b protein
13 Alcc E. coliLAC repressor 51 3a bundle
14 1pra Bacteriophage 434 repressor protein 63 5a bundle
15 1c5a Pig des-arg/74/complement C5A 66 Irregular 4a bundle
16 1trf Turkey troponin C 76 2b strands 1 4a
17 1lea E. coli lexa repressor DNAbinding domain 72 2b strands 1 3a
18 2ptl Peptostreptococcusmagnus protein L (B1 domain) 78 b sheet 1 helix
19 1hdn E. coli phosphotransferase 85 b sheet 1 3a
20 1bta E. coli ribonuclease inhibitor 89 b sheet 1 4a
21 1ego E. coli glutaredoxin 85 b sheet 1 3a
22 1svq Dictyostelium discoideum severin 94 b sheet 1 2a
23 1ubq Human ubiquitin 76 b sheet 1 helix
24 2utg Rabbit uteroglobin 70 Irregular 4a bundle
25 1ctf E. coli ribosomal protein L7/L12 68 b sheet 1 3a
26 1crn Cabbage seed crambin 46 2b strands 1 2a
27 1msh Human cytokine 72 b sheet 1 helix
28 1ftz Fruit fly DNA-binding protein 70 3a bundle
29 1cis Hybrid CI-2 protein 66 b sheet 1 helix
30 1tin Pumpkin seed trypsin inhibitor V 69 b sheet 1 helix
31 1cvo Taiwan cobra cytotoxin 62 5-stranded b protein
32 1adr Salmonella bacteriophage P22 C2 repressor 76 5a bundle
33 1hme Rat DNA-binding protein 77 3a bundle
34 1vna Centruroides sculpturatus Ewing neurotoxin 65 b sheet 1 helix
35 2ait Streptomyces tendae a-amylase inhibitor 74 6-stranded b protein
36 1cod Taiwan cobra cobrotoxin II 62 5-stranded b protein
37 1cb1 Porcine calcium-binding protein 78 Irregular 4a bundle
38 1aca Bovine acyl-coenzymeAbinding protein 86 Irregular 4a bundle
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TABLE II. Summary of Prediction Statistics

Sequence
no.

Protein
name*

Surface
U-turn

prediction
accuracy†

Errors of
U-turn
locations‡

Secondary
structure block
prediction
accuracy§ Comments onwrong assignment

1 1gbl 4/4 0-2/2-3-0 5/5 —
2 proA 2/2 2-3 3/3 —
3 1fas 5/5 2-1-0-2-0 5/5 Terminal coiled assigned b; inserted bwithout a

turn
4 1pou 4/3 4-3-2-0 4/4 Extended coil inserted
5 1tlk 8/7 5-3-2/1-1-2-4-7 7/8 Turn inserted into the C-terminal b strand
6 1ris 5/5 3-5-6-3/4-4 5/6 Second b strand predicted helical
7 1lpt 4/4 0-5-2-0 4/4 Shifted turns; hairpinlike C-terminus predicted

as b
8 1ten 6/7 1/1-3-0-3-2-2/1 7/8 Shifted turns; one b strandmissed
9 1mjc 5/5 1-2-0-2-0 6/6 Long central coil added as b
10 1gps 4/3 0-1-2-1 4/4 Long extended loop is predicted as another b
11 1tfi 4/3 0-0-0-1 4/4 Long extended loop is predicted as another b
12 1tpm 4/4 0-0-4-1 5/5 One shifted turn
13 Alcc 3/2 2-0-8 2/3 One short helix predicted as b; one b strand

inserted
14 1pra 4/4 7-3-0-2 3/5 Two helices predicted as b; turn positions

shifted at N-terminal
15 1c5a 3/3 4-0-5 3/4 One helix predicted as b; turn positions shifted
16 1trf 4/3 2-3-3-0 3/4 One helix predicted as b
17 1lea 4/4 2-2-4-0 4/5 N-terminal loop predicted as helical; shifted

turns
18 2ptl 6/5 1-3-3-4-3-2 5/5 N-terminal loop predicted as b; one b strand

inserted
19 1hdn 5/6 0-3-4-1-2/2 6/7 One short b strandmissing
20 1bta 6/6 2-0-2-3-0-1 7/7 —
21 1ego 8/7 0-7-2-2-0-2-0-7 6/8 Two helices predicted as b; shifted turns
22 1svq 6/6 1-0-1-0-3-0 6/7 C-terminal helix predicted as b
23 1ubq 5/6 3-0-3-1-4 4/7 One b strand predicted as helical; one helix pre-

dicted as b; one b strandmissing
24 2utg 3/3 3-2-7 4/4 Shifted turns
25 1ctf 4/5 0-3-0-1/1 5/6 One b strandmissing
26 1crn 4/4 7-0-2-0 3/5 Two helices predicted as b strands
27 1msh 4/5 0-0-4-0 2/4 N-terminal loop and one b strand predicted as

helical; one b strandmissing
28 1ftz 4/4 4-3-3-0 3/3 Both terminal loops predicted as b
29 1cis 4/5 4/1-1/2-5-3/1 3/5 One b predicted as a helix; one bmissing
30 1tin 6/5 0-4-3-0-3-0 5/5 Two b strands inserted in the loop regions
31 1cvo 5/5 0-3-1/2-4-0 4/5 C-terminal loop region predicted as another b

strand; one b strand predicted as helical; one
b strandmissing

32 1adr 4/4 4-3-0-4 3/5 Two helices predicted as b strands
33 1hme 2/3 2-4 3/3 Terminal loops predicted within helices
34 1vna 4/4 4-2-3-0 2/5 One short helix predicted as b; one b strand pre-

dicted as helical; one b strandmissing; C-ter-
minal loop predicted as b

35 2ait 6/6 2/2-1/1-4-0-3-1 5/6 N-terminal loop predicted as b; C-terminal b
strand predicted as helical

36 1cod 4/4 4-3-4-1 3/5 N-terminal loop predicted as b; one b strand
predicted as helical

37 1cb1 3/3 3-0-0 4/4 Third helix predicted too long
38 1aca 4/4 1-1-0-4/4 3/4 One helix predicted b; one b strand inserted
Total % correct — 173/1805 96%

19
overpredicted

U turns

— 160/1955 82%

*PDB descriptor; see Table I for protein name.
†The ratio of the correctly predicted number of surface U-turns to the actual number in the protein. A turn is said to be correctly
predicted if its boundaries at least partially overlap with the actual turn location. ‘‘Overpredicted’’ indicates that a U turn is predicted,
which does not occur in the protein structure, or when it separates an extended loop from a regular secondary structure fragment.
‡i/ jmeans that i residues of the preceding block and the j residues of the following block have been incorrectly assigned as a part of the
surface loop/turn. Otherwise, the number of over assigned residues of one of the transglobular blocks is given.
§The ratio of the correctly predicted number of secondary structure blocks to the actual number of the protein. The secondary structure
of a given block is said to be correctly predicted when the secondary structure of the three central residues as defined by Equation (10)
agrees with the experimental structure.
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tion. This is clearly demonstrated in the schematic
drawing of the native conformation. Thus, the predic-
tion indicates the existence of five structural ele-
ments, which are connected via well-localized loops.
Figure 6A also presents the secondary assignment

given by the algorithm, based on the most frequently
observed structure of the selected building blocks for
the lowest energy set of building blocks (below 1.05
times the average score for the 200 lowest energy
samples); for comparison, the DSSP secondary struc-
ture assignment for the native state is indicated
below the plot. The agreement is rather good. The
assigned structure of the protein is bbabb, and the
biggest errors involve shifts in the location of two of
the turns by a couple of residues along the sequence.
The apparent slight overprediction of the E (ex-
panded) states actually takes into account the rather
broad loops located next to the central helix.
At this point, it seems worthwhile to examine the

interplay of the short-range interactions versus burial
energies. The first obvious question would be, do we
really need the burial energy to predict the location
of U turns and the secondary structure of the inter-
vening blocks? Perhaps, just the requirement of
‘‘reentry’’ of the model chain into the globule when
combined with secondary structure propensities
would be enough to enforce a proper division of the
chain into secondary structure elements. To check
this possibility, we ran the algorithm without the
burial energy. The result for the B1 domain of
protein G is noticeably worse than the original
prediction shown in Figure 6A,B. The number of
predicted secondary elements is correct; however,
the location of predicted surface U turns is more
diffuse, and the secondary structure assignment is
less accurate. Similarly, one may ask if the ‘‘reentry’’
condition and the burial energy together with the
pattern of residues (but with the secondary structure

contribution to the interactions, Es and Esg-local [see
Eqs. (2) and (3), deleted] could be used instead. The
results of this experiment again show that the
prediction is much weaker. We found that divisions
containing 4, 5, and 6 blocks compete strongly; but
the correct division is dominant. In conclusion, these
studies strongly suggest that there is an interplay
between the short-range interactions and the burial
interactions that reflect the effects of both energetic
competition and cooperation. Some fragments are
driven by their intrinsic secondary structure propen-
sities, while other fragments are mostly controlled
by the pattern of hydrophilic and hydrophobic resi-
dues and the need to bury hydrophobic faces and
expose hydrophilic faces.44 Thus, these systems expe-
rience considerable energetic frustration as the ter-
tiary and short-range interactions compete with
each other to determine the lowest energy conforma-
tions of the chain.
In spite of the fact that the predictions of the

present method are driven by both secondary struc-
tural preferences and burial interactions, the particu-
lar scaling (over quite a wide range) of the two sets of
terms has very little influence on the results. This
would suggest that very rarely is there a very strong
contradiction between the secondary structure pro-
pensities and the burial energy. However, when such
a contradiction of a moderate magnitude occurs, the
balance of the two terms is important, and it is
precisely this balance that enhances the accuracy of
the present method. Consequently, other realiza-
tions of the method, employing a different represen-
tation of the building blocks and different factoriza-
tions of the short-range interactions, should be
similar in accuracy.
In Figure 7, the predictions for test proteins 2–9 of

Table I are illustrated in terms of their location in
the native structure, with the same convention as
was used in Figure 6B. Red indicates the location of
the predicted U turns; yellow indicates that the
secondary structure of a block has been incorrectly
predicted, and its absence indicates that the block is
correctly assigned. Dark blue indicates predicted
expanded states that have been classified by the
algorithm as possibly being of the b type. Let us
comment here on some interesting cases from this
subset. First, let us note that in all cases displayed in
Figure 7, the secondary structure of the central
fragments of the building blocks (extended or helical,
roughly speaking) is correctly assigned except for the
clear qualitative errors in the assignment of a b
strand as a part of the turn in tenascin (1ten) and in
the third block of the ribosomal protein (1ris) se-
quence. This 1ris block has been predicted to be
helical, in direct contradiction to the PDB structure
where it is in a beta conformation. This is a rare
example when both our secondary structure propen-

TABLE III. Comparison of theBlocks andUTurns
AlgorithmWith theWilmot-ThorntonApproach

Protein

Wilmot-
Thornton

turn accuracy*
Presentmethod
U turn accuracy*

1fas 4/5 5/5
1tlk 5/7 8/7
1ten 5/6 6/6
1mjc 5/5 5/5
1tfi 2/3 4/3
1tpm 2/4 4/4
1cvo 3/5 5/5
2ait 3/6 6/6
1cod 3/4 4/4
Average accuracy 32/45 5 71% 45/45 5 100% 1 two

overpredicted

*The ratio of the number of correctly predicted U turns to total
number of U turns is reported.
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sities and burial terms (including the pattern of
hydrophobic and hydrophilic residues, where the
leading repeat for the hydrophobic residues is 3,
certainly more acceptable for helices than b-type
structures) strongly favor the wrong (helical) assign-
ment. If this b strand were shorter (in the native
structure, it is the longest one), then in this algo-
rithm, it could be perhaps induced by the neighbor-
ing, well-defined fragments to adopt an extended
state. On the other hand, even in this case, the
number of secondary structure elements and loca-
tion of the surface turns/loops, U turns, have been
correctly predicted. Perhaps, for such a strongly
energetically frustrated sequence fragment, there is
no way to correctly predict its secondary structure
without invoking more detailed tertiary interaction
related effects, such as hydrogen bonding and pair
interactions. Clearly, this problem requires further
investigation.
An interesting example is the 1pou sequence (DNA

binding domain). The Kabsch-Sander9 assignment of
secondary structure indicates a fold that is built
from four helices, and the first connection between
helices appears to be the narrowest. Our method
predicts four helices; however, it also indicates one
more turn near the end of the first helical fragment
defined according to the Kabsch-Sander assignment.
This way, relative to the Kabsch-Sander method of

secondary structure assignment, the present method
indicates that there is an additional extended frag-
ment (shown in blue in Fig. 7). Of course, monomeric
proteins do not have single b strands, and therefore,
it has to be interpreted as a expanded coil structure.
Consequently, the fold could be safely predicted as
being of the aaaa type, with a rather broad loop
between the two first helices. Indeed, the inspection
of the schematic drawing of the native structure (see
Fig. 7) shows that this is exactly the case. Probably,
the largest errors in U-turn predictions occur in the
less regular helical proteins. Here, the algorithm
sometimes selects exposed fragments of helices near
the helix end as a surface U turn. This effect is seen
in 1pou and in 1lpt.
Another interesting case is the major cold shock

protein, 1mjc, where residues 42–46 are predicted to
be in an extended (possibly b-type) state, while
according to the Kabsch-Sander assignment, it is a
coil fragment. Inspection of the 3D native structure
shows that this fragment is very expanded, with a
b-type conformation (shown in blue), except for the
lack of hydrogen-bonded partners. This is another
illustration of the kind of structural information the
present method provides. Similarly, a long expanded
coil fragment has been assigned as b type in fascicu-
lin, 1fas. This kind of assignment accounts for about
half of the cases of wrongly predicted blocks (as

Fig. 7. Ribbon drawing of the native conformation of 8 test
proteins. Red indicates the location of the predicted U turns, dark
blue indicates predicted expanded states, classified by the MC
algorithm as possibly b-type. In yellow (e.g., ribosomal protein,
1ris), the incorrectly assigned (helix instead of b) secondary
structure of transglobular blocks is indicated.
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listed in Table I) in the entire test set. Consequently,
the ‘‘overpredicted’’ turns actually do reflect changes
of chain direction. Since the fragment of 1fas (and of
other similar cases) is in reality very expanded, this
is a geometrically correct assignment. However, the
algorithm missed the change of the chain direction
between the preceding b strand and the expanded
coil fragment. In many cases, some ambiguities
could be easily resolved and the type of fold could be
precisely defined, while in other situations (espe-
cially for less regular b proteins), one might have to
consider several alternative topologies.
We have also applied the proposed method to a set

of 10 proteins that were members of the structural
data base used for derivation of potentials and in the
pool of structural templates (building blocks). What
is very interesting is that for these proteins the
prediction quality was the same as that obtained for
members of the test set. This suggests that the
proposed method captures the general features of
protein folds, while the local details have little
influence on the results. This is not surprising, since
the tertiary interactions are accounted for in a very
approximate way, reflecting essentially only the
burial status and some aspects of specific hydropho-
bic and hydrophilic residue pattern along protein
sequences.
In general, the predictions for proteins that have

more regular folds (where a larger fraction of resi-
dues that could be assigned as helical or extended)
are very good, while less regular structures account
for most of the qualitative errors. For about one half
of the tested proteins, the predictions are accurate
enough (i.e., they yield the correct number of U turns
and transglobular connections, the correct assign-
ment of leading secondary structure, and a small
error in all turn locations) that they can be used to
propose plausible low-resolution structures. This
way of addressing the protein structure prediction
problem is now being investigated.

CONCLUSION

In this work, using just sequence information, for
small, single-domain globular proteins, we have
developed a method that predicts the location of the
U turns and the dominant type of secondary struc-
tures of the transglobule blocks that join such loops
or turns. Thus, the focus of our approach is on the
prediction of the global topological elements and
their identity, as opposed to a more locally precise,
but globally far more ambiguous definition of second-
ary structure. In the prediction of low-resolution
tertiary structure, it is the knowledge of the number
and location of the U turns as well as the dominant
secondary structure within the blocks that provides
the most useful information. This knowledge would

serve to effectively limit the number of possible
topologies and thereby enhance the efficiency of a
global conformational search algorithm, provided
that the prediction is of sufficient accuracy. In prac-
tice, for 38 small test proteins, in almost all (96%)
cases, the surface loops or turns, U turns, that are
characterized by a change of overall direction of the
polypeptide chain are predicted with errors in the
range of 2–3 residues. For U-turn predictions, the
requisite level of accuracy has been achieved. Fur-
thermore, there are only 35 out of 195 cases where
the secondary structure in the blocks is incorrectly
classified; thus, the method is correct 82% of the
time. This aspect of the algorithm does require some
improvement.
The success of this method is predicated on the

interplay of tertiary and secondary structure prefer-
ences. While at times the two tendencies may act in
the same direction, in other cases, the resulting
secondary structure reflects a compromise between
these two kinds of terms. This is suggestive that
proteins, on the average, need not satisfy the prin-
ciple of minimal frustration45 for each sequence
fragment simultaneously. Thus, burial preferences
that state that all hydrophobic residues should lie in
the protein core are not completely satisfied; other-
wise, there would be no unburied hydrophobic resi-
dues and no buried hydrophilic residues. While on
average this is true, in general, there are many
exceptions to this rule. Similarly, due to presence of
long-range interactions, the intrinsic secondary pref-
erences cannot always be satisfied. This is evidenced
by the presence of pentapeptide fragments in more
than one type of secondary structure.46,47

The ultimate significance of the present method
for protein modeling needs to be established; how-
ever, two points seem clear at this point. First, the
method accurately predicts the location of surface
loop/turns, U turns, where the chain reverses its
direction, and therefore, as discussed above, it pro-
vides important information for various three-
dimensional protein modeling procedures. Second,
for small proteins with regular structure, the pres-
ent method provides sufficient information to pro-
pose a few (sometimes just one) low-resolution alter-
native (due to various possible handedness of the
connections of known secondary structure ele-
ments5,48) folds that could be further refined by
various techniques. Based on the conjuncture of the
exact prediction of the number of loops and the
secondary structure assignments of the transglobu-
lar blocks, this is the case in at least half of the tested
sequences. The method provides self-consistent glo-
bal information about the character of the fold. Thus,
with some help from knowledge-based topological
rules, this information may be sufficient for building
low-resolution models of the native structure for
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many monomeric globular proteins. Promising re-
sults along these lines are now being pursued.
Preliminary results indicate that protein G can be
successfully folded using information provided by
this algorithm, and if the blocks and U-turn predic-
tions are used to screen predicted tertiary contact
information, then a variety of proteins can be folded.49

These include 3icb, 6pbti, 1shg, ICIS, and Ipoh.
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