
UC San Diego
UC San Diego Previously Published Works

Title
Topological and phylogenetic analyses of bacterial holin families and superfamilies

Permalink
https://escholarship.org/uc/item/9fm0g4p6

Journal
Biochimica et Biophysica Acta, 1828(11)

ISSN
0006-3002

Authors
Reddy, Bhaskara L
Saier, Milton H

Publication Date
2013-11-01

DOI
10.1016/j.bbamem.2013.07.004
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9fm0g4p6
https://escholarship.org
http://www.cdlib.org/


Biochimica et Biophysica Acta 1828 (2013) 2654–2671

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbamem
Topological and phylogenetic analyses of bacterial holin families
and superfamilies
Bhaskara L. Reddy a,b, Milton H. Saier Jr. a,⁎
a Department of Molecular Biology, Division of Biological Sciences, University of California at San Diego, La Jolla, CA 92093-0116, USA
b Department of Mathematics and Natural Sciences, College of Letters and Sciences, National University, Ontario, CA 91764, USA
⁎ Corresponding author. Tel.: +1 858 534 4084; fax:
E-mail address: msaier@ucsd.edu (M.H. Saier).

0005-2736/$ – see front matter © 2013 Elsevier B.V. Al
http://dx.doi.org/10.1016/j.bbamem.2013.07.004
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 4 May 2013
Received in revised form 28 June 2013
Accepted 2 July 2013
Available online 13 July 2013

Keywords:
Holin
“Hole-forming”
Transmembrane pore
Autolysin
Phylogeny
Superfamily
Holins are small “hole-forming” transmembrane proteins that mediate bacterial cell lysis during programmed
cell death or following phage infection. We have identified fifty two families of established or putative holins
and have included representative members of these proteins in the Transporter Classification Database (TCDB;
www.tcdb.org). We have identified the organismal sources of members of these families, calculated their aver-
age protein sizes, estimated their topologies and determined their relative family sizes. Topological analyses sug-
gest that these proteins can have 1, 2, 3 or 4 transmembraneα-helical segments (TMSs), andmembers of a single
family are frequently, but not always, of a single topology. In one case, proteins of a family proved to have either 2
or 4 TMSs, and the latter arose by intragenic duplication of a primordial 2 TMS protein-encoding gene resembling
the former. Using established statistical approaches, some of these families have been shown to be related by
common descent. Seven superfamilies, including 21 of the 52 recognized families were identified. Conserved
motif and Pfam analyses confirmed most superfamily assignments. These results serve to expand upon the
scope of channel-forming bacterial holins.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Endolysins are genome- or phage-encoded peptidoglycan degrading
enzymes that are of at least four different types [1]. In general, these en-
zymes aremadewithout targeting signal sequences characteristic of pro-
teins exported via the general secretory pathway, also called the Sec
translocase (see the Transporter Classification Database, TCDB; www.
tcdb.org; TC# 3.A.5; [2]). They must therefore use an alternative method
of export [3,4]. These enzymes are produced fully folded in the cell cyto-
plasm and are exported via small transmembrane proteins called holins
or hole formers because of their propensity to form large oligomeric flex-
ible pores in the cytoplasmicmembranes of bacteria [5]. Holins allow the
autolysins to gain access to the cellwall, where they exert their actions by
cleaving various bonds in the peptidoglycan polymer, depending on
the type of endolysin [6,7]. Genes encoding holin proteins and their tar-
get peptidoglycan hydrolases have been identified in a wide variety of
Gram-negative and Gram-positive bacteria and their phage [3,8–11]. It
is not always clear whether access of autolysins to the cell wall results
from secretion, leakage or membrane lysis, and this could depend on
the type of holin [12]. As discussed by Wang et al., chromosomally-
encoded holins may be xenologues of phagic origin, or alternatively,
phage holins may be xenologues of chromosomal origin [3].

In an early report, Young and Blasi [1] grouped holins into eleven
families which they believed were unrelated to each other, i.e., which
+1 858 534 7108.
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were suggested to have evolved independently. However, it is extreme-
ly difficult to establish independent origin as sequence divergence can
mask the common features that result from a common ancestry
[13–15]. During our efforts to provide a comprehensive picture of the
distribution and diversity of holins, we have identified 52 families of
holins (see the Transporter Classification Database {TCDB; www.tcdb.
org} [16,17]). We have also developed sensitive methods that allow de-
tection of distant phylogenetic relationships in proteins [13]. Using
these approaches, we have identified relationships between 21 of the
52 TC holin families, creating superfamilies. We have also conducted
topological, phylogenetic and motif analyses and demonstrated the
presence of an internal duplication in one holin superfamily.

While the CDD (Conserved Domain Database) contains a substan-
tial fraction of the Pfam collection, it does not have a clan system.
Domain families imported from Pfam to CDD are referred to as
“SuperFamilies”, but there is only a single level in the hierarchy. We
have compared our superfamilies with the CDD and Pfam designa-
tions and suggested expansion of Pfam and CDD databases to include
our findings, which Pfam has since incorporated.

2. Materials and methods

2.1. Family identification and characterization

In this study, holins of the 52 families in TCDB were used as the
query sequences for PSI-BLAST searches of the NCBI NR protein data-
base in September, 2012 and again in January 2013. Searches were
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generally conducted without iterations [18]. Anywhere from one to
five hundred homologous proteins were retrieved from the NCBI da-
tabase in January 2013 for each of the families. Redundant and incom-
plete sequences were eliminated, and remaining selected proteins
were retained for topological and phylogenetic analyses.

The Clustal X program [19] and the Tree View program [20] were
used, respectively, for a multiple alignment of homologous sequences
and construction of phylogenetic trees. The multiple alignments for
the holins that comprise the seven superfamilies (I–VII) are presented
in Supplementary Figs. S1A–S7A. Default parameters of the CLUSTAL
X programwere used. An alternative method of tree construction, de-
pendent on tens of thousands of BLAST bit scores and obviating the
need for construction of a multiple alignment, was the Superfamily
Tree (SFT) program [21–23]. Previous publications have shown that
these two programs give excellent agreement when sequences are
sufficiently similar to generate reliable multiple alignments, but the
SFT program is superior when proteins with more divergent
sequences are analyzed.

Topological analyses of individual proteins were performed using
the WHAT [24], HMMTOP [25] and Spoctopus [26] programs. Average
hydropathy, amphipathicity and similarity plots were generated
using the AveHAS program [27].

Motifs were identified using the hidden Markov model-based
MEME program [28–30]. The MEMEmotif alignments for the 7 super-
families are presented in Supplementary Figs. S1B–S7B while the con-
served MEMEmotifs are shown in Figs. S1C–S7C and bootstrap values
for the phylogenetic trees are presented in the dendograms shown in
Figs. S1D–S7D.

2.2. Statistical approaches to homology establishment

Statistical sequence similarity comparisons between proteins, and
between internal regions of these proteins, were conducted using the
IC [31], GAP [32] and GSAT [33] programs. These programs randomly
shuffle the sequences of the proteins or protein segments under scruti-
ny and compare these shuffled sequences with the native sequences.
They thereby correct for abnormal protein compositions such as those
that can occur in integral membrane proteins. Two thousand random
shuffles and default settings have proven to be satisfactory for obtaining
statistically significant values. A comparison score of 9 standard devia-
tions [34] for comparable regions of the two proteins of at least 60
amino acyl residues (aas) has been reported to correspond to a proba-
bility of 10−27 that the observed degree of sequence similarity arose
by chance [35]. Although the actual probability may be higher due to
Gaussian skewing, this value has been considered sufficient to strongly
suggest homology, while a value of 12.0 SD is considered sufficient to
establish homology as described previously [14,36–39]. Because holins
are small proteins, higher percent identity values are required to obtain
a specific comparison score. Identification of superfamily relationships
(homology between families) was conducted using Protocol 1 and Pro-
tocol 2 [33] followedby confirmationwithGSAT as described in detail in
Results Section 3.4.

2.3. Pfam/HMM analysis

We downloaded the latest version of TCDB from http://www.tcdb.
org/public/tcdb, containing 8724 sequences, on February 16, 2013,
parsed the file header in the FASTA file so that it only contained the
TCDB id, e.g. 1.E.x.x.x, and had the complete sequence on the same
line in lower case text. There were 268 sequences starting with 1.E,
with no repeated names. The 268 sequences were saved in a separate
location.

One sequence, the fusion protein, 1.E.40.5.1, was much longer
than the others; it was removed, creating a set of 267 sequences.
Most of the remaining sequences were approximately 70–100 aas
long, but sometimes as short as 45 aas and sometimes as long as
220 aas.

The latest Pfam-A HMM collection from Pfam, ftp://ftp.sanger.ac.
uk/pub/databases/Pfam/current_release/Pfam-A.hmm.gz, and the lat-
est version of HMMER3, # HMMER 3.0 (March 2010); http://hmmer.
janelia.org/ were obtained. A cutoff of 1e−20 was selected and used
with the command HMMSEARCH to find which pre-existing Pfam
families had matches to our sequence set at this particular cutoff.

We then exported the columns containing the TC numbers, iden-
tifying each sequence that had a hit containing Pfam family identi-
fiers. The actual score was not recorded at this step. This table was
then loaded into Cytoscape 3.0, a University of California-developed
graph/network viewer. A total of 115 nodes and 98 edges were load-
ed. A force-directed layout was applied (Fig. S8).

Based on trial and error, we determined that the cutoffs 1e−5 (and
even 1e−4) resulted in a mapping highly similar to that obtained with
the 1e−20 cutoff. At 1e−3, most clusters started merging together, so
we examined trends observed at 1e−3 more closely.

To test how new HMMs that were trained on the superfamily se-
quence sets from TCDBwould perform, we used the HMMBUILD com-
mand in HMMER3, using the seven alignments in Stockholm format,
presented in Supplementary Figs. S1A–S7A. A link on the Journal
web page for the seven HMM files (one per superfamily) which can
be downloaded, searched and used with the HMMER3 software has
been provided. These seven new HMMs were used in searches of
the full unaligned (not seed) sequence set of 17 holin-related Pfam
families using a cutoff of 1e−3.

2.4. Family and superfamily designations

Throughout the manuscript we shall use Arabic numbers for fam-
ilies and Roman numerals for superfamilies. Thus, holin families 1–52
correspond to TC#s 1.E.1–1.E.52, and the seven holin superfamilies
are referred to as Superfamilies I–VII.

3. Results

3.1. Characteristics of currently recognized holin families and superfamilies

Table 1 lists the fifty two families of holins and putative holins
present within the Transporter Classification Database (TCDB) as of
March, 2013. These sequences are all available in TCDB at www.
tcdb.org. TCDB includes relevant information including references de-
scribing these proteins and their functional characteristics when
available. These families all fall into TC subclass 1.E, α-helical-type
channel-forming holins. They are derived from bacteria, their phage
and a few Archaea. The table indicates the family TC# (column 1) as
well as the name and abbreviation of each family (column 2), which
in general reflects the source and/or characteristics of the holins
that comprise that family.

Column 3 indicates the number of subfamilies identifiedwithin each
of these families, while column 4 presents the organismal phyla from
which members of these families were derived. Many of these families
are foundwithin a single bacterial phylum, but several exceptions exist.
Members of family 1.E.3 are found in Proteobacteria, Actinobacteria and
Archaea, while members of family 1.E.4 are found in Proteobacteria and
Synergistetes. Family 1.E.9 is found in a large number of bacterial phyla,
but these proteins, which function as immunity proteins to superinfec-
tion [40], have not been shown to function by a holin-type mechanism.
Their topological features and sizes render them “holin-like” as noted
previously [40]. Whether or not their modes of action involve pore for-
mation has yet to be determined. Family 1.E.14 is found in four bacterial
phyla aswell as Archaea. Three families, families 18 (1.E.18), 24 (1.E.24)
and 31 (1.E.31), are found in two Gram-positive bacterial phyla, the
Firmicutes and the Actinobacteria. Family 19, in addition to being de-
rived from these two phyla, has members from Fusobacteria, while

http://www.tcdb.org/public/tcdb
http://www.tcdb.org/public/tcdb
ftp://ftp.sanger.ac.uk/pub/databases/Pfam/current_release/Pfam-A.hmm.gz
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Table 1
Characterization of holin families currently in TCDB.

TCDB
#

Family name & abbreviation # of
sub-families

Organismal types Average protein
size (# of aas)a

Predicted # of
TMSs (primary)

Family size
(# proteins)

Superfamily
assignment

CDD superfamily

1.E.1 P21 Holin S (P21 Holin) 1 Proteobacteria 71 ± 5 2 430 II Lysis S superfamily
1.E.2 λ Holin S (λ Holin) 2 Proteobacteria 110 ± 7 3 132 III Phage Holin3

superfamily
1.E.3 P2 Holin (P2 Holin) 2 Proteobacteria

Actinobacteria
Archaea

96 ± 14 3 99 III Phage Holin2
superfamily

1.E.4 LydA Holin (LydA Holin) 1 Proteobacteria
Synergistetes

105 ± 11 3 29 III

1.E.5 PRD1 Phage P35 Holin (P35 Holin) 3 Proteobacteria 112 ± 9 3 33 III
1.E.6 T7 Holin (T7 Holin) 2 Proteobacteria 77 ± 21 1/2 46 II
1.E.7 HP1 Holin (HP1 Holin) 2 Proteobacteria 77 ± 3 1 57 II
1.E.8 T4 Holin (T4 Holin) 1 Proteobacteria 210 ± 11 1 64 Phage HolinT

superfamily
1.E.9 T4 Immunity (T4 Imm) 1 Firmicutes

Actinobacteria
Cyanobacteria
Chlorobi
Proteobacteria
Bacterioides
Acidobacteria
Gemmatimonadetes

101 ± 26 2 161 Imm Superinfect
superfamily

1.E.10 Bacillus subtilis φ29 Holin
(φ29 Holin)

1 Firmicutes 138 ± 6 2 58 IV Phage Holin4
superfamily

1.E.11 φ11 Holin (φ11 Holin) 2 Firmicutes 97 ± 38 2 227 I Phage Holin1
superfamily

1.E.12 φAdh Holin (φAdh Holin) 2 Firmicutes 135 ± 11 1 17 VI
1.E.13 Firmicute phage φU53 Holin

(φU53 Holin)
1 Firmicutes 119 ± 2 3 22

1.E.14 LrgA Holin (LrgA Holin) 1 Proteobacteria
Chloroflexi
Firmicutes
Fusobacteria
Archaea

129 ± 16 4 485 LrgA superfamily

1.E.15 ArpQ Holin (ArpQ Holin) 1 Firmicutes 58 ± 0 2 4
1.E.16 Cph1 Holin (Cph1 Holin) 1 Firmicutes 141 ± 12 3 357 IV Phage Holin4

superfamily
1.E.17 BlyA Holin (BlyA Holin) 1 Spirochetes 66 ± 1 1 34
1.E.18 Lactococcus lactis Phage rlt Holin

(rlt Holin)
2 Firmicutes

Actinobacteria
85 ± 21 2 74

1.E.19 Clostridium difficile TcdE Holin
(TcdE Holin)

4 Firmicutes
Actinobacteria
Fusobacteria

147 ± 17 3 290 IV Phage Holin4
superfamily

1.E.20 Pseudomonas aeruginosa Hol Holin
(Hol Holin)

1 Proteobacteria 143 ± 43 3 98 III

1.E.21 Listeria Phage A118 Holin
(Hol118 Holin)

2 Firmicutes
Chloroflexi
Actinobacteria

97 ± 10 3 66 V Phage Holin5
superfamily

1.E.22 Neisserial Phage-associated Holin
(NP-Holin)

1 Proteobacteria 49 1 22

1.E.23 Bacillus Spore Morphogenesis and
Germination Holin (BSH)

2 Firmicutes 89 ± 3 3 16

1.E.24 Bacteriophage Dp-1 Holin
(DP-1 Holin)

3 Firmicutes
Actinobacteria

78 ± 9 2 84

1.E.25 Pseudomonas Phage F116 Holin
(F116 Holin)

2 Proteobacteria 87 ± 7 2 196 II

1.E.26 Holin LLH (Holin LLH)1 4 Firmicutes 130 ± 26 1 99 VI Holin LLH
superfamily DUF
4407

1.E.27 BlhA Holin 2(BlhA Holin) 1 Firmicutes 72 ± 6 1 119 DUF2762 superfamily
1.E.28 Phage Mu1/6 Holin (Mu1/6 Holin) 2 Actinobacteria 85 ± 3 2 143
1.E.29 Holin Hol44 (Hol44) 2 Firmicutes 101 ± 22 3 65 V Phage Holin5

superfamily
1.E.30 Vibrio Holin (Vibrio-Holin) 1 Proteobacteria

(Vibrio)
56 ± 8 1 8

1.E.31 SPP1 Holin (SPP1 Holin) 3 Actinobacteria
Firmicutes

93 ± 22 2 167 Holin Spp1 Phage
Holin superfamily

1.E.32 Actinobacterial 1 TMS Holin
(A-1 Holin)

2 Actinobacteria 108 ± 6 1 37

1.E.33 2 or 3 TMS Putative Holin
(2/3 Holin)

1 Actinobacteria 98 ± 14 2 7 4063 DUF 4063
superfamily

1.E.34 Actinobacterial Holin-X (Hol-X) 1 Actinobacteria 159 ± 30 2 28 III
1.E.35 Mycobacterial I TMS Phage Holin

(M1 Hol)
1 Actinobacteria 84 ± 7 1 37
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Table 2
Characteristics of holin superfamilies.

Holin superfamily Characteristics of holin superfamilies

Families Organismal types Average size # of TMSs

I 1.E.11 Firmicutes 97 ± 38 2
II 1.E.1 Proteobacteria 78 ± 14 1/2

1.E.6
1.E.7
1.E.25

III 1.E.2 Proteobacteria 114 ± 23 2/3
1.E.3 Actinobacteria
1.E.4 Archaea
1.E.5 Synergistetes
1.E.20 Deinococcus/thermus
1.E.34
1.E.41

IV 1.E.10 Fermicutes 156 ± 94 2/3/4
1.E.16 Actinobacteria
1.E.19 Fusobacteria
1.E.40

V 1.E.21 Firmicutes 98 ± 17 3
1.E.29 Chloroflexi

Actinobacteria
VI 1.E.12.1.2 Firmicutes 132 ± 21 1

1.E.26.1.8
VII 1.E.36 Actinobacteria 112 ± 38 2/4

Table 1 (continued)

TCDB
#

Family name & abbreviation # of
sub-families

Organismal types Average protein
size (# of aas)a

Predicted # of
TMSs (primary)

Family size
(# proteins)

Superfamily
assignment

CDD superfamily

1.E.36 Mycobacterial 2 TMS Phage Holin
(M2 Hol)

6 Actinobacteria 112 ± 38 2 34 VII

1.E.37 Phage T1 Holin
(T1 Holin)

1 Proteobacteria 63 ± 8 1 12

1.E.38 Staphylococcus Phage P68 Holin
(P68 Hol)

1 Firmicutes 92 2 23

1.E.39 Mycobacterial Phage PB11 Holin
(GP36 Hol)

1 Actinobacteria 116 2 35

1.E.40 Mycobacterial 4 TMS Phage Holin
(MP4 Holin)

4 Firmicutes 173 ± 149 2 7 IV COG1950 DUF360

1.E.41 Deinococcus/Thermus Holin
(D/T-Hol)

1 Deinococcus/
Thermus

108 3 11

1.E.42 Putative Holin-like Toxin
(Hol-Tox)

1 Firmicutes
Actinobacteria

34 1 44

1.E.43 Transglycosylase associated Holin
(T-A Hol)

2 Firmicutes
Proteobacteria
Actinobacteria
Planctomycetes
Deinococcus/
Thermus
Archaea
Thermobacteria

111 ± 24 3 500 PRK 10457 Transgly
assoc superfamily

1.E.44 Lactococcus lactis Holin (LLHol) 1 Firmicutes 70 ± 12 2 5
1.E.45 Xanthomonas Phage Holin

(XanPHol)
1 Proteobacteria 64 2 3

1.E.46 Prophage Hp1 Holin (Hp1 Hol) 1 Firmicutes 69 1 4
1.E.47 Caulobacter Phage Holin (CauHol) 1 Proteobacteria 158 ± 1 2 41
1.E.48 Enterobacterial Holin (EBHol) 1 Proteobacteria 106 ± 2 1 26
1.E.49 Treponema 4 TMS Holin

(Tre4Hol)
1 Spirochetes 105 ± 5 4 18

1.E.50 β-Proteobacterial Holin (BP-Hol) 1 Proteobacteria 87 ± 33 2 120 II Tryp SPc superfamily
1.E.51 Listeria Phage Holin (LP-Hol) 1 Firmicutes 41 1 14
1.E.52 Flp/Fap Pilin Putative Holin

(FFPP-Hol)
3 Proteobacteria 69 ± 16 1 75 Flp/Fap superfamily

a Average size in number of amino acyl residues ± standard deviation (SD). No SD value is assigned when only a single protein was present in a family at the time of analysis.
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family 21 also has members from Chloroflexi. Thus, of the fifty two cur-
rently recognized holin families listed in TCDB, twelve derive frommore
than one phylum, fifteen derive fromProteobacteria,fifteen derive from
Firmicutes, seven derive from Actinobacteria, two derive from Spiro-
chaetes and one derives from Deinococcus. The fact that so many fami-
lies are restricted to a single phylum, and the observation that the
remaining families are not wide spread in bacterial phyla strongly sug-
gests that horizontal transfer of holin genes between phyla has occurred
to a very limited extent.

Column 5 indicates the average size of the holins in each of the
families ± standard deviations [34]. The values for the different fam-
ilies range from 34 amino acyl residues (aas) for firmicute and
actinobacterial family 42 to 210 aas for proteobacterial family 8. All
other families have sizes that fall within these extremes. The numbers
of TMSs predicted for predominant members of the various families
are presented in column 6. These proteins have between 1 and 4
TMSs, with the majority having 2 or 3 TMSs. Usually, all members of
a family are predicted to have the same number of TMSs, but occa-
sionally one or more members are predicted to have numbers that
differ from those of other members. These predictions will be consid-
ered in more detail below.

Column 7 presents an estimate of the sizes (number of members)
of the various families based on PSI-BLAST searches of the NCBI non-
redundant protein database in January 2013. These searches were
conducted without iterations. The use of iterations would undoubtedly
reveal additional, more distantly related family members. However,
they would also bring up members of other families within superfam-
ilies. Further, the “non redundant” NCBI protein database is redundant.
Consequently the values reported give estimates of the relative sizes of
the various families. Based on these BLAST searches, family sizes vary
from as few as one protein to asmany as 485 proteins. Eighteen families
have between fifty and two hundred members, but twenty eight
families have less than fifty members while six families have more
than two hundred members. Based on these criteria, there is a greater
than one hundred-fold difference in family sizes.

Aswill be described in greater detail in Section 3.4, we have been able
to assign many of the holin families to seven superfamilies (Table 1, col-
umn 8 and Table 2), which we have designated with roman numerals.
Whenever possible, we have used the same superfamily designations
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Fig. 1. Alignment of the 2 TMS repeats in 4 TMS members of TC subfamily 1.E.36.6 with
2 TMS segments of 2 TMS members of TC subfamily 1.E.36.2. Residue numbers are in-
dicated at the beginning and end of each line. The TC number without the subclass des-
ignation 1.E., is indicated followed by a one (first half) or a 2 (second half) for the two 4
TMS proteins.
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as recorded in the NCBI Conserved Domain Database (CDD) (column 8).
However, two CDD superfamilies proved to fall into our Superfamily III,
and several families that are found to belong to a CDD superfamily did
not have superfamily status in TCDB. They instead comprised single
families. Many holins were not recognized as holins by CDD, and
many of our holin families are not recognized by CDD. Instead, CDD
often reports that “no putative conserved domains have been detected”.
In such cases, column 8 is left blank. In still other cases, some members
of a superfamily were recognized by CDD while others were not. We
have communicated the results of our studies to Pfam, which has large-
ly adopted our system of classification.

TC Family 1.E.11 comprises Superfamily I, corresponding to the
CDD phage holin1 superfamily. This is a large and diverse family
with two hundred and twenty seven members (Table 1, column 7),
all from Firmicutes. These proteins have an average size of 97 ± 38
amino acids (aas). This standard deviation value reveals an unusually
large degree of size variation within this superfamily. All of these pro-
teins without exception are predicted to have two TMSs.

Superfamily II includes four TC families, families 1, 6, 7 and 25. All
four of these families are derived from Proteobacteria and are predict-
ed to have 1 or 2 TMSs. Their members are of relatively small sizes,
from 68 aas to 100 aas. Except for family six, the standard deviation
values indicate little size variation within each of these families. The
average size for the entire superfamily is 78 ± 14 aas. Families 1
and 6 in Superfamily II are recognized by CDD as Lysis S and
PHA00426 superfamilies, respectively, while families 7, and 25 lack
recognized conserved domains.

Superfamily III, derived from Proteobacteria, Synergistetes,
Actinobacteria, Deinococcus and Archaea, includes seven TC families,
families 2, 3, 4, 5, 20, 34 and 41. Except for family 34, members of
which appear to have two TMSs, proteins of Superfamily III have
three putative TMSs. The missing TMS in family 34 proteins is the
N-terminal TMS as revealed by multiple alignments (see Supplemen-
tary Fig. S3A–C). These seven families have average sizes of 110, 96,
105, 112, 143, 159 and 108 aas, respectively. It is surprising that the
only family with members predicted to have just two TMSs is the
one containing the largest homologues. This is due to hydrophilic ex-
tensions. Different family members of Superfamily III had been desig-
nated by CDD as belonging to the phage holin3 superfamily (TC
Family 1.E.2), the phage holin2 superfamily (TC Family 1.E.3) and
the SH3 superfamily (1.E.20). All other Superfamily III families
established here were not represented by a CDD designation. As
CDD (which incorporates information from Pfam) reported “no puta-
tive conserved domains have been detected”, it was clear that our
Protocol 1/Protocol 2 approach [33] detected more distant relation-
ships than recognized by CDD or Pfam. Three families (1.E.4, 1.E.5
and 1.E.41) within this superfamily were not recognized as having
conserved domains by CDD. The average size of proteins in the entire
superfamily is 114 ± 23 aas.

Superfamily IV includes four TC families, including members from
Firmicutes, Actinobacteria and Fusobacteria. Their average sizes are:
family 10, 138 ± 6 aas; family 19, 149 ± 15; family 16, 141 ± 12,
and family 40, 173 ± 149 aas. Thus, there is very little size variation
among family members, except for family 40, which has members
larger than the other proteins in this superfamily. All members of
families 10 and 19 and many members of family 16 appear to have
3 TMSs, but some members of this last family are predicted to have
4 TMSs. The extra TMS in these proteins is at their N-termini. Some
members of families 10, 16 and 19 in Superfamily IV are designated
as the Phage holin4 superfamily by CDD. Some members of family
40 are designated as the DUF360 superfamily by CDD.

Superfamily V includes 1.E.21 and 1.E.29, both possessing mem-
bers from Firmicutes, Actinobacteria and Chloroflexi. These proteins
all appear to have 3 TMSs and have average sizes of 97 ± 10 and
101 ± 20 aas, respectively. Two members of family 21 (1.E.21.1.2
and 1.E.21.2.1), but not others, and a single member of family 29
(1.E.29.2.3), had designations suggesting membership in the CDD
Phage holin5 superfamily.

Superfamily VI includes families 1.E.12 and 1.E.26, both including
members only from Firmicutes. These proteins appear to have one
N-terminal TMS, followed by an amphipathic, weakly hydrophobic
peak that was not predicted to be transmembrane by the topological
programs we have used (see Materials and methods). This issue will
be discussed further below. The average sizes of the members of
these two families are 135 ± 11 and 130 ± 26 aas, respectively. All
members of family 26 except 1.E.26.2.2 have the Holin LLH superfam-
ily designation in CDD, and a single member of family 12 (12.2.1) has
a CDD designation as a member of the DHQ Fe-ADH superfamily.

Superfamily VII includes family 1.E.36, which has six subfamilies,
all distantly related to each other. There was also some indication
that this family could be related to families 1.E.31 and 1.E.33, but
using our standard criteria for homology, this suggestion could not
be confirmed with confidence. As presented in Table 1, these three
families share the characteristics that they consist of members that
are of about the same sizes and have 2 TMSs. The exception is sub-
family 6 (TC# 1.E.36.6), which includes proteins displaying 4 putative
TMSs although one of these proteins is reported to have just 3.

We wanted to understand the relationships between the proteins
in family 36 predicted to have 2 TMSs and those predicted to have 4
TMSs. TC-BLAST searches revealed the following. Residues 19 through
75, encompassing TMSs 1–2 of the 4 TMSs in TC# 1.E.36.6.3, aligned
with residues 9–63, encompassing TMSs 1–2 of the 2 TMSs in
1.E.36.2.4. The alignment gave 37% identity, 47% similarity and one
gap with a comparison score using GSAT of 10.2 SD. Residues
60–110, encompassing TMSs 3–4 of the 4 TMS 1.E.36.6.2 protein,
aligned with residues 14–64 encompassing TMSs 1–2 of the 2 TMS
36.2.1 protein to give 43% identity, 55% similarity, 0 gaps and a com-
parison score of 11.3 SD. 1.E.36.6.2 aligned with 1.E.36.6.3 throughout
all four TMSs to give 34% identity, 54% similarity and 3 gaps with a
comparison score of 12.1 SD. Residues 17–67, encompassing TMSs
1–2 in 1.E.36.2.1, aligned with residues 14–64, encompassing TMSs
1–2 in 36.2.4 with 59% identity, 77% similarity and no gaps with a
comparison score of 22.2 SD. These results are sufficient to establish
homology between TMSs 1–2 in 36.2.1, 36.2.4, 36.6.2 and 36.6.3 as
well as TMSs 3–4 in both 36.6.2 and 36.6.3. Thus, these results estab-
lish that a 2 TMS precursor protein duplicated internally to give rise
to the 4 TMS proteins in subfamily 36.6, and that the same precursor
gave rise to the 2 TMS homologues in subfamily 36.2. Since the pro-
teins in subfamily 36.2 are homologous to the proteins in other family
36 subfamilies, it can be concluded that all of these proteins share a
common 2 TMS ancestry.

A multiple alignment showing all of these sequences is presented
in Fig. 1. The sequences shown for proteins 36.2.1 and 36.2.4 encom-
pass the entirety of TMSs 1–2 in these 2 TMS proteins. The sequences for
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36.6.2.2 and 36.6.3.2 encompass the entirety of TMSs 3–4 in these two 4
TMS proteins, and the sequences shown for 36.6.2.1 and 36.6.3.1 en-
compass the entirety of TMSs 1–2 in the same proteins. Striking similar-
ities are observed. For example, with no gaps in the alignment, four
residues are fully conserved in all members included in the multiple
alignment (Fig. 1). These are anR at alignment position 4, a Y at position
8, an L at position 18, and an A at position 45. Additionally, only conser-
vative substitutions occur at five positions. Other similarities are also
worthy of note. For example, at position 12, only G, S and T occur; at po-
sition 22, G occurs in all but one of the sequences. At position 29, A oc-
curs in all but one of the sequences. At position 31, L occurs in all but one
of the sequences. Other striking similarities can also be observed
throughout the alignment. These results provide further substantiation
for the conclusion that all of these sequences share a common evolu-
tionary origin, and therefore, that the 4 TMS proteins in subfamily
36.6 arose by an intragenic duplication.

One protein in subfamily 36.6 was predicted to have 104 aas and
3 TMSs. This protein, Gp16 from Mycobacterium phage Phaedrus
(B5A6C5), was subjected to an NCBI BLAST search. The results revealed
that the genome of Mycobacterium phage Daisy encodes an identical
protein, Gp17, except that it possesses additional N-terminal 40 resi-
dues. In fact, five other closely related mycobacterial phage encode ho-
mologues that start at the same position as the phage Daisy protein.
Examination of the DNA sequence encoding the phage Phadrus homo-
logue revealed that the wrong initiation codon had been selected and
that this protein also has 4 TMSs. Consequently, this protein was re-
placed by the phage Daisy protein in TCDB (1.E.36.6.1). All members
of subfamily 1.E.36.6 are thus 4 TMS proteins, having the two TMS inter-
nal duplication noted above. Members of this family have no superfam-
ily designation in CDD.
Table 3
Comparison scores for TC families that comprise holin superfamilies.

Superfamily Proteins compared Comparison score
(SD)

Protein-1
(A)

Protein-2
(B)

Protein-3
(C)

Protein-4
(D)

A vs.
B

B vs.
C

C vs.
D

A vs.
D

II 1.E.1.1.6 Sgl1 Orf1 1.E.7.1.2 28 30 16 15
II 1.E.1.1.1 Psa1 Ppu1 1.E.25.1.1 14 46 32 13
II 1.E.7.2.1 Ade2 Asp1 1.E.25.1.5 10 55 14 10
II 1.E.6.1.1 Eph2 Eba1 1.E.7.1.1 18 11 12 11
II 1.E.1.1.1 Cfr1 Orf1 1.E.6.1.1 9 11 20 −1
III 1.E.3.1.1 Ykr2 Pal1 1.E.5.1.2 26 12 43 6
III 1.E.5.1.1 Ssp1 Ppu2 1.E.20.1.1 24 11 35 3
III 1.E.2.2.3 Eph1 Bph1 1.E.5.2.4 61 13 62 10
III 1.E.4.1.1 Eco5 Par1 1.E.5.2.1 17 13 27 2
III 1.E.5.1.5 1.E.41.1.1 8
III 1.E.34.1.1 Ppu2 Pac2 1.E.20.1.1 36 7 6 9
IV 1.E.19.4.1 Lsa4 Nho1 1.E.40.4.3 6a 11 6a 4
IV 1.E.10.1.2 Pan1 Efa7 1.E.19.1.8 38 43 18 11
IV 1.E.16.1.1 Efa1 Cph1 1.E.19.1.2 16 13 71 11
IV 1.E.10.1.1 Esp1 Spy1 1.E.16.1.1 19 9 16 1
V 1.E.21.1.3 Lin1 Lga1 1.E.29.1.1 58 14 15 7
VI 1.E.12.2.3 Lcr2 Lho1 1.E.26.4.1 79 39 9 6
VII 1.E.33.1.4 Mab2 Mph1 1.E.36.1.5 11 13 11 5

a These values are insufficient to establish that family 40 is a member of Superfamily
IV.
3.2. Mapping holins to Pfam-A

Mapping of 267 TCDB sequences to Pfam-A resulted in a graph con-
taining 115 nodes and 98 edges. To our surprise, none of the Pfam fam-
ilies present were organized into clans, presumably because the short
sequence lengths resulted in disqualification in the automated clan def-
inition pipeline. Our clusters, using the cutoff of 1e−20, were in excellent
agreement; they did not display TCDB Superfamily mixing within the
same cluster (Fig. S8).

Since no clans have been defined in Pfam, we proposed the follow-
ing three new clans: PF05105 and PF04020 are representative of
Holin SuperFamily IV; PF05106, PF04550 and PF07332 are represen-
tative of Holin SuperFamily III, and PF10746 and PF04971 are repre-
sentative of Holin SuperFamily II.

In total, 17 Pfam families were mapped. They had the following
annotations: PF05105 = Phage_holin_4; PF03788 = LrgA; PF05106 =
Phage_holin_3 and Lysis protein S; PF04531 = Phage_holin_1;
PF04020 = DUF360; PF14373 = Superinfection immunity protein;
PF11031 = Phage_holin_T; PF04550 = Phage_holin_2; PF04688 =
Phage_holin; PF04971 = Lysis_S; PF05102 = Holin_BlyA; PF13272 =
DUF4063; PF10960 = DUF2762; PF10746 = Phage_holin_6; PF07332 =
DUF1469; PF09682 = Holin_LLH; and PF06946 = Phage_holin_5.

Repeating the exercise at e−4, we obtained a mapping with 180
edges, and at e−3, 319 edges. It is possible to arrange the e−3 graph
in a planar way and map some nodes previously not placed in Super-
families (SF) in TCDB, such as 1.E.39.1 which is similar to 1.E.34s in SF
III or 1.E.31.1.4 and 1.E.31.2.4 which are similar to 1.E.11 proteins in
SF I. Furthermore, PF12042 links 1.E.11s (SF I) to 1.E.26s (SF VI),
and PF07690 (MFS) links 1.E.21/29s (SF V) to 1.E.1s (SF II), and
PF12730 (ABC2 Family Transporter) links 1.E.5s (SF III) with 1.E.36s
(SF VII). However, these relationships are detected after the point
where extensive merging of clusters occurs, via apparently unrelated
Pfam families representing other transporter proteins. Thus, these
proposed relationships are unreliable.
Table 4 shows that the specificity of our TCDB HMMs is high, since
using the permissive cutoff of e−3 resulted in the specific matching of
large fractions of Pfam's different sequence sets. We propose to
rename the DUF (Domain Unknown Function) family PF04020 to
Phage_holin_4b, based on its matching pattern. Furthermore, we pro-
pose to rename Phage_holin_2 to Phage_holin_3b, to rename Lysis_S
to Phage_holin_2, to rename Phage_holin_6 to Phage_holin_2b, and
to rename Holin_LLH to Phage_holin_6. These proposals have been
adopted by Pfam.
3.3. Topological analysis of holins not included in superfamilies

AveHAS plots were generated for each family with more than one
member not included in the superfamilies noted above. Family 8
displayed a single peak of hydrophobicity near the N-terminal end
of the alignment, followed by a long hydrophilic region. This region
proved to be even better conserved than the putative TMS. It also
exhibited several peaks of amphipathicity.

Family 13 showed three peaks of hydrophobicity, the first two being
narrow and the third being broad. Only the third peak exhibited sub-
stantial amphipathicity, which peaked just to the right of the hydropho-
bic peak. Peak 1 was best conserved followed by peaks 2 and 3.

Family 14 showed four hydrophobic peaks where the odd num-
bered peaks were smaller than the even numbered peaks. Peak 2
was best conserved followed by peaks 3, 4 and 1. Only peak 1 showed
appreciable amphipathicity.

Family 17 showed a single broad peak of hydrophobicity corre-
sponding to a trough of amphipathicity. Shallow peaks of similarity
flanked this hydrophobic region. While a single peak of hydrophobic-
ity was observed, it is possible that this hydrophobic peak corre-
sponds to the first of two TMSs with the second being minimally
hydrophobic but more strongly amphipathic.

Family 18 showed two peaks of hydrophobicity corresponding to
two peaks of amphipathicity. The peak of amphipathicity correspond-
ing to the first peak of hydrophobicity was skewed slightly to the left
whereas the second one was skewed slightly to the right. Two clear
peaks of similarity corresponding to the two peaks of hydrophobicity
were also observed, but the first peak of similarity was slightly to the
left of the hydrophobic peak.



Table 4
Proposed renaming in Pfam based on TCDB superfamilies.

Current name Proposed name change in Pfam # of sequences in Pfam Comparison with superfamilies in TCDB

I II III IV V VI VII

PF05105 Phage Holin 4 684 98%
PF03788 LrgA 2148 0.09%
PF05106 Phage Holin 3 388 99% 0.26%
PF04531 Phage Holin 1 340 0.59%
PF02020 DUF Phage Holin 4(B) 1023 68%
PF14373 Superinf. 182
PF11031 Phage Holin T 38
PF04550 Phage Holin 2 Phage Holin 3(B) 107 100%
PF04688 Phage Holin 214
PF04971 Lysis S Phage Holin 2 563 98%
PF05102 Bly A 78
PF13272 DUF 87
PF10960 DUF 141
PF10746 Phage Holin 6 Phage Holin 2(B) 47 100%
PF07332 DUF 1158 24%
PF09682 Holin LLH Phage Holin 6 148 94%
PF06946 Phage Holin 5 35 6% 100%
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Family 23 showed three hydrophobic peaks with no correspond-
ing amphipathic or similarity peaks. However, peak 1 was somewhat
better conserved than peaks 2 and 3 while peak 3 appeared to be
somewhat more amphipathic than peaks 1 and 2.

Family 24 exhibited two clear hydrophobic peaks with corre-
sponding amphipathic peaks slightly to the left. Two similarity
peaks were also observed, the first similarity peak slightly to the
left, and the second slightly to the right of the hydrophobic peaks.

The short proteins that comprise family 27 show a single
N-terminal hydrophobic peak of low amphipathicity. This peak is
the most conserved region of these proteins. The C-terminal portion
of these proteins revealed a peak of moderate hydrophobicity with
increased amphipathicity relative to peak 1 and a shallow peak of av-
erage similarity.

The AveHAS plot for family 28 revealed two peaks of hydropathy
with equal degrees of amphipathicity and similarity. As noted above
for the other 2 TMS holin families, a moderate peak of similarity pre-
ceded peak 1 and followed peak 2. These proteins showed an average
size of 85 ± 3 aas. Their properties are similar to those of families 31,
33, 38 and 39. They exhibit similar hydrophobicity plots. Their aver-
age sizes are 93, 98, 92 and 116 aas, respectively. Based on these ob-
servations it is possible that these families are related although we
could not demonstrate this possibility using our rigorous statistical
criteria.

Families 30, 32, 35 and 37 exhibited similar topological features.
Family 30 proteins exhibited a single peak of hydrophobicity at the be-
ginning of the AveHAS plot and a substantial peak of amphipathicity in a
hydrophilic region following the one putative TMS. This latter region is
the best conserved portion of these proteins. The AveHAS plots for fam-
ily 32 also revealed a single N-terminal peak of hydrophobicity. This
was followed by three striking peaks of amphipathicity, the third of
which corresponded to a peak of moderate hydrophobicity. Only the
first peak was predicted to be transmembrane, but this peak was not
as well conserved as the downstream amphipathic region. Family 35
similarly showed a single N-terminal peak of hydrophobicity followed
by an extended region of hydrophilicity with appreciable amphipathic
character. The greatest region of similarity occurred in the central por-
tions of these proteins. Finally, family 37 was similar, showing a single
peak of hydrophobicity, uniform average amphipathicity and gradual
increases in similarity when progressing from left to right. Based solely
on these observations, it is reasonable to suggest that these four families
share a common ancestry.

Family 43 proteins exhibited three peaks of hydrophobicity with
uniform average amphipathicity, and peak 1 showed the greatest
conservation, while peak 3 showed the least conservation. AveHAS
plots of family 44 revealed two peaks of hydrophobicity, with two
overlapping peaks of amphipathicity slightly to the right of the hy-
drophobic peaks. The first peak was more hydrophobic and better
conserved than the second peak. Proteins in family 47 exhibited
two hydrophobicity peaks with substantial peaks of amphipathicity
preceding hydrophobic peak 1 and following hydrophobic peak 2.
The two peaks were about equally conserved. The AveHAS plot for
family 48 proteins revealed a very slight peak of hydrophobicity at
their N-termini with appreciable amphipathic character followed by
a much more substantial C-terminal hydrophobic peak with some
amphipathic character to its left. It seems most likely that these pro-
teins have a single C-terminal TMS. The similarity plot was flat. Pro-
teins in family 49 exhibited four hydrophobic peaks, no
corresponding peaks of average amphipathicity and a flat plot of av-
erage similarity. Peaks 1 and 2 were close to each other as were
peaks 3 and 4. Family 50 proteins exhibited two hydrophobic peaks
without distinctive amphipathic character. Peak 2 was better con-
served than peak 1. Family 52 proteins showed a single peak of hy-
drophobicity followed by an amphipathic peak. The similarity plot
suggested that the hydrophobic peak was not better conserved than
the hydrophilic portions of the proteins.

In summary, we have defined seven superfamilies of holins, each
with distinctive characteristics of family size, protein size, probable to-
pology, and organismal distribution. We have also conducted similar
analyses on the holin families that are not included in superfamilies.
These last analyses provide clues as to possible distant relationships
that cannot be established using standard statistical approaches and
our current criteria for homology.

3.4. Establishment of homology between families for the formulation of
superfamilies

Members of the 52 families were compared with each other using
a variety of programs. First, the proteins in TCDB were compared
using TC-BLAST, which sometimes brought up members of other
holin families. For example, when 1.E.1.1.6 was compared with
1.E.7.1.2, a binary sequence alignment was obtained that gave 35.7%
identity and 59.0% similarity with an e value of e−5 for a stretch of
100 alignment positions. Second, when binary comparisons looked
promising, comparison scores were calculated using GSAT (28; see
Methods). For example, when GSAT was run for the two proteins
noted above (1.1.6 and 7.1.2) with 2000 random shuffles, a compari-
son score of 15 SD was obtained, a value sufficient to establish homol-
ogy. This alignment is shown in Fig. 2. Third, if comparison scores
were insufficient to strongly suggest homology, Protocol 1 was used



Fig. 2. Alignment of TC 1.E.7.1.2 (the HP1 holin family) with 1.E.1.1.6 (the P21 holin
family). This alignment gave 15 SD using the GSAT program with default settings
and 2000 random shuffles [33]. Numbers preceding and following each line refer to
the residue numbers in each of the two proteins compared. Vertical lines = identities;
colons = similarities.
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to retrieve homologues of the two query sequences using NCBI
PSI-BLAST with one or two iterations followed by comparison of all
retrieved sequences in one list with those in the other list using Pro-
tocol 2 [33]. Fourth, top scores obtained with Protocol 2 were con-
firmed using GSAT with 2000 random shuffles. When adequate
values were obtained, the two sequences compared by Protocol 2
were then compared with the original query sequences from TCDB
using GSAT with 2000 random shuffles. Only if all three values
exceeded 9 SD did we conclude that strong evidence for homology
was available, and only if all three values exceeded 12 SD did we con-
clude that homology was established (see below and Fig. 3).

An example of this procedure is shown in Fig. 3A–C, and the re-
sults of these comparisons and others are summarized in Table 3. Pro-
tocol 1 retrieved Eco5 when the query sequence was 1.E.4.1.1. The
alignment obtained between these two proteins is shown in Fig. 3A
and gave a comparison score of 17 SD. The comparison of Eco5 with
a protein retrieved by Protocol 1 when 1.E.5.2.1 was the query se-
quence, Par1, is shown in Fig. 3B. This comparison gave 13 SD. Finally,
when Par1 was compared with 1.E.5.2.1, the alignment shown in
Fig. 3C was obtained, yielding 27 SD. When we compared 1.E.4.1.1
with 1.E.5.2.1 directly, the comparison score was only 2 SD which is
insufficient to establish homology. The conclusion of homology
using this approach depends on the superfamily principle which
states that if A is homologous to B, B is homologous to C, and C is ho-
mologous to D, then A must be homologous to D. Note that homology
by definition means derived from a common origin and does not
imply a specific degree of sequence similarity between A and D. The
results summarized in Table 3 provide the basis for the conclusion
A

B

C

Fig. 3. Alignments of the two sequences described in Table 3, 1.E.4.1.1 and 1.E.5.2.1, but comp
SD (Table 3). When the original two sequences were compared, a value of 2 SD was obtaine
mology between two distantly related proteins. The convention of presentation is as for Fig
that our studies have defined the TC family compositions of Super-
families I through VII as discussed above.
3.5. Conserved sequence motifs characteristic of superfamilies

Relying on the Clustal X multiple alignments (Figs. S1A–S7A), the
MEME program was used to identify the most conserved motif in
each superfamily and to determine if these motifs were shared by
members of the families that comprise these superfamilies. The re-
sults are summarized in Figs. S1B–S7B as well as Figs. S1C–S7C. In
Figs. S1C–S7C, the consensus weighted motifs are presented with all
residues shown with letter sizes proportional to their numbers at a
specific position in the alignment, while the alignments upon which
these motifs are based are shown in Figs. S1B–S7B. The most con-
served motif recognized by MEME for Superfamily I encompasses all
of TMS 1 as well as the preceding hydrophilic region and is 27 aas
long. The R at position 7 is fully conserved in all sequences examined
(all members of the superfamily included in TCDB). This motif was
identified in members of both subfamilies of this superfamily.

The conserved motif for Superfamily II (Fig. S2B and C) was iden-
tified in members of all four families (families 1, 6, 7 and 25) that
comprise this superfamily. This motif includes TMS 2 plus the
C-terminal hydrophilic region. No residue is fully conserved in all
of the proteins included in this study, but only F and Y occur at posi-
tion 15.

The most conserved motif for Superfamily III was identified in all
seven families (families 2, 3, 4, 5, 20, 34 and 41) (Fig. S3B and C).
This motif encompasses TMS 3 and is strongly hydrophobic. No resi-
due is fully conserved, but in four positions G and A predominate.

The Superfamily IV motif (Fig. S4B and C) includes most of TMS 3
plus the following hydrophilic region. Four residues are fully or nearly
fully conserved, an S, an N, a G and a P. This motif was identified in
families 10, 16 and 19 but not 40.

Superfamily V includes families 21 and 29. The consensus se-
quence for the most conserved motif (Fig. S5B and C) reveals overlap
with TMS 1 and a fully conserved proline residue. Members of both
families were recognized by the MEME program, revealing their
close relationship.
ared with closer homologues. Comparison scores were: (A) 17 SD, (B) 13 SD and (C) 27
d (Table 3). This figure illustrates the use of the superfamily principle to establish ho-
. 2.
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The most conserved motif for Superfamily VI (Fig. S6B and C) was
identified in both families 12 and 26. These sequences are in the hy-
drophilic region following TMS 1. Four residues were fully conserved,
a P at position 13, two As at positions 26 and 29, and a Q at position
33.

Finally, Superfamily VII (Fig. S7B and C) includes the six subfam-
ilies of family 36. Subfamilies 1, 2, 3 and 6 were recognized by
MEME, but not 4 and 5. Two residues, R at position 2, and Y at position
6, are fully conserved. This motif includes the entirety of TMS 1.
3.6. Average hydropathy, amphipathicity, and similarity plots for
Superfamilies I through VII

The average hydropathy, amphipathicity and similarity plots for
Superfamily I proteins in TCDB are shown in Fig. 4A. Two clear
peaks of hydrophobicity correspond approximately to two equally
strong peaks of similarity although the latter two peaks are skewed
somewhat to the left for peak 1 and somewhat to the right for peak
2 relative to the peaks of hydrophobicity. Both of these peaks exhibit
moderate degrees of amphipathicity. They correspond to the two
TMSs predicted for this superfamily. Since the positive inside rule
[41–43] indicates that the loop between TMSs 1 and 2 is outside,
this implies that regions adjacent to the TMSs, on the cytoplasmic
side of the membrane, are well conserved. This appears to be a fre-
quent observation for holins in general. The C-terminal hydrophilic
extension shows low degrees of sequence similarity.

The corresponding plots for Superfamily II are shown in Fig. 4B.
There are two peaks of well conserved hydrophobicity labeled peaks 1
and 2. In this case, peak 2 is much more hydrophobic than peak 1 and
is also slightly better conserved. No obvious peaks of amphipathicity
correspond to these two peaks. The moderately hydrophobic region
preceding peak 1 is not well conserved and clearly does not represent
a general characteristic of this superfamily. It is interesting to note
that as for Superfamily I, the two peaks of similarity for peaks 1 and 2
are skewed to the left and right, respectively. Also as for Superfamily I,
the positive inside rule clearly suggests that the extracytoplasmic
loop between TMSs 1 and 2 is in the periplasm of these exclusively
proteobacterial proteins, a suggestion that has been experimentally ver-
ified for onemember of this superfamily [44]. These results suggest that
the most conserved portions of these proteins are on the cytoplasmic
sides of the TMSs.

Fig. 4C shows the average hydropathy, amphipathicity and simi-
larity plots for Superfamily III proteins in TCDB. There are three
clear peaks of hydrophobicity labeled 1 to 3. Peaks 1 and 2 are more
hydrophobic than peak 3, with peak 2 being the most hydrophobic,
while peaks 2 and 3 are better conserved than peak 1, with peak 3
being the best conserved. No corresponding amphipathicity peaks
were noticed. The positive inside rule applied to these proteins clearly
suggests that the N-termini are outside while the C-termini are in-
side. This prediction has been experimentally verified for one mem-
ber of this superfamily [45]. Overlapping and to the right of peak 3
is the most conserved portion, showing again that the cytoplasmic re-
gion adjacent to this TMS is especially well conserved.

The corresponding plots for Superfamily IV proteins are represent-
ed in Fig. 4D. Three clear peaks of hydrophobicity are labeled 1 to 3. In
this case, peak 1 exhibits more hydrophobicity than peaks 2 and 3.
While all three peaks are well conserved, peaks 1 and 3 are somewhat
better conserved than peak 2, but peak 1 is better conserved than the
corresponding peak in Superfamily III. Interestingly, as observed for
other superfamilies, the peaks of average similarity for peaks 2 and
3 are shifted to the left and right, respectively, compared to the
Fig. 4. A–G: Average hydropathy (dark line, top), amphipathicity (light line, top) and simila
tively, included in TCDB as of February, 2013. Hydrophobic peaks believed to correspond to T
peaks, refer to the average number of strongly basic residues, Ks (lysines) and Rs (arginine
peaks of hydrophobicity. As is also the case for the superfamilies men-
tioned above, no obvious peaks of corresponding amphipathicity are
present. A small peak of hydrophobicity was observed near the begin-
ning of the alignment. This peak corresponds to the first of four TMSs
predicted for some of the proteins in family 1.E.19 (1.E.19.1.2,
1.E.19.1.5, and 1.E.19.2.1) in TCDB. For the 3 TMS members of this su-
perfamily, the topology appears to be the same as for Superfamily III.
For the putative 4 TMS proteins with an extra N-terminal TMS, the
N-termini are probably cytoplasmic in agreement with the positive
inside rule.

Fig. 4E depicts the average hydropathy, amphipathicity and simi-
larity plots for Superfamily V. There are four clear peaks of hydropho-
bicity with the first three being much better conserved than the
fourth. Most proteins in this superfamily have 3 TMSs. Peaks 3 and
4 are much less hydrophobic than peaks 1 and 2, and the fourth
TMS is the extra one, present only in a few family members. Peaks 2
and 3 are best conserved. As noted above for the other holin super-
families, peaks of similarity do not superimpose on the peaks of hy-
drophobicity. Instead, the peaks of similarity precede and follow
hydrophobic peaks 2 and 3, again showing that cytoplasmic loops
are better conserved than extracytoplasmic loops. No obvious peaks
of amphipathicity corresponding to the hydrophobic peaks were
seen. The positive inside rule suggests that the N-termini of the 3
TMS proteins and the loops between TMSs 2 and 3 are outside.
Thus, TMSs 2 and 3 (Fig. 4E) may correspond structurally and func-
tionally to the 2 TMSs in 2 TMS holins.

Similar plots are presented in Fig. 4F for Superfamily VI. One large
peak of hydrophobicity is seen near the left hand side of these align-
ments. Two very small peaks of hydrophobicity, equally well conserved
with peak 1, follow peak 1, but these exhibit such low degrees of hydro-
phobicity that they cannot be assumed to be transmembrane. It is, how-
ever, interesting that the first of these two small peaks of hydrophobicity
corresponds to a peak of amphipathicity. The N-terminal peak is moder-
ately well conserved and corresponds to the single TMS predicted
for superfamilymembers. There is no clear peak of amphipathicity corre-
sponding to the large hydrophobic peak.

Hydropathy, amphipathicity and similarity plots for Superfamily
VII (family 36) are shown in Fig. 4G. Four peaks of hydrophobicity
correspond to the two 2 TMS repeat units in the 4 TMS members of
this superfamily. Both peaks are equally hydrophobic, although peak
2 is better conserved than peak 1. A peak of similarity follows hydro-
phobic peak 2 as observed in several of the superfamilies described
above. Surprisingly, the less hydrophobic region following peak 2 is
better conserved than the region preceding the 2 putative TMSs.
3.7. Superfamily phylogenetic analysis

The two phylogenetic trees for each of the seven superfamilies
defined in this report are presented in Fig. 5A–G, with the Clustal X/
TreeView (CX) trees on the left and the SuperfamilyTree (SFT) trees
on the right for all seven superfamilies. Bootstrap values for the for-
mer trees are presented in Supplementary Figs. S1D–S7D. The trees
for Superfamily I (TC family 11) are shown in Fig. 5A. Clustering
patterns reveal that within subfamily 1, proteins 11.1.1 and 11.1.5,
both from Staphylococcal phage, cluster together as do 1.2 and 1.3,
from Lactococcal and Streptococcal phage, respectively, and 1.4 and
1.7, both chromosomally encoded within two different species of
Streptococcus. The three proteins belonging to subfamily 1.E.11.2
cluster together as expected. Two of these proteins, 2.1 and 2.2, are
derived from a Clostridium perfringens phage and the C. perfringens
chromosome while 2.3 is from a closely related Geobacillus species.
rity (thick line, bottom) plots (AveHAS program) for Holin Superfamilies I–VII, respec-
MSs are numbered. Smaller numbers followed by a plus sign between the hydrophobic
s) before, between or after the TMSs.
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Surprisingly, 2.2 and 2.3 cluster more closely to each other than to
2.1. The two trees are in general agreement, except for the position
of 1.6. These results suggest that within this group of holins, there
has been limited horizontal transfer of holin genes between distinct
Firmicute genuses.

The phylogenetic trees for Superfamily II are shown in Fig. 5B. This
superfamily includes four holin families, 1, 6, 7 and 25. Within family
Fig. 5. Phylogenetic trees of holin superfamilies derived using the Clustal X (CX) program (A)
1, most subfamily 1 proteins cluster tightly together with 1.4 and 1.5
being most distantly related. The first three of these proteins are de-
rived from E. coli phage and prophage while the fourth is a chromo-
somal E. coli protein. The most distantly related protein within this
family is derived from another γ-proteobacterial species, Cronobacter
sakazakii. These observations are consistent with the suggestion that
little horizontal transfer has occurred during the evolution of these
and the Superfamily Tree (SFT) program (B) for Superfamilies I–VII (A–G respectively).
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proteins. It is also apparent that holins encoded within phage ge-
nomes are often closely related to chromosomally encoded holins
from the bacterial species that the phage infects. This suggests that
bacterial genes are frequently captured by phage and vice versa.

The clustering patterns for family 6 reveal that in both trees, the
three proteins in subfamily 1 and the four proteins in subfamily 2
cluster together in essentially the same order, although proteins in
these two subfamilies are more distantly related to each other. The
three proteins in subfamily 1 are derived from three different species
of γ-proteobacteria while the four proteins in subfamily 2 are derived
from an α-proteobacterium (Caulobacter), two β-proteobacteria
(Glomeribacter and Comamonas) and one γ-proteobacterial phage from
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a Pseudomonas species. The relative clustering patterns are as expected
since subfamily 1 proteins are all derived from γ-proteobacteria while
proteins of subfamily 2 are derived from three different subgroups of
Proteobacteria.
Three proteins comprise family 7, where 1.1 and 1.2 appear more
closely related to each other than they are to 2.1 on the CX tree. On
the SFT tree, they cluster together in the center of the tree. The first
2 of these proteins are derived from a phage of Haemophilus species
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and from the chromosome of another Haemophilus species while the
third is from a Bukholderia phage. While Haemophilus species are
γ-proteobacteria, Burkholderia species are β-proteobacteria. Thus,
again in family 7, the phylogeny of the holins corresponds to the phy-
logeny of the organisms from which they derive.

The fourth family in Superfamily II is 1.E.25. Five proteins comprise
subfamily 1 while one protein comprises subfamily 2. Four of the five
subfamily 1 proteins are derived from β-proteobacteria while the
remaining protein (1.1) is from a Pseudomonas (γ-proteobacterium)
phage. The single subfamily 2 protein is also from a γ-proteobacterium
(Serratia). Since the β- and γ-proteobacteria are themost closely related
of the different groups of Proteobacteria, these results are consistent
with minimal amounts of horizontal gene transfer. The two trees show
excellent agreement.

Summarizing these results, family 1 consists entirely of
γ-proteobacterial proteins, family 6 includes α-, β- and
γ-proteobacterial proteins, and both families 7 and 25 are derived
from Proteobacteria. It is interesting to note that of the
Proteobacteria, the γ- and β-proteobacteria are most closely related
as noted above, while the other three groups, α, δ and ε, show in-
creasing phylogenetic distance in this order. Thus, all of the proteins
in Superfamily II are derived from the three most closely related
groups of Proteobacteria. The agreement between the two trees is
excellent, although in the SFT tree, some intermixing occurs be-
tween families 1 and 7.

The phylogenetic trees for Superfamily III are shown in Fig. 5C.
This superfamily includes families 2, 3, 4, 5, 20, 34 and 41. In every
case, the families (or subfamilies) cluster together coherently in the
SFT tree, but not in the CX tree. In the latter tree, however, most of
the differences result from separation of the subfamilies within a sin-
gle family. The separation of these subfamilies probably reflects the
shortness of the sequences as well as the insensitivity of the CX
program. TC BLAST results confirmed the similarities of families 4
and 5 as well as families 3, 20 and 34, relative to the other superfam-
ily constituents.

As noted in Table 1, most of the proteins in Superfamily III derive
from Proteobacteria, although families 1.E.3 and 4 include proteins
from other organisms including Archaea, and families 34 and 41 de-
rive from Actinobacteria. All of the members of subfamily 2.1 are
from γ-Proteobacteria, while members of subfamily 2.2 are from
ε-proteobacteria.

Although all members of family 3 cluster together, they fall into
two subclusters according to subfamily assignments. Thus, subfamily
1 proteins, from γ- and β-proteobacteria and their phage, cluster sep-
arately from subfamily 2 proteins, from Actinobacteria and Archaea.
Finding proteins so closely related from such divergent organisms
suggests that horizontal gene transfer may have been responsible
for this distribution. Since Archaea lack peptidoglycan, it would be
of great interest to know the function of this holin homologue.
However, the fact that the two subfamilies within family 3 derive
from different types of organisms is in general agreement with the
phylogenetic observations mentioned above.

Family 4 proteins derive exclusively from enterobacteria. As for
the families discussed above, protein phylogeny correlates with or-
ganismal phylogeny.

Family 5 consists of 3 large subfamilies. Most of these proteins are
from Proteobacteria, but four members of subfamily 3 are from
Synergistetes. Proteins 5.2.1 and 5.2.2, which are most closely related
of the four TC members of subfamily 2, are from the twomost distant-
ly related groups of Proteobacteria, the ε- and γ-proteobacteria,
respectively. This is likely to be due to horizontal gene transfer. The
greater phylogenetic distance of 2.4, from a β-proteobacterium,
from the two γ-proteobacterial homologues in this subfamily is in
accordance with expectation. Subfamily 5.1 includes proteins from

image of Fig.�5
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γ- and β-proteobacteria and their phage. Subfamily 5.3 includes five pro-
teins, one from an α-proteobacterium and four from the Synergistetes
phylum. Thus, family 5 is diverse in sequence and organismal source
with clustering only loosely associated with organismal origin. Family
41 consists of a single divergent protein from the Deinococcus/Thermus
phylum.

Family 1.E.34 consists of proteins exclusively from Actino-
bacteria while family 1.E.20 includes proteins from both γ-
and α-proteobacteria. Since these two families are small with few
members, little can be said about their phylogenetic clustering
patterns.

In summary, Superfamily III is the largest and most diverse super-
family we have identified, both with respect to sequence divergence
and source organismal types. There is evidence of horizontal gene
transfer within this superfamily.

Superfamily IV consists of five TC families, 10, 16, 19, 40 and 43
(Fig. 5D). Of these, family 10 is the smallest while family 19 is the
largest (see Table 1). Family 10 includes proteins only from
Firmicutes with two streptococcal proteins clustering together,
more distantly from the Bacillus protein as expected. Members of
these two families cluster essentially the same in the two trees.
TCDB includes four proteins belonging to family 16. The two strepto-
coccal phage homologues are the most distant members, showing
that the phylogeny of these proteins does not follow the organismal
phylogeny. The same is true for family 19, which however, is more
diverse with respect to organismal source and sequence. The
actinobacterial proteins in family 19 are 1.1 and 1.6 which cluster
closely together. The fusobacterial protein, 1.9, and the Megasphaera
protein, 1.8, branch from points between the branches for two
different firmicute phage, one from a Bacillus species (1.4) and
one from a Clostridium species (1.5). Megasphaera is of somewhat
uncertain classification because although its 16S RNA groups
it with Firmicutes, it has an outer membrane and is more resistant
to monensin and other antimicrobial agents than other Firmicutes
[46,47]. The results clearly show that the phylogeny of family 19
proteins does not follow that of their source organisms.

Superfamily V includes two TC families, 21 and 29. Both families
include proteins from Firmicutes and their viruses, but family 21
also includes members from Actinobacteria (protein 2.2) and
Chloroflexi (protein 1.1). Both of these nonfirmicute homologues
cluster with firmicute members of family 21, strongly suggestive of
horizontal gene transfer. While the two trees are in general agree-
ment, the more reliable SFT tree shown in Fig. 5E reveals that the pro-
teins in each of the four subfamilies of this superfamily are distantly
related to each other, branching from points near the center of this
unrooted tree with two diverse clusters for each family. In both
trees, 29.2.3 and 4 cluster with 21.2.1 and 2, revealing the close rela-
tionship between these two families. The clustering patterns for the
family 29 proteins do not follow the phylogeny of the organisms.
While the SFT program proved to be better than the CX program for
correctly identifying and clustering members of this superfamily,
both trees suggest overlapping degrees of similarity when subfamilies
are compared. TC-BLAST studies were consistent with this conclusion.

The phylogenetic trees for Superfamily VI are shown in Fig. 5F.
Members of family 12 cluster on two branches according to subfami-
ly, with the two Lactobacillus proteins of subfamily 1 clustering more
closely together than to the Lachnospireceae protein. Clustering
within family 26 occurs primarily according to subfamilies. Thus, all
subfamily 1 proteins cluster together although separately from sub-
families 2, 3 and 4, the members of which cluster according to sub-
family in both trees. However, the two remaining loose binary
clusters in the SFT tree, 1.3 with 1.5, and 1.1 with 1.4, are derived
from different organismal types, suggesting that within this super-
family, limited amounts of lateral gene transfer has occurred.

The Superfamily VII trees are presented in Fig. 5G. These proteins
are all included within family 36, which, however, includes six
sequence divergent subfamilies. In both trees, the large subfamilies
1 and 6 form coherent clusters. In the CX tree, subfamily 2 also
forms a single cluster, but in the SFT tree, the two sub-families seen
in the CX tree are separated by 36.1.2, which in the CX tree is on a dis-
tinct branch, loosely associated with 36.4.1. In the more accurate SFT
tree, 36.4.1 is sandwiched in between clusters 1 and 5. This tree re-
veals the only significant unexplained discrepancies for the seven
sets of CX and SFT phylogenic trees.

3.8. Potential holin fusion proteins

Using the keyword holin, over 14,000 entries in the NCBI protein
database and over 7000 entries in UniProt were retrieved. Over a
thousand proteins were examined for sizes indicative of fusions. An
E. coli protein of 312 aas (I2WF18) was found to have an
N-terminal holin (Lysis-S) domain (TC# 1.E.1) with a C-terminal
DUF1327 domain of unknown function. However, it was the only
protein of its kind, suggesting that this fusion could be artifactual,
resulting from a sequencing error. Another putative E. coli fusion
protein with an N-terminal S Lysis holin domain (TC# 1.E.1) and a
C-terminal lysozyme like autolysin domain (B6ZXG1) was the only
one of its type in the NCBI protein database. Since identical E. coli
unfused holins and lysozymes had been reported, this fusion could
also be artifactual. A putative endolysin of 288 aas from Serratia
odorifera (D4E385) proved to have an N-terminal 3 TMS holin do-
main of TC family 1.E.2. The C-terminal domain was designated
Peptidase-M15-4 of the VANY (Pfam02557) superfamily. These
enzymes are D-alanyl-D-alanine carboxypeptidases. Since this was
the only fused protein in the database, it could also be due to a
sequencing artifact.

A protein of 643 aas, 946J from Acetobacter pomonum, was identi-
fied with a C-terminal Superinfection Immunity (IMM) domain with
2 TMSs. Several full length homologues were found in species of
Acetobacter and Gluconacetobacter. Residues 100–325 proved to be
homologues in hundreds of shorter (b300 aas) bacterial proteins
that were annotatedmerely as “conserved exported hypothetical pro-
tein”. Q31Q68 of Synechococcus elongates (Anacystis nidulans) is an
example. Residues 465–503 proved to be homologous to a putative
peptidoglycan binding domain, suggesting that the large hydrophilic
domain preceding the C-terminal IMM domain is periplasmic. This
suggestion is consistent with the facts that (1) the protein has an
N-terminal signal sequence that appears to be proteolytically
processed to a mature form, and (2) the positive inside rule suggested
that the C-terminal 2 TMS hairpin has its N- and C-termini in the peri-
plasm with the central loop in the cytoplasm. Homologues retrieved
with BLAST searches contained S-layer homology (SLH) and periplas-
mic serine protease domains, but these were not in the regions of
overlap. It should be recalled that a holin-like function for Imm pro-
teins has not been established. Finally, a true fusion protein in the
MP4 family was identified and assigned TC# 1.E.40.5.1. It has an
N-terminal holin domain fused to a large hydrophilic domain that is
homologous to type-1 phosphodiesterase/pyrophosphatases.

The fact that no, or almost no holins are fused to the other protein
domains must have functional or structural significance. We postulate
that the need to form oligomeric holin pores for autolysin release may
prohibit or select against the occurrence of fusions. This could be a
steric phenomenon if fused domains inhibit oligomerization and
pore formation. Alternatively, it could reflect the need for autolysins
to exist dispersed throughout the cell wall, a requirement that could
prevent tethering to the membrane.

4. Discussion

Several holins have been experimentally examined to determine
their topologies, and on this basis, the existence of at least four differ-
ent topologies appeared likely. First, E. coli phage T4 holin, also called
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lysis protein (TC# 1.E.8.1.1), has 218 aas with a single N-terminal TMS
and a long C-terminal periplasmic domain that is essential for correct
timing of lysis [48,49]. This protein does not belong to one of our
seven holin superfamilies. Second, Class II lysis protein S of phage
P21 (71 aas; TC# 1.E.1.1.1), a member of our Superfamily II, has 2
TMSs with the N- and C-termini in the cytoplasm and the central
loop in the periplasm [44]. This conclusion is in agreement with pre-
diction based on average hydropathy plots and the positive inside
rule. In lysis protein S, only TMS 2 is apparently required for function
[44]. Third, class I Lambda S holin (TC# 1.E.2.1.1, a member of our
Superfamily III) has 107 aas with 3 TMSs. The N-terminus is
extracytoplasmic while the C-terminus is in the cytoplasm [45] in
agreement with prediction. TMS1 has been reported to be essential
for holin function but not for the 105 aa antiholin [50]. Finally, the
holin of Clostridium phage Phi3626 (TC# 1.E.19.4.1, our Superfamily
IV), for which function has been demonstrated, may have 125 aas
and 2 TMSs with 7 lysine and arginine residues in the loop region be-
tween the two TMSs. Applying the positive inside rule [41–43], it
appears that the loop between the two TMSs is cytoplasmic while the
N- and C-termini of the protein are extracytoplasmic. Our analyses re-
vealed differences in hydropathy plots for members of Superfamily IV
that led to prediction of either 2 or 3 TMS topologies for members.
While we argue that the loop between TMSs 1 and 2 must be cytoplas-
mic, the Phi3626 holin may have 3 TMSs, with the extra TMS at the
C-terminus relative to 2 TMS family 19 proteins.Moreover, the two pro-
teins predicted to have 4 TMSs, (1.E.19.1.2 and 1.E.19.1.5) may have cy-
toplasmic N- and C-termini. Thus, while family 19 is predicted to
includemembers with 2, 3 and 4 TMSs, the 2 TMS predictionmay be in-
correct although the 3 and 4 TMS predictions are more likely to be
correct.

In each case where the topology of a holin has been experi-
mentally examined, the data obtained are in agreement with the
topologies predicted using the AveHAS plots and the positive in-
side rule. We have used these criteria to predict the topologies
of all of the holins currently included within the 52 TC holin
families.

In addition to making topological predictions for the seven super-
families that agree with the available experimental evidence, we
applied rigorous statistical criteria to establish homology between
families and thereby establish superfamilies. We could identify
more distant relationships than had been done by previous investiga-
tors since (1) a larger number of sequences are now available for
analysis, and (2) we have reliable, quantitative statistical approaches
that are used by few other investigators. Neither CDD nor Pfam had
recognized all of the relationships we were able to establish. Our con-
clusions of homology were substantiated in most cases by deriving
and comparing conserved motifs using the MEME program. Pfam
analyses also provided confirmatory data in several instances. Con-
served motifs are of particular interest since these motifs are likely
to reflect the presence of functionally and structurally important res-
idues. The studies reported here will thus be of value in guiding future
functional analyses. They also serve to extend experimentally derived
results to large numbers of homologues found throughout the pro-
karyotic world.

Using the cutoff 1e−20, many but not all of the 267 putative holin
sequences annotated as 1.E.x.x.x in TCDBmapped to 17 Pfam families,
previously not organized into a clan system. We propose, based on
our clustering results (Fig. S8), that Pfam families PF10746 and
PF04971 should be organized into a clan called “Holin Superfamily
II-like”, that Pfam families PF05106, PF04550 and PF07332 should
be called “Holin Superfamily III-like”, and PF05105 and PF04020
should be designated Holin Superfamily IV-like. We have thus pro-
posed a clan system for these Pfam families, and have shown reason-
able agreement between the TCDB Superfamilies for Holins and
Pfam's families. These results additionally provide confirmation of
our superfamily assignments.
The holin superfamily names in TCDB were originally imported
from CDD and in turn from Pfam, and they agree in most cases with
the “Phage_holin_” consecutive naming in Pfam. However, to create
a consistent naming system between Pfam's families and TCDB's su-
perfamilies, we proposed five instances of renaming Pfam families
as tabulated in the Results section. It was clear from the TC/Pfam com-
parisons that Pfam had named several of the relationships identified
here. Many of our results have since been incorporated into Pfam.

Phylogenetic analyses revealed the surprising fact that members
of many holin families and superfamilies are derived from a very re-
stricted group of organisms. In fact, of the 52 families recorded in
TCDB, only 11 included identified members from more than one phy-
lum (Table 1), and of the seven superfamilies, only three included
members from more than one phylum (Table 2). Moreover, phyloge-
netic analyses were most frequently consistent with vertical descent.
These observations suggest that lateral transfer of holin-encoding
genes has occurred with low frequencies although several probable
examples could be documented. In explaining this observation, we
suggest that the limited organismal distribution of holin family mem-
bers reflects the narrow host ranges of most phage. The results also
imply that phage retain their host specificities over long periods of
evolutionary time. These suggestions provide a useful hypothesis for
future studies.

The size and topological uniformity of holins within any one
family or superfamily is particularly noteworthy, especially in
view of the great variation observed for the total range of holins.
It seems that through evolutionary history, both size and topology
of holins are fairly well-conserved traits. In fact, these traits may
provide an indication of family relatedness. Consequently, we
tabulated the 52 holin families according to topology and size
(Table S1). This table provides a guide to potential relationships
more distant than those documented in this report. Others were
presented in Section 3.3.

Very few authentic holin fusion proteins were identified, and it
would seem that insertions and deletions of appreciable size were
also rare. It is possible that holins arose only a few times through-
out prokaryotic evolution, and that once established, pressures
for change were minimal. Small oligomeric hole-formers only
rarely underwent intragenic duplication to give larger proteins al-
though such duplication events were common during the evolution
of many other types of transport proteins including other types of
channel-formers [14,51,52]. This observation may reflect the need
to maintain flexible holes that can model and reshape themselves
in response to the shapes and sizes of their cognate autolysins. It
is important to note, however, that not all holins act by the same
mechanism (i.e., secretion, leakage, lysis or membrane (pmf) col-
lapse) although we expect that members of any one family or
superfamily will exhibit common mechanistic features and exert
their actions uniformly. Thus, the phylogenetic and topological in-
formation provided in this report should serve as guides for inves-
tigation of holin functional diversity [12]. We anticipate that the
remarkable features of holins are yet to be fully appreciated and
that distinctive properties consistent with their functions have
yet to be discovered.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2013.07.004.
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