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(Miyazawa, S. and Jernigan, R. L. (1999) Proteins, 36, 357-369)
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— log(probability of a specific conformation s in a sequence i)
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How to estimate the sequence dependences of partition function

In studies of the optimum sequence design of proteins

Effective Hamiltonian: consists of inter-residue pairwise contact interactions
— . . C
Heffoct = 2 €35,
p<q

1. Random Energy Model, P(E), Ey) = P(E))P(E3), (Pande, Grosberg &
Tanaka, 1997; Shaknovich, 1998): The Z depends only on the amino acid

composition but details of a sequence in T > T,,.
~kTInZ ~ —kTInZ(3 = 0) + n[e — de*/(2kT)]  for T > T,

2. Deutsch & Kurosky, 1996: the Z is estimated by taking account of the first

cumulant in a high temperature approximation.

~kTInZ ~ ~kTInZ(B=0)+ Y e, <Al >
p<q

<>: unbiassed averaging over all conformations.
3. Mirny, Abkevich & Shaknovich, 1996: Z score is used as a scoring function.
Z score = (H — n‘e)/(nse?)"/?
4. Seno, Vendruscolo, Maritan & Banavar, 1996: the Z is estimated by a dual
Monte-Carlo simulation.

5. Morrissey & Shaknovich, 1996: the Z is estimated in a cumulant expansion

approximation.

e The n-th moment of the single contact energy is calculated in the mean

field.

e Each cumulant is calculated from moments of the single contact ener-

gies.



The following approximation is used here.
In the sum of Boltzmann factors over all conformations, only dominant terms,
i.e., native-line conformations are taken into accounts, and then the log of the

partition function is estimated in a high temperature expansion.

log( exp(—3E° (1))
~ log( > exp(=0E" (5]0))

senative-like conformations

= log( > 1)

senative-like conformations

Lsenative-like (:01’1f0rmati01’1s(_//))Ewnf(s|Z‘>> e
+ . +

Zselrlative—like conformations

=n,0— < Econf(sl'i)) > p=onative-like T

where
n,: chain length
k - o: conformational entropy per residue in native-like structures

Then,

— log(probability of a specific conformation s in a sequence 1)
conf . |:
~ BE“" (s|i)
— Econfof a typical native structure with the same amino acid composition ) + 12,0
yp p

= AE“"(s|i) + n,o

conf _ f conf .
AEp = (E;(m — < Eip Znative structures)



One of typical comparisons in sequence - structure compatibility ranking:

e Which is more compatible for myoglobin sequence, myoglobin native struc-

ture versus « hemoglobin monomer in a tetrameric state 7

Eintra(myoglobin threaded into myoglobin)

> Eintra(myoglobin threaded into o hemoglobin)

+Ebetween SUbunit(myoglobin aﬁ'Z)

Further modifications on energy potentials are needed for a scoring function.

e Subtracting a collapse energy from contact energy

Only interaction energies depending on side chains are included.
c — 1 c
Ei(eij —err) = 5%:(82'17]'(1 — &) AT,

c c 1
AEp<€ij — 67"7“) = zq:(eiqu — 67,7,)qu — 5 Z(eipj — 6rr>Nipj/Ni

J

DO | =

e Excluding intrinsic and backbone-backbone secondary structure energies

Only interaction energies depending on side chains are included.

There modifications do not change ranking scores for sequences compatible to

a protein structure.



Comparison between threading and inverse threading

Threading: recognition of the native structure in structure space with a given

sequence.

Inverse threading: recognition of the native sequence in sequence space with

a given structure.

Inverse threading
®
o
1

-14.0‘_

60T T T T T T T T T T T T T T T T T T T T T T T T
-16.0 -14.0 -12.0 -10.0 -8.0 -6.0 -4.0 -2.0 0.0

Threading



Sequence-structure alignments

A specific sequence—structure alignment A:

— i3 14 15 g
A =

. S§9 S3 — — S84 ...

A probability P ({sp}|{i;}, A) with which the aligned sequence A takes a specific

conformation {s,}: as follows.

—log{P({sp}|{is}, 4)} = /3( %:AAEgonf({spHiq,A) +nghgned0
P9)E

According to Bayesian statistics, the conditional probability of an alignment A

for a given structure {s,}:

P(AHspb {ig) = PHsptl{igh AP(A) /| %:P({spﬂ{iq},A)P(A) ]
where the a prior:i probability of an alignment A, P(A), is represented as gaps.

~log{P(4)} = niliEned(se o)+ 50 ¥ W]+ constant
all gapsin A
where W is a positive quantity to represent a gap penalty, and & is a negative

constant as a scaling parameter.



Thus, the probability of an alignment A for a given structure s, is

P} i) = 5 exp[-BE({s,} iy} A)]
zZ = %:GXP[_ﬁ‘c/’({SpH{iq}vA)]

The energy score &({sp}|{i,}, A) of an alignment A for a given structure {s,}:

Elsptlligh A) = 2 E(spiliy, A+ 2 W

(p,q)€A all gapsin A

where

E{spbli A) = AB({s,}ig, A) + &

How to evaluate pairwise interactions.

E{sp}lig, A) = E{sp iy, P, )

The probability for a site pair (p,¢) to be aligned:
(Miyazawa, S. Prot. Eng., (1995) 8, 999-1009)
Pa) = 2 % espl-0E(s, i) A)
A with (p,g)
~ 22 o0l BE (s, Hig P )] Zha g
Plp=) = 1=27P.q)

P(-q) = 1- ZP:P(PJJ)

— _ !
Z — Zn;i”,nf«eq — Zl,l

An iteration method is used to obtain a self-consistent solution for P(p,q).



How to calculate optimum alignments.

Minimum energy score alignment:

E({sp ik, A™) = min&({s,}{i,}, 4)

~ mjn [ X EWspllig, PP, 4) + > W]
(p.g)eA all gaps in A

Probability alignment: by successively aligning a site pair in order of pair-
wise alignment probabilities, P(p, q).
(Miyazawa, S. Prot. Eng., 8, 999-1009. 1995)

How to measure sequence-structure compatibilities.

The following energies may be used.

Emin = mjn E{sptig}, A)

1
F = —=logZ2
7 oo
<g({5p}|{'iq}af4) A = ~z 93

1s used.

Here, &

min



Energy function:

AES (s Hia P d)) = AE sy iy P ) + AB (s, iy P 4)

where

AE“({sptliq; PW.d)) =~ Ae’(... sp-1,ig: Sp, Sprt, ...
Z 568(‘2‘(],57»_1,57»,57»-}_1)
p—3<r<p+3

AEF (s, i P01 0)) = AE({s, iy, P(0,) + AE({s, iy, P (0, 4))

With (el-qj — 6,,,,)

Secondary structure potentials:

Miyazawa, S. and Jernigan, R. L. (1999) Proteins, 36, 347-356.
Contact energies:

Miyazawa, S. and Jernigan, R. L. (1999) Proteins, 34, 49-68.
Repulsive packing energies:

Miyazawa, S. and Jernigan, R. L. (1996) J. Mol. Biol., 256, 623-644.



Gap penalty for sequence-structure alignments
In order to place gaps more frequently on protein surfaces than in cores, gap
penalties are assumed to be proportional to the number of contacts at each

residue position.

Heuristic knowledge about gap penalties in conventional sequence alignments

is used in sequence-structure alignments.

Table I1. Gap parameters used in sequence-structure alignments.}

gap penalty value in RT units
& —1.2
structure deletions from ¢ to ¢, 5.5+ Z;]:q(l.05 + 0.43n;) in the middle

3.25 4+ 3211, (0.53 + 0.22n) at termini

k sequence insertions between g and ¢ +1 5.5 + k(1.05 4 0.43(1 + (n; + n;+1)/2)) in the middle
3.25 + £(0.53 + 0.22(1 + nf.,,ina)) at termini

the upper limits for gap penalty 60.9 for gaps in the middle
30.45 for terminal gaps

relative temperature, 1/ 2.6

T These parameter values are for a case in which secondary structure energies, contact energies,
and repulsive energies are all included.

n, is the number of residues in contact with the pth residue.



Identifying sequence-structure pairs

undetected by sequence alignments

Datasets of protein structures
Release 1.35 of SCOP database is used for the classification of protein folds.

Protein structures are used:

e proteins which belong to classes 1 to 5, all «, all 3, a/3, o 4+ 3, and

multi-domain proteins,

e and which were analyzed by X-ray and whose resolutions are better than

2.5 A,
e excluding protein structures which lack many atoms or residues

e and which are shorter than 50 residues.

Two kinds of dataset of protein structures are prepared:

e Dataset of 548 homologous protein pairs:
made by pairing the protein representatives of families with those of dif-

ferent domains within the families.
e Dataset of 505 dissimilar protein pairs:
made by arbitrarily choosing only every 100¢h pair from the ordered list of

all possible pairs of superfamily representatives.



Adequacy of sequence - structure alignments

Sequence - structure alignments have similar overall characteristics to conven-

tional sequence alignments, such as
e the fraction of aligned residues,
e the fraction of identical residues,
indicating the values of gap parameters to be appropriate.

The relative temperature (1/3) has been adjusted so that similar fractions of
residues are aligned in the probability alignments for both sequence-structure

and sequence-sequence alignments.

The fractions of identical amino acid pairs

10 L L L | L L L | L L L | L L L |
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RMSDs in superposition of aligned residues for homologous protein

pairs

The RMSDs are improved in probability alignments for sequence-structure.

than in maximum similarity alignments for sequence.

To reduce the effects of fewer aligned residue pairs on RMSD, 357 homologous

protein pairs whose alignments have more than 50 aligned residue pairs are used

here.
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Comparison of two types of sequence - structure alignment

Overall characteristics and minimum energy scores of alignments are similar for

both types of alignment, sequence-structure and inverse structure-sequence.

minimum energy scores
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Table IV. Recognition of homologous protein pairs from dissimilar protein pairs

by sequence-structure alignments.

false positives
in 548 homologous

protein pairs

false negatives

in 505 dissimilar method

protein pairs

106

131

126

191

164

5)

17

24

19

26

conventional sequence alignment

sequence-structure alignment

inverse structure-sequence alignment

sequence-structure alignment

without secondary structure energies

inverse structure-sequence alignment

without secondary structure energies




Table V. Protein pairst whose compatibilities are not identified by sequence

alignments but by sequence-structure alignments.

sequence length structure length sequence-structure
minimum energy alignment probability alignment

minimum fraction of no. of residuesi r.m.s.d.

energy identical aligned with

score residues probabilities

> 0.5
1ECF-A:250-469 220 1HMP-A 214 —-10.7 0.11 88 4.6
INCX 162 2SAS 185 -17.3 0.10 85 9.1
1PBN 289 1ECP-A 237 —6.5 0.09 99 5.4
1PII:1-254 254 1TTQ-A 256 —-12.3 0.12 62 11.8
1PTV-A 297 1YTS 278 —36.2 0.11 105 4.9
1XEL 338 1ENY 268 -3.1 0.05 57 10.9
1XEL 338 1FDS 282 —20.2 0.10 61 2.6
2DRI 271 2LBP 346 —26.4 0.13 157 7.3
2DRI 271 2LIV 344 —37.1 0.11 165 8.1
2HVM 273 1NAR 289 —84.2 0.11 103 4.0
2HVM 273 2EBN 285 —22.7 0.10 111 10.1
20HX-A:175-324 150 1QOR-A:136-265 130 —40.2 0.21 99 4.9
3GRS:364-478 115 1NPX:322-447 126 —26.4 0.12 73 3.0
SFAB-A:3-105 103 1HNF:4-104 101 -39.3 0.11 61 2.8

7 Only protein pairs with 50 or more aligned residue pairs are listed in this table.



Sequence-structure pairs undetected by sequence alignments

minimum energy alignment

sequence BGRS 364

matched t
structure 1NPX 322

probability alignment
sequence SGRS 364

matched t
structure 1NPX 322

1NPX 322
3GRS 364

minimum energy alignment

structure BGRS 364

matched t

sequence 1NPX 322
probability alignment

structure BGRS 364

matched t
sequence 1NPX 322

minimum energy alignment

sequence 3GRS 420

matched t
structure 1NPX 376

probability alignment
sequence 3GRS 420

matched to:
structure 1NPX 376

1NPX 376
3GRS 420

minimum energy alignment

structure 3GRS 420

matched to

sequence 1NPX 376

probability alignment
structure 3GRS 420

matched to:
sequence 1NPX 376

minimum energy alignment

sequence SGRS 475
matched t
structure 1NPX 433
probability alignment
sequence 3GRS 475

matched t
structure 1NPX 435

1NPX 435

L. 3GRS 475
minimum energy
structure 3GRS 475
matched to:
sequence 1NPX 436
probability alignment
structure 3GRS 475
matched to:
sequence 1NPX 424
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S T N I | |
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Sequence-structure pairs undetected by sequence alignments

seq. 1PBN

matched to:
str. 1ECP-A

str. 1PBN

matched to:
seq. 1ECP-A

seq. 1PBN

matched to:
str. 1ECP-A

str. 1PBN

matched to:
seq. 1ECP-A

seq. 1PBN

matched to:
str. 1ECP-A

str. 1PBN

matched to:
seq. 1ECP-A

seq. 1PBN

matched to:
str. 1ECP-A

str. 1PBN

matched to:
seq. 1ECP-A

IS

74
51

74
53

146
118

146
119

219
180

219
180
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The effects of secondary structure potentials

Including secondary structure energies tends to increase identical amino acid
pairs in the alignments of homologous protein pairs; secondary structure po-

tentials are useful to yield correct positions of residues in alignments.

The fractions of identical amino acid pairs
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Conclusions

e The present energy function and alignment method can detect well both
folds compatible with a given sequence and, inversely, sequences compat-
ible with a given fold, and yield mostly similar alignments for these two

types of sequence and structure pairs.

e Probability alignments consisting of most reliable site pairs only can yield
extremely small root mean square deviations, and including less reliable

pairs increases the deviations.

e Some individual sequence-structure pairs are detected by this method hav-

ing only 5-20 % sequence identity.



Probability alignment

(Miyazawa, S. (1995) Prot. Eng., 8, 999-1009)

Algorithm: by iteratively choosing a site pair with the maximum correspon-

dence probability as follows.
1. Set 'il = ]., 'iQ =m, j1 = ].7 and jQ =n.

2. Calculate a site pair (a;,b;) such that
plai,bj) = maxi, <k<i, ji<i<i, (Plar,be) | plag, b)) > plax, ¢) and p(ax,b) >
p(6,br) ).

3. If there is no such a site pair, align ¢ to all sites of ;1 < ¢ < iy and of
1< <

4. If (@i, bj) is such a site pair, choose it as one of residue-residue correspon-

dences in the alignment. Then, repeat steps 2 — 4 to align the remaining

segments until all the sites are aligned.

A threshold, 0.5, of probability for reliable residue correspondences
Site pairs with p(a;, b;) > 0.5, p(a;,¢) > 0.5, and p(¢,b;) > 0.5 can constitute

an alignment, because

1. The number of b; and ¢ such that p(a;, {b;,¢}) >0.5=10r 0

2. Let p(ai, b;) > 0.5 and p(ag,b;) > 0.5. If i < k, then 5 < L.



Probability alignment

(Miyazawa, S. (1995) Prot. Eng., 8, 999-1009)
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The effects of the number of aligned residues on r.m.s.d.

in probability alignments
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