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Abstract

A method for predicting the location of surface loops/turns and assigning
the intervening secondary structure of the transglobular linkers in small, single
domain globular proteins has been developed. Application to a set of 10 pro'teins of
k/:({l;fﬂ structure indicates a high level of accuracy. The secondary structure
assignment in the center of transglobular connections is correct in more than 85% of
the cases. A similar error rate is found for loops. Since more global information
ab(m_l l{lc Jold is provided, it is complementary 1o standard secondary structure
prediction approaches. Consequently, it may be useful in early stages of tertiary
structure prediction when establishment of the structural class and possible foldin
topologies is of interest. #

1: Introduction

_ A simplified picture of a small single domain and monomeric globular
protein could be summarized as follows. The polypeptide chain starts near the
surface of a sphere confining the globule, passes several times throughout the
mterior of the globule and ends somewhere near its surface. The “transglobular
linkers* almost always have a well-defined dominant secondary structure. It is
cither helical or expanded. In the last case, it would be most likely a part of B-éhecl.
This is very much in the spirit of Richardson [1] topological diagrams of the native
structures.

Certainly, the above picture is in many cases oversimplified [2-5)
chcrthqlcss. it provides some important limitations for possible folds of small
polypeptides. In this work, we use this model for construction of a very simple
method for the prediction of surface loops (or turns), where the polypeptide chain

changes its direction and the dominant secondary structure of the intervening -

transglobular linkers. Thus. information that is midway between the standard (one
dll\\gn§xonul) secondary structure prediction [6-8] and full native structurc
prediction [9-17] could be obtained with relatively high accuracy.

“w »

447

2: Method
2.1: Monte Carlo scheme

In order to estimate the best location of the surface loops/turns, the protein
sequence of interest is randomly divided into several partially overlapping sequence
fragments. Then, for each sequence fragment, a structural template is assigned by
random selcction from a library of structural templates constructed using a database
of known protein structures. Each structural icmplate is comprised of two

successive protein building blocks which may be viewed as generalized (all o, all B,
or mixed motif) hairpins. These structural templates are devoid of any sequence
information and are uscd to provide a library of "protein-like" structures onto which
the sequence of interest is inscrted. Having divided the protein into sequence
fragments, cach structural fragment, now with assigned sequence information, is
oricnted with respect to the center of the hypothetical sphere that approximates the
singlc domain protein. Next, the burial energy and short range interactions of the
structural template are asscssed. Hydrophobic residucs, when placed in the inner
part of the sphere, would decreasce 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 fragments and structural
templates is repeated many times, and the top scoring results arc used (o make
structural predictions,

The algorithm is bascd on random Monte Carlo optimization of the division
of the test sequence into structural fragments. The procedure could be outlined as
follows. In the beginning, onc nceds to estimate the size of the globule, Sg (a single
domain with a single hydrophobic core is assumcd), and the plausible range for the
numbcr of building blocks (linkers) N, with Nmmin SNSNmax (if the algorithm
selects onc of the limit valucs of N, then the computation should be repeated with a
different range of N). The number of blocks, N. superimposes limitations on the
block size that corresponds to the shortest B-type (cxpanded) fragment that has the
end-to cnd distance not shorter than 1.8 Sg and the longest helical fragment of
maximum size of 2.5 Sp.

The Monte Carlo iterative procedure consists of the following cycle:

1. Madification by a random shift (by one residuc at a single division point) of
the original division into N new sequence fragments. )
2. Sclection 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 gocs across the globule and passes through three
“check-points™ near its surface. The distance between the ends of hairpin
has to be not larger than Sg. One may just cut the templates from randomly
sclected fragments of a protein structural database; here, for simplicity, a
lattice representation of high resolution folds is used.

3. Sclection of the lowest energy set of templates from many (on the order of
104) cycles consisting of operations 1-2. The hairpins partially overlap
along the sequence; however, structurally they are bound only via the |
requirements of the surtace positioning of the top of the hairpin and its two



ends. The cbrrcsponding division of the chain is storcd for the next
iteration.

After many iterations, a clustering of the sample is done in order to define
the most probable number of secondary structure elements for the sequence of
interest. At the same time, the secondary structure assignment of the linkers and the
most probable locations of the surface turns and their distribution (range of
uncertainty) could be established. Simple geometrical (and local) criteria are applied
for sccondary structurc assignment: additional details are provided below in the
sections describing the interaction scheme used by the Monte Carlo procedure.

The idea of the proposed procedure is depicted in Fig. 1. The arrows in
Fig. 1A indicate the Monte Carlo selected division of the test sequence into blocks
that are successively threaded through structural templates. The hairpin structural
template composcd of two blocks (Fig. 1B) (randomly selected from the structural
database) is used for computation of the short range interactions (Fig.1C);
however, the two blocks are “decoupled”, and cach is treated scparately in the
burial energy calculations (Fig.1C). This is done for several reasons. A hairpin
provides a more physical environment for the estimation of the secondary structure
preferences. A single block will leave too many dangling loop residues which
behave like free ends. To enhance sampling for the estimation of the burial energy,
it is much easier to place a single strand (helical or expanded) within the protcin
sphere rather than the entire hairpin. Since most hairpins come from different size
structures, they will not fit within a given sphere (some proteins in the database arc
simply larger duc to larger chain length).  This technique maintains the surface
location of the loop region and burial of the hydrophobic faces of the strands.
Conscquently, the burial energy is more rcasonably estimatcd when the two
branches of the “hairpin™ are trcated scparately. This will make the loop location
somewhat more diffuse. und while one can identify the sccondary structures
belonging to transglobular connectors, the detailed geometry of the hairpin is lost.

2.2: Interaction scheme

For simplicity and speed of computation, we use a library of structurcs
that are projected onto a high coordination lattice [16], which represents the Ca
reduced backbonés of PDB {18,19] structures with an RMS (coordinate root-mcan-
squarc deviation) in the range 0.6-0.7 Each side group is rcpresented as a
single point positioned at the center of mass of the most probable side-chain rotamer
for a given local main chain geometry [16], defincd by two consecutive Ca-Ca
vectors. The force ficld for this lattice model was developed previously [16]; here,
the relevant subset of intcractions is employed. Both the short range interactions
and the burial energy are based on the statistical correlations scen in a database of
protein structures. The numerical data for the statistical potentials have been
previously published; they are available upon request from the authors or are easily
accessible via anonymous ftp [20], as is the list of the protein structures employed
to derive the statistical potentials. None of the test proteins are in the database used
for the derivation of the parameters, nor there is any noticeable sequence homology
to any protein from the database.

A (division of the test sequence)

o2 N2 N
IR ; b rvleacen

B tstructoral template from the database)

“Mock” £ 1 ol the sequence

~t— (division poant #1)

“Bhock” # 2 of the sequance

C tsecondary and burial encrgy)

seconddary energy for
o block hairpin

bunal for each black
separately

Figure 1. Schematic representation of the method employed in the present work.
In (A). the test protein scquence is divided onto N fragments. N is a variable that
changes over a narrow range of “reasonable” numbers of secondary structure
clements for a protein of a given size. Two sequence fragments arc then matched to
a “hairpin building block™ from the structural data base (B). 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. A
hairpin (and the matching test sequence fragment) is used for secondary structure
propensity calculations (C). Single blocks (C) are used for burial energy
calculations. First the average 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 Ar vector is assumed to be equal So/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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The short range interactions are factorized in the form of Ca hnckbpnc
correlations and correlations between the side chain vectors. The dct_m]cd
description of this factorization (.)f _lhc _scc_ondmjy propensitics cpuld b{; found
elsewhere [21]; here, a brief description is given I.or reader convenience. Fl1q Ca
based, three-vector secondary structural propensitics depend on the tdcnl}!y of the
two amino acids at the appropriate positions along the protein sequence. The local
polypeptide conformation is defined by three consccutive reduced backbone
vectors: Vi-1. Vi, and i+, where vj is the vector from the i-th to i+1th Co.

Es = Z e(Ai, Ais1,12%-1,i42) (1)
with: r2*=sign((vi-1 ® vi) Vis1) 12i-1,i+2

where: Aj, is the identity of the residue at position i, and r2_1 ;42 is the square of
the distance from Caj.j to Cajya. 1r2*i.)j42 is the “chiral” square o_F di.§'lzmcc
between the corresponding chain vertices. “Chiral™ means a negative sign for the
left handed conformations and a positive sign for the right handed ones,
respectively. The potential is used in the form of histogram, with lh.c r2+ parameter
divided into 6 bins. There is an additional decrease in the system's energy when
the overlapping "arms" of consecutive hairpins have the same secondary structure (-
0.5kT for each occasion when r2* bin is the same). Somewhat longer range
conformational correlations are accounted for via angular correlations between side
group vectors (up to the fourth neighbor down the chain).  There arc four
contributions to this part of the short range interactions [16]: cach one is specific to
the appropriate pair of amino acids. The most probable (over the structural
database) rotamers are used for the computations.

Esg-local =L ek(Ai,Aisk, cos(0jirk))  k=1,234 (2)

where ©j j is the angle between the side group vectors (vectors from the Cot to
center of mass of the current rotamer) of residues i and j. The potential is also in
the form of a histogram with an angular bin of 36 degrees and a range of 0 to 180

degrees. _ ' .
The burial energy approximation employed here is consistent with the

assumed spherical model of a single domain protein. The centrosymmetric potential
[16] 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.

E1 = Ze 1 (R(Aj)/So) : (3)
with: Sg=2.2m 0.38 (in Angstroms) (4

where S is the expected radius of gyration of a single domain protein consisting of
m amino acids in their native conformation. R(A;) is the distance of the center of
mass of the i-th 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

' ¥
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the form of a histogram. The numerical values could be found elsewhere and are
available via anonymous ftp [20].

Some explanation is required for the procedure that positions the center of
the hypothetical domain with respect to the particular building blocks. First, the
orientation of the hydrophobic face of a strand is determined from:

f= Z(ex.p(i)-glgh forrg< Sp (5

where g is the side chain vector, rp is the vector from the center of mass of the

building block to the side chain of interest, and eg_p are the Kyte-Doolittle [22]
hydrophobicity parameters. Due to the different reference state used here, the K-D
parameters have been divided by factor of 5. Next, there is a correction for the
burial energy of loop residues, i.c., those residues outside the radius So.
Furthermore, the block residues are additionally energetically stabilized for a
proper pattern of hydrophobic and hydrophilic residues associated with helical and
B-strands, respectively. This term is given by:

Z(ek.p(i)) forrg > Sp
-Z(eg-p(1)) (ex-p(i+2)) forrg<Sy, and n<n* (6)
Z(ek-p(i)) (ex-p(i+2)) forrg <Sp. and n>n*

Epattern

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* =
(Nmax+nmin)2. The largest value of n (npmax=2.5 Sy/1.5) corresponds to the
longest helix that fits into the globule, and the smallest value of n (nmin=1.8
S/3.4) corresponds to B-strands that just cover the hydrophobic core diameter
within the globule. The numbers 1.5 and 3.4 correspond to the approximate
extension per residue (in Angstroms) of an « helix and B-strand, respectively.

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 onc, more reason why the proposed method can only be applied to
small, single domain globular protcins. After determining the direction of the
hydrophobic face from eq. 5, the center of globule is located at a distance
Ar=(f/(If)-S¢/2 from the center of mass of the building block (see the Fig. 1C). At
this point, the fragment is properly placed, and the centrosymmetric burial potential
can be computed for all side groups. An additional and rather important
contribution comes from the face separation term, and is given by Ifl, defined in eq.
5; see below.

The total energy of the hairpin fragment can then be expressed as the sum of
single contributions from the short range interactions (comprising the hairpin) and
the 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
respect to the center of mass of the globule.

Ehairpin = Es + Esg-local # (E1 + fl+ Epayern) 1+ (E1 + 10+ Epattern)2 )
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The Ifl contribution reflects the strength of the oricntational separation of the
hydrophilic and hydrophobic side groups. The mcthod 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 (as defined
above) is sclected in the way that both contributions in the lowest energy assemblies
are of the same range. This requires a scaling of about 1:2 to 1:4 depending on

sequence.

3: Results and discussion
3:1: Structure of the results

Each simulation provides a set of 200 “structures™ that based on the energy
described in eq. 7 are well suited for the test sequence. These structures consist of
sets of overlapping (along the sequence of amino acids) hairpins. The lowest
energy structures are selected from this set (those with energies less than 1.05 times
the average energy), providing rclevant information about the fold and the
secondary structure of the blocks connecting the loops. In most cases, the
algorithm sclects a single most probable set of division points, and consequently, it
provides the expected number of secondary structure elements, and the
corresponding number of surface loops/turns in the protein fold. The location of
the division points between blocks usually exhibits a very narrow distribution. The
peaks of this distribution indicate the external loop/turn regions. The number of

counts in the histogram representing these loop distributions depends on the .

number of the lowest energy statcs selected in a particular run and thercfore on the
energetical selectivity or the width of the energy distribution of the implicitly
"assemblcd” chains. Thus, wc assumed that the loop/turn length corresponds to the
width of the peaks at the level of half of their average height. For each transglobule
strand, its secondary structure could easily be extracted from the average local
geometry of the backbone of the building blocks. The criterion ecmployed for
assignment is based on the values of the r2;.) j;+2 vectors (see eq. 1) of particular
fragments of structural building blocks, and they arc as follows:

(H) helix 0< r2*.1is2 < 37
(T) tum r2j-1,i+2 < 60 ! and not a helix (8)
(E) extended rzi_]'j+2 >74
{-) coil otherwise.
All distances are in A2,

Alternatively, one could use the straightforward Kabsch-Sander [23]
method to assign secondary structure. However, because the 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. Thus, we
report the results of geometry based assignments. Moreover, due to dual character
of the model with respect to both short range interactions and burial energy, the
secondary structure assignments in the predicted loop regions are very ambiguous.
Due to the structure of secondary propensities’ factorization, the short range

.. v
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interactions at the ends of hairpins are poorly defined. The loop structures in the
hairpins are just used to extrapolate the sccondary structural propensities of each
single transglobule connection. This does not mcan that the method does not
provide dependable secondary structure information. In fact, the predicted
geometrical information is quitc rich. The seccondary structural assignment in the
middle portion of the particular “transglobular” building block is of highest
accuracy (duc to above mentioned structure of the modcl): indeed, such regions are
perhaps the most important from the point of view of model building. Thus, we
will use this output to estimate the accuracy of our method. More precisely, the
leading secondary structure assignment for the three central residues (assigned
according to rules from eq. 8) in cach transglobular linker is used as the assignment
for the entire linker.

In addition to predicting the secondary structure of the central region of the
transglobule blocks, the algorithm also provides a substantial amount of
intermediate distance information. First of all, the algorithm predicts the number of
transglobule linkers, or sccondary structure building blocks, and for all the
secondary structure elements, their end-to-end distances are predicted to be close to
2Sp. Furthermore, the “important™ surface loops/turns, where the chain changes its
direction, arc predicted with good accuracy. A more diffuse distribution of division
points usually indicates a broad surface loop. In contrast, narrow, -type turns
exhibit a sharp distribution of division points. In i very rare number of runs, the
lowest energy “structures’™ could be grouped into two clusters 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. Then, the algorithm provides two alternative structural
assignments. Thus, a broad diversity of information is provided that can aid in
subsequent tertiary structure prediction.

Finally, it should be pointcd out that the present method converges very
fast. For cxample, a reasonable [irst estimate could be obtained from a run that

explores only a very small sample of building blocks (in the range of 10%) per
single conncction for each of 200 structures gencrated. Subsequent modifications
after 10 times longer sampling cssentially fine tune the predictions. Except for very
short runs, the results do not depend on the starting division or the secd number for
the Monte Carlo process. Morcover, the use of half of the structural template
database (instead of the full set of possible fragments) has very little, if any, cffect
on the predictions. These are very important observations. First, let us note that
even in a very long run, the algorithm is very far (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 framework of the Monte Carlo search algorithm. This
implies that the method is not sensitive to structurat details (any helical hairpin that
fits the size and helical secondary propensities of a test protein will score well in the
algorithm, regardless of specific realization), to the details of secondary structure
assignments 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.
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3.2: Application to known protein structures

The method is applied to ten test proteins. All are rather small proteins that
are expected to have a single domain structure. With the exception of the Bl
domain of protein G and the B domain of protcin A [24], all the test proteins were
chosen randomly from a set of coordinate entries made available by the Brookhaven
Protein Data Bank. PDB [19], in early 95. Thus, we expect that they are
representative of small globular, single domain proteins. None is a member of the
structural database used for derivation of the statistical potentials employed here.

SEEEEETTTTEEEEE
MIVKLY LNGRTLRGETTTEAVDAATAE KVFRQYANDNGYDGEWTYDDATRTFTYTE

EEE EE S8S EE EEE SSHHUHHIHHHIDUIHTTY

Figure 2. The loop distribution for the sample of 200 lowest energy structures
assigned to the sequence of domain Bl of Streptococcus protein G. The
secondary structure prediction (thc most frequent structures seen in the
building block, based on gcometrical criteria for the Ca backbone
fragments) is given for comparison.

Typical results from the calculation for domain B1 of Streptococcus protein
G [25] are depicted in Fig. 2, where the distribution of division points is given in
the form of a histogram. For easy refercnce, Fig. 3 contains a schematic drawing
of the native backbone of the protein with the predicted surface turns/loops
indicated in black. As one may see, the prediction is very good indeed. For this 56
residue sequence, the leading division selected by the algorithm is N=5. All of the
200 lowest energy “structures” consists of 5 fragments, i.e., it is built from 4
overlapping hairpins. Fig. 2 shows the distribution of division points that
correspond to the locations of the external loops/tums. We remind the reader that
the term loop/turn refers not only to local conformations, but also means that the
polypeptide chain changes direction. This is clearly demonstrated in the schematic

.
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drawing of the native conformation. Thus, the prediction clearly indicates the
existence of five structural clements, which are connected via well-localized loops.
Fig. 2 also presents the secondary assignment (according to geometrical
criterion defined by eq. 8) given by the algorithm, based on the most frequently
observed structure of the sclected building blocks for the lowest energy sets of
building blocks (below 1.05 times the average score for the 200 lowest energy
samples), and the secondary structure assignment for the native state is indicated
below the plots. The agreement is rather good, especially when one compares the
predictions of the loop/turn distribution histogram. Furthermore, some filtration of

the results could casily be done. The assigned structure of the protein is papB, and
the biggest errors involve the shift in the location of two turns by a couple of
residues along the sequence. The slight overprediction of the E (cxpanded) states
actually takes into account the rather broad loops located next to the central helix.
These discrepancies could be casily removed at the stage of three-dimensional
model building [26].

Figure 3. The predicted locations of the turns are shown on schematic drawings
of the PDB 1gb] structure.

At this point, it seems worthwhile to note that the interplay of the short and
long interactions is responsible for the relatively high accuracy of the proposed
method. The prediction is much worse in cither case of just secondary interactions
(with the burial contribution neglected) or using the burial energy alone.

In spite of the fact that the predictions of the present method are driven by
both secondary structural preferences and burial interdctions, the particular scaling
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(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 propensities and the burial energy. However,
when such a contradiction occurs, the balance of the two terms is important. and it
is precisely this balance that cnhances the accuracy of the present method.
Consequently, other realizations of the method, cmploying a different
representation of the building blocks and different factorizations of the short range
interactions, should be similar in accuracy.

In TABLE |, the predictions of the external loops/turns are compiled for the
test sequences. In general, more regular structures, especially with narrow surface
turns (or loops) are predicted with higher accuracy. That is certainly the effect of
the assumed simplified view of a globular protein. Let us comment here on some
interesting cases. First, let us notc that in majority of all cases, the sccondary
structure of the central fragments of the building blocks (extended or helical,
roughly speaking) is correctly assigned except for the clear qualitative error in the
third fragment of the Iris sequence. This fragment 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 propensities 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 structurces) strongly favor the wrong (helical) assignment. If this 8-strand
were shorter (in the native structure, it is the longest onc), then it could be perhaps
“pulled-out” by the neighboring well-defined fragments into an extended state. On
other hand. cven in this case, the number of secondary structure elements and
location of the surface tumns/loops have been correctly predicted. Perhaps for such
a strongly encrgetically frustrated sequence fragment, there is no way to predict
correctly its sccondary structure without invoking more detailed tertiary interaction
related effects, such as hydrogen bonding and pair interactions. Clearly, this
problem requires further investigation.

Another interesting example is the Ipou sequence. The Kabsch-Sander [23)
assignment of sccondary structurc indicates a fold that is built from four hclices,
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 fragment. Of course,
there is no monomeric protein with a single B-strand, and therefore, it has to be
interpreted as an 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 native structure shows that this is exactly the
case.
Probably, the largest errors in loop prediction occur in less regular helical
proteins. Here the algorithm sometimes selects exposed fragments of helices near
the helix end as a surface loop/turn. That is the situation scen in 1pou and more
dramatically in llpt. It is interesting to notice that the “overpredicted” beta hairpin at
the C-terminus of 11pt reflects geometrical shape of this "irregular” fragment of the
native structure.
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TABLE 1. Comparison of the native (N) secondary structure with
predicted (P) structure.®

1gbl 56 residues (Streptococcus protein G domain Bl)

N:beta-(8—13)-beta-(22-22)-helix-(36-41)-beta (47-50)
- - -beta
P:beta—(9-11)—beta-(18-23)—helix-(37-38)—beta-(48-51)-beta

gr;:) 46 res. (fragment domain B of protein A, residues

N:helix- (9-15)-helix-(29-32)-helix
P:helix-(16-17)-helix-(33-34)-helix

1fas 61 rosidues (Fasciculin)
N:beta—(5—13)~beta-(17—21)-beta-(28—33)-beta (40-47
B -47) -beta~(54-61
::E:ta-(8—13)—beta-(20-22)-beta—(28-32)—beta-(47-49)—beta-(55-56:—
: ta

ilpou 71 residues (pou-specific domain, residues 5-75)

N:helix-(20-24) -helix-(34-40)-helix i
2 - ~(48-55) -hel
P:helix-(16-17)-beta-{24-24) -helix-(36-37)—helix—(51-53)—hel;:

1tlk 103 residues (telokin, residues 33-135)

N:beta~(15—18)-beta-(23-26)-beta-(37-39)-beta—(46-47)-beta-(50-55)

P:beta—(l]-lﬁ)-beta-(24-28)-beta-(35—39)- beta- {52-55)
N:beta-(61-64)-beta-(71-74)—helix-(78-78)-beta-(88—89)—beta
P:beta- (63-66)-beta- ( 77-80) beta-(92-92) -beta

iris 97 residues (ribosomal protein 86)

N:beta-(11-15)-helix-(33-35)- beta-(53-54)-beta- (68-6 i

- -68)-helix-
P:beta-(13-17)-he1ix-(35-38)~helix-(56-59)-b ta-(67- - ix-
N: (80-84) maen eta-(67-70)-helix
P: (83-88)-beta

11lpt 90 residues (wheat 1lipid transfer protein)

N: helix-(18-29)-helix-(38-40)-helix- (48-49)-helix- (58-6 i

: : - - 2 - -
P: helix-(19-22)-helix- (44-46)-helix- I -helix
N: (67-90) turns-coil
P: (68-69)-beta-(77-81)-beta

lten 89 1res (fibronectin repeat of
803-891) 4 of tenascin, residues

N:beta—(11—16)-beta-(23-29)-beta-(38—44)-beta (51-54) -b:

- - -beta-(59-65)
P:beta-(12-16) -beta-(30-31)-beta-(38-40 -beta- - - - -
Nibota. (Fooas) beta ) -beta-(54-56)-beta-(65-67)
P:beta-(75-76) -beta
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itrl 62 res. (thermolysin fragment, residues 255-316)

N: (1-8) -helix-(21-26)-helix-(43-46)-helix
P: beta- (8-9)-helix-(25-28)-helix-(43-45)-helix

imjc 69 residues (major cold shock protein 7.4,
residues 2-70)

N:beta-(13-16)-beta-(23-28)-beta- helix- coil-(37-48)-beta-(56-61)
P:beta-(13-16)-beta-(27-29)-beta-(35-40)-beta-(49-50)-beta-(56-57)
N: beta
P: beta

*)The numbers in brackets give the ranges of loops/turns fragments according to
Kabsch-Sander assignment for (N) and the surface loops/turns predicted by the
present algorithm. For (P) case the sccondary structure of transglobular linkers is
classified as beta for linkers with dominated expanded states, and helix for leading
helical assignments.

Another case is the Imjc sequence analysis, sce TABLE I, where residues
41-48 are predicted 1o be in an extended (possibly p-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,
except for the lack of hydrogen bondcd partners. This is another illustration of the
kind of structural information the present method provides. In many cases, some
ambiguities could be casily resolved and the type of fold could be precisely defined,
while in other situations (especially for less regular B-proteins), one would perhaps
need to consider several alternative topologics.

Finally, let us note that for small, disulfide crosslinked protcins the structure
could, to a large extent, be enforced by the pattern of S-S bridges. The information
about the crosslinks may be employed by introduction of implicit mixing rules for
the building blocks (hairpins). This could perhaps further incrcase the accuracy of
the method. For the sake of clarity, however, we defer from analyzing this
possibility in the present work.

4: Conclusion

In this work, using just sequence information, for small, single domain
globular proteins, we have developed a method that allows for the quite accurate
prediction of the location of surface loops/turns (loop) and the dominant type of
secondary structures (sec) of the transglobule blocks that join such loops or turns.
For a given sequence, the Monte Carlo algorithm generates structure assignments in
the form (sec)-loop-sec2-loop....secN), with N determined during the course of
the optimization procedure. For 10 small test proteins, there is just a single case
" where a secondary structure fragment is incorrectly classified. In all cases, the
surface loops (or turns) that are characterized by a change of direction of the
polypeptide chain are also quite accurately predicted.

The success of this method is predicated on the interplay of tertiary and

sgcondary structure preferences. While at times the two tendencies may act in the
. ! ’
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same direction, in other cases, the resulting secondary structure reflects

compromise between the two kinds of terms. This is suggestive that proteins, «
the average, need not necessarily satisfy the principle of minimal frustration for

given type of interaction. Thus, burial preferences which state that all hydrophob»
side groups should lie in the protein core are not completely satisfied; otherwis.
there would be no unburied hydrophobic residues and no buried hydrophil:
residues. While on average this ts true, in general, there are many exceptions 1
this rule. Similarly, intrinsic secondary preferences cannot always be satisfic.
This is evidenced by the presence of pentapeptide fragments in more than one ty|
of secondary structure. It should be noted that the accuracy of the present meth:-
could be perhaps further improved when combined with recent developments -
prediction of protein structural classes [27].

The ultimate significance of the present method for protein modeling nec:
to be established; however, two points seem clear. First, the method qun
accurately predicts the location of surface loops/turns, and therefore provid:
important complementary information for various 3D protein modeling procedurc
Furthermore, for small proteins of rather regular secondary structure, the prescs
method provides sufficient information to propose a few (somctimes just one) lo-
resolution alternative folds that could be further refined by various techniquc
Thus, it offers a new (albeit limited) path towards solving the protein foldin
problem. The mcthod provides self-consistent global information about tl:
character of the fold, and with some help from knowledge bascd topological rulc:
this information may be sufficient for building low resolution models of the nati\
structure for many monomeric globular proteins. This possibility is now beir:
explored. ’
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Sequence Sizes of Eukaryotic Enzymes
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Department of Structural Biology, The Weizmann Insdrtute of Science, Rehe

76100, Israel

Abstract

We have shown in earlier studies that an appreciable fraction of proteins disp
sequence size periodicity with periods of =123 aa and =152 aa for eukaryotes .
prokaryotes, respectively. For any firm conclusions to be made, the issuc
possible bias duc to an overabundance of some protein families should
addressed in more than one way. Here we present the size distributions for varic
sequence ensembles of eukaryotic enzymes that differ by level of data b.
cleaning. The sequences were purged by applying several successive threshold-
relatedness irrespective of the sequence iéngths. The previously obser
preference to typical sizes is confirmed. Possible reasons for the observed exces-
the typical size sequences are discussed.

Key words: cukaryotic enzymes, sequence length. typical size, cleani:

segments.
Introduction

In 1929 Svedberg [1] suggested that proteins could have stanélard molecu
masses, multiples of a certain unit mass. Since then, this simple and attractive it
has been tested several times by different techniques on different data sets, alc:
two main parallel lines: i) analysis of protein structures, and ii) analysis of prim
sequences. When the structure of chymotrypsin was solved it was suggested th.:
sufficiently long polypeptide chain might be “piled on itself” or “folded arou
nuclei of highly stabilized local conformation” [2], thus making two distinct foldi
domains of that protein [3]. According to Matthews er al. [4], long polypepti
chains could be considered to be a combination of smaller irxdcpcndéntly folde:



