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The topology predictor SPLIT 4.0 (http://pref.etfos.hr) predicts the sequence location of transmembrane
helices by performing an automatic selection of optimal amino acid attribute and corresponding preference
functions. The best topological model is selected by choosing the highest absolute bias parameter that combines
the bias in basic charge motifs and the bias in positive residues (the “positive inside rule”) with the charge
difference across the first transmembrane segment. Basic charge motifs, such as the BBB, BXXBB, and
BBXXB motifs in o-helical integral membrane proteins, are significantly more frequent near cytoplasmic
membrane surface than expected from the Arg/Lys (B) frequency. The predictor’s accuracy is 99% for
predicting 178 transmembrane helices in all membrane proteins or subunits of known 3D structure.

INTRODUCTION

Membrane proteins are encoded by 20—30% of all open
reading frames found in different organisms.! Integral
membrane proteins are usually built from bundles of trans-
membrane (TM) a-helices. The sequence location and
transmembrane orientation of membrane-spanning helices is
very important information for research workers concerned
with the structure and function of such proteins.? Sequence
analysis can locate potential transmembrane segments, for
instance by using their greater average hydrophobicity, and
it can also provide the additional information about their
transmembrane orientation.? The resulting two-dimensional
topological model is very useful as a schematic representation
of protein arrangement in the membrane. It can be used as
the starting point in attempts to predict the three-dimensional
structure. The prediction accuracy reported in topology
prediction papers®~® depends on the method used to select
favorites among topological models. One favorite selection
criterion is the magnitude of positive charge bias.? Namely,
in topological models with the best experimental support
arginines and lysines are found more often in cytoplasmic
loops than in extracytoplasmic regions.*!? This observation,
named the “positive inside rule”, is used to predict cyto-
plasmic (IN) or extracytoplasmic (OUT) location of protein
amino terminus.

When the inside/outside charge bias is different from zero
it is an overall property of a sequence with a known or
predicted transmembrane segments. In other words, global
heuristics, such as the positive-inside bias, cannot be associ-
ated with specific sequence location. Other topological
determinants have been described in the literature, such as
the charge difference across the first transmembrane seg-
ment!! and asymmetry in the amino acid composition in
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outside and inside loops.!? These determinants also do not
point to specific sequence locations. On the other hand,
sequence locations where a small number of amino acids
have obligatory cytoplasmic or extracytoplasmic positions
are known to exist in integral membrane proteins. The
problem with topological determinants specific for sequence
location is that they have a high specificity for similar
sequences belonging to a particular class of membrane
proteins. In general, such determinants are not common and
cannot be extended to majority of membrane proteins.

In this paper we describe the clusters of the basic residues
predominantly found in cytoplasmic loops as additional
topological determinants that are often present in membrane
proteins. These determinants are specific for sequence
locations near cytoplasmic membrane surface. The first goal
in this paper is to prove that high frequency of basic charge
motifs cannot be explained away with a prevalence of
positively charged residues in the cytoplasmic loops. The
bias in cytoplasmic/extracytoplasmic basic charge motifs,
together with other topological determinants, is then used
to select the optimal topological model for a given integral
membrane protein. Models with different sequence location
and number of predicted transmembrane helices are created
by using an automatic run of different amino acid attributes
in the preference functions method.'>!* We shall show that
our predictor is one of the best performing computational
methods for topology predictions.

MATERIALS AND METHODS

Protein Data Set. Experimental evidence was stricter for
the testing data set of proteins, while nonredundancy was
stricter for the training data set. We removed all annotated
signal sequence. Three data sets were used for testing. We
used 158 membrane proteins collected earlier3815 and 79
membrane protein sequences collected recently as the MP-
topo database.'¢ The subset of 41 sequences from the MPtopo
database are the X-ray determined structures. An additional
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data set of 11 sequences from membrane proteins of known
structure, not included in the subset of 41 sequences, nor in
the test set of 158 proteins, was collected from published
papers,'” from the best characterized proteins in the Mbller
et al. database'® and from the most recent additions to the
MPtopo database.!® These sequences are (in the Swiss-
Prot codes) as follows: COAB_BPFD, COAB_BPPFI,
COAT_BPPF3, COXA_THETH, 1B14_ HUMAN, COX4_
PARDE, AQP1_HUMAN, GLPF_ECOLI, UCRI_BOVIN,
CB21_PEA, and MSBA_ECOLI. The combined data set of
41 and 11 sequences of known X-ray structure was split into
the subset of 36 sequences that are not from inner mito-
chondrial membrane (Table 3) and 16 sequences from inner
mitochondrial membrane. In proteins of known X-ray
structure the position of helices with respect to putative
membrane location was examined with the program GARLIC
from our laboratory (free source code available at the Internet
address: http://pref etfos.hr).

For the training data set we used membrane proteins with
assigned topological orientation from the version 38 of the
Swiss-Prot database.!® There were 4737 such proteins. In
the first selection process we selected 687 proteins that had
good annotation and belonged to (a) different protein classes,
(b) diverse kingdoms: eukaryotic, bacterial, and archaea, (¢)
diverse membrane location, and (d) judging by the length
of potential transmembrane segments of about 20 residues
did not have transmembrane SB-strands.

Although Swiss-Prot is an excellent source of protein
sequences and annotated information,? it inevitably presents
some erroneous information, especially in sequence annota-
tion. For instance nontransmembrane pore P-segment is often
assigned as a transmembrane segment in the Swiss-Prot
version 38. This is the case with glutamate receptors
NMZi_HUMAN, NMZ1_MOUSE, NME1_RAT, GLK2_
HUMAN, GLK1_HUMAN, and others. These sequences
were not removed from protein data sets. Instead, the
transmembrane segment was not assigned to the P-segment,
leaving a total of three transmembrane segments for se-
quences with these Swiss-Prot codes. Such correction is in
accord with three TM topology mode! revealed in experi-
ments.2'22 It is also in accord with the annotation of TM
segments now present in the Swiss-Prot (release 40) for the
NMZI receptors but not for the NME1, GLK2, and GLK1
that are still annotated as having four TM segments, the
second being the pore segment.

Sequence with what we felt was wrong IN/OUT topology
assignment was removed only in one case. That was the
CMLA_PSEAE drug resistance translocase with assigned
OUT topology. All others sequences belonging to drug
resistance translocase family with 12 TM segments have IN
topology. The second selection step eliminated sequences
having greater than 25% identity, The redundancy of the
training set was checked by pairwise alignment of each
protein pair with the CLUSTALW program.?®* Standard
scoring matrix and slow (accurate) alignment options were
used.

Sequences already included in the test data set of 158
proteins were left out from the training data set. This
procedure left 265 nonhomologous proteins in the training
set with assigned IN/OUT topological orientation. Two other
test data sets of 79 and 11 proteins shared only 5 and 1
proteins, respectively, with the training set. There were 187
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eukaryotic, 76 bacterial, and 2 archaeal proteins, all but 7
from the plasma membrane. The remaining seven proteins
originated from the endoplasmic reticulum, the sarcoplasmic
reticulum, the rod disk membrane, the lysosomal membrane,
and the viral membrane. Sorted by the number of (potential
or expected) transmembrane helices (TMH) there were 111
proteins with 1 TMH, 37 with 2, 9 with 3, 8 with 4, 2 with
S, 11 with 6, 48 with 7, 6 with 8, 4 with 10, | with 11, 22
with 12, 2 with 13, 3 with 14, and 1 with 24 TMH.

The testing set of 158 proteins was also reduced by
eliminating all homologous proteins (with identity higher
than 25%) and proteins homologous to any sequence in the
training set. This procedure left a total of 96 nonhomologous
proteins in the reduced testing set. Together with a training
set of 265 proteins we had 361 nonhomologous proteins of
known (assigned) IN/OUT topology. The subsets of proteins
with 6 and 12 transmembrane domains are all associated with
expected IN orientation (only the SECD_ECOLI is assigned
OUT topology®). Proteins with seven TM segments are
almost all associated with expected OUT orientation (only
the cyda and cyoe proteins from E. coli have IN orientation).

The training procedure was not automatic, and it was not
optimized. It consisted of using the prediction performed with
the database of 265 nonhomologous proteins, whenever we
had to fix some free parameter (such as the choice of amino
acid scales). To extract preference functions'? from soluble
proteins we used PDB files to create a data set of 100 such
proteins determined by X-ray analysis (1.7 A resolution or
better). The secondary structures were retrieved for these
proteins and for membrane proteins of known crystal-
lographic structure by using the program STRIDE.2* A small
utility program was written to convert the STRIDE output
into a format suitable for our program. The structural motifs
were reduced to helix (H), beta (E), turn (T), and undefined
(U). The 3,9 helices were treated the same way as o-helices.

All of above-mentioned data sets of membrane (158, 79,
41, 52, 36, 16, 265, 96, and 361) and soluble (100) proteins
are available as lists of PDB or Swiss-Prot codes and
corresponding primary and secondary structures at the
following Internet address: http://pref.etfos.hr/split-4.0/extra/.
Several corrections to data presented in the Tusnddy and
Simon® and MPtopo database'® as well as other Supporting
Information can be found at the same address.

Counting of Positive Charges Occurring Singly or as
Pairs, Triplets, Quadruplets, and Clusters. Arginines and
lysines are counted not only in extramembrane loops but also
when found in helix caps among the first and last six residues
in each known or expected transmembrane helix. In extra-
membrane loops the basic residues are counted among 30
residues before and after the transmembrane segment. This
rule is modified in the case of proteins with only one
transmembrane segment. Then, arginines and lysines are
counted among 15 extramembrane residues on the each side
of the transmembrane segment. Histidine can also have
positive charge, but since it is not easy to predict from
sequence inspection when it is positive, it is not included in
counting procedure.

It is convenient to use the same symbol B for arginine
and lysine and X for any other amino acid. Motifs collected
in Table 1 are isolated basic charges, charge pairs, triplets,
and quadruplets. The BXXXBB triplet is not included in
counting triplets for the determination of the triplet-inside
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Table 1. Distribution of Basic (B) among Other (X) Amino Acids
Close to Putative Membrane Surface in 361 Membrane Proteins

cytoplasmic loops extracytoplasmic loops
ytop p p

random random
motifs real observed expected real observed expected
XXXBXXX 1384 1769 +£32 1751 1155 1176 £26 1208
singlets
2B motifs 1846 1515+£20 1505 352 34215 321
BB 848 597 £ 20 577 121 12748 114
BXB 516 499 +£22 498 96 112410 107
BXXB 482 419+ 16 430 135 104£9 100
3B motifs 912 604 + 18 589 81 7749 63
BBB 182 88+ 12 79 i1 10+3 7
BXBB 123 747 68 5 843 7
BBXB 109 73+£8 68 10 943 7
BXBXB 55 60+8 59 6 8§43 6
BXXBB 102 607 59 5 8§43 6
BBXXB 99 S8+7 59 10 9+3 6
BXBXXB 57 49+6 51 6 7+3 6
BXXBXB 57 S51+8 51 6 642 6
BXXBXXB 49 40+%6 44 12 5+2 6
BXXXBB 79 51+7 51 10 6+2 6
4B motifs 191 71+10 62 5 5+3 3
BBBB 36 14%5 11 0 1+1 0.5
BXBBB 25 11+3 9 0 1+1 0.4
BBXBB 26 1243 9 0 1+1 0.4
BBBXB 24 113 9 1 05+£1 0.4
BXXBBB 30 8+3 8 1 0541 0.4
BBXXBB 25 813 8 2 1£1 04
BBBXXB 25 943 8 1 05+1 04

bias (motif bias). Remaining nine triplets (Table 1) are
counted as overlapping units in which any two successive
B are separated with no more than two X. Clusters are
counted as separate not overlapping units when three or more
B are found so that any two successive B were separated
with no more than two X. For instance, according to such a
definition, the cluster of basic charges BXBXXBB contains
three overlapping charge pairs BXB, BXXB, and BB and
two overlapping triplets BXBXXB and BXXBB. For the
Table 1 results, motifs and positive charges are collected
within the same limits, namely in six helix cup residues and
in up to 30 extramembrane residues. For all other results
triplets are collected starting from the TM segment middle
and also up to 30 residues outside it. The observed B, X
frequencies are used to calculate the expected frequency of
different motifs according to the binomial distribution.
Randomization of Basic Charges. Random number
generator subroutine is used to randomize the sequence
position of basic residues Arg/Lys in all cytoplasmic loops
and (separately) in all extracytoplasmic loops in each protein.
The total number of randomized residues is the same as the
number of residues counted in cytoplasmic or extracytoplas-
mic domains. Also, counting restrictions of six membrane
and 15 or 30 extramembrane residues are maintained for
random placement of Arg/Lys near membrane surface.
Randomization was performed 50 times to find the average
number of basic charge clusters created by this procedure
as opposed to the number of corresponding clusters counted
in unchanged sequences from the same data set of proteins.
Overall Bias. We use three basic topological determinants.
Basic determinants are positive charge bias (C.B.), charge
difference across the first transmembrane segment (CH.D.),
and the bias in triplet motifs of basic residues (M.B.). The
charge/triplet bias is calculated as the difference between
charges/triplets in odd and even extramembrane loops. Since
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Scheme 1
Scale # __ Acronym; Attribute
19 PONG3: Combined membrane hydrophobicity scale of Ponnuswamy and Gromiha %
77  PRIFT: Comette statistical scale for amphipathic helices (Comette) 3
47  PONG1: Sumrounding hydrophobicity scale of Ponnuswamy and Gromiha 3
12 GIBRA: Gibrat solvent accessibifity in proleins 3!
3 PONNU: Surrounding hydrophobicity scale of Ponnuswamy %
85  OSMP1: Juretic optimal scale for membrane proteins with one TM segment .33
43  KUHLE: Kuhn and Leigh membrane propensity scale 3
4 ENGEL: Engelman hydrophathy values 3%
54  EDE{15: Edelman optimat predictors for width 15 %
3 EDE21: Edeiman optimal predictors for width 21 %
§1  EDE31: Edelman optimal predictors for width 31 %
52  EDES5Z; Edeiman optimal predictors for width 25 %
82  MKD2: Jureti¢ modified Kyte-Doolittie hydrophathy scale ¥
81 MKD1: Jureti¢ modified Kyte-Doolittle hydrophathy scate ¥
1 KYTDO: Kyte-Doolile hydropathy values 2

the motifs bias is considered to have the greatest weight, it
is multiplied with the factor three and an overall bias, named
COMB2, is defined as

COMB2 = C.B. + CH.D. + 3*M.B. 1)

A positive or zero overall bias value is considered to be
the “IN” prediction for the location of the N-terminus, while
the negative value is the “OUT” prediction.

Creation of Topological Models by Using Different
Amino Acid Attributes. Amino acid attributes are listed in
the main page for the SPLIT server (http://pref.etfos.hr/split)
according to their performance in predicting sequence
location of transmembrane segments. The SPLIT 4.0 predic-
tor is using 15 attributes (Scheme 1) at the top or close to
the top of that list, but in reverse order so that best scales
are last to be associated with a corresponding bias. The
numerical values for 20 amino acids in all amino acid scales
are available at the same address. The Kyte-Doolittle
hydrophobicity scale® is used as the first and the iast scale.
These scales are used to find potential transmembrane
helices, through the preference functions method as described
previously.26728 In this work only old preference functions
were used to predict TM helices' since we did not utilize
new amino acid scales.

The Choice of an Optimal Scale. As a general rule the
SPLIT 4.0 finds optimal attribute as associated with the
highest absolute overall bias value (1). The absolute bias
values are compared, and the last scale with the highest bias
is chosen. The training procedure is used to define additional
rules for selecting the optimal scale and potential transmem-
brane helices. The tested sequence is regarded as the soluble
protein sequence if at least 14 out of 15 scales do not find
any potential TM helix. When a small number of potential
transmembrane segments is predicted (less than five), then
the bias per one potential TM segment (relative bias) is used
as the selection parameter. When the majority of scales
predicted the same number of potential TM helices, then one
of these scales associated with the maximal bias is chosen
as the optimal. However, in the case when the maximal bias
value is considerably higher (more than 1.5 times higher)
from the next highest bias associated with different number
of predicted TM helices, then the scale giving the maximal
bias is chosen.
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The prediction with the Kyte-Doolittle scale, as the first
scale, served to decide whether to use with all other scales
the corrections (mostly in length extension, but sometimes
in different number of predicted TM helices) obtained with
Richardson middle helix preferences’ and corresponding
preference functions.”” When five or eleven TM segments
are initially predicted then such corrections are used. The
prediction with the Kyte-Doolitle scale, as the last scale,
served to channel the decision toward that scale, as the
default scale, if some other attribute did not win due to higher
bias.

In addition, some of the potential TM segments are
eliminated if the polar residue score inside the segment is
too high (K,R scored 5; E,D,Q,N scored 4; P,S,H scored 3;
T scored 2; Y, W ,CM,G scored 1; A,V,L,F,I scored 0), the
segment length too small, and the maximal preference for
the TM helix too low. Numerical values for polar residues
are based on the observed frequency of these residues in
TM segments and neighboring extramembrane segments
from the training database. The minimal value of the TMH
elimination parameter, (predicted TMH length-9)(maximal
TMH preference)/(polar residue score), was 1.5 and 2.5 for
less than four and four or more predicted TMH, respectively.
The higher value is applied only in the case when the ends
of a predicted TM helix were more than 90 residues away
from sequence start or from the C-terminus of the nearest
downstream predicted helix and from the sequence end or
from the N-terminus of the nearest upstream predicted helix.
All segments, with that parameter less than the minimal
value, are eliminated. Potential voltage sensor segments with
regularly spaced arginines™ are generally spared by omitting
the score due to such arginines from the total score for polar
residues. The FORTRAN source code of the algorithm is
freely available at http://pref.etfos.hr.

Reported Performance Parameters. Chosen performance
parameters punish underprediction and overprediction. The
prediction accuracy parameter Aty for residues in the TMH
structure takes into account overpredicted orm, underpre-
dicted ury, and observed number Nyy of residues found in
the TMH structure:

Ay = (Nqy — Oy = upp)/Npy ()

Per-segment prediction accuracy Aruy is also estimated
by using eq 2 when a number of overpredicted and
underpredicted TM segments is known. To compare the
results from 1. Simon® and S. White'¢ laboratory we also
used the Q paramgter:

Q = 100*N, *(Nps *Nore) ™ (3)

Here Ncor, Noos, and Npeq are respectively correctly
predicted, observed, and predicted numbers of TM segments.

Protein specific performance is estimated by counting (a)
the number of sequences Ner in which for all predicted TM
segments at least nine residues overlap observed and
predicted segment without any underpredicted or overpre-
dicted segment and (b) the number of sequences Nen in
which both protein N-terminus location and sequence loca-
tion of predicted TM segments (according to the condition
(a)) are completely accurate. Protein specific prediction
accuracy is then the ratio of N¢r and Ny with the total
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number Nyp of tested sequences (multiplied by 100 to
express percentage).

Predictions of Helical Amphipathicity, Extramembrane
Helices, and Helix Initiation Sites. We described earlier
how helix initiation sites can be found in soluble proteins
using preference functions.® The same technique can be used
for membrane proteins as well. All reported resuits about
helix-initiation sites are obtained with the Kumar and Bansal
middle helix preferences extracted from long helices in
soluble proteins*® and corresponding preference functions.*
Extramembrane helices are predicted by using the Richardson
scale of middle-helix preferences extracted from soluble
proteins,*” also through corresponding preference functions.?”
The Eisenberg scale*! is used through the hydrophobic
moment threshold function?” in all reported results for
predicted amphipathic helices. The earlier SPLIT verstons
were used with the input choice of the Kyte-Doolittle
hydropathy scale.®

RESULTS

Runs of Positive Charges Are More Frequent in
Membrane Than in Soluble Proteins. We used 100 soluble
and 361 membrane proteins all less than 25% identical to
each other. Basic charges and basic motifs were counted
throughout each sequence. The frequency of positive charges
(Arg and Lys only) was very similar: 9.78% for soluble and
9.45% for membrane proteins. There were 113 overlapping
basic triplets in soluble proteins and 2018 such triplets in
membrane proteins. Random distribution of R and K in the
sequence created 147 = 10 triplets in soluble proteins and
1378 + 43 triplets in membrane proteins. As observed earlier,
positive charge clusters are scarce in soluble protein se-
quences from the PDB data bank.*? For instance the BBB
triplet appears only nine times in these 100 proteins, while
the expected number is 21 =+ 4 and 17 from random and
binomial distribution, respectively. The same triplet appears
353 times in 361 membrane proteins, while the expected
number is 193 £ 14 and 174 from random and binomial
distribution, respectively. It appears that runs of positive
charges are more frequent in membrane than in soluble
proteins. Is there any preferential sequence location for
positive charge motifs in membrane proteins?

Transmembrane Distribution of Basic Residues and
Basic Clusters. Nonhomogeneous and asymmetric basic
charge distribution is expected according to the positive
inside rule,’ with charges depleted in putative transmembrane
segments and enriched in cytoplasmic (inside) more than in
extracytoplasmic (outside) loops. This is indeed found both
for single charges and for basic charge clusters (Figure 1).
The number of all residues, in sequence segments where
motifs are counted (see Methods), is about the same in
cytoplasmic (30949) and in extracytoplasmic loops (27913),
but the number of Arg/Lys residues is considerably greater
in cytoplasmic (4224) than in outside loops (1783). Isolated
basic residues of the type XXXBXXX are only slightly more
frequent in cytoplasmic loops, because the majority of such
residues in cytoplasmic loops are engaged in creating
sequence motifs and clusters (Table 1).

Our choice of motifs to be counted was based on desire
to compare all simple motifs in cytoplasmic and extracyto-
plasmic loops when enough motifs could be collected among
361 nonhomologous membrane proteins. We set an arbitrary
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Figure 1. Transmembrane profile of basic residues (Figure 1A)
and clusters with three or more positive amino acids (Figure 1B)
in 361 nonhomologous integral membrane proteins. Positive charges
are summed for each sequence position starting from the bilayer
middle toward membrane surface and up to 30 extramembrane
residues. The same range is used for cluster counting in which for
each sequence position we summed only those basic residues that
are part of clusters. Basic residues (B) separated from other such
residues by more than two nonbasic residues (X) were not counted
in Figure 1B.

lower limit of about 50 identical motifs (in terms of X, B
combinations) for triplets and of about 20 identical motifs
for quadruplets (Table 1). The motifs ratio in favor of
cytoplasmic loops is about 5, 11, and 38 for charge pairs,
triplets, and quadruplets, respectively. For instance, out of
906 triplets 833 are found in cytoplasmic loops and 73 in
extracytoplasmic loops. Positive charge bias is about three.
Therefore, the predominance of triplet motifs near the
cytoplasmic surface is a stronger bias than the K/R charge
bias (Figure 1). In certain classes of membrane proteins
particular triplet motifs, such as the BBB motif in 84 and
68 proteins with OUT topology having one and seven TM
segments, respectively, appear exclusively in the cytoplasmic
position (Table 2). Different counting boundaries inside
membrane spanning segments, that is collecting motifs from
12 boundary residues or from whole TM segment, produced
very little or no change in the Table 2 results.

Does the Positive Inside Bias Explain the Motif Bias
as Well? We asked the question if the positive inside bias
is responsible for motifs bias as well. Higher frequency of
basic charges in cytoplasmic loops (0.1365) than in outside
loops (0.0639) is expected to create more inside motifs in
purely random fashion. Randomization of basic charges in
each protein in all inside or outside loops created expected
number of motifs as calculated from binomial distribution
for the frequency of Arg/Lys residues (Table 1). In extra-
cytoplasmic loops there is no significant difference in the
number of real and randomized or expected motifs. However,
in cytoplasmic loops, the situation with Arg/Lys motifs is
quite different. While for minority of motifs, such as the
BXB and BXBXB, the numbers found in real proteins are
similar to virtual proteins with randomized charges, for most
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motifs there is a significant excess in their cytoplasmic loops
numbers over the expected or random numbers (Table 1).
For instance, in 68 proteins with seven TM segments motifs
BXBB and BBXXB appear in cytoplasmic location 48 times
each, while from random distribution of Arg/Lys near
cytoplasmic membrane surface expected numbers are 26 +
4 and 21&% 5, respectively.

We also tried different counting boundaries outside
membrane spanning segments when positive charges and
clusters are collected from real or randomized extramembrane
segments long 15, 20, 25, 35, and 40 residues. The evidence
(enclosed in Supporting Information) for specific enrichment
of triplet motifs such as BBB, BBXXB, and BXXBB in these
cytoplasmic segments, way above expected random distribu-
tion, was as strong as for the 30 residues long extramembrane
segments (Table 1).

Predicting the N-Terminus Location When Sequence
Location of TM Segments Is Given. Three topological
determinants are taken into account when combined predictor
is used: charge bias,? charge pattern bias (this work), and
charge difference bias.!! The combined predictor can be
constructed in two ways. The first is the priority predictor
(COMBI). It accepts the motifs bias prediction if such bias
is different from zero. If it is zero, then positive charge bias
prediction is accepted. The charge difference prediction is
accepted only if the first two biases are equal to zero. The
second possibility is to use the overall bias as defined in the
Methods section (COMB2).

For 36 sequences of known X-ray structure, not from inner
mitochondrial membrane, the motif bias predictor produces
perfect IN/OUT prediction in 18 sequences where motifs are
found and where motif bias is different from zero (Table 3).
All of 30 positive charge clusters and 37 overlapping triplets
are located near cytoplasmic membrane surface. Charge bias
is different from zero for 35 sequences. It fails in the
prediction of the IN/OUT location of protein N-terminus in
three cases. Charge difference across the first transmembrane
segment is different from zero for 31 sequences, and it fails
as the IN/OUT predictor in nine sequences, eight of which
are bacterial.

The prediction accuracy for the N-terminus location is
quite low for 16 sequences of known X-ray structure from
mitochondrial inner membrane. Only five sequences are
associated with motif bias different from zero, and the triplet
bias produces correct IN/OUT prediction only in two cases.
Out of nine clusters of positive charges five are IN (matrix
location) and four are in OUT location. When positive
charges are counted individually, prediction accuracy is also
low: four out of 12 sequences (having charge bias different
from zero) are predicted with wrong N-terminus location.
The charge difference across the first transmembrane segment
fails as IN/OUT predictor in four out of 14 sequences where
it is different from zero.

Overall accuracy of the combined predictor for all of 361
nonhomologous membrane proteins is 90.3% for priority
predictor and 91.7% for overall bias predictor (Table 4). We
choose to use in the following sections only the overall bias
predictor as the combined predictor (COMB2). The motif
bias is the most accurate predictor for protein N-terminus
location (Table 4), but it cannot be used in 26% proteins,
where it is equal to zero. The positive inside rule alone is
91.2% accurate for the subset of 340 proteins having the



CHARGE CLUSTERS IN MEMBRANE PROTEINS

Table 2. Distribution of Triplet Motifs in Protein Data Sets
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1™ 1 ™ 2T™ 3T™ 4TM 6 T™M 7T™M 12 36 96 265
data set® (IN) (OUT) seg. seg. seg. seg. seg. TMS X-p. prot. prot.
(A) Total Number of Proteins with Transmembrane (TM) Segments
no. of proteins 36 84 44 16 55 18 68 29 36 96 265
no. of proteins with triplets 22 57 30 9 39 15 56 28 18 65 201
no. of triplets 47 153 63 24 170 52 290 125 37 179 727
no. of clusters 24 72 38 14 94 33 170 74 30 105 417
(B) Total Number of Triplets versus Triplets in OUT Loops
BBB 13:0 49:0 12:1 4:0 37:8 17:1 43:0 21:2 10:0 36:4 156:7
BXBB 7:0 19:0 1:1 3.0 31:4 S:1 48:0 18:1 1:0 27.0 101:5
BBXB 4:0 25:2 8:0 5:0 26:2 52 35:2 20:3 7:0 24:1 95:9
BXXBB 5:1 13:0 10:0 3.0 7:2 5:0 28:0 18:1 6:0 23:2 83:4
BBXXB 7:1 15:2 7:0 3:2 15:1 3:0 50:2 8:1 4:0 22:2 87:8
BXBXB 3.0 10:2 6:1 0:0 15:3 3.0 20:0 7:2 2:0 17:2 44:4
BXXBXB 32 6:1 3.0 1:1 14:0 5:0 22:0 15:1 1:0 13:1 50:5
BXBXXB 2:0 12:1 3:0 3:1 12:2 4:0 21:0 8:2 3:0 9:1 54:5
BXXBXXB 31 4:1 3:2 2:0 13:2 5:3 23:1 10:0 3:0 9:1 57:12

“ Protein data sets include proteins with increasing number of TM segments (from 1 to 12) from training (265 proteins) and testing data sets (158
proteins), proteins of known structure not from inner mitochondrial membrane (36 X-p.), and data sets of 96 and 265 nonhomologous proteins.

charge bias different from zero. The charge difference across
the first TM segment is the least accurate (87.8%). It cannot
be used (it is zero) in 9% of proteins, and it is more accurate
for eukaryotic (90.5%) than for prokaryotic proteins (84.2%).
The triplet bias (in sequences where it is different from zero)
gave similar 95% accuracy in eukaryotic and prokaryotic
proteins.

Fair comparison of performance measures would use only
such proteins where all three of the biases are different from
zero. Putting together nonhomologous proteins from training
and testing set, and removing all proteins with zero biases,
leaves 242 nonhomologous proteins. The rank list of predic-
tors in terms of their performance is then motif bias (95.9%),
positive charge bias (95.0%), and charge difference bias
(90.9%) (Table 4). The overall bias predictor is the most
accurate for this data set of proteins (96.3%).

The prediction accuracy depends on the number of
transmembrane segments expected to be in the helix con-
formation (Table 5). Proteins with seven TM segments
(mainly G-protein coupled receptors) are predicted with
correct transmembrane orientation with the highest accuracy
(97.1%). For some membrane proteins the triplet bias alone
never fails when triplets are found in a sequence. This is the
case for 56 proteins with seven TMS, for 57 type I single
span proteins, and for 18 membrane protein sequences of
known crystal structure (Tables 2 and 3). There is only one
prediction error for 18 proteins with six TMS. It is for the
SecD part of the protein export Sec system from Escherichia
coli, which is strongly predicted with the IN orientation, but
its expected orientation is OUT.® However, this is an
assignment error instead of a prediction error. The SecD
protein contains six transmembrane stretches (not four as
adopted in the version 38 of the Swiss-Prot database) and a
large periplasmic domain, which implies its IN orientation.*?
The current Swiss-Prot model for the SECD_ECOLI (release
40) has indeed six TMS and cytoplasmic N-terminal location.
Topological determinants found in two, three, and four TMS
proteins produce less accurate IN/OUT predictions.

The Topology Predictor SPLIT 4.0. In the previous
section our IN/OUT predictor (COMB2) used the assigned
sequence location of TM segments. A much more interesting
goal is to produce different topological models, for a given

membrane protein sequence, and to select the optimal model
corresponding to the highest overall bias factor. In our earlier
work with the SPLIT predictor we noticed that different
sequence location and number of potential TM helices are
predicted in some cases even when very similar hydropathy
scales are used as an input to the preference functions
method. Therefore, a selection of different scales of amino
acid attributes can be used to produce different topological
models for a tested sequence, and an overall bias factor will
select the most likely model (see Methods). The prediction
results can be seen in Tables 3—7.

The training data set was used to see how important are
different program routines mentioned in the Methods. For
instance, the prediction accuracy for transmembrane seg-
ments, as measured by the Arvy parameter (Methods),
decreases from its Table 6 value to 0.878 when Richardson
preference functions are not used at all. It also decreases to
Atma = 0.856 when these functions are always used.
Seemingly small accuracy gain, when Richardson functions
are used, as described in Methods, is due to correct
transmembrane topology prediction for important receptors
(ionotropic and muscarinic acetylcholine receptors) and
channels (voltage-gated potassium channel). In another
example, the prediction accuracy decreases to Apmy = 0.850
when polar residue score routine (see Methods) is omitted.
As expected, the prediction accuracy also decreases when
only one amino acid scale (the Kyte-Doolittle?®) is used,
instead of 15 different scales (Arvu = 0.861).

Several Examples How SPLIT 4.0 Creates and Selects
Topological Models for a Given Sequence. Let us see in
one example how SPLIT 4.0 works. The yeast glucose
transporter HXT5_YEAST is assigned in the Swiss-Prot
database with IN topology but with 11 TM segments. Other
glucose transporters are assigned with IN topology and 12
TM segments. In the case of the HXTS5, only the Edelman
optimal parameter® scales 51, 52, 53, and 54 produce 12
potential TM helices and IN topology, while scales 19, 27,
17, 12, 3, 85, 43, 4, 82, 81, and 1 produce 11 potential TM
helices and OUT topology (Table 7). The predictor easily
decides that the last to be used of Edelman scales (#52) is
the optimal scale, because all Edelman scales produce the
overall bias of 23, while all other scales produce negative
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Table 3. Topology Predictors for Membrane Proteins of Known Crystallographic Structure

observed biases

SPLIT 4.0 predictions

@ See Materials and Methods section for description.

no. of obs. motif  charge  charge overall overall bias no. of TMH correctly
protein? no./name/code TMH  topol. bias bias diff. bias predicted predicted (scale)
#1—6 Photosynthetic Reaction Center
IPRC_H 1 OouT -2 =5 -2 -13 ! I'(n
2RCR_H 1 ouT 0 -1 2 1 2(IN) 1(1)
IPRC_L 5 IN 2 6 3 15 18 S
2RCR_L 5 IN 2 6 1 13 15 53)
1PRC_M 5 IN 0 6 0 6 10 5(85)
2RCR_M 5 IN 0 6 { 7 9 5(51)
#7—13 Cytochrome ¢ Oxidase

IQLE_A 12 IN 0 7 2 9 7 12 (1)
iQLE_B 2 ouT -1 -1 -5 -9 -9 2(1)
IQLE_C 7 IN 0 3 0 3 5 7(52)
COX4_PARDE 1 IN 0 2 -2 0 4 1(1)
IEHK~1 13 IN 3 17 0 26 27 13(1)

1EHK-II 1 IN 0 -1 -2 -3 2 (1)
{EHK—Ila 1 IN 0 1 -1 0 0 1(1)
#14 bacteriorhodopsin 1BRX 7 OouT 0 -2 0 -2 -6 7(1)
#15 halorhodopsin 1E12 7 OouT -2 -2 =5 —13 ~-15 7(27)
#16 rhodopsin 1F88 7 ouT -1 -9 —4 -16 —16 7(82)
#17 potassium channel 1BL8 2 IN 0 2 4 6 6 2(1)
#18 mechanosensitive ion channel IMSL 2 IN 1 5 1 9 8 2(1)
#19 glycophorin A IMSR 1 ouTr -2 —4 -6 -16 -19 1(54)
#20 Ca2+ transporting ATPase 1EUL 10 IN 7 30 1 52 47 10(3)
#21 FO ATPsynthase C E. coli 1A91_C 2 ouT 0 =2 -1 -3 -6 2 (81)

#2224 Coat Proteins
COAB_BPFP 1 OUT -1 -3 -5 -11 -13 1(4)
COAB_BPPF1 1 OuT 0 -1 -4 -5 =5 1(1)
COAT_BPPF3 1 ouT 0 -2 —4 -6 -6 1)
#2527 Fumarate Reductase Sequences
IFUM_C 3 IN 1 9 8 20 23 3
IFUM_D 3 IN 0 2 0 2 5 3()
1QLA_C 5 IN 3 4 3 16 18 5(h)
#28 glycerol channel 1FX8 6 IN 1 5 1 9 10 6 (43)
#29 aquaporin | IFQY 6 IN 3 7 1 17 19 6 (85)
#30 lipid flipase MSBA_ECOLI 6 IN 3 21 2 32 33 6(1)
#31 histoc. antigen 1B14_HUMAN 1 ouT -1 -3 -4 -10 -8 1)
#3236 Light Harvesting Complex
CB21_PEA 3 IN 1 -3 —6 -6 8 3
1KZU_A 1 IN 0 -1 -1 -2 -2 (0UT) i
1KZU_B 1 IN 0 1 -2 -1 =2 (0UT) 1(1)
ILGH_A 1 IN 0 1 -1 0 —2(0UT) 1(1)
1LGH_B 1 IN 0 0 -2 -2 —2(0UT) 1(1)
“ Sequences from mitochondrial inner membrane are not included.
Table 4. Prediction Accuracy of Topology Predictors in Protein Data Sets )
motif bias charge bias charge difference overall bias SPLIT 4.0 Nen/Nye
protein data set? (no. of proteins) (no. of proteins) (no. of proteins) (no. of proteins) predictor (percentage)

nonhomologous (361) 94.7 (266) 91.2 (340) 87.8(329) 91.7 71.2
Tusnady and Simon nonhomologous (96) 93.8 (65) 90.2 (92) 86.7 (83) 90.6 81.3
our nonhomologous (265) 94.5 (201) 91.1(248) 87.8 (245) 91.7 68.3

- bacterial (125) 95.3 (86) 89.0 (118) 84.2 (114) 90.4 68.0
eukaryotic (230) 94.4 (179) 92.2 (217) 90.5 (210) 92.6 73.0
with all topolog. determinants (242) 95.9 (242) 95.0 (242) 90.9 (242) 96.3 74.8
with known X-ray structure (36) 100 (18) 91.4 (35 71.031) 833 86.1

overall bias less than 10 in the absolute value. There are
three triplet motifs in this sequence: BBXB, BXXBB, and
BXBXB. The BXXBB motif is the R(404)FGRR signature
of suga. transporters, which must be located in the §—9
cytoplasmic loop. For Edelman’s scales it is indeed in the
cytoplasmic (IN) positions as well as other two motifs from
this sequence, so that high positive bias is obtained. With
preference functions derived from Edelman’s scale #52,
SPLIT predicts seventh TM segment at the sequence location

341—-361. Models based on hydrophobicity do not see that
TM segment and accordingly locate the RFGRR motif into
the extracytoplasmic space, which produces negative overall
bias. The RR(345) positive doublet at the cytoplasmic
looking N-terminus of the TM VII is the cause of its
decreased hydrophobicity. -
The examples of potassium voltage-gated channels
CIQI_HUMAN and CIQ4_HUMAN are also instructive.
Their topology is now correct in the latest Swiss-Prot anno-
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Table 5. Prediction Accuracy of Topology Predictors in Protein
Classes

class® SPLIT4.0 SPLIT4.0 SPLIT4.0
(#TMS) COMB2 Arm ATmu Nen/Nae
10UT 0.940 0.745 0.929 0.869
1IN 0.806 0.747 0.944 0.750
2 0.886 0.609 0.852 0.636
3 0.688 0.576 0.833 0.500
4 0.745 0.728 0.927 0.527
6 0.944 0.536 0.824 0.500
7 0.971 0.689 0.931 0.731
12 0.931 0.637 0.937 0.655

®See Table 2 and its legend with respect to proteins included in
each class.

Table 6. SPLIT Prediction Results with Versions 3.1, 3.5,2" and
4.0 (This Work)

performance  SPLIT  SPLIT SPLIT

protein list parameter 3.1 35 4.0
265 nonhom. Am/Q 0.661 0.614  0.626/79.0
265 nonhom. Arm/Q 0.831  0.840 0.883/94.2
265 nonhom. Nwme 263 265 265
265 nonhom. Ner 159 163 198
265 nonhom. Nen 181
96 nonhom. Simon Am/Q 0710 0.684 0.682/81.9
96 nonhom. Simon Armu/Q 0.908 0920 0.948/97.4
96 nonhom. Simon Npmp 96 96 96
96 nonhom. Simon Ncr 72 72 85
96 nonhom. Simon Nen 78
36 X-ray membrane Arn/Q 0.626 0.670 0.720/77.8
36 X-ray membrane Amvu/Q 0.949 0942 1.00/1.00
36 X-ray membrane Nwme 36 36 36
36 X-ray membrane Ner 29 30 36
36 X-ray membrane New 31
100 X-ray soluble Nup 11 11 10

Table 7. SPLIT 4.0 Run through Amino Acid Attributes in the
Case of the HXT5_YEAST Glucose Transporter

scale no. of TMH motif charge charge overall predicted
no. predicted bias  bias diff. bias  topology
1 11 -1 1 -5 -7 ouT
19 11 -1 4 -5 —4 ouT
27 11 -1 3 -5 -5 OuUT
17 11 -1 3 -5 -5 OouT
12 11 -1 3 -5 -5 OouT
3 11 -1 3 -5 -5 OUT
85 11 -1 3 -5 -5 ouT
43 6 1 8 -5 6 IN
4 11 -1 4 -5 —4 ouT
54 12 3 19 -5 23 IN
53 12 3 19 -5 23 IN
51 12 3 19 -5 23 IN
52 12 3 19 -5 23 IN
82 11 -1 1 -5 -7 OouT
81 11 -1 1 -5 -7 OouT
1 11 -1 1 -5 -7 OouT
52 (selected) 12 3 19 -5 23 IN

tation update (release 40, August 2001), but it was not so in
previous releases. The potassium channel CIQ1_HUMAN
was assigned in the Swiss-Prot (release 38) without trans-
membrane voltage sensor 226—248 and with the pore
P-segment (H) 300—320 wrongly annotated as the TM
segment S5. Both mistakes are easy to make because the $4
voltage sensor segment has low hydrophobicity due to
arginines positioned at each fourth position, while the
membrane buried helix of the P-segment is often hydrophobic
enough to be mistaken for the TM segment. The SPLIT 4.0
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predictor selects the PRIFT scale #27 for optimal amphi-
pathic helices.® It is the only scale that predicts the correct
number of six potential TM helices with the S4 segment
included at the sequence location 221—244 and the P-
segment excluded as the TM segment. The selection of the
#27 scale occurred due to large positive overall bias of 30
that was twice as high as biases produced by all other scales
predicting five TM helices.

The potassium channel CIQ4_HUMAN was assigned in
the Swiss-Prot (release 38) with misplaced first four TM
segments. Its first potential TM segment was L(45)-
GLLGSPLPPGAPGPGSGS, which contained too many
prolines, glycines, and serines, and the fourth potential TM
segment at the 173—193 sequence location was annotated
as the voltage sensor S4, which, however, did not contain a
single arginine. With such TM segments assignments both
first cluster K(78)RYRR and second cluster R(166)FRFARK
of basic residues would be in the extracytoplasmic location
if protein amino terminus is cytosolic. The prediction of five,
instead of six, transmembrane segments in this sequence,
due to the underprediction of the S4 segment, is a common
error made by online Web predictors such as DAS,"
SOSUL* TMHMM,' TopPred II,* PHDhtm,” and TMAP 64
It leads to extracytoplasmic location of the last two positively
charged clusters R(213)MVRMDRR and K(337)RR and
cytoplasmic location of the pore segment, when N-terminus
is assumed to be cytoplasmic. Other online predictors, such
as HMMTOP? predict six TM segments so that S4 is
omitted, but the P-segment (H) is added as the potential TM
segment. This leads to wrong membrane topology for that
protein too.

The SPLIT 4.0 predictor has an easy choice when working
on the CIQ4_HUMAN sequence. Only the PRIFT scale
(#27),% for optimal amphipathic helices, produces a large
positive bias of 52, with six potential TM helices predicted.
The S4 segment at predicted sequence location 194—218 has
regularly spaced arginines, and it agrees well with what is
now thought to be the correct sequence position 202—224
for the S4 segment (the Swiss-Prot version 40 has now the
correct model for the CIQ4). All other scales miss the S4
segment and produce topological models with five potential
TM helices. These models are associated with a much smaller
overall bias of 12—14. None of the automatically generated
topological models by the SPLIT 4.0 is as bad as the Swiss-
Prot model in the release 38, which was associated with
negative overall bias of —10 and accordingly the OUT
prediction for the N-terminus location. Therefore, at least in
the case of these potassium channels, the choice of SPLIT
4.0 for automatic annotation would be advantageous.

The Performance on Protein Data Sets. When different
protein data sets are compared, the protein based accuracy
increases for better known proteins (Table 4). With respect
to earlier SPLIT versions there is about a 15% increase in
the number of proteins with all TM segments correctly
predicted (the Ner parameter in Table 6). The number of
underpredicted -+ overpredicted TM segments is considerably
reduced, which is seen as an increase in the Apyy and Q
parameters for segment prediction (Table 6).

To compare different procedures how charged amino acids
could be engaged for topology prediction we used again 242
nonhomologous sequences having all biases different from
zero. When only one topological determinant is used, the
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protein based prediction accuracy (the Nen/Nyp parameter)
is 72% for the bias in triplet motifs of basic residues, and
70% for the positive charge bias as the selection parameter.
The predictor with all three biases combined in (1) finds
75% proteins in which both protein N-terminus location and
sequence location of predicted TM segments are completely
accurate (Table 4).

Overprediction of TM segments in longer sequences,
having only one such segment, and underprediction of TM
segments in multispanning membrane proteins is quite
common. This was partially corrected during the training
procedure, but the price paid is the introduction of several
exceptions to the general rule that the optimal scale for
choosing topological model is associated with the largest
absolute bias (see Methods). As expected, on the basis of
the IN/OUT predictor performance, potential TM helices are
easier to predict in some protein classes than in another
(Table 5). Difficult cases are sequences with two, three, four,
and six TM segments, while sequences with one or seven
TM segments are much easier to predict correctly. Even in
the worst case the Atmy parameter is higher than 0.81, which
means that on average less than one in ten TM segments is
underpredicted or overpredicted. For proteins having 12 TM
segments such an error rate would be too high, because every
second such protein would be predicted with wrong topology.
The observed per protein accuracy measure (last column in
the Table 5) of 65.5% in the case of 29 proteins with 12
TMS is not much better than that. Notice that for 348
observed, 342 predicted, and 334 correctly predicted TM
segments, the per-segment accuracy measures, Army = 93.7
and Q = 96.8, still appear very high.

Also expected on the basis of the IN/OUT predictor results
is poor performance for 16 inner mitochondrial sequences
of known secondary structure. Only nine are predicted both
with correct sequence location of all TM helices and with
correct location for the N-terminus. Out of 41 observed TM
helices two are underpredicted and one overpredicted.

All of 137 TM helices belonging to 36 sequences from
X-ray determined proteins that are not from inner mitochon-
drial membrane (Table 3) are correctly predicted without
overpredictions (Table 6). For 11 additional sequences of
known structure (see Methods), out of 28 observed TM
helices, 27 are correctly predicted by the SPLIT 4.0 and one
is overpredicted. When 41 sequences with known X-ray
structure from the MPtopo database'S are combined with 11
additional sequences of known structure (see Methods) the
prediction accuracy for TM helices is still very high Q =
99.1, because out of 178 observed helices only two are
underpredicted and one is overpredicted. The Rieske iron—
sulfur protein contributes one underpredicted and one over-
predicted TM helix.

The Comparison with Other Methods. A recently
created database of membrane protein topology, MPtopo, !¢
can be used to compare the accuracy of our predictor with
PHDhtm,” HMMTOP,® TopPred I1,** and TMAP.*¢ The
prediction accuracy Q (see Methods) is used for that
comparison. For the 3D-helix subset of 41 proteins with
verified structure by means of crystallography the Q factor
is equal to 99, 97, 96, 95, 95 for SPLIT, PHDhtm, TMAP,
HMMTOP, and TopPred II algorithms, respectively. Out of
150 observed helices 149 are correctly predicted, one is
underpredicted, and another one overpredicted by the SPLIT
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algorithm. The required overlap among observed and pre-
dicted TM helix is nine residues in the SPLIT method,2
which is a more strict requirement than, for instance, five
residue overlap used by the PHDhtm 7 and three residue
overlap used by the HMMTOP? algorithm. For the 1D_helix
subset of 38 proteins whose structure was verified by means
of gene fusion and other methods the Q factor is 95, 94, 93,
92, and 89 for the HMMTOP, SPLIT, PHDhtm, TMAP, and
TopPred 11, respectively. Out of 242 observed TM helices
10 are underpredicted and 18 overpredicted by the SPLIT
algorithm.

Earlier SPLIT versions do not use automatic selection of
optimal topological model and are less accurate. For the 3D-
helix subset the Q factor is respectively 97 and 96.6 for
SPLIT 3.5 and SPLIT 3.1. Corresponding values for the 1D-
helix subset are 93.5 and 93. Using the optimal combination
of amino acid attributes in the SPLIT 3.5 version? (#60%7
together with #523), instead of the Kyte-Doolittle hydropathy
scale,? results in Q = 98 for the 3D-helix subset. Four TM
helices are underpredicted, two are overpredicted, and two
sequences are not predicted as membrane protein sequences.

DISCUSSION

Positive Charge Clusters as Topological Determinants
for All Membrane Proteins? The first aim of this work
was to find accurate predictors of protein N-terminus location
(cytoplasmic-IN or extracytoplasmic-OUT) for a given
sequence assignation of TM segments. The positive-inside
rule? and charge difference across the first TM segment!!
are combined with the bias in basic charge clusters to achieve
that goal. Our choice of triplet motifs, as basic charge motifs
to be counted, is certainly not unique. Positive charge pairs
and quadruplets of positive charges are also topological
determinants (Table 1). Triplets can be defined with more
flexibility, allowing for three, four, or even five consecutive
X amino acids, between two neighboring positive charges
in a sequence. Our choice of standard nine triplets for motif
bias calculation (Table 2b) is a compromise between having
the highest IN/OUT motif ratio and high abundance of
motifs. The advantage is that it is the simplest choice with
the smallest number of different motifs to be counted, which
still results in high prediction accuracy, when such triplets
are present. The disadvantage is that such triplets are absent
in about one-fourth of all membrane protein sequences.

The initial assumption, that triplets of positive charges can
be used as topological determinants in all sequences where
such charge clusters are found, irrespective of their origin,
is suspect in the case of proteins from inner mitochondrial
membrane. For 16 of these sequences, with known structure,
the prediction of protein N-terminus location is only slightly
better than random. This may well be because we did not
attempt to distinguish nuclear from plastid encoded sequences
with respect to predictor’s performance.*’ Another tacit
assumption, about the absence of membrane-spanning basic
clusters, is certainly wrong in the case of the S4 TM segments
with the BXXBXXB motifs from voltage-gated channels.?
The IN/OUT classification is questionable for such clusters,
which suggests one possible reason for relatively low
BXXBXXB IN/OUT ratio (Table 2, last column).

At the present time only a small number of membrane
proteins have been characterized by high-resolution structural
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techniques.'® When 36 of these sequences, that are not from
inner mitochondrial membrane, are separately examined, then
all of the 37 Arg/Lys triplet motifs are found near putative
cytoplasmic membrane surface. In other words, triplets of
positive charges are perfect topological predictors and one
is tempted to regard this finding as the triplet inside rule.
The positive inside rule is also accurate (91%) but far from
a perfect predictor for these sequences (Table 4).

Functional Importance of Basic Charge Clusters. Posi-
tive charge clusters near cytoplasmic membrane surface may
have functional and structural roles. Such clusters can serve
to create obligatory cytoplasmic motifs for signal transduction
in the cytoplasm through interaction with other cytoplasmic
proteins.®8~30 Basic charge clusters can interact with nega-
tively charged polar headgroups of phospholipids from the
cytoplasmic layer of membrane bilayer® or can be important
in the binding of negatively charged ligands. For instance,
the CD44 bitopic membrane protein contains two conserved
triplets of the BBB type in its cytoplasmic domain that are
involved in the binding of CD44 to hyaluronic acid.”?

Some basic clusters form cytoplasmic anchors for trans-
membrane domains and can be described as topological
signals.3735 There are two conserved pentameric BXGBB
motifs in the Glutl glucose transporter (GTR1_HUMAN,
Swiss-Prot code), in the second (loop 2—3), and in the fifth
cytoplasmic loop (loop 8—9).55 Mutating the three arginines
into glycines in either motif caused each loop to translocate
into the exoplasmic (OUT) compartment along with its two
flanking TM segments.*® This substitution produced aberrant
10 TMS (instead of 12 TMS) topology and completely
abolished transport function. Another conserved motif is the
GXXX(D/E)BXGBB motif in lactose permease that also
appears in the loop 2—3 and in the loop 8—9.557 These
authors suggested that the basic residues in conserved
cytoplasmic motifs of such residues play a role in protein
insertion or stability. For instance, mutations transforming
basic to neutral residues in the loop 8—9 motif reduce the
level of permease expression.’®

Many other transporters thought to have 12 TM helices
have (D/E)BXGBB motif in the 8—9 cytoplasmic loop. Some
of these are yeast glucose transporters HGT1, HXT1, HXT4,
HXTC, RGT2, plant glucose transporter STP1, bacterial
proline and a-ketoglutarate transporters PROP and KGTP,
respectively, and yeast myo-inositol transporter ITR1. The
DRFGRR motif in the second cytoplasmic loop of bacterial
tetracycline transporter contains three amino acid residues,
D(66), G(69), and R(70), that are functionally and/or
structurally important, one of them essential (D(66)).%®

A conserved BBXXB motifs of basic residues appears
often at the carboxyl-terminal third intracellular loop (the
5—6 cytoplasmic loop) in 7 TMH G-protein coupled
receptors.*3-303960 The G protein-coupled receptors make
88% of our seven transmembrane domain sequences. High
accuracy of IN/OUT prediction (Table 5) may have arisen
due to conserved cytoplasmic triplet motifs even in its
members that are no more than 25% identical. Indeed, the
G-protein-activating domain is heterogeneous in amino acid
sequence but conserved in secondary structure, possibly as
the amphipathic a-helical extension in the cytoplasm of the
sixth membrane-spanning segment.5! Receptors for serotonin,
adenosine, acetylcholine (muscarinic), bombesin, gastrin,
cholecystokinin, corticotropin, dopamine, growth hormone,
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histamine, melanotropin, tachykinin, neuropeptide Y, pros-
taglandin, and somatostatin have the BBXXB motif in the
5—6 cytoplasmic loop as well as adrenergic, angiotensin,
chemokine, dopamine, somatostatin, chemoatractant, opioid,
N-formyl peptide, and other structurally diverse G protein-
coupled receptors. When one of two X amino acids is serine
or threonine, the BBXXB motif is a potential phosphorylation
site for protein kinase C or calcium activated protein kinase.
For instance, the KRTPR(140) motif in the second cytoplas-
mic loop of muscarinic acetylcholine receptors is a conserved
BBXXB triplet motif found in all mAChR subtypes as a
consensus sequence for phosphorylation by protein kinase
C.® Therefore, this motif may be coupled to phospholipase
Clprotein kinase C pathway in addition to G protein pathway
and may act as a potential switch point between these
pathways. The KKAAR(365) motif in the third cytoplasmic
loop of that protein is found to be obligatory for stimulation
of phosphoinositide hydrolysis and cAMP accumulation.%0

The ratio of 37 IN to zero OUT for all triplet motifs (Table
3) or 48,49 IN to zero OUT for some triplets (BBB) in some
classes of membrane proteins (Table 2) also argues for
structural and functional role for such triplets at the
cytoplasmic membrane side. More direct evidence is found
for point mutations and deletions in triplet motifs that are
causing human genetic diseases. For example, the vasopressin
V2R receptor contains two similar basic charge clusters in
cytoplasmic loops 1—2 and 5—6 (RRGRR and RRRGRR,
respectively). The receptor with deletions in these motifs fails
to activate the adenylyl cyclase system causing congenital
nephrogenic diabetes insipidus.®? Both motifs are predicted
by us as helix initiation sites in amphipathic helix conforma-
tion.?”¥ A mutation transforming alanine 568 to valine in
the KIAKK motif from LSHR_HUMAN receptor and of
alanine 623 to isoleucine in the KIAKR motif from
TSHR_HUMAN receptor cause constitutive activation of the
adenylyl cyclase system resulting in male precocious puberty
and thyroid adenomas, respectively.$%%* The KIAK(K/R)
motifs are also located at the C-terminal of the 5—6
cytoplasmic loop and are also predicted by SPLIT to be in
the amphipathic helix secondary conformation.

Point mutations in the C-terminal motif G(189)RLRFARK
of the 2—3 cytoplasmic loop of the potassium CIQ1 human
channel (kengl gene) cause deafness and long QT synGiome
type 1 (a congenital heart disease).® This motif is also
predicted as an amphipathic helix in its C-terminal which is
fused with the N-terminal of the S3 TM helix. Another motif
of the BXXBB type appears in the 4—35 cytoplasmic loop of
the cystic fibrosis chloride channel. Its second B is arginine
297. Cystic fibrosis develops when it becomes Q. This motif
is part of a longer predicted amphipathic helix segment and
helix initiation site just next to the cytoplasmic beginning
of the fifth TM segment. It may act as a topogenic signal
during protein membrane insertion.% The KPQ deletion in
the SKKPQK(1508) triplet from the C-terminal of the
cytoplasmic III-IV domain in heart sodium channel (scn5a
gene or CINS_HUMAN in the Swiss-Prot code) causes long
QT syndrome type 3 (sudden cardiac arrest). This triplet
motif is part of a longer run of basic residues next to
hydrophobic IFM (1487) triplet that is required for fast Na‘t
channel inactivation.’’ It is part of the inactivation loop
between repeats III and IV and part of predicted amphipathic
helix. The SKK part of the trplet is predicted PKC
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phosphorylation site (according to Prosite database). In
another sodium channel, CINI_HUMAN (scnla gene), the
R1648H mutation in the voltage sensor S4 helix of the repeat
IV (the BXXBXXB(1648)XXBXXBXXB motif), causes
generalized epilepsy with febrile seizures. As in other voltage
sensor segments, regularly spaced positive charges of the
S4 segment are thought to move through the membrane in
response to electric field change.3® The calcium channel
CCAF_HUMAN (cacnalf gene) has an even larger basic
charge cluster BBXBBXXBXXB(508)XBXBBXXB in the
C-terminal of the cytoplasmic loop connecting domains I
and II. The R508Q point mutation causes stationary night
blindness. It is part of the predicted interaction site with the
Gpg, subunits of GTP-binding proteins,*® predicted helix
initiation site, and predicted amphipathic helix. The coinci-
dence of triplet motifs and high potential for amphipathic
helix formation near membrane cytoplasmic surface is often
observed (manuscript in preparation) and may be simply due
to requirement for the conserved basic motif to assume
amphipathic helix conformation during protein maturation.

Assignment Errors and Predictor’s Performance. As-
signment errors are a common problem for a large number
of topological models of membrane proteins collected in
databases, even in a well-curated database such as the Swiss-
Prot (we indeed found some, see Methods). Decreased
prediction accuracy in topology models adapted by the Swiss-
Prot database in comparison to models based on more
experimental evidence (Tables 4 and 6) is likely to be caused
in part by systematic and random errors in the Swiss-Prot
database.

The assignment errors are risky when overtraining can be
achieved and assignment errors memorized during procedures
that do not maintain strict separation between training and
testing data sets. We were careful in using the Swiss-Prot
topological models only during our unrefined training
procedure (see Methods). Such a training procedure is
considerably less sensitive to assignment mistakes than much
more intensive training associated with the neural network
or Hidden Markov model procedures. Also, we did not use
homologous sequences to the tested one to improve the
prediction, and, accordingly, the assignment errors could not
become the cause for wrong alignment of homologous
sequences and for erroneous prediction.

There is, however, one case when assignment errors are
systematic rather than occasional. The TM segment assign-
ments, by different authors using different methods, are
optimized to isolate only the membrane-spanning part of a
potential TM helix. Transmembrane helices in solved crystal
structures are, however, often extended into cytoplasmic
space.?’ Our predictor of TM segments is trained on shorter
probable TM helices, and because of that reason it produces
the underprediction in 52 X-ray solved sequences (987 TM
residues underpredicted and 420 overpredicted). On another
hand, it can extend potential TM helix, if there is a high
potential for creating soluble or amphipathic helix next to
membrane-spanning hydrophobic helix.?” This produces
overprediction in the predicted TM helix residues when
Swiss-Prot assignments are used as the “standard of truth”
(the decrease in the Aty parameter in the Table 6, with
respect to SPLIT 3.1 version, is due to overprediction).

The Selection of an “Optimal” 2D Topological Model.
In order of decreasing prediction accuracy, topological
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determinants considered in this work can be listed as triplet
motifs bias, positive charge bias, and charge difference across
the first TM segment. In order of decreasing frequency the
list of determinants is reversed: positive charges, charge
difference across the first TM segment, and triplet motifs.
Therefore, the best topological predictors are the most
specific and the least frequent. One must simply use what is
available for topology prediction in each sequence, without
relying only on one class of topological determinants. An
overall bias factor (see Methods) takes into account all three
topological determinants considered in this work, as the
selection parameter used to select among different topological
models.

Different topological models for the same sequence are
created by using 15 different amino acid scales (see Methods)
through the preference functions method.?® We do not claim
that our choice of 15 amino acid attributes is optimal. For
instance, the dchydration cost of peptide bonds is not
accounted for in any of the older hydrophobicity scales that
we used. The prediction accuracy may well increase when
novel, experiment-based scales® are included in the auto-
matic selection process.

In general, functionally important TM helices have char-
acteristic polar residues inside their span, may be partially
shielded from lipids by other helices,” and are difficult to
predict with any hydropathy scale. One possible approach
to this problem is a direct recognition of TM segments, such
as voltage sensors in voltage-gated channels, with charac-
teristic distribution of polar or charged residues. The second
is the usage of amino acid attributes such as optimal
amphipathicity (the PRIFT scale®), or statistically derived
optimal predictors (the Edelman scales), that are not directly
related to hydrophobicity. The third is to use Richardson
middle helix preferences for helices in soluble proteins®” and
corresponding preference functions?” when possible under-
prediction is detected in multispanning proteins based on the
prediction with the Kyte-Doolittle scale, as the first scale
(see Methods). In multispanning membrane proteins, with
some rare exceptions, potential or observed TM helices are
found in groups close to one another in a sequence or close
to protein N or C terminal. The predictor performs better
when it recognizes this clustering tendency.®

Overprediction of TM helices is a common problem with
sliding-window analysis based only on hydrophobicity.®
Hydrophobic, but not transmembrane, segments are likely
to be found in almost any long sequence. The absolute bias
in positive charges/triplets will favor models having more
than one hydrophobic TM segment. We corrected for such
an overprediction tendency by using the relative bias (bias
divided by the number of predicted TM helices) as the
selection parameter in the case when a small number of
potential TM helices are predicted.

Another approach to decrease the overprediction is to take
explicitly into account the avoidance of polar residues, such
as the Asn, inside potential TM helix. Asparagine promotes
self-association of TM helices,” and, possibly because of
that reason, it is much less frequent in TM helices than in
water-soluble helices. Therefore, some frequency bias be-
tween residues in observed TM helices and residues in
extramembrane loops or water-soluble helices can also serve,
as in our case (see Methods), to lower the overprediction of
TM helices.
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We did not attempt to optimize the predictor in distin-
guishing membrane from soluble proteins. The prediction
of a single TM helix by only two out of 15 scales (see
Methods) is enough to consider the tested sequence as the
membrane protein sequence. This stipulation leads to false
prediction of TM helices in 10% of soluble proteins, but all
membrane proteins from our data sets are correctly identified
as such. This error rate can be significantly reduced quite
easily, for instance, by requiring that for membrane protein
recognition more than half of amino acid attributes used in
the automatic run must predict at least one TM segment.
Also, we did not train the predictor to distinguish signal
sequences from TM segments (work in progress). SPLIT
should be used only after the consultation of signal sequence
prediction methods’™ and eventual removal of a signal
sequence.” :

The selection based on the highest absolute value of the
overall bias factor is usually working well when that bias
factor value is considerably greater than the second best
value. However, situations when quite different topological
models are associated with similar or same bias factor are
not so rare, and some other selection mechanisms have to
be devised. One is the majority rule when an optimal scale
is selected among the majority of scales predicting the same
number of potential TM helices. Another is a different
definition of a selection parameter. It may well turn out that
judicious use of a compositional bias'? instead of a charge
difference,!! in a definition of an overall-bias, is a better way
to approach this problem. Charge difference is less sensitive
to predicted topology than other topological determinants
(Table 7). Extracting preference functions from selected
membrane proteins with novel amino acid scales also leaves
room to improve the method.

CONCLUSION

Cytoplasmic location of certain charge clusters in mem-
brane proteins is undoubtedly conserved for a good reason.
Basic charge clusters near the cytoplasmic membrane surface
are ideally positioned to be involved in protein—protein
interactions and signal transmission routes in addition to
being the topological determinants. Our predictor selects
those topological models of membrane protein that are in
accord not only with sliding-window hydrophobicity analysis
but also with the obligatory cytoplasmic location of certain
basic charge clusters. It can be regarded as an additional tool
for analysis and automatic annotation of integral membrane
proteins with potential helical TM segments, whose perfor-
mance will not decrease when sequences homologous to
tested sequence are small in number or absent. When tested
on the recently collected MPiopo database of the best-
characterized membrane proteins'® SPLIT 4.0 performs better
than do four other topology predictors. Cluster counting in
SPLIT, combined with the preference functions method,?
results in the perfect prediction score for 137 TM helices
from 36 sequences of exactly known structure (mitochondrial
sequences omitted). With mitochondrial sequences included
in the complete MPtopo database the SPLIT prediction
accuracy for TM helices is about five percentage points better
than the TopPred II** accuracy. The TopPred II is not the
best topology predictor today, but it is still widely used as a
hydrophobicity-analysis algorithm with transparent rules,
simpler but similar to SPLIT in design.
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