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Abstract

A central problem in genomics is to determine the functions of newly discovered proteins
using the information contained in their amino acid sequences. In this research we introduce a
novel spatial association on a regular lattice for assignment of a protein sequence to a protein
family. In our model we assume that for each residue in any position in sequence, not only
the adjacent residues, but also the residues of closer homologs contain information. For this
purpose we model the observation with auto correlated errors on a rectangular grid and use the
information of the left, right, top and bottom residues of each amino acid in any position in a
multiple sequence alignment (MSA) of the query sequence with members of each family. The
spatial statistics for analyzing these observations is applied and the classification problem is
solved by computing the probability of query sequence belonging to each protein family. The
classification is based on the family whose MSA yields the highest probability. Using actual
data, the application of spatial prediction for assignment of protein sequence to the protein
profiles is proposed and the performance of the model is assessed. According to the spatial
associations on a regular lattice, we use top ten profiles in the Pfam database that are very
different from each other for analyzing amino acid sequences in a profile. Results show that in
all cases protein sequences are assigned correctly to the corresponding protein profiles.
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1. Introduction

Proteins are the most important molecules in any living cell. They play important roles in
biological phenomena and in most of the cell processes. Revealing the functions of proteins is
one of the most important issues in biology. Although manual function annotation by
biological experts is more reliable but it is a very time consuming procedure and sometimes
an automatic approach is used. Nowadays, hundreds of complete genomes have been
sequenced and a massive quantity of protein sequences has been generated. These sequences
have greatest value to biology if their functions and structures can be identified. Hence a
central problem in genomics is to determine the functions of newly discovered proteins using
the information contained in their amino acid sequences [1]. The first approach to determine
protein function is performed by doing a similarity search to find a close homologous protein
with known function. Simple sequence search methods such as FASTA [2] or BLAST [3] are
often used to identify close homologs of protein sequences. Although searching a sequence
database using BLAST can provide satisfactory result, specially finding close homolog, but it
performs poorly for homologous sequence pairs below 30-35% sequence identity [4,5,6].
One of the fundamental assumptions is that homologous protein sequences have similar
functions and structures. Based on this assumption homologous sequences have been grouped
into known protein families. The majority of protein sequences appear to fall into a few
thousands protein families [7]. According to functional or structural relatedness, alternative
family classifications have been made. Searching protein family database can produce more
concise results for functional prediction of a query sequence. In the last decades, systematic
methods have been developed to assign sequence to protein families [8]. Multiple alignments
of a sequence family indicates different selective pressure on different residues in a functional
sequence. Some positions are more conserved than others and some positions are less
conserved and undergo insertions or deletions. Based on conservation pattern and position
specific information in multiple sequence alignment of protein family sequences, profile
methods have been introduced to search databases for homologous sequences [9,10,11]. The
Hidden Markov Model (HMM) is a representation of multiple sequence alignments of protein
families in term of profiles. It is commonly used in the detection of remote homologous. The
Pfam [12] is a high quality set of annotated multiple alignment and pre-built profile HMM
(PHMM). Given a PHMM and a protein, one can compute the probability that this protein
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being generated by the PHMM using the Viterbi algorithm and infer the family that the new
protein belongs to [13, 14].

In this paper we introduce a spatial association on a regular lattice for assignment of a protein
sequence to a protein family. In our model we suppose that for each residue in any position in
sequence, not only the adjacent residues, but also the residues of closer homologs contain
information that can be used to assign a protein to a family. For this purpose we model the
observation with auto correlated errors on a rectangular grid and use the information of the
left, right, top and bottom residues of each amino acid in any position in a multiple sequence
alignment (MSA) of query sequence with members of each family. The order in which
sequences appeared in the final MSA are determined by the guide tree and hence top and
bottom sequences of query sequence are the closer homologs. Spatial model for analyzing this
observation is introduced and the classification problem is solved by computing the
probability of query sequence belonging to each protein family. The classification is based on

the family whose MSA yields the highest probability.

2. Materials and Method
2.1. Data Preparation

The Pfam [12] is a well known database of protein families. It is widely used to align new
protein sequences on the known proteins of a given family or to recognize new member of a
protein family. For each protein domain family in Pfam, there is a seed alignment which is a
manually verified multiple alignment of a representative set of sequences. The Pfam database
contains 11912 families (Release 24.0, October 2009). Each entry describes a domain function
represented by a multiple sequence alignment and a hidden Markov model. There are two
components at Pfam: Pfam-A and Pfam-B. The Pfam-A entries have high quality. As shown

in table 1, we selected and used ten families from top twenty families of Pfam-A

1D Accession Number of sequences
Seed Full
RVT 1 PF00078 155 105557
WD40 Pf00400 1843 93618
RVP PF00033 50 76107

Cytochorm BN PF00033 92 61850
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HA TPase ¢ PF02518 662 57843
BPD transp 1 PF00528 81 53993
Oxidored q1 PF00361 33 52312
Pkinase PF00069 54 51174
Adh short PF00106 230 42056
Acetyltransf 1 PF00583 243 37490

Table 1. Top ten protein family profiles from the Pfam database

2.2. Preliminaries

In this section spatial discrete observations on a rectangular grid are introduced. The notation
of this section mostly follows that of Besag [15]. The auto binomial, the auto logistic and the
auto Poisson models for analyzing spatial lattice data have been considered by Besage.
Jackson et al [16] described different methods for estimation of spatial parameters. The
Bayesian auto logistic models have been developed by Chen et al [17]. Also, Yan et al [18]
introduced spatial stochastic volatility for lattice data. In this work, it is assumed that the sites
are arranged as a regular lattice, and each site has one of the ¢ + 1 observations (multinomial
data) denoted by z = 0,1,...,c. On a regular lattice the neighbors of the site with coordinates
(r,s) can be denoted by {(r - 1, s), (r + 1, s),(r, s - 1),(r, s + 1)}. This can be considered as the

first order Markov chain.

Besage [15] defined the following formula for computing the probability of observations
P(z(s)) on a regular lattice with multinomial data:
P((s))ocexp( Y omu, + 3> ny.,) 1
r=1 r=1s=1
in which m, is the number of sites with the rth observation, #, is the number of pairs of
neighboring sites with the observation s, and u, and v, are parameters. For estimating the

parameters, Besage expresses (1) in the conditional form

exp(u,; +v,n, )

1+ Zexp(ul. +v,n,.)

i=1

p(z(s,,) = j /othersites) = ,j=0,12,.,c 2)

where n; is the number of sites with jth observations neighboring site (7,s). Due to large
number of parameters in this model, the pseudo-likelihood function (the product of full

conditional function) that is based on conditional distribution has been used
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s 1+Zexp(ui+v,nfr)
i=1

In this paper, using equation (3) and coding method, the parameters have been estimated.
Coding method is the parameter estimation method that was introduced by Besage [19]. In
this method, based on the first order Markov chain model, the variables associated with the x
sites, given the observed values at all other sites, are mutually independent (figure 1) and

equation (3) is reduced based on the product of conditional form of x sites.

- > - - - * - * >
b4 > > b4 » -
- bt b4 - > - b4 >
> . > . o . o . E4 -

Figure 1. Coding pattern for the first- order scheme

2.3 .The application of spatial statistics in profiles of proteins

In this section the application of spatial prediction for assignment of protein sequence to the
protein profiles is proposed. The performance of this model in assigning sequences to families
of proteins is computed. According to the spatial associations on a regular lattice, we used top
ten profiles in the Pfam database that are very different from each other for analyzing amino
acid sequences in a profile.

Based on ten profiles in table 1 and using coding method in equation (3), the neighbor-
dependent coefficient for each sites of a protein in a multiple alignment has been accurately
estimated. In other words, v;s and u;s that represent the neighbor-dependent coefficients have
been estimated. Because there are 20 different amino acids in each profile, we have 20 «; and
20 v; parameters used in equation (3). Since the maximization of 40 parameters are very
difficult and time consuming, amino acids are classified into two classes based on their
hydropathy index according to Kyte and Dolitte [20]. The hydrophilic amino acids (R, N, D,
E,Q,G H,K, P, S, T, W, Y) are classified as groupl and the hydrophilic amino acids (A, C, I,
L, M, F, V) are classified as group2. By this classification only 2u; and 2v; parameters are
used in equation (3). The parameters u3 and v; indicate the gap. For example if we have a site

in a multiple alignment with different amino acids neighboring such as below:
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exp(u, +v, *1)

I exp(u, +v, *1) + exp(u, +v, 1) + exp(u,)

(single letter codes of A, G and K are 2,1,1 respectively)

For computing the validity of the spatial prediction for the assignment of protein sequences in

protein profiles, we have performed a procedure using the following steps:

1- One sequence from each profile is removed (100 sequences that removed from 10

profiles are shown in appendix (table Al). Multiple sequence alignment (MSA) was

done with sequences of each family. To perform the MSA we use CLUSTALW

program that is widely used [21]. The order of sequences appeared in the MSA

determined by the guide tree.

sequence are it’s closer homologs.

Hence, the top and the bottom sequences of each

2- For each column in a profile we compute the Entropy and for each column that has

entropy less than the median is removed. According to Kyte-Dollite classification, the

target attribute can take either one of 2 different values or the gap. Hence the entropy

of a sequence, S, is defined by

3

3. Entropy'S =Z —pilogg’
i= 1

i

4- Where p; is the proportion of S belonging to class i

RVTI1

WD40

RVP

Cytochorm BN

>KRIT1_HUMANY/320
353
>Q17583_CAEEL/307
339
>Q83730_9POXV/250
282

>V034_FOWPV/76105
>Q24241_DROME/20

>Q7NUV6_CHRVO/
13181
>028892_ARCFU/11
211
>Q2N9I4_ERYLH/52
22
>Q73XF0_MYCPA/3
235
>B2UEV9_RALPJ/16

>ARCB_SHIFL/5286
40
>SLN1_YEAST/1090
1207
>BARA_ECOLI/6707
82
>BVGS_BORBR/975
1092
>Q57N82_SALCH/81

>Q35057 MARPO/
544811
>P71276_ECOLX/
62269

>Q46666 ECOLX/
34241

>Q47526 ECOLX/
33239

>RT67 ECOLX/48



0232
>ANK1_HUMAN/172
204
>PHO81_YEAST/5065
38
>ZDH17_HUMAN/89
121
>AKR2_YEAST/8311
5

>AVO2_YEAST/3971
HA TPase ¢

>Q9KIEO STRHY/403
64192

>Q9EWA2 9ACTO/13
711538

>Q93NX7 9ACTO/13
861553

>Q9L4X2 9ACTO/499
75164

>Q9X993 9ACTO/463
14794

>Q93NW6 9ACTO/10
47810645

>Q93NW6 9ACTO/86
958862

>Q93NW6 9ACTO/51
995366

>Q93NX8 9ACTO/14
201587

>ERYA2 SACER/314
13306

Adh short

13-

207
>Q3ABVS8_CARHZ/5
189
>Q8KEBI1_CHLTE/S
218
>CYBH_ECOLI/1122
0

>A4BHO07 9GAMM/6
165

>A5G519 GEOUR/7
204

BPD transp 1
>NUOL_ECOLI/1334
06
>NU5M_CHLRE/132
391
>NUS5SM_ALBCO/963
55
>NUSM_ASCSU/963
53
>NUSM_TRYBB/130
400
>NU4M_ASPAM/130
401
>NQO13_PARDE/13
0412
>NU4M_ASCSU/873
46
>NU4M_ARBLI/1113
83
>NU4M_ANOGA/10
6374

Acetyltransf 1

>067458_AQUAE/621
12(12077METJA/1282
i113746517SYNY3/41 12
iOO7326_STRCO/641
S(\)(XBD_BACSU/451 1
20057 19 BACCE/481
il)SSéSSfSYNY3/481
i(f)’734 19 SYNY3/5012

>Q8UMQ4_9HIV1/39
2461
>Q9ID52_9HIV1/238
307
>Q9IN30_9HIV1/408
477
>QIIXF5_9HIV1/791
48
>Q99B9%6_9HIV1/238
307
>Q8Q7B8_9HIV1/33
7406
>Q87622_SIVCZ/404
473
>Q87108_SIVSA/425

21
>PATA_ANASP/263
375
>ALGB_PSEAE/1112
1

>YFHA_ECOLI/8118
>NTRX_AZOC5/511
7

>DCTD_RHILE/7117
Oxidorder ql

262

>RT16 MYXXA/1
86407

>Q17003 _ANOGA/
605832

>016587 CAEEL/
780970
>Q9YGS2 FUGRU
/573830
>RTJK_DROFU/50
2757

Pkinase

>Y1409 SYNY3/801
18
>PRP17_HUMAN/54
0579
>LE14B_PRUAR/415
453
>LE14B_LITER/4174
55

>Q9ZT99 ARATH/4
95533
>SWD3_YEAST/277
313

>YZLL CAEEL/3523
90

>Q93785 CAEEL/27
592797

>Q24593 DROME/32
833321

>094042_ CANAL/40
8446

>Q9ZBG1_STRCO
/128331
>SAPB_HAEIN/93
316

>QYHLG4 THEAC
/81265
>Q9WYD8_THEM
A/94282
>Q97VF6_SULSO/
101289
>YEJE_ECOLI/158
341

>Q49553_ MYCHO
/234419

>Q98QS7 MYCPU
/195382
>086691_STRCO/
402574
>Q987J0_RHILO/1
00280
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494

>005911 MYCTU/48 >Q8AFL5_SIVCZ/14

144

6214

>YCF52_PORPU/8616 >090273_SIVCZ/421

0

492

5-

Table Al. 100 test sequences that are removed from 10 profiles

Using equation (3) the parameters v; and u; are estimated. The number of parameters
in the conditional form, (conditional maximum likelihood estimates of the unknown
parameters) can be obtained by fminunc(.) function in Matlab Software. The
Fminunc(.) function can find the minimum of unconstrained multi-variable function.
The Fminunc(.) attempts to find a minimum of a scalar function of several variables,
starting at an initial estimate. This is generally referred to as unconstrained nonlinear
optimization. x = fminunc(-fun,xo) starts from the point x, and attempts to find a local
maximum x of the function described in fun(.). We generate X (1, u2, u3 and v;,v,v3)
1000 times to find the maximum of the conditional likelihood function.

Finally, each sequence that is removed from a profile in step 1, is added to all profiles.
Based on parameter estimation and conditional form in equation (2), we compute the
probability of the sequence being in the profile. We use the logarithm of probability

divided by the length of each profile to assign each sequence to a protein family.

3. Result and Discussion

We first estimate the neighbor-dependent coefficient for each site using coding method in

equation (3). Table 2 shows the estimated parameters; v; and u; for each of the ten profiles.

Since we classify amino acids into two groups (hydrophilics and hydrophobics) only two u;

and two v; parameters are calculated and the third parameter is reserved for the gap position

in each column of multiple sequence alignment.

Protein Profiles

parameter
Cytochrom BN  Pkinase RVP RVT 1 adh short
Ul 19.0508 14.9401 16.1354 16.1176 14.618
u2 18.0369 13.704 14.4894 14.8062 13.7032
u3 14.6757 11.0899 11.6607 12.0359 11.1094

\%! -0.1701 -0.0613 -0.142 -0.1153 -0.0321
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121
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5

-15-

207

>Q3ABV8 CARHZ/5
189

>Q8KEB1 CHLTE/8
218
>CYBH_ECOLI/1122
0
>A4BH07_9GAMM/6
165

>A5G519 GEOUR/7

21
>PATA_ANASP/263
375
>ALGB_PSEAE/1112
1

>YFHA ECOLI/8118
>NTRX_AZOC5/511
7

262

>RT16 MYXXA/I
86407
>Q17003_ANOGA/
605832

>016587 CAEEL/
780970
>Q9YGS2_FUGRU
/573830
>RTJK_DROFU/50

>AVO2 YEAST/3971 204 >DCTD RHILE/7117 2757

HA TPase ¢ BPD transp 1 Oxidorder q1 Pkinase

>Q9KIEO0 STRHY/403 >NUOL ECOLI/1334 >Y1409 SYNY3/801 >Q9ZBG1 STRCO
64192 06 18 /128331
>Q9EWA2 9ACTO/13 >NU5M_CHLRE/132 >PRP17 HUMAN/54 >SAPB HAEIN/93
711538 391 0579 316

>Q93NX7 9ACTO/13
861553

>QI9L4X2 9ACTO/499
75164

>Q9X993 9ACTO/463
14794

>Q93NW6 9ACTO/10
47810645

>Q93NW6 _9ACTO/86
958862

>Q93NW6 9ACTO/51
995366

>Q93NX8 9ACTO/14
201587

>ERYA2 SACER/314
13306

Adh short

>NU5M_ALBCO0/963
55
>NUSM_ASCSU/963
53
>NU5M_TRYBB/130
400
>NU4M_ASPAM/130
401

>NQO13 PARDE/13
0412
>NU4M_ASCSU/873
46
>NU4M_ARBLI/1113
83
>NU4M_ANOGA/10
6374

Acetyltransf |

>067458 AQUAE/621
12(12077METJA/1282
;’74651_SYNY3/41 12
iOO7326_STRCO/641
g(\){XBD_BACSUMSl 1
2005719713ACCE/481
ii}556557SYNY3/481
ig’73419_SYNY3/5012

>Q8UMQ4 9HIV1/39
2461
>Q9ID52_9HIV1/238
307

>Q9IN30 9HIV1/408
477

>QIIXF5 9HIV1/791
48

>Q99B96 9HIV1/238
307
>Q8Q7B8_9HIV1/33
7406
>Q87622_SIVCZ/404
473
>Q87108_SIVSA/425

>LE14B PRUAR/415
453
>LE14B_LITER/4174
55

>Q9ZT99 ARATH/4
95533

>SWD3 YEAST/277
313

>YZLL CAEEL/3523
90

>Q93785 CAEEL/27
592797

>Q24593_ DROME/32
833321
>094042_CANAL/40
8446

>QIHLG4 THEAC
/81265

>QIWYD8 THEM
A/94282
>Q97VF6_SULSO/
101289
>YEJE_ECOLV/158
341

>Q49553 MYCHO
/234419

>Q98QS7 MYCPU
/195382

>086691 STRCO/
402574
>Q987J0_RHILO/1
00280
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Table A2. The logarithm of probability divided by the length of each profile for 100 test
sequences (top,bottom, right and left sides)

RVT1

>KRIT1_HUMAN/320353
>Q17583_CAEEL/307339
>Q83730_9POXV/250282
>V034_FOWPV/76105
>Q24241_DROME/200232
>ANKI_HUMAN/172204
>PHO81_YEAST/506538
>ZDH17_HUMAN/89121
>AKR2_YEAST/83115

>AVO2_YEAST/3971

‘WD40

>Q7NUV6_CHRVO/13181
>028892_ARCFU/11211
>Q2N914_ERYLH/5222
>Q73XF0_MYCPA/3235
>B2UEV9_RALPJ/16207
>Q3ABVS_CARHZ/5189
>Q8KEB1_CHLTE/8218

>CYBH_ECOLI/11220

>A4BHO07_9GAMM/6165

>A5G519_GEOUR/7204

RVP

>ARCB_SHIFL/528640
>SLN1_YEAST/10901207
>BARA_ECOLI/670782
>BVGS_BORBR/9751092
>Q57N82_SALCH/8121
>PATA_ANASP/263375
>ALGB_PSEAE/11121

>YFHA_ECOLI/8118
>NTRX_AZOC5/5117

RVTI  WD40 RVP Cytochorm TIl;I:%e t]?;];) Oxidorder Pkinase Adh  Acetyltransf
BN . 1 short
0.(;55 -0.089  -0.086 -0.093 0.(;78 0.(;89 -0.076 -0.094 0.(;79 -0.092
0,(;51 -0.088  -0.086 -0.089 0.(;78 0.(;89 -0.077 -0.091 0.(;79 -0.092
04(;45 -0.089  -0.086 -0.089 0.(;76 0.(;87 -0.077 -0.091 0.(;79 -0.092
04(;58 -0.097  -0.09 -0.090 0.(;78 0,(;87 -0.079 -0.090 O.(;78 -0.090
0,(;56 -0.086  -0.085 -0.089 0.(;75 0.(;84 -0.080 -0.090 0.(;76 -0.090
04(;46 -0.085  -0.084 -0.088 O.(;76 0.685 -0.080 -0.088 O.(;Sl -0.090
OA(;SS -0.084  -0.099 -0.092 0.(;78 0,(;88 -0.082 -0.087 0.(;81 -0.088
04(;46 -0.093  -0.088 -0.093 0.(;74 0.(;89 -0.084 -0.088 0.(;80 -0.087
04(;51 -0.088  -0.085 -0.09 O.(;78 0,686 -0.083 -0.089 O.(;Sl -0.089
0.(;49 -0.089  -0.092 -0.09 0.(;76 0,(;88 -0.080 -0.09 0.(;80 -0.09
-0.08  -0.058 -0.064 -0.090 0.(;88 0,(;79 -0.07 -0.068 0.(;78 -0.093
0.(;82 -0.061  -0.067 -0.09 0.(;87 0.(;76 -0.071 -0.068 0.(;75 -0.093
0.(;86 -0.058  -0.068 -0.088 O.(;SS 0,(;79 -0.072 -0.069 0.(;79 -0.090
0.(;88 -0.06  -0.069 -0.088 0.(;87 0.(;77 -0.069 -0.069 0.(;78 -0.089
0.683 -0.062  -0.07 -0.089 0.(;87 0.(;79 -0.065 -0.072  -0.08 -0.089
0,(;87 -0.062  -0.065 -0.091 0.(;88 0.(;79 -0.066 -0.071 0.(;79 -0.088
-0.08  -0.063  -0.064 -0.090 0.(;86 0.(;78 -0.068 -0.07 0.(;79 -0.088
0.686 -0.059  -0.066 -0.089 0.(;88 0.(;77 -0.067 -0.067 0.(;77 -0.090
0,(;86 -0.058  -0.066 -0.089 0.(;89 0.(;78 -0.066 -0.066 O.(;Sl -0.089
0.(;84 -0.059  -0.07 -0.088 0.(;86 0.(;78 -0.068 -0.07 0.(;79 -0.09
0.(;89 -0.089  -0.058 -0.088 0.(;98 0,(;78 -0.068 -0.091  -0.08 -0.089
0.(;89 -0.090  -0.053 -0.088 0.(;99 0.(;76 -0.068 -0.091 0.(;83 -0.087
0.(;88 -0.089  -0.055 -0.087 O.(;99 0.(;81 -0.071 -0.089 O.(;SZ -0.087
0.(;91 -0.088  -0.058 -0.086 0.(;97 0,(;82 -0.071 -0.089 0.(;80 -0.088
0.(;90 -0.088  -0.056 -0.088 0.(;97 0.(;76 -0.070 -0.089 0.(;79 -0.090
0.(;91 -0.089  -0.058 -0.090 O.(;98 0.0-76 -0.070 -0.092 O.(;SO -0.086
0.(;88 -0.086  -0.053 -0.091 0.(;99 0,(;82 -0.067 -0.089 0.(;78 -0.088
0.(;89 -0.085  -0.053 -0.090 0.(;98 -0.08 -0.068 -0.092 0.(;83 -0.085
- -0.091  -0.057 -0.089 - - -0.068 -0.091 - -0.085
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>DCTD_RHILE/7117

Cytochorm BN

>Q35057_ MARPO/544811
>P71276_ECOLX/62269
>Q46666_ECOLX/34241
>Q47526_ECOLX/33239
>RT67 ECOLX/48262
>RT16_MYXXA/186407
>Q17003_ANOGA/605832
>016587_CAEEL/780970
>Q9YGS2_FUGRU/573830

>RTJK_DROFU/502757
HA TPase ¢

>QIKIEO_STRHY/40364192
>QI9EWA2 9ACTO/13711538
>QI93NX7_9ACTO/13861553
>QIL4X2 9ACTO/49975164
>Q9X993_9ACTO/46314794
>Q93NW6_9ACTO/1047810645
>Q93NW6_9ACTO/86958862
>Q93NW6_9ACTO/51995366
>QI93NX8 9ACTO/14201587

>ERYA2_SACER/31413306

BPD transp 1

>NUOL_ECOLI/133406
>NU5M_CHLRE/132391
>NUSM_ALBCO0/96355
>NU5M_ASCSU/96353
>NU5M_TRYBB/130400
>NU4M_ASPAM/130401
>NQO13_PARDE/130412
>NU4M_ASCSU/87346

>NU4M_ARBLI/111383
>NU4M_ANOGA/106374

RVTI WD40 RVP Cy“éc};f’““ T':.:f‘se LE\Ix:]Is)p O’“s‘l"de’ Pkinase S’;i‘:[ A“‘yll"a‘“f
0,089 5056 0077 0.080
0091 0091 0057 0088 0097 -008 -0069  -008 0079  -0075
0072 008 007 0060 0085 0073 -0070  -0078 0072  -0082
0072 008 0072 007 008 0073 0070  -0077 0072  -0.081
0075 0082 0072 0066 0082 0075 0071  -0077 0067  -0082
0072 -0080 0071 0071 0083 0075  -0070  -0075 0071  -0079
0076 0078 0072 0072 0082 0072 0071 0072 0071  -0079
0075 -0078 0072 0060 0085 0076  -0069  -0071 0070  -0077
0072 0079 0072 -0060 008 0071 0071  -0075 0070  -0.078
0074 -0.081 0069  -0067 0084 007 006  -0074 0068  -0.08
0071 -0080 0071  -007 0088 0073 007  -0073 -007  -0081
0072 -0078 0072 0068 0082 0073 0071 0075 0069  -0.82
0069 -0.114 008 0078 0065 0089 0076  -0092 009  -0078
0071 -009 0083 007 0066 0089  -0075  -0091 0091  -0076
0070 00981 0079 0077 0067 -009 -0074  -009 0091  -0075
0068 00976 0079 0082 0065 -009 -0076  -0092 0087  -0072
0070 -0102 -008  -0.081 0067 0089  -0077  -0088 0089  -0073
0068 -0102 0081  -0.082 0068 0091  -0073  -008 0089  -0079
0070 0108 007 0079 0068 0088 0076  -0095 0088  -0076
0071 -0106 0083 0078 0069 0086  -0075  -0087 009  -0077
0072 -0097 0082 0079  -007 0087 -0074  -0088 0091  -0075
007 011 008 008 0066 0092 0078  -0.093 -009  -0.76
009 0098 -009  -0.093 0088 0065  0.08  -008 008  -0073
0072 -009 0099 0091 0088 0063 -0079  -008 008  -007
0072 00981 00981  -009 0087 0063 -0078  -0.88 0081  -0076
0073 0097 00976 009 0087 0066 0082  -0087 0082  -0.076
0068 010 0.2 0088 0089 0062  -0081  -0088 0078  -0078
0071 0102 002 0087 0091 006 008 009 0079  -007
0068 -0102 -0.108  -0.088 0088 0063 -0079  -009 008  -0075
0069 0.1 0106 0089 0086 0062 -0077  -0091 0083  -007
0072 -0098 -0.097  -009 0087 0062 -0079  -0092 0084  -0075
- 01 011 -0.091 - - 0082 -0089 - 0,071



-18-

Oxidorder ql

>Y1409_SYNY3/80118
>PRP17_HUMAN/540579
>LE14B_PRUAR/415453
>LE14B_LITER/417455
>Q9ZT99_ARATH/495533
>SWD3_YEAST/277313
>YZLL_CAEEL/352390
>Q93785_CAEEL/27592797
>Q24593_DROME/32833321

>094042_CANAL/408446

Pkinase

>Q9ZBG1_STRCO/128331
>SAPB_HAEIN/93316
>QOHLG4_THEAC/81265
>QOWYDS_THEMA/94282
>Q97VF6_SULSO/101289
>YEJE_ECOLI/158341
>Q49553_MYCHO/234419
>Q98QS7_MYCPU/195382
>086691_STRCO/402574

>Q987J0_RHILO/100280

Adh short

>067458_AQUAE/62145
>Y1207_METJA/128211
>P74651_SYNY3/41123
>007326_STRCO/64160
>YXBD_BACSU/45119
>005719_ BACCE/48131

>Q55655_SYNY3/48120

RVTI WD40 RVP Cy‘g“;"““ T]l-’[;ze 12??13 OXiz‘l"d“ Pkinase S’;‘;‘;‘t A“‘yll"a“Sf
0.069 5057 0061 0.081

0083 0093 009  -009 0091 0077 0065  -0.097 0092  -0.089
0081 0092  -0.12 009 0087 0077 -0064  -0.098 0095  -0.090
0085 0092 -0119  -0.08 0086 0081  -0064  -0.098 0092  -0087
0083 -0.094 0101  -0091 008 -0.08 0064  -0.094 0088  -0.092
0088 0092 0.1 008 0088 007 0063  -0.093 008  -0.094
0082 0093 -0111  -0.088 0087 0079  -0064  -0.097 0094  -0.092
0084 0093 0111  -009 0091 0076 0063  -0.094 0093  -0.092
0081 009 0106  -0092 09 0078 0065  -0.093 0091  -0.093
0082 0091 -0115  -0.08 0086 0078  -0064  -009 0090  -0.094
0086 -0.093 -0095  -009 0088 0077  -0066  -0.091 0088  -0.093
009 0084 0075 -0077 0091 0079 0073 007 0079  -0.081
009 008 0072 -0077 008 0078  -0.07  -0069 0078  -0.081
0091 0085 006  -007 0092 0081 007 0067 0078  -0.077
0088 0085 -0.07  -0.073 0083 0073  -0076  -0.068 0077  -0.08
0087 008 -0072 0073 0091 0074  -0072 007 0079  -0.081
0089 0086 -0071  -0079 0086 0078 0075 0060 0081  -0.075
0087 0084 -0068 0072 0087 0079 0073 0071 008  -0.078
0088 0083 007  -0.07 0089 0081  -0077 0072 0077 0079
009 0085 -0060  -0075 0085 0076  -0077 0067 0079  -0.078
0089 0085 -0071  -0074 008 0075 007  -007 -008  -0.076
0097 0076 -0088  -0087 0077 009 0073 0091 0072 0077
009 0075 -0091  -0087 0081 0096  -0081  -009 0071  -0.081
0091 0078 000  -0.08 0079 -0.18  -0076  -0.092 007  -0076
009 0076 0092  -0089 0078 0199  -0.07  -0.093 0068  -0.078
0097 0075 -0089  -009 008 0097 -0079  -0.092 0060  -0077
0091 0077 008 008 0078 0. 0077  -0092 006  -0.081
0092 0078 0091 0085 0078 009 0078  -0.092 0067  -0.076



-19-

>P73419_SYNY3/50121
>005911_MYCTU/48144

>YCF52_PORPU/86160

Acetyltransf 1

>Q8UMQ4_9HIV1/392461
>Q9ID52_9HIV1/238307
>QIN30_9HIV1/408477
>QIXF5_9HIV1/79148
>Q99B96_9HIV1/238307
>Q8Q7B8_9HIV1/337406
>Q87622_SIVCZ/404473
>Q87108_SIVSA/425494

>QBAFLS_SIVCZ/146214

>090273_SIVCZ/421492

RVTI WD40 RVP Cytgc;onn Tll;ti\/ze tz??p Oxiz(l)rdcr Pkinase ;?1(;1:1 Acclylltransf
-0.09  -0.079 -0.09 -0.89 0.(;76 0. {67 -0.079 -0.095 0,(;71 -0.082
0.(;92 -0.077  -0.088 -0.084 0.(;75 0.(;98 -0.078 -0.093 0.(;72 -0.078
0,(;95 -0.076  -0.092 -0.084 0.(;78 -0.1 -0.08 -0.094 0.(;67 -0.077
0,(;74 -0.088  -0.096 -0.085 0.677 0.0-76 0.077 -0.072 0.(;89 -0.063
0.(;76 -0.089  -0.097 -0.084 -0.08 0.(;79 -0.074 -0.068  -0.09 -0.067
0.(;73 -0.088  -0.097 -0.084 0.676 0,(;75 -0.074 -0.073 0.(;85 -0.062
0.(;71 -0.091  -0.097 -0.089 O.(;79 0,(;75 -0.075 -0.07 0.(;87 -0.065
-0.07  -0.087 -0.099 -0.05 0.(;74 0.(;78 -0.076 -0.071 0.(;89 -0.064
0.(;75 -0.091  -0.096 -0.086 0.(;75 0.(;76 -0.078 -0.073 0.686 -0.064
0.(;76 -0.09 -0.099 -0.089 0.(;77 0.(;75 -0.079 -0.068  -0.09 -0.062
0.(;75 -0.092  -0.099 -0.87 O.(;74 0,673 -0.079 -0.067 0.(;85 -0.062
OA(;72 -0.091  -0.095 -0.083 0.(;72 -0.08 -0.078 -0.07 0,(;86 -0.065
0.(;72 -0.091  -0.099 -0.09 0.(;73 0,(;75 -0.075 -0.069 0.(;91 -0.066

Table A3: logarithm of probability divided by length of each profile for 100
(right and left hand sides )

test sequences

RVTI

>KRIT1_HUMAN/320353
>Q17583_CAEEL/307339
>Q83730_9POXV/250282
>V034_FOWPV/76105
>Q24241_DROME/200232
>ANK1_HUMAN/172204
>PHO81_YEAST/506538
>ZDH17_HUMAN/89121
>AKR2_YEAST/83115

>AVO2_YEAST/3971

‘WD40

>Q7NUV6_CHRVO/13181
>028892_ARCFU/11211

>Q2N9I4_ERYLH/5222

RVTI WD40 RVP Cy‘g;"’m T'I-’Iél:e tz?s)p OXiz‘frder Pkinase 5?1‘3)1; A“‘yll"“"Sf
007 0075 0083  -0.095 008 -0077  -008  -0.078 009  -0.081
0082 0074 0082  -0.098 008 -007  -008  -008 008  -0.083
007 0073 0080  -0095  -0.082 0076  -0.09  -0.08 0089  -0.08
0085 0068 0079  -0.095  -0.078 -0079  -008  -0.082 0091  -0.077
0073 0073 0077 0096  -0077 -007  -008  -0.081 0085  -0.078
0073 -0.074 0078  -0092  -0.081 0077  -0.083  -008 0088  -0078
0085 007 0076  -0.097  -0082 -0079  -0.08  -0.082 0080  -0.084
0081 0076 0078  -0.094  -0081 -0078  -0.08  -0.080 0087  -0.08
0078 0060 0083  -0095  -0.078 0076  -0.083  -0.077 0088  -0.078
008 0070 0083  0.098  -0078 -0075  -009  -0082 0087  -0.08
0084 0072 0061 0084  -0077 0079  -007 0074 0075  -0.076
0082 -0.074 0059  -0082  -0.074 0079  -0067 0077 0076  -0076
0086 0075 0065  -0.086  -0075 -0081  -0062  -0.07 0077  -0.078



-20-

>Q73XFO_MYCPA/3235
>B2UEV9_RALPJ/16207
>Q3ABVS_CARHZ/5189
>Q8KEBI_CHLTE/8218
>CYBH_ECOLI/11220
>A4BHO7_9GAMM/6165

>A5G519_GEOUR/7204

RVP

>ARCB_SHIFL/528640
>SLNI1_YEAST/10901207
>BARA_ECOLI/670782
>BVGS_BORBR/9751092
>Q57N82_SALCH/8121
>PATA_ANASP/263375
>ALGB_PSEAE/11121
>YFHA_ECOLV/8118
>NTRX_AZOCS5/5117

>DCTD_RHILE/7117

Cytochorm BN

>Q35057_MARPO/544811
>P71276_ECOLX/62269
>Q46666_ECOLX/34241
>Q47526_ECOLX/33239

>RT67_ECOLX/48262

>RT16_MYXXA/186407

>Q17003_ANOGA/605832
>016587_CAEEL/780970

>Q9YGS2_FUGRU/573830

>RTIK_DROFU/502757
-HA TPase ¢

>QIKIE0_STRHY/40364192
>QI9EWA2_9ACTO/13711538
>Q93NX7_9ACTO/13861553

>QIL4X2 9ACTO/49975164

RVII WD40 RVP Cy‘gcg""“ Tll;icaﬁe [Z?gg 0’“3‘1’“1“ Plinase S’E‘;‘;‘t ACCWII‘““Sf
0084 007 0055 0084  -0073 0079  -0062 0078 008  -0078
0081 007 007 0081  -0.073 0078  -0062  -0.078 0076  -0.081
0083 0075 0062  -0.083  -0072 -0.08 0067  -0.081 0075  -0.081
008 0068 0059  -008 0073 -0081  -0063  -0077 0075  -0078
0086 -0.068 0068  -0086  -0.071 -008  -0062  -0.077 0075  -0.081
0081 0071 -006  -0081  -0.077 -0.078  -0066  -0.082 0079  -0.081
0084 007 0061  -0.084  -0075 -0079 0061  -008 0075  -0.08
007 0085 0057  -0.09  -0.084 -0.088  -0.087  -0082 -008  -0.083
007 0082 0063  -009  -0.084 -0.088  -0.087  -0081 -008  -0.083
007 0083 0062 0091 0082 009  -08  -0082 0081  -0.082
0068 -0.084 0063  -0092  -0.082 0091  -0.086  -0.08 0082  -0078
0072 0078 0062  -0.089  -0079 008  -008  -008 0079  -0.078
0068 0079 0062  -0.088  -0078 -0091  -009  -008 0079  -008
007 0081 0057  -0.087  -008 -0088  -0.087  -0082 -0.08  -0.082
0069 0085 0063  -0.093  -0089 -008 008  -0.083 0082  -0.081
0068 007 0061  -0.091  -0087 -0088 -0087  -0.07 0079  -0.078
0069 -0.081 0058 009  -008 0.9 08 008 008  -0.079
007 008 0095 0073 0087 -0072 007  -0078 0076  -0.083
0074 0093 0095  -0074  -0.086 -0.073  -0079  -0.07 0076  -0.081
0072 0094 0097 0071  -0.083 0075  -0078  0.07 0075  -0083
0069 008 0097  -0.060  -0087 -006 -0081  0.075 0074  -0.079
0069 -0.091 0092 0075  -0089 -0073  -008  -0.073 0079  -008
007 0095 0091 0073 -0085 -0078 0077  -0072 0078  -0.078
0071 0095 -009 007  -0083 -007 0078  0.07 007  -0.077
0068 -009 0095 0060  -0087 -0067 0078  0.073 0072  -0.077
0069 -0.089 0092  -0073  -0.085 0072 -0079  -0.07 0073  -0078
007 0091 0093 007 0085 007  -0081  -0076 0072  -0077
0071 -0.075 0082  -0082  -0.060 0073  -0079  -0.092 008 0075
0074 -0.074 0083  -0081  -0.068 -0.07  -0079  -0.08 0085  -0073
0073 0074 008  -0081  -007 0072  -0075  0.08 008  -0076
0076 0075 0081 008  -0069 -006 0077  -0.091 0085  -0.071



-21-

>Q9X993_9ACTO/46314794

>Q93NW6_9ACTO/1047810645

>Q93NW6_9ACTO/86958862
>QI93NW6_9ACTO/51995366
>Q93NX8 9ACTO/14201587

>ERYA2_SACER/31413306

BPD transp 1

>NUOL_ECOLI/133406
>NU5SM_CHLRE/132391
>NU5M_ALBCO/96355
>NU5M_ASCSU/96353
>NUS5M_TRYBB/130400
>NU4M_ASPAM/130401
>NQOI13_PARDE/130412
>NU4M_ASCSU/87346
>NU4M_ARBLI/111383

>NU4M_ANOGA/106374

Oxidorder g1

>Y1409_SYNY3/80118
>PRP17_HUMAN/540579
>LE14B_PRUAR/415453
>LE14B_LITER/417455
>Q9ZT99_ARATH/495533
>SWD3_YEAST/277313
>YZLL_CAEEL/352390
>Q93785_CAEEL/27592797
>Q24593_DROME/32833321

>094042_CANAL/408446

Pkinase

>Q9ZBG1_STRCO/128331
>SAPB_HAEIN/93316
>QIHLG4 THEAC/81265

>QIWYD8_THEMA/94282

RVII WD40 RVP Cy‘gcg""“ Tll;icaﬁe [Z?gg 0’“3‘1’“1“ Plinase S’E‘;‘;‘t ACCWII‘““Sf
0070 0073 008  -0082  -0.071 -0.07  -0.078  -0.088 0088  -0.074
0072 0075 0081  -0081  -0.072 0071 008  -0.001 008  -0073
007 0073 0079  -0081  -0067 -0075 0081  -0.092 0088  -0.074
0078 0072 008 008  -0072 -0073 0077  -0.088 008  -0.075
0072 0073 0078  -0081  -007 -007  -0079  -0.08 0085  -0.074
0073 0075 0078  -0078 0072 0069 -0081  -009 008  -075
008 0079 0060 007 0078 -0077 0067  -0089 0084  -0.073
0081 0078 0069 0071 008 -0078  -007  -0.088 008  -0.073
0082 0077 007 0072 079 -007 0067  -089 0083  -0.072
0083 0076 007  -0073  -008 -008  -0073  -009 0081  -0075
0084 -0.076 0068  -0069  -0.081 0066 -0.066  -0.08 0087  -0075
0078 0078 006  -0071  -0082 -0075 0071  -0.091 0086  -0.076
0078 0079 0071 0073 -0077 0071 0072 -0092 0082  -0.074
0079 0079 0072  -0068  -0.078 0073  -0068  -0.087 008  -0073
0077 008 0069  -0.060  -0079 -0079 0067  -0.001 0087  -0.077
0078 0077 0067 007  -0081 008 0067  -009 0083  -0.073
0091 008 0092  -0.098 006 -0078  -0083  -0.008 0076  -0.073
0092 -0.085 0091  -0098  -0.061 0078  -0079  -0.099 0075  -0073
0093 -0.086 0092  -0099  -0.065 0077  -0075  0.09 0078  -0.074
0089 -0.083 0093  -0098  -007 0076 007  -0.097 0076  -0075
0088 -0085 0092  -0.1 005 0077 0079 0098 0075 -0076
0089 -0.085 0091 0.1 0063 0078 0076 -0097 0074  -0.073
0091 -0.084 0091  -0097  -0.062 -008  -0075  0.09 0075  -0.074
009 0086 0093 009  -006 008  -0079  -009 0073  -0075
0093 0087 009  -0.097  -0063 -0079 0074  -0095 0075  -0.076
009 0083 0095  -0.097 0069 -0078  -0.068  -009 0077  -0.078
0083 -0.075 0073  -0087  -0.091 0073  -0.086  -0.071 0079  -0087
0084 007 0073  -0088  -0.084 0075  -0.085  -0.073 0079  -0086
008 0078 0072  -0.089  -0.092 -0073  -0087  0.072 -008  -0.087
008 007 0071 009 0083 -0072 008 0071 0078  -0.09



-22-

>Q97VF6_SULSO/101289
>YEJE_ECOLV/158341
>Q49553_MYCHO/234419
>Q98QS7_MYCPU/195382
>086691_STRCO/402574

>Q987J0_RHILO/100280

Adh short

>067458_AQUAE/62145
>Y1207_ METJA/128211
>P74651_SYNY3/41123
>007326_STRCO/64160
>YXBD_BACSU/45119
>005719_ BACCE/48131
>Q55655_SYNY3/48120
>P73419_SYNY3/50121
>005911_MYCTU/48144

>YCF52_PORPU/$6160

Acetyltransf 1

>Q8UMQ4_9HIV1/392461
>Q9ID52_9HIV1/238307
>Q9IN30_9HIV1/408477
>QUIXF5_9HIV1/79148
>Q99B96_9HIV1/238307
>Q8Q7B8_9HIV1/337406
>Q87622_SIVCZ/404473
>Q87108_SIVSA/425494
>QBAFLS_SIVCZ/146214

>090273_SIVCZ/421492

RVII WD40 RVP C”}‘;Cg‘)"“ Tll;?sc t?a?]s)p OXii‘;rder Pkinase S’;“i)};l Ace‘yll"a““
0085 -0.075 0075 0084  -0091 -0.074  0.085 | -0.074 0079  -0.088
0079 0076 007  -0.082  -0086 -0075  -008  0.072 0081  -0.086
0084 0078 0074 0087  -0087 -0078  -0.08 0073 008  -0.085
0082 -0.075 0073 0088  -008 -0079  0.089  -0.069 0078  -0.084
008 0073 0072 008 0085 -0076  -0.083  -0069 0078  -0.086
008 007 0073  -0.089  -0084 -007  -008 0073 0079  -0.089
007 008 0072 008  -0078 -0081  -0087  -0.083 007  -0.087
0072 0081 0074  -0.084  -0076 -0082  -008  -0.08 0073  -0.085
0073 0079 0073 0082  -0077 008  -008  -0.094 0072  -0.086
007 0085 0075 008 00775 -0083  -0087  -008 0071  -0.088
0072 007 0076  -0.081  -0.08 00084  -0.09  0.081 0072  -0.089
007 -008 0077  -0.083  -0079 -0082  -0.088  -0.086 0073  -009
0077 0079 007 0083  -0081 -0081  -0.091  -0.087 0075  -0.085
007 0083 0072 082  -0075 -0078  -0085  -0.085 0071  -0.086
0073 008 0074 0086  -0076 008  -0087  0.084 0073  -0.087
0074 0076 0076 0086  -0077 -0082  0.086  -0.087 0072  -0.089
008 0076 0089 008  -007 0071 0078  -0076 0085  -0.069
0083 -0.075 0087  -008 007 -0069 0076 0077 0082 007
0082 0073 0085 0082  0.07 -006 008  -0072 0083  -0.074
0079 -0.075 0080 0085  -0075 -0.074  0.078  -0.076 0088  -0.071
0078 007 008  -0.085 007 -0075 008  -007 0083  -0.069
008 0075 0088 008 0074 0074  -0081  -0072 0087  -0072
0083 -0.075 0085 0079  -0071 0076 0076 0073 0088 007
0082 0075 0088 008  -0072 -0071  -008  0.072 0087  -0.069
0081 007 0085 0081  -0073 -007  -0083  0.072 0088  -0.074
008 0074 0084 0081 0060 -0.075 0082  -0073 0088  -0.074
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