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Abstract— No current method to detect Horizontal Gene
Transfer (HGT) events between organisms is accurate in all cases.
This paper presents a novel computational method that uses protein
structures to detect HGT. The use of protein structures instead of
protein sequences increases the accuracy of our method. The new
method uses Z-score similarities between the protein structures and
DaliLite to search efficiently for similarities in both protein
sequences and structures. In addition, the java viewer tool Jmol is
used for visual structural comparisons and sequence alignment. The
experimental results include six previously unreported cases of HGTs
between various Firmicutes and Proteobacteria bacteria. Various
methods of handling false positives are also described.
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I. INTRODUCTION

N nature, most gene transfer occurs between two similar or
Iclosely related species via typical routes of reproduction,

such as cross pollination of plants and interbreeding of
animals. Such transfer is also called vertical gene transfer,
since traits are vertically passed from parent to offspring.
However, sometimes genes also move between different
species, such as bacteria and plants, through a process
unrelated to reproduction that is known as horizontal gene
transfer (HGT). HGT can also occur between two closely
related species.

HGT was first described in 1959 in a Japanese publication
about the transfer of antibiotic resistance from one bacterium
to another (Akiba et al. [1]). The phenomenon of HGT is quite
significant in prokaryotes and some unicellular eukaryotes.
Most work on biological evolution has focused on the role of
genetic mutations [12] and consequent changes in the active
sites of proteins [11], whereas the importance of HGTs has not
been extensively studied [7] even though it plays a major role
in evolution and medicine. For instance, it is the major
contributor of bacterial evolution, enabling species to acquire
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genes to adapt to new environments. Therefore, further study
of HGT and its implications is necessary to understand the
effects of HGT in biology and to study techniques to enable or
disable the process based on its effects.

This paper is organized as follows. Section II describes the
basic concepts of horizontal gene transfer. Section III reviews
previously proposed horizontal gene transfer methods. Section
IV describes our new method for identifying horizontally
transferred genes. Section V describes the experimental results
and analysis. Finally, Section VI presents some conclusions
and future work.

II. BASIC CONCEPTS OF HORIZONTAL GENE TRANSFER

A. How to determine HGT?

For a successful natural horizontal gene transfer, it would
require stable integration of the gene into the genome, no
disturbance of regulatory or genetic structures, expression and
successive production of a functional protein (Susanna et al.
[23]). There are two approaches to determine Horizontal Gene
Transfer in a genome: (i) Phylogenetic Comparison and
(i1) Parametric Comparison. In Phylogenetic Comparison,
different organisms are compared to find the similarity or
dissimilarity. While in Parametric Comparison, genes that
appear to be anomalous in their current genome contexts are
considered transferred from a foreign source (Lawrence and
Ochman [10]).

B. Why is it important to study HGT?

HGT plays a major role in bacterial evolution. Antibiotic
resistance (AR) or antimicrobial resistance is a type of drug
resistance where a microorganism is able to survive exposure
to an antibiotic. The development of antibiotic resistance
characteristics is often observed to develop much more rapidly
than simple vertical inheritance of traits. Hence it is believed
that development of antibiotic resistance among different
bacteria is the result of HGT, as one bacterial cell acquires
resistance and transfers those genes to other bacterial species
(Frank-Kamenetskii [5]).

Antibiotic resistance (AR) poses a significant problem for
the public health in the world. As more and more bacterium
develop resistance to drugs, the need for alternative treatments
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increases. Controlling antibiotic resistance (AR) in bacteria
requires investigation of the antibiotic resistance mechanism
(Song et al. [22]). Hence studies on HGT will help provide a
greater insight on how this can be curbed.

C. Mechanisms of HGT

Horizontal gene transfer could occur by several mechanisms
between organisms.
following:

These basic mechanisms are the

*  Transformation - The uptake of naked DNA is a common
mode of horizontal gene transfer that can mediate the
exchange of any part of a chromosome; this process is
most common in bacteria that are naturally transformable;
typically only short DNA fragments are exchanged.

* Conjugation - The transfer of DNA mediated by conjugal
plasmids or conjugal transposons; requires cell to cell
contact but can occur between distantly related bacteria or
even bacteria and eukaryotic cells; can transfer long
fragments of DNA.

*  Transduction - The transfer of DNA by phage requires
that the donor and recipient share cell surface receptors
for phage binding and thus is usually limited to closely
related bacteria; the length of DNA transferred is limited
by the size of the phage head. Gene transfer agents, virus-
like elements encoded by the host, that are found in the
alphaproteobacteria order Rhodobacterales.

Each of these methods of genetic exchange can introduce
sequences of DNA that share little homology with the
remaining DNA of the recipient cell. If there are homologous
sequences shared between the donor DNA and the recipient
chromosome, the donor sequences can be stably incorporated
into the recipient chromosome by genetic recombination. If
the homologous sequences flank sequences that are absent in
the recipient, the recipient may acquire an insertion from
another strain of unrelated bacteria. Such insertions can be
small or quite large. Large insertions that have been acquired
from another bacterium (often inferred from differences in GC
content or codon usage) and are absent from related strains of
bacteria are called "islands."

III. REVIEW OF PREVIOUS HGT DETECTION METHODS

A. Compositional Methods

A horizontally transferred gene can contain recognizable
signatures of its previous location. Compositional methods use
atypical nucleotide (Lawrence and Ochman [8]), atypical
codon usage patterns (Lawrence and Ochman [9]) or their
combination (Tsirigos and Rigoutsos [27]) to detect
horizontally transferred genes. Since the horizontally
transferred genes adopt the signatures of their new host
genome over time, these methods are most useful for
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identifying genes that have been transferred fairly recently.
These methods are easily applied to completely sequenced
genomes. However, high rates of false positives and negatives
have been observed in these methods.

B. Phylogeny-Based Method

Phylogeny-based detection of HGT is one of the most
commonly used approaches. It is based on discrepancies in the
gene trees generated by phylogenetic algorithms, such as those
shown in Revesz [14, 15]. When the gene and species trees are
compared, HGT explain the
discrepancies because the evolutionary history of the gene
does not agree with the species phylogeny.

events are invoked to

One drawback of using this method is the absence of firm
criteria for uniquely identifying the HGT scenario. In addition,
the bacterial phylogenetic trees are not definitive. The quality
of the phylogenetic reconstruction is usually done statistically,
which has an impact on the HGT detection and sometimes
underestimates or overestimates the number HGT events.

C. Distance-Based Detection of HGT

The Distance-Based method incorporates distances typically
used in the Phylogeny-based detection of HGT rather than the
trees themselves. This method has many of the strengths of
Phylogenetic approaches but avoids some of their pitfalls.

This method uses only the pair-wise distance instead of
building the whole trees as in the Phylogeny-based approach,
which makes the distance-based approach run much more
quickly, allowing scanning of whole genomes. As there is no
‘consensus’ tree in this method, it does not suffer in the cases
where no tree matches all of the given data. Instead it just
compares the pair-wise distance between species and thus
called the Distance-Based method for detecting HGT.

D. Composition-Based Detection of HGT

Although the Phylogeny-Based detection methods are more
powerful than the Composition-based methods, especially
when the donor is closely related to the recipient genome, they
are very time consuming. The four methodologies commonly
employed by Composition-based methods to detect HGT are
based on:

* The codon adaptation index, codon usage, and GC
percentage (CAI/GC)

*  The distributional profile

*  The Bayesian model

*  The first-order Markov model

All these methods attempt to identify genes with anomalous
compositions. The genomic DNA of different organisms has a
particular mean G+C content. Genes in a given genome use
the same coding strategy for choices among synonymous
codons. That is, the bias in codon usage is species-specific.
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Statistical methods have been developed to use these
anomalies in the GC content to detect HGT.

One notable problem with the compositional approaches is
that the codon usage and GC content give different results,
each detecting a different set of possible horizontal gene
transfers that do not match with each other.

A study on these methods shows that both the Bayesian
models and the Markov models can detect HGT when closely
related species are studied, though the Markov model is more
effective. The CAI/GC method appears to be a less effective
approach in the detection of HGT but is very effective in
detecting  HGT when the foreign genes
phylogenetically distant species. The distribution profile
method exhibited an average detection level of approximately
50% for foreign genes but failed to go beyond 80% threshold
of detection.

are from a

If a compositional method with an accurate detection level
of horizontally transferred genes can be developed, it could
avoid the application of exhaustive processes and slow
phylogenetic reconstructions used in the phylogeny-based
approach. The compositional method can be used together
with fast bacterial genome sequencing [13, 18].

IV. A NEW METHOD TO DETECT HGT

We recently devised a method based on approximate search
on protein structures to detect HGT among bacteria (see the
preliminary publications Billa et al. [3] and Santosh et al.
[20]). Below we extend the applicability of our earlier method
to be generally applicable to detect horizontal gene transfer
and show many more examples of HGTs.

Our method makes use our observation (Shortridge et al.
[21]) that protein function and structure is conserved at a
much higher level that protein and DNA sequences. Hence,
our hypothesis is that horizontally transferred genes can be
reliably identified through an examination of protein structure
comparisons between organisms. Although the transferred
gene sequence can change, it changes in a way that leaves the
resulting protein structure and function intact. Hence, our
experiment is to identify structural anomalies between proteins
with conserved function that are isolated from divergent
organisms.

To identify these protein structure anomalies, we make use
of the Cluster of Orthologous Group (COG) classification [24,
25]. They are identified as the single-best-hit within each
organism after a protein sequence comparison of all genes
against all proteins coded by other organisms in the dataset.
According to the COG classification, proteins with similar
functionality share a COG number. According to evolutionary
theory, proteins with the same COG number should have
similar structures.

In our experiments, we consider two phyla of bacteria: (i)
Firmicutes, and (ii) Proteobacteria. Most of the Firmicutes
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bacteria are Gram-positive. They are found in various
environments and the group includes some notable pathogens.
Proteobacteria is the largest and most diverse in the domain
This is an environmentally, geologically and
evolutionarily important group. Most of the bacteria in
Proteobacteria group are Gram-negative. Firmicutes and

bacteria.

Proteobacteria diverged millions of years ago, and underwent
random mutations during which they retained most of their
native characteristics (Shortridge et al. [21]). Evidence of
protein characteristics of bacteria belonging to one phyla
being similar to the protein characteristics of bacteria in
another phyla would indicate horizontal gene transfer.

A. Description of the Method

We compared the Firmicutes bacterium Bacillus subtilis
with Proteobacteria bacteria. We chose Bacillus subtilis
because it has a large number of identified structures in the
biological databases that were available for our research.

Stage 1: As the first stage of the method, we needed
information about all the proteins that were studied in each of
these bacteria. To get this data we made use of the PROFESS
database (Triplet et al. [26]). Querying the PROFESS
database, we obtained a list of proteins from each of the
bacteria in our set and the COGs to which they belong. There
were 494 proteins for Bacillus subtilis and 3264 proteins for
Escherichia coli documented in the PDB database. When we
perform structural comparison for these two bacteria we are
interested only in the common COGs between them. There are
88 common COGs among them.

Stage2: As the second stage of the method, we performed a
structural comparison of the proteins. To perform pairwise
structural comparison of proteins within each organism within

the same COG, we would have n @ pairs of PDB IDs,

where 7 is the number of proteins in a given COG for a given
organism. The DaliLite program was used to compare the
protein structures. It takes the input of two PDB ids and
applies structural comparison algorithms and reports a Z-
score, which is the index for measuring structural similarity in
proteins. For comparison of proteins within a COG number in
the two different organisms under consideration, we would
have the cross product of the number of PDB IDs in that
particular COG in each of the organisms. This has to be
repeated for all the common COGs in the two organisms.

For all pairs of PDB IDs obtained above, an alignment
algorithm is applied to get a Z-score measure for each pair.
The DaliLite tool is used to obtain this. When a pair-wise
comparison is done using DaliLite it gives results based on
multiple variations in the alignments of the two proteins. We
choose the result set with the highest Z-score. In other words
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Table 1. Example of Documented Data.

COG B, subtilis £ coli Comparison B. subtilis E. coli Comparison
Number ' i -eot Z-score Z-score Normalized | Z-score Normalized Z-score Normalized
454 12.09 35.7 9.71 0.34 1 0.27

we use the score from the best alignment. The average Z-score
is calculated within each COG. These average Z-scores are
then normalized. By analyzing these normalized values, we
can identify anomalous structures.

Since the average Z-scores are calculated within the same
COGs, we expect the average Z-score for the same COG in
two different organisms to be equal or have very little
difference. If any large difference in the values of the average
Z-score with in a same COG appears in the two organisms
under consideration then it is unusual and further inspection of
the proteins in that particular COG is required. For our
research the threshold value for identifying this anomalous
behavior is chosen to be 75%. If the average Z-score value of
the first organism is less than or equal to 75% of the average
Z-score value of the second organism then that particular COG
is identified as an anomaly. After identifying all such COGs
further analysis of structures needs to be done to identify a
possible candidate of HGT. Table 1 shows sample data
resulting from the comparison of Bacillus subtilis and
Escherichia coli. In this example, COG 454 is considered
anomalous because the average Z-score of Bacillus subtilis is
only 39% of the average Z-score of Escherichia coli, which
falls below our considered threshold value.

V. EXPERIMENTAL RESULTS

Analysis of proteins from Bacillus subtilis, which is gram
positive, with other Gram-negative organisms needs to be
done. The protein structures of Bacillus subtilis were
compared with all the Proteobacteria (Gram negative)
bacteria having more than 40 crystallized proteins in the PDB.
There were 19 Gram-negative organisms with number of
crystallized proteins in them greater than 40. Of these nineteen
Gram-negative organisms only five organisms had matching
COG numbers with the ones in Bacillus subtilis. The Gram-
negative organisms were:

1. Escherichia coli

2. Pseudomonas aeruginosa
3. Pseudomonas putida

4. Haemophilus influenzae
5. Helicobacter pylori

The protein structures of Bacillus subtilis are compared
with the above gram-negative organisms. This comparison is
performed only for the common COGs between the two
different classes of bacteria, i.e., one Gram positive and five
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Gram negative organisms. Table 2 gives a summary of the
proteins structure comparisons performed in our preliminary
analysis.

A. Summary of Suspected Horizontal Gene Transfers

Table 3 summarizes the findings of a further detailed
analysis of all the proteins in these candidate HGTs. In
particular, the proteins 1VI0 in COG-1309 and 2GGE in
COG-4948 were identified as likely HGTs to Bacillus subtilis
and proteins 2DY0 in COG-503, 1M33 in COG-596, 1098 &
108C in COG-604 and 3MEF in COG-1278 as possible HGTs
from Bacillus subtilis. The AZ-score shown in Table 3 is the
difference of the average comparison Z-scores of the HGT
suspected protein with all the proteins in the opposite Gram
organism and the average Z-scores of all the other proteins in
the same COG as the suspected protein with all the proteins in
the opposite Gram organism.

B. Detailed Analysis of COG-503

COG-503 from E. coli includes five structures of
Xanthine Transferase (1A95, 1A96, 1A97, 1A98, INUL) and
one structure of Adenine Transferase (2DY0). Among these
the Adenine Transferase had the most divergent structure
according to the Z-score comparison; an average of 10
compared to an average of 25 for all the others. COG-503
from Bacillus subtilis includes four structures, one repressor
(1057) and three Xanthine Transferase (1P96, 1YOB, 2FXV).
As Table 4 shows, all of the four proteins were closely related
according to their Z-scores. The E. coli protein 2DY0 was
more similar to the four Bacillus subtilis proteins than it was
to the E. coli proteins. Therefore, it is an excellent candidate to
be a new horizontally transferred gene product.

To further confirm this is a genuine case of HGT, we
compared visually the 3-D structure of the protein 2DY0 and a
sequence alignment with the proteins in Bacillus subtilis and
other proteins in E. coli in the COG-503 as shown in Figs. 1
and 2.

C. Detailed Analysis of COG-596

The suspected PDB-IDs were more similar to the proteins
in Bacillus subtilis than it had been to the E. coli proteins.
COG-596 from E. coli includes two structures one of a BioH
protein (1M33) and one of a C-C bond hydrolase (1U2E).
COG-596 from Bacillus subtilis includes two structures of the
same Sigma factor SigB regulation protein. E. coli protein
1M33 was more similar to the protein in Bacillus subtilis than
it had been to the E. coli protein.
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Table 2 Summary of the HGT candidates among the compared protein structures.

COG| Number of Structures in Bacterial Findings
E. coli Bacillus subtilis
500 2 2 Statistically promising example of HGT, provided there were more structures.
503 6 4 Most likely a good example of HGT.
526 38 13 Substrate diversity.
596 2 2 Most likely a good example of HGT.
604 3 2 Most likely a good example of HGT.
789 6 2 A closer examination revealed it was the result of protein fragments in E. coli.
840 2 2 Two Gram-positive protein structures are not similar to any of the Gram-negatives.
1278 2 4 Most likely a good example of HGT.
1609 42 2 Substrate diversity.
E. coli Staphylococcus aureus
441 9 2 Protein fragments in E. coli and the two Gram-positive proteins are not different.
526 38 4 Substrate diversity.
614 8 5 The two .Gram-positi\{e protein struc.tures are not different and have similar Z-scores to all
the protein structures in Gram-negative.
5640 15 3 The three G?arn-positive protein structu.res are not different and have similar Z-scores to
all the protein structures in Gram-negative.
E. coli Bacillus
80 30 2 NULL values of Z-scores, Substrate diversity, Protein fragments*.
266 6 12 Substrate diversity, confirmation changes.
508 6 8 NULL values of Z-scores, Protein domains & fragments*.
522 33 2 Substrate diversity, NULL values of Z-scores, Protein domains/ fragments*.
E. coli Streptococcus
745 16 4 NULL values of Z-scores, Protein domains & fragments*, same protein crystallized more
than once.
E. coli Lactococcus lactis
266 6 7 Conformation changes.
2376 5 2 Different subunit of a multi-subunit enzyme, structures are unrelated but not a HGT.
E. coli Bacillus anthracis
5126 3 10 San}g proteins yvith and without ligand. Substrate diversity, HGT not from any Gram-
positive bacteria.
E. coli Bacillus megaterium
1028 7 4 Substrate diversity.
1609 42 9 Substrate diversity.
1925 8 4 Protein domains & fragments*.
Bacillus E.coli
236 2 6 False hit because of protein complex.
454 5 5 The G.rarn-pos.itive protein struc'%ures are same wit.h different ligands and the two Gram-
negative proteins are same proteins crystalized twice.
745 2 16 Substrate diversity.
1057 5 5 The two Gram-positive protein structures are same and the two Gram-negative protein
structures are same.
1309 3 8 Substrate diversity.
1925 7 8 False positive due to multiple protein conformations.
Bacillus Pseudomonas
The two Gram-positive protein structures are of the same protein and the three Gram-
1057 2 3 negative proteins are same with different ligands.
Bacillus Pseudomonas putida
1309 3 5 Most likely a good example of HGT.
4948 3 5 Most likely a good example of HGT.
Bacillus Haemophilus influenzae
2050 ) ) The two Gram-positive p.rotei.n structures are of the same protein. One protein structure of
the Gram-negative organism is a protein fragment.
Bacillus Helicobacter pylori.
745 2 4 Two Gram-positive proteins are completely dissimilar. One is a protein fragment.
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Table 3 Summary of proteins suspected as horizontal gene transfers.

COG PDB-ID AZ-score Receiving Bacteria Donor Bacteria
503 2DY0 11.85 Escherichia coli Bacillus subtilis
596 1M33 4.95 Escherichia coli Bacillus subtilis
604 (1098, 108C) 15.45 Escherichia coli Bacillus subtilis
1278 3MEF 5.28 Escherichia coli Bacillus subtilis
1309 1VIO 3.49 Bacillus subtilis Pseudomonas putida
4948 2GGE 8.49 Bacillus subtilis Unknown

Table 4 COG- 503 in Comparison between Escherichia coli and Bacillus subtilis.
E. coli Bacillus subtilis
1A95 | 1A96 | 1A97 | 1A98 | INUL | 2DYO0 | 1057 | 1P4A | 1YOB | 2FXV
1A95 29.7 28.3 22.7 26 11.3 9.9 10.8 10.3 10.1
1A96 | 29.7 28.3 22.7 26 11.3 9.9 10.9 10.3 10.1
E. coli 1A97 | 28.3 28.3 232 26.2 11 9.7 10.6 10 9.8
1A98 | 22.7 22.7 232 23.5 9.6 8.5 9.3 9.6 8.9
INUL 26 26 26.2 23.5 10.2 9.1 9.9 94 9.3
2DYO0 | 11.3 11.3 11 9.6 10.2 20.5 20.3 23.7 222
1057 9.9 9.9 9.7 8.5 9.1 20.5 39.9 23 23.6
Bacillus 1P4A | 10.8 10.9 10.6 9.3 9.9 20.3 39.9 229 23.6
subtilis 1YOB | 10.3 10.3 10 9.6 9.4 23.7 23 229 32.8
2FXV | 10.1 10.1 9.8 8.9 9.3 222 23.6 23.6 32.8

Table 5 COG-596 comparison between Escherichia coli and Bacillus subtilis

E. coli Bacillus subtilis
1M33 1U2E 1wWO 1WPR
E. coli 1M33 24.8 30.5 0.7
1U2E 24.8 25.7 25.6
Bacillus 1WOM 30.5 25.7 47.6
subtilis 1WPR 30.7 25.6 47.6

Table 5 shows that it is an excellent candidate to be a
horizontally transferred gene product.

To further confirm this is a genuine case of HGT, we
compared visually, the 3-D structure of the protein 1M33 and
a sequence alignment with the proteins in Bacillus subtilis and
other proteins in E. coli in the COG-596 (see Figs. 3 and 4).

D. Detailed Analysis of COG-604

COG-604 from Bacillus subtilis includes two structures of
the same YhfP hypothetical protein without and with NAD
bound (1TT7, 1Y9E).

Table 6 shows that E. coli proteins 1089 and 108C are
more similar to all the structures of the protein in Bacillus
subtilis than they had been to E. coli protein 1QOR. Therefore,
they are excellent candidates to be horizontally transferred
gene products. In this case we cannot really distinguish
between the proteins 1089, 108C and pinpoint one of them as
the candidate for HGT as they are of the same protein.
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To further confirm this is a genuine case of HGT, we
compared the 3-D structure of the protein 1089 (chose one of
the two similar proteins) and a sequence alignment with the
proteins in Bacillus subtilis and other protein in E. coli in the
COG-604 as shown in Figs. 5 and 6

Table 6 COG-604 comparison between E. coli and Bacillus

subtilis

E. coli Bacillus
1089 | 108C | 1QOR | ITT7 | 1Y9E
1089 494 | 29.1 | 448 | 449
E.coli | 108C | 494 318 | 47.7 | 476
IQOR | 29.1 | 318 309 | 30.7
Bacillus | 1TT7 | 448 | 47.7 | 309 55

subtilis | 1Y9E | 449 | 47.6 | 30.7 55
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Extraloop in 2DY0
that is not aligning
with 1A98

Fig. 1. Pre-calculated jJFATCAT-rigid structure alignment results (left) 2DYO0 (E. coli) vs.1A98 (E. coli) and (right) 2DYO0 (E.
coli) vs.1057 (Bacillus subtilis).
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Fig. 2. (top) Sequence alignment results 2DYO0 (E. coli) vs. 1A98 (E. coli). Long part of the sequence is not aligning here,
corresponding to the extra grey loop in the 3-D structural comparison in Fig. 1 (left), and
(bottom) Sequence alignment results 2DYO0 (E. coli) vs. 1057 (Bacillus subtilis).
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Fig. 3. (left) Pre-calculated jJFATCAT-rigid structure alignment results 1M33 (E. coli) vs. 1U2E (E. coli).
(right) Pre-calculated jFATCAT-rigid structure alignment results 1IM33 (E. coli) vs. IWOM (Bacillus subtilis). Note that there
are more grey regions in this alignment of 1IM33 & 1U2E compared to the alignment of IM33 & 1WOM
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| . | . | . | . | . | . . | . | . | . | . | .
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Fig. 4. (left) Sequence alignment results 1IM33 (E. coli) vs. 1U2E (E. coli) and (right) Sequence alignment results 1M33 (E.
coli) vs. IWOM (Bacillus subtilis). The sequence alignment clearly shows more gaps in the alignment of 1M33 vs. 1U2E than
in the alignment of 1M33 vs. IWOM.
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Fig. 5. (left) Pre-calculated jFATCAT-rigid structure alignment results 1089 (E. coli) vs. 1QOR (E. coli). Note the numerous
small grey loops spread throughout the alignment. (right) Pre-calculated jFATCAT-rigid structure alignment results 1089 (E.
coli) vs. 1TT7 (Bacillus subtilis). In this case there are very few loops in the alignment.
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| | I . | .
KQVWAGAT DTVGDKVLAKVLAOMNYGGCVAACGLAGGFTLPTTVMPFILRNVRLOGVDSVMT PPERRAQA
LI S I 1 I Iy [y I I S I I A I I I I U I I I I [ Y [
KQOWQGAVDFVGGKQLASLL. QYGGSVAVSGLTGGGEVPATVYPFILRGVSLLGIDSVYCPMOVRARV
|
27

| . | . | . | . |

220:R 230:R 240:R 250:R 260:R

|
70:A 280:A

3
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Fig. 6. (left) Sequence alignment results 1089 (E. coli) vs. 1QOR (E. coli) clearly showing many small mismatches, which
correspond to the numerous small grey regions in the 3-D structure alignment. (right) Sequence alignment results 1089 (E.
coli) vs. 1TT7 (Bacillus subtilis) showing very few mismatches.
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E. Detailed Analysis of COG-1278

COG-1278 from E. coli includes two structures of two Table 7 COG-1278 comparison between E. coli and
different cold shock proteins (2BH8, 3MEF). COG-1278 from Bacillus subtilis.
Bacillus subtilis includes four protein structures of the same E. coli Bacillus subtilis
protein, two of which are with different ligands (2ES2, 2F52) 2BHS8 | 3MEF | 2ES2 | 2F52 | 2I5L | 2I5M
and two of which are site mutants of the same protein (2I5L, 2BHS 51 | 4.7 4 48 | 4.8
2I5M). E. coli protein 3MEF is more similar to all the E. coli 3MEF | 51 1041 9 | 102 | 98
different structures of the prote.ins in Bacillus subtilis. tban it 2ES2 | 47 | 104 1211 15 | 146
had been to t.he E. coli protein 2BH8. Therefore, it is an Bacillus| 2F52 2 9 | 121 117 | 108
excellent candidate to be a new horizontally transferred gene .

subtilis | 2151 4.8 10.2 | 15 | 11.7 15

product. To further confirm this is a genuine case of HGT, we
compared visually the 3-D structure of the protein 3MEF and
a sequence alignment with the proteins in Bacillus subtilis and
other proteins in E. coli in the COG-1278.

2I5M | 4.8 9.8 |14.6|10.8 | 15

Fig. 7. (left) Pre-calculated jJFATCAT-rigid structure alignment results 3SMEF (E. coli) vs. 2BHS (E. coli). A detailed
examination of the 2BHS8 protein reveals possible errors in the backbone assignment, but these do not alter the location of the
small grey loops. (right) Pre-calculated jJFATCAT-rigid structure alignment results 3SMEF (E. coli) vs. 2ES2 (Bacillus subtilis).
Note that the structure of 3MEF better matches with 2ES2 than 2BHS.

4:A 20:A 30:A 40:2 50:A
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KMTGIVKWFNADKGFGFITPDDGSKDVFVHFSA--IQNDGYKSLDEGQKVSFTIESG

L U U U U U U U U O I P [ I I

KMTGIVKWFNADKGFGFITPDDGSKDVFVHFSAGSSGAAVRGHPQOGDRVEGKIKSI

|| | \ | \

18:2 30:A 40:A 50:A 60:2 TO:A
4:2 20:A 30:A 40:A 50:A 60:A 70
| \ | | . | . | | \
KMTIGIVKWFNACDKGFGFITPLDGSKDVEVHFSAIQNDGYKSLOEGQKVSFTIESGAKGPAAGNVT ST

S S I I I R U U I - I U I U U O - I I O I A ) B [ Y (N [ I
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\ . | . \ . \ . | . |
.

b 4 n 2N I 2N b AN b cN N &N T
1:3 10:2 20:A 30:A 40:4 S50:A e0:4

Fig. 8. (top) Sequence alignment results 3SMEF (E. coli) vs. 2BHS8 (E. coli) and (bottom) Sequence alignment results 3MEF (E.
coli) vs. 2ES2 (Bacillus subtilis). Clearly, the sequence of 3MEF better matches with 2ES2 than with 2BHS.
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F. Detailed Analysis of COG-1309

COG-1309 from Bacillus subtilis includes 2 structures of
putative transcriptional regulators (1RKT, 1SGM) and one
structure of transcriptional regulator (1VI0). Among these the
1VIO had the most divergent structure according to the Z-score
comparison shown in Table 4. COG-1309 from Pseudomonas
putida includes five structures, all which are transcriptional
regulators. All of the five proteins were closely related
according to their Z-scores.

Table 8 shows that Bacillus subtilis protein 1VI0 was more
similar to the five Pseudomonas putida proteins than it was to
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the other Bacillus subtilis proteins. Therefore, it is an excellent
candidate to be a horizontally transferred gene product.

To further confirm that this is a genuine case of HGT, we
compare the 3-D structure of the protein 1VIO. Sequence
alignments with all the proteins in Pseudomonas putida with
all other proteins in Bacillus subtilis in the COG-1309 are
done using the Jmol tool. The results are shown in Figs. 9 and
10. The results indicate a strong alignment between the IV10
(Bacillus subtilis) and the 2UXH (Pseudomonas putida)
proteins, further supports the case of horizontal gene transfer
between the two bacteria.

Table 8 COG-1309 in Comparison between Bacillus subtilis and Pseudomonas putida.

Bacillus subtilis Pseudomonas putida

IRK | 1SG | 1VIO | 2UXH | 2UXI | 2UX | 2UXP | 2UX
, IRKT 123 | 155 | 158 | 158 | 159 | 158 | 159
fzg’ﬁj‘; 1SGM | 123 119 | 119 | 119 | 119 | 119
VIO | 155 | 15 173 | 172 | 173 | 175 | 175
2UXH | 158 | 119 | 173 32 | 324 | 325 | 323
2UXI | 158 | 119 | 172 32 323 | 324 | 323
P SeZZ‘t’i’;’;’”as 2UXO | 159 | 119 | 173 | 324 | 323 328 | 325
2UXP | 158 | 119 | 175 | 325 | 324 | 328 325

2UXU | 159 | 119 | 175 | 323 | 323 | 325 | 325

Extra loops and gaps
7| in 1 VIO that are not
aligning with 1SGM

Fig. 9. (left) Pre-calculated jJFATCAT-rigid structure alignment results 1VI0 (Bacillus subtilis) vs. 1SGM (Bacillus subtilis).
(right) Pre-calculated jFATCAT-rigid structure alignment results 1VIO (Bacillus subtilis) vs. 2UXH (Pseudomonas putida).

20:2 30:2 40:2 £0:a €0:2 T0:A

RE. T 3QL G IVE GAP LYHFFPN E EAVTYTGEIVEHL
1 1 1 I
a Z0:n 1:h 1:h A 80:A 1:R
2 1c 1 E) 130:2
| | | |
EFATAKEKLALVIEKHFSLLAG-DENLATVIQLEL LEL. NEILECYLNILDGILTEGIQ
ATQLFTRKT NTSTK LA TSEPLAT FRSHE ENE
| | |
):A 90:A 1 110:2 120:2a 130:a 140:a
140:A 50:A A 170:R 1tk 180:4
I . . -
GEIREGLDVRLARQMIFET IDETVTTWVMNDQKYDLVALSNSVLELLVSE
EE—————EANGLCTLINSMIZCCIMLS L TH--¥DETPLL--LIAEQIDVL

i60:a 170:a 18C:A

Fig. 10. (top) Sequencing alignment results 1 VIO (Bacillus subtilis)‘{/s. ISGM (Bacilfus subt.ﬂz:s) and (Bottom) sequence
alignment results 1 VIO (Bacillus subtilis) vs. 2UXH (Pseudomonas putida).
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Table 9 COG-4948 in comparison between Bacillus subtilis and Pseudomonas putida.

Volume 12, 2018

Bacillus subtilis Pseudomonas putida
JP | ITK | 2GGE | IBKH | 1F9C | IMU | 2MU | 3MU
. 1JPM 592 | 365 | 467 | 465 | 467 | 466 | 465
f;;t’fllgs ITKK | 59.2 386 | 463 | 465 | 465 | 465 | 463
2GGE | 365 | 386 38.1 | 37.8 | 38 | 381 | 381
IBKH | 467 | 463 | 38.1 63 | 646 | 644 | 643
1IFOC | 465 | 465 | 378 63 634 | 634 | 625
5 ;ZZZ"’”"W IMUC | 467 | 465 38 64.6 | 63.4 653 | 652
OMUC | 466 | 465 | 381 | 644 | 634 | 653 65.5
3MUC | 465 | 463 | 381 | 643 | 625 | 652 | 655

G. Detailed Analysis of COG-4948

Table 9 shows a detailed comparison of the COG-4948
proteins in Bacillus subtilis and Pseudomonas putida. Here we
can observe that protein 2GGE does not fit well into the set of
COG-4948 proteins of Bacillus subtilis because its similarity
score with the other proteins is much lower than the similarity
score between 1JPM and 1TKK, the other two COG-4948
proteins of Bacillus subtilis. However, 2GGE does not show
an unusually high similarity with the set of COG-4948
proteins of Pseudomonas putida. Hence 2GGE was likely
transferred horizontally to Bacillus subtilis but not from
Pseudomonas putida.

H. False Positives

A false positive occurs when a positive result is erroneously
observed. During our detailed analysis, we noted several
situations that routinely generated false positives:

1. Protein Fragments: Many of the PDB-ids in the Protein

Data Bank (PDB) database [2, 4] correspond to protein
and protein fragments. The
comparison of these domains and protein fragments with

domains structural
the whole protein sometimes leads to falsely suspecting a
protein for HGT. Good examples of this case are COG-
2050 and COG-745.

2. Substrate Diversity: The COG’s enzyme specificity is
fixed within the COG but the substrate specificity is
diverse. Good examples for this case are COG-745 and
COG-1309.

3. Conformation changes:
conformations of the same protein. Example: COG-1925
and COG-745.

4. HGT from other sources: There are some cases in which
a protein is identified as possible HGT but not exactly

There are two or more

from the organism with which we are comparing.
Example: Protein 2GGE in COG-4948.

5. Different Subunits: Different subunits of a multi subunit
enzyme have very dissimilar structures and with the
structure-based method these could look like a possible
candidate of HGT, but they are not.
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VI. CONCLUSIONS AND FUTURE WORK

We extended our earlier method [3, 20] and presented an
improved protein structure-based method to detect horizontal
gene transfer. We tried to identify possible HGT in Firmicutes
from Proteobacteria. Various cases of false positives have
been identified and documented. This method cannot be
evaluated for efficiency over other methods for two reasons.
First, because it uses a completely different approach to
identify HGT, uses protein structures rather than the complete
genomes used in other techniques. Secondly, each of the
techniques used to identify HGT do not yield the same result
set. Automation of the procedure to identify HGT was
possible only to a certain extent after which the data had to be
analyzed manually, which took substantial amount of time.
Automation of the entire procedure would be complex to
implement as careful analysis and structural visualization of
each candidate for HGT was required to zero in on a
participant of HGT.

In the future, we plan to improve our algorithm by
eliminating false positives. The accuracy of our method also
depends on the accuracy of sources from which data is
collected for various organisms. Unfortunately, we cannot
guarantee this. The main source of data for this research was
the PDB database [2, 4]. Many underlying problems exist with
this database, some of which are as follows:

1. Like any other biological database, the PDB is incomplete
because it does not contain complete protein structure
information for all the organisms. Although, it is a
constantly growing collection of protein structure data,
there is a limitation in choosing organisms.

2. Since it relies on entries from various biologists and
biochemists, same proteins may be crystallized multiple
times, resulting in duplicated entries (multiple PDB IDs
for the same protein).

3. Some proteins have been crystallized with and without
ligands and substrates, each appear with a unique PDB-id.

4. Protein domains and protein fragments appear with
unique PDB-id.
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5. Some proteins have been mutated at only one or a few
residues, but each structure has a unique PDB-id.

As the quality of the biological databases used increases, so
can the efficiency of our method be improved.

This research was based on COG classification, which is a
generalized classification. But researchers are moving away
from this classification to more specific types of classification
of proteins such as GO and eggNOG. Some of the databases
have already gotten rid of this classification. Our method can
also be applied and tested with these classifications to prove
its efficiency. Following similar procedures to identify HGT
with these new classifications might provide interesting
results.

The DaliLite tool used in this research for structural
comparison of proteins can be replaced with CPASS program
which compares ligand defined active sites to determine
sequence and structural similarity.

This research can be scaled to other organisms belonging to
other classifications of phyla. As more genomic data of
organisms becomes available in the biological databases, this
research can be used to identify more cases of HGT.
Scalability of this research might help to answer other
intriguing questions, such as the following:

1.  Which proteins
horizontally gene transferred?
. What is the functionality of such proteins?
3. Which organism has the highest percentage of HGT
proteins?
4. What are the conditions that would enable a horizontal

have more probability of being

gene transfer?
5. What is rate of occurrence of the HGT?

Identifying the reasons and causes behind the occurrence of
HGT can be an interesting way to extend this research. Each
method to detect HGT follows a different approach.
Comparison and statistical analysis to see the accuracy of each
of the methods could also provide interesting results.

HGTs can play a role in epidemics. Hence a better
understanding of HGTs could aid in quickly identifying newly
developing epidemics and in better tracking their movements
[17, 19].

Our method is also applicable beyond gene evolution. For
example, studying the evolution of script families, such as the
Cretan Script Family [16], can also benefit from the principles
of our method because there may be horizontal influences, that
is, the transfer of individual script symbols, from one script to
another.
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