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Figure 1.25 Relationships between sequence identity and struc-
tural similarity. The plot was obtained by using a larger set of
proteins than in Figure 1.23, but the trend is essentially the same.
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Non-uniform distribution of folds

*Few (~10) folds are shared by a large number
(~30%) of known proteins

Large diversity in sequences and functions
among members of these “superfolds”

Examples:

a1 y] « Immunoglobulin fold
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Scheme of Target sequence
Methods for protein structure prediction protein
S ) ) ) structure
Methods are distinguished according to the relationship between .. Fold recognition
the target protein(s) and proteins of known structure: pred icition

« Comparative modeling: A clear evolutionary relationship
between the target and a protein of known structure can
be easily detected from the sequence.

* Fold recognition: The structure of the target turns out to
be related to that of a protein of known structure although
the relationship is difficult, or impossible, to detect from
the sequences.

« New fold prediction: Neither the sequence nor the structure
of the target protein are similar to that of a known protein.

— v

Collect and align sequences

and structures ins of
known structure

Figure 4.1 A guide to protein-structure pre-
diction. The first step is always a search in the
protein sequence database. Comparative
modeling should be used when a protein of
known structure sharing sequence similarity
with the protein under examination is present
in the database. If this is not so, fold-
recognition methods should be applied and,
should they fail, the user should resort to new
fold or fragment-based methods. Note the
central role played by the structure database in
all these heuristic methods.

Template based
modelling

Fragment based
methods

Evaluate model
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Inverse protein folding problem

Which amino acid sequences fold into a
known three-dimensional structure?

Protein folding problem

Which three-dimensional structure is adopted by a given
amino acid sequence?

Fold recognition methods

«3D profile methods
*Threading

Profile-based fold recognition

*Physico-chemical properties of the amino acids
of the target protein must “fit” with the
environment in which they are placed in the
modeled structure.

Profile method for fold recognition

Query sequence

 HER | :']:E TR Lookup table

Figure 5.2
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Database structure =

Sequence-structure alignment

Figure 5.3 A query Sequence can be positioned
in a database structure in several ways,
because there can be inserted and deleted
residues, as shown in the right side of the
figure. The interactions made by one amino
acid, for example the one indicated with *10” in
the figure, depend on the alignment of the rest
of the sequence - the interactions of this
amino acid (some of which are shown as
arrows) are different in the two examples,
reflecting two different alignments.

Frozen approximation

Figure 5.4 Schematic explanation of the frozen
approximation. On the left, a database structure is
shown with its original sequence (indicated by dark
circles). In the right, the query sequence is positioned
in the database structure in one of the many possible
alignments. Calculation of the score should take into
account which residues of the target sequence are in
contact with, say, the threonine in the final alignment.
P In the frozen approximation, the interactions are
\/&N K computed by leaving the original sequence in every

A ‘53}" position of the database structure, except for the

— ‘l() position occupied by the threonine. The procedure is
repeated by substituting, in turn, each amino acid of
the query sequence into a position of the target
structure.
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Position Specific Iterated BLAST: PSI-BLAST

The purpose of PSI-BLAST is to look deeper into the database
for matches to your query protein sequence by employing a
scoring matrix that is customized to your query.

PSI-BLAST is performed in five steps

1. Select a query sequence and search it against a protein
sequence database: regular BLAST

2. PSI-BLAST constructs a multiple sequence alignment,
then creates a “profile” or specialized position-specific
scoring matrix (PSSM).

3. The PSSM is used as a query against the database.
. PSI-BLAST estimates statistical significance (E values)

5. Repeat steps 2-4 iteratively, typically 5 times.
At each new search, a new profile is used as the query.

Position-specific scoring matrix
(PSSM)

PSI-BLAST: self-positives

* PSI-BLAST is useful to detect weak but biologically
meaningful relationships between proteins.

« The main source of false positives is the erroneous
amplification of sequences not related to the query. For
instance, a query with a coiled-coil motif may detect
thousands of other proteins with this motif that are not
homologous.

« Once even a single non-related protein is included in a PSI-
BLAST search above threshold, it will not go away.

« One way to check results: take newly found sequences and
perform PSI-BLAST using them, then examine whether we
‘fish’ original sequence (reciprocal identification)

A Method to Identify Protein Sequences That
Fold into a Known Three-Dimensional Structure

JTasmes U, Bowie, Rotasn Lirray, Davin EISENBERG

Science 253, 164-170 (1991)

3D profile method

Find sequences that are most compatible with the
environments of residues in the 3D structure.

The environments are described by:

1. The area of the residue buried in the protein
and inaccessible to solvent

2. The fraction of side-chain area that is covered
by polar atoms (O and N)

3. The local secondary structure

Bowie, Lithy & Eisenberg. Science 253, 164-170 (1991)
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Fig. 1. The ination of amino acid seq

pacing the of 3D (lefi-hand scale) by a factor of
50, Also the number of structures is increasing faster than the number of
folds: the cumulative number of structures deposited through 1990 is

(right-hand scale) is

roughly twice the number of distinctly different in folds. The number of
wqumcaiuhcmumbﬂdrposiwdmdwﬂkd&ubﬂse{ﬂ).ﬂxmmb«of
structures is the number of di sets deposited in the Brookh

Protein Dara Bank (58), eliminating structures thar differ only by a bound
ligand, mutation, or space group, The number of folds is a subjective
estimate of the number of “distinctly different structures,” and should be
regarded as having an uncertainty of ar least =20 in 1990,

Construction of 3D structure profile

From 30 structure 1
Snmirnmantnl Clasies

Maaing e 30
L] Strettors peetis <

The compamiiny ssarch

30 sorucrure pekle (A s bin (Fig, 3

for only four po ol the
databuse (C). The 0 resihors S, 6, 7, aned £) and fox cnly & of the 20

Fig. 2. o
and B and of 3 - search of the

pr

P e amin sid.

Side-chain environment categories

Fig. 4. The six side-chain environ-
ment categories. Two environmen- g
tal characteristics were determined
for cach side chain: A, the total area
buried in the in structure; and
f; the fraction of the side-chain area i
covered by polar atoms. If A > 114

A2, the residuc was placed in envi- n‘%
ronment class B, if f < 0.45, envi-

ronment class B, if 0.45 < f < 0.58,

and environment class B, if f =

058. If 40 < A < 114 A% the 0.0
residue was placed in environment

category P, if f < 0.67 and environment class P, if f = 0.67. A residue was
placed in the exposed environment category E if less than 40 A? of the side
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Example of a 3D profile
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An cxample of a 3D profike. The 3D-1D soores of Fig. 5. multipliod by 100. The
sherws the first ten o of the whale mdeumw‘ md«:’w»dm—
Mm%.m weas used irically. In this case, gaps in helical regions were
in the ariby  Fig. 6. The den by setting very high slppmlh:u fior

Y [post
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wsed for the coil regions {positions 1 and 2).

Profile search

for sperm
whale
myoglobin

PP — —
5000.

W Man-gicbing

O Other globins
4000 W Mycglabing |

Sperm whala myoglobin

Number of sequences

Z score
6. Results of a compatibility scarch foe the structure of sperm whale
gl yoglobi " ¥ black bars, other ghobin
i1 mwmﬁgmmmmm sequences are shown

in gray bars, Sperm whale myoglobin is the cighth highest scoring pr
{Zs:at-za.n.u:pumemmumdinhbnlwlxﬁm
protein data bank Blc). In nonhelical regions, a gap-opening penalry of 2.0
and a gap-extension penalty of 0.02 was used.
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T 1 g s g s oopiey e s s e e profile search with
Al proteim with 2 sores greater thas 6.0 o exther the mmmuwnnnﬂmnnmmmn.. . . .
P T T T Y e S e e 15 i s ribose binding
.nrnn— prosle commtrucsed w amw—.m(ﬂw Z sonee WRMI)’O‘OOS‘I An the mtw,v - 2 a0
on b SR protein (RBP) |
Fromin 2 s (3D # weore (1D :”"'""': H h
CAMP reoapeor prossin—fi. el (CRI) . 4653 % 1000
#ﬂ? Feepus pein—Salmvmrl ypbmrion {CAT) i e %s Fig. 7. Compusisan of 4 kg s g
s et ey b % HH mp-mnnum“m"wmmmn u;mmu
A - no0 ‘numi
Ty o - 8 :*mz““w‘“'-“:;';’“w-‘:m et -
o el tHL '.‘:‘;Im::-nll- reaman e - Frd 7ok REP peecursoe, 2 score = 49.0), RBF2 (Salmell yphimarias REP A
Toern i, RSP o, e 1 ey chi—bovi B . 0o 'l“r{n,,n'.ﬁm-;..‘,’.:;‘. “‘"f.‘:;.u,.:."f‘."é‘.?r;’:,um
mmm o o (B]Thge;'m}:um“ REP stracure. Thrhu
g vy 1 400 i o, peny o O3 o i
e (# o = 4.7 ot (7 it = 1421 Ml
(E. ooli Mal | protein, Z score = 9.0), Gal (E. coli gof repeessor, Z scoee =
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Sequence Protsin 2 scors . A new approach to protein
s fold recognition
compatibility T 011 Threadlng gnitio
SearCh Wlth a D. T. Jones*t, W. R, Taylort & J. M. Thornton*
& of 71 Actin Sequences. * Biomalotular Structure il il
3D structure " ! _ Dapatman of Bicperisiy 2 Metesibm Bi3ogy
profile for e * Sequences are fitted Uiy Cotege,Goner St
. directly onto the 1Lm-au;yq'umr:gm.grano'ng,-_m-.mm institute for Medical Research
actin m:ﬂmwmmmm |::- backbone coordinates ™ FoEssmy. Ml Hl Loncon, NWT 144 LK
6840 Hotshock pton - s of known protein e B e vt Ao ot 2
TO-D Heat shock protein - frog 796 structures. alternative strategy of recognizing known motifs' or folds™ in
To-kD Major heat shock - it fiy 708 « Matching of sequences looks more promising. We present here a new approach
70-kD Heat shock cognate protsin-bavine on 9 to fold recogaition, whereby sequences are filted directly onto the
HNRNP complex, protein G - fog P sequences to :m-lbmu_- ::n::dllulﬂ of I:mmn protein structures. Our method
70-4D Heat shock cognate protsin - human o backbone COOTdINALES iy iiiny s sien sedwence. and i bascd on he framomarks
is performed in 3D of known protein folds. The plausibility of cach model, and hence
" dile for . . the degree of compatibility betws the nd the posed
{F{% .Aﬂsg&r‘urm“cu thar ;anved aZ ::h“ao?[; 0 or gt:lm are hmﬁ spacle', 'ncqrporatmg ﬁl’l(l?l((. s r-alupa(ed by mm::f ::::;’c:;i!lﬂl p:?u.u.n
penalty of 5.0 and a jon penalty of 0.2 were used. specific pair derived from proteins of known structure. The novel aspect of our
The g protein s the result a gene fusion between actin and a f : licitl approach is that the matching of sequences (o back bone coordin-
tyrosine-specific protein kinase (53). The bovine HSC70 in, known to interactions explicitly. e is performed in full th e,
have a similar structure to actin, received a Z score of 6.99 and is shown in specific pair interactions explicitly.
bold
P Nature 358, 86-89 (1992)
Threading Knowledge-based (pair) potentials
« Alibrary of different protein folds is derived from the
database of protein structures. E(r) = -KT In[f(r)]
« Each fold is considered as a chain tracing through space;
the original sequence being ignored completely. r  distance between two atoms (or some other parameter,
« The test sequence is then optimally fitted to each library like dihedral angles or solvent accessible surface)
fold, allowing for relative insertions and deletions in loop E() isthe energy atr
regions. f(r) is the probability density at r
« The ‘energy’ of each possible fit (or threading) is calculated _'T_ 1S :'I:e Bgltzrﬂtantn consta;nt
by summing the proposed pairwise interactions and the IS the apsolute temperature

solvation energy.

« The library of folds is then ranked in ascending order of
total energy, with the lowest energy fold being taken as the
most probable match.
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Solvent accessible surface

Represent atoms as spheres with Mathematically roll a
appropriate radii and eliminate sphere all around that
overlapping parts. surface.

The sphere’s

I/_“\_ 2 center traces
r=14A |\‘ \F “ out_ta s:llrface
e as itrolis.
.-'//-_.- H\\l
' of
/
/7 /
[ v ™
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Lee & Richards, 1971
Shrake & Rupley, 1973

Cross-section (slice) of a protein structure:

Inner surfaces here are van der Waals. Outer surface is that traced out by the
center of the sphere as it rolls around the van der Waals’ surface. If any part of
the arc around a given atom is traced out, that atom is accessible to solvent.
The solvent accessible surface of the atom is defined as the sum the arcs
traced around an atom.

there’s not much solvent accessible surface | __ .
in the middle :

van der Waals
/ surface

solvent
accessible
from

Lee &
Richards,

arc traced around atom

Accessible surface/Molecular surface

solvent radius

"accessible
surface”

® oy . atoms
i T
solvent

molecu " "
lecule 'molecular surface"=

A ( T contact + reentrant surfaces

- N s Lemeke "contact surface”

----- "reentrant surface™

These are alternative ways of representing the surface which is
essentially in contact with solvent.

Molecular surface of proteins

depiction of the corresponding
“molecular surface”™--volume contained
Waals spheres by this surface is vdW volume plus
“interstitial volume”--spaces in between

depiction of heavy atoms (O,
N,C, S) in a protein as van der

The irregular surface of proteins:
pockets and cavities

* A pocket is an empty
concavity on a protein
surface which is
accessible to solvent
from the outside. pocket
in outer

accessible surface
or molecular surface

N - surface cavity in interior
* A cavity or void in a

protein is a pocket

which has no opening [o)
to the outside. It is an
interior empty space
inside the protein.

solvent probe

Pockets and cavities can be critical features of proteins in terms of
their binding behavior, and identifying them is usually a first step in
structure-based ligand design etc.

Fractional accessibility

« Calculate total solvent accessible surface of protein structure (also
can calculate solvent accessible surface for individual
residues/sidechains within the protein) .

« Model the accessible surface area in a disordered or unfolded protein
using accessible surface area calculations on model tripeptides such
as Ala-X-Ala or Gly-X-Gly.

« From these we can calculate what fraction of the surface is buried
(inaccessible to solvent) by virtue of being within the folded, native
structure of the protein.

« Fractional accessibility is computed by dividing the accessible surface
area in the native protein structure by the accessible surface in the
modelled unfolded protein. The residue fractional accessibility and
side-chain fractional accessibility are calculated for individual residues
or side-chains in the structure.
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Distribution of residue fractional accessibilities

A sizeable group are

] completely buried
1 (hatched) or nearly
| completely buried

| Broad distribution among
l non-buried residues; mean
fractional accessibility

é . for non-buried residues of
£ 2 around 0.5
ia |
P
‘ ] ‘ Few residues are
completely exposed to
{ solvent, but that fractional
accessibility >1 is possible
o 62 o4 06 D8 o

Residue fractional accessibility correlates with

free energies of transfer for amino acids
between water and organic solvents

The interior of a protein is akin to a 3k
nonpolar solvent in which the nonpolar da
sidechains are buried. Polar sidechains, T s
on the other hand, are usually on the E W
surface. 2 4 €
However, some polar side chains Bl i
do get buried, and it must also be Z‘ T A
remembered that the backbone for every E o 5 r-/ "
residue is polar, including those with t <:'/
nonpolar side chains. So a lot of polar L N
moieties do get buried in proteins. ® /un

o5 0!6 QI"' Ulﬁ C!E

Miller, Janin, Lesk & Chothia (1987)
Fauchere & Pliska (1983)

Mo frozhons! area Jow

Solvation potential

Similarly, the solvation potential for an amino-acid residue a is defined as

f{r)
{ 34 =—RTI —
AE,Ar) n[ m]]

where r is the % residue accessibility (relative to residue accessibility in
GGXGG fully extended pentapeptide), f*(r) is the frequency of occurrence
of residue a with accessibility r, and f(r) is the frequency of occurrence of
all residues with accessibility r.

Pairwise pseudo-energy terms

For specified atoms (C8 ~ CS for example) in a pair of residues
ab, topological level (sequence separation) k and distance interval s, the
potential is given by the following expression

" [ r:"ls]]
AER=RTIn[1+mMuo]—RTIN | 1+mypo——r-
fils)

where m,, is the number of pairs ab observed at topological level k, o is
the weight given to each observation, f,(s) is the frequency of occurrence
of all residue pairs at topological level k and separation distance s, and
fi(s) is the equivalent frequency of occurrence of residue pair ab. RT is
taken as 0.582 kcal mol *. Short- (sequence separation, k = 10), medium-
(11=k=230) and long- (k> 30) range potentials have been calculated
between the following atom pairs: C8 +CB.CB-N.CB+0.N=-CA N-0,
O=Cgand0-N.

Statistically derived potentials
o oo o . |

aJ~4
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for destances. arcund B A comesponding manky to a-structue. and 91
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Threading histogram for 1CTF
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Trheeading histogram for the
C.terminal ribosomal protein fragment, 1CTF, Al possinle threadngs of The
CTF seguence on the CTF structure were computed (secondary structure
gaps disallowed) and the energies of each threading calculated. The native
threading is indicated, and was found o be the lowest energy threading.
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i Summary of trial fold-recognition searches
Threading results

TASLE 1 Summary of 1l dakdrssogretion searches
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Critical components of Fold recognition results from CASP
fold recognition techniques

« Techniques producing useful alignments between ——
sequences and structures

« Criteria for identifying native-like sequence/structure
combinations

« Energy functions or parameter sets providing a reasonable
description of protein-solvent systems

Figure 5.5 Some examples of predic-
tions obtained by fold-recognition pro-
cedures in the CASP experiments, The

experimental structures are shown in
blue, the models in green. The first two
proteins are examples of homeologous
fold recognition, the last of analogous
fold recognition
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