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Abstract: Bacterial microcompartments are supramolecular protein assemblies that function as
bacterial organelles by compartmentalizing particular enzymes and metabolic intermediates. The
outer shells of these microcompartments are assembled from multiple paralogous structural
proteins. Because the paralogs are required to assemble together, their genes are often
transcribed together from the same operon, giving rise to a distinctive genomic pattern: multiple,
typically small, paralogous proteins encoded in close proximity on the bacterial chromosome. To
investigate the generality of this pattern in supramolecular assemblies, we employed a
comparative genomics approach to search for protein families that show the same kind of
genomic pattern as that exhibited by bacterial microcompartments. The results indicate that a
variety of large supramolecular assemblies fit the pattern, including bacterial gas vesicles,
bacterial pili, and small heat-shock protein complexes. The search also retrieved several widely
distributed protein families of presently unknown function. The proteins from one of these families
were characterized experimentally and found to show a behavior indicative of supramolecular
assembly. We conclude that cotranscribed paralogs are a common feature of diverse
supramolecular assemblies, and a useful genomic signature for discovering new kinds of large

protein assemblies from genomic data.
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Introduction

Bacterial microcompartments (BMCs) are large (80—
150 nm) proteinaceous bodies that encapsulate a series
of enzymes carrying out specific metabolic processes
in bacteria (reviewed in Refs. 1 and 2) [Fig. 1(A,B)].

Additional Supporting Information may be found in the online
version of this article.
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The carboxysome is the best-studied BMC® (reviewed
in Ref. 5). In all cyanobacteria and some chemoauto-
trophs, it encapsulates the enzymes RuBisCO and car-
bonic anhydrase and, thereby, improves the efficiency
of carbon fixation under conditions in which inorganic
carbon levels are limiting.”® The 1,2-propanediol utili-
zation (Pdu) microcompartment provides another
example. In the enteropathic bacterium Salmonella
enterica Typhimurium LT2, the Pdu microcompart-
ment is induced in the presence of 1,2-propanediol
and metabolizes that compound in the interior.® The
carboxysome and the Pdu microcompartment encapsu-
late entirely unrelated enzymes, yet their outer shells
are similar in key respects. In particular, the major
shell proteins from these two microcompartments are
homologous to each other.'®™ In addition to the
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Figure 1. Structure and organization of carboxysomes and related bacterial microcompartments. (A) Carboxysomes
visualized by thin-section EM in a dividing cell of the cyanobacterium Synechocystis sp. PCC6803 cell (scale bar, 200 nm).
(B) Enlargement of a single carboxysome (scale bar, 50 nm). Panels A and B (courtesy of Wim Vermaas) adapted from Ref. 3.
(C) Organization of the microcompartment genes for the carboxysome in Syn. 6803 and in the chemoautotroph

H. neapolitanus, and for the Pdu microcompartment in Salmonella typhimurium LT2. Gene families highlighted in the text are
colored blue and yellow. (D) Oligomeric structures of proteins from the BMC family (CcmK or CsoS1) and the CcmL/EutN
family, and a model for their higher level assembly into a carboxysome, according to Ref. 4. (Figure adapted from Ref. 5).

carboxysome and the Pdu microcompartment, other  sequence data.">'® The data suggest that these micro-
BMCs with related shells but apparently diverse func-  compartments are a widespread, but underappreciated
tions have been identified or implicated from genomic  subcellular structure in bacteria.
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The shells of BMCs are composed predominantly
of a small (~10 kDa) protein, a few thousand copies of
which are assembled together to form a single shell*#
(reviewed in Ref. 5). Proteins belonging to this con-
served family are referred to here as BMC proteins.'
The diverse microcompartments identified so far share
further features. They contain multiple paralogs of the
BMC shell protein, typically encoded together in oper-
ons alongside the enzymes that carry out the encapsu-
lated processes.'®*® For example, in the carboxysome
from H. neapolitanus, there are three BMC proteins
(called CsoS1A,B,C) encoded in an operon with genes
for the RuBisCO large and small subunits and carbonic
anhydrase, along with three other carboxysome pro-
teins (reviewed in Ref. 16); the Synechocystis PCC
6803 genome encodes five BMC proteins [Fig. 1(C)]."”
Likewise in the Salmonella pdu operon, there are a
total of six distinct BMC genes alongside 15 other
genes, several of which are understood to code for
enzymes involved in 1,2-propanediol metabolism® [Fig.
1(C)]. Similarly, in Escherichia coli, the eut operon
(which is also present in Salmonella) encodes four BMC
protein paralogs, along with enzymes believed to carry
out ethanolamine degradation inside the Eut microcom-
partment.’*'®19 In all cases, there is a clear pattern of
multiple paralogous proteins encoded together.

Structural studies are beginning to shed light on
the purpose of multiple paralogs in the shells of
BMCs. Recent EM tomography studies show that car-
boxysomes are roughly icosahedral in shape.**** Crys-
tal structures of various carboxysome shell proteins
have revealed that the conserved BMC-domain pro-
teins form cyclic hexamers, with a tendency to pack
side by side to form molecular layers presumed to rep-
resent the flat facets of the icosahedral shell.®+?2
However, differing assembly properties have been
noted for some paralogs. The carboxysome shell pro-
tein CemK4 tends to form strips instead of a layer,
suggesting that the multiple paralogous proteins in
BMC shells might serve specific architectural roles.
This would parallel the situation in many viral capsids,
where multiple paralogous proteins may be present in
different structural environments according to the
principles of quasi-equivalence.?372% Alternatively, the
requirement for multiple paralogous proteins might be
related to biochemical function. It has been hypothe-
sized based on crystal structures that transport of
small molecules across microcompartment shells
might occur through the pores down the middle of
BMC hexamers.>>* The diversity of BMC paralogs
within a single kind of microcompartment could
reflect diverse biochemical functions (e.g., in transport
or binding), as suggested by a recent structure of a
shell protein from the pdu microcompartment.”” A
well-known example of divergence of biochemical
function between paralogs in a supramolecular assem-
bly is seen in microtubules, which are composed of
paralogous alpha and beta tubulin subunits. The bio-
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chemical activities of those two paralogs diverged fol-
lowing duplication of an ancestral FtsZ-like protein,
perhaps to support the evolution of motor transport
activities in eukaryotes (reviewed in Refs. 28 and 29).

Regardless of the reasons for gene duplication and
divergence, if paralogous proteins assemble together,
they might be expected to be cotranscribed and there-
fore be encoded near each other in a given prokaryotic
genome. Indeed, systematic studies in prokaryotes
have shown that, when multiple proteins are involved
in stable complexes, they are often encoded in proxim-
ity.3° Therefore, in the case of supramolecular assem-
blies of the type typified by BMCs, two features come
into play. First, multiple paralogs are frequently
involved. Second, the coassembling structural proteins
tend to be encoded by proximal genes. The result is a
particular genomic pattern: multiple (typically small)
paralogous proteins encoded together. One might
expect such a pattern to be somewhat specific for
structural assemblies, because though gene duplication
and divergence are widespread in other kinds of pro-
teins such as metabolic enzymes, there is generally
less selective pressure in those systems for the paralo-
gous genes to remain in proximity.

Studies of prokaryotic ultrastructure have revealed
many novel supramolecular structures.>' Discovering
novel structures from direct microscopic observation
can be critically dependent upon experimental factors,
such as whether a microbe in question can be cul-
tured, and whether the structure to be visualized is
present under the growth conditions employed. It
seems likely therefore that there are other as-yet
undiscovered protein-based supramolecular assemblies
in nature. In this study, we searched the genomic
databases for paralogous proteins that are encoded in
close proximity, and are therefore likely to be cotran-
scribed and coassembled. Among those protein fami-
lies identified that have already been characterized,
the majority are indeed involved in supramolecular
assemblies. The uncharacterized families identified
therefore constitute predictions of potentially novel
supramolecular assemblies. Supportive, preliminary
biophysical experiments on one uncharacterized pro-
tein family are presented.

Results

To predict protein families forming supramolecular
assemblies potentially analogous to the BMC shell, a
search was conducted for families with a similar
genomic signature to microcompartment shell pro-
teins. Families were defined using the InterPro domain
database®® and filtered in a multistep procedure (Fig.
2). Operons were predicted across all archaeal and
bacterial sequences from 593 prokaryotic organisms
and searched for the desired genomic arrangement of
multiple paralogous proteins occurring together [Fig.
1(C)]. Additionally, protein families were filtered for
an average length of less than 200 amino acids to
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Figure 2. Venn diagram scheme for prediction of putative
self-assembling protein families based on genomic context.
Each circle is intended to illustrate a criterion used for
selection. Proteins were filtered for families that match all
three criteria depicted: compactness, multiple members per
operon and occurrence of multiple members per operon in
three or more organisms. Arrows represent open reading
frames (ORFs). Each cluster of ORFs in a row represents a
genomic region from one organism. [Color figure can be
viewed in the online issue, which is available at
www.interscience.wiley.com.]

obtain proteins that might constitute relatively com-
pact building blocks in larger structures; most micro-
compartment shell proteins are ~100 amino acids in
length. Families were subsequently filtered to select
those with tandem occurrences within an operon in
three or more organisms, and with at least three cop-
ies in at least one of those organisms, to arrive at a set
of families whose analogy to BMC proteins was signifi-
cant over multiple organisms. Finally, families were
ranked according to the average number of paralogous
co-occurrences seen in each operon (Supporting Infor-
mation), and the top 35 were arbitrarily selected for
further analysis (Table I).

Of these 35 families, 16 have some functional
annotation. Of these, only six (IPR008846,
IPR000290, IPR003369, IPR006817, IPR003731, and
IPR008894) have no evidence in the available litera-
ture for supramolecular assembly formation. We can-
not rule out the possibility that some of these might
actually be involved in forming large assemblies that
have not yet been discovered, but at present they con-
stitute false positives in the analysis. As our search cri-
teria were aimed at sensitivity above specificity, it is
not unexpected that a number of protein families not
involved in supramolecular assemblies would be
obtained. The false negatives are distributed toward
the lower end of the spectrum in terms of average
numbers of paralogs per operon: 1.89, 1.32, 1.30, 1.20,
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1.19, and 1.17 versus a mean of 1.78 for the 35 families
identified by the search criteria. The other 10 of the 16
characterized families are indeed involved in supramo-
lecular assemblies. This appears to represent a strong
enrichment for structural proteins over what would be
expected at random, although no attempt was made
here to establish how low a number would be expected
for a randomly selected set of protein families.

Analysis of computationally identified

protein families

Consistent with the design of this study, the annotated
family with the highest score (an average of 2.56
paralogs per operon) was the BMC protein family dis-
cussed earlier (IPR000249). Of the 538 members of
this family identified (see Supporting Information),
only 13% (70 proteins) were the sole paralogs in their
operon, of which only two cases were the only copies
in their organism. Almost two thirds (65%; 348 pro-
teins) occured in operons with at least two other BMC
proteins. There are multiple cases with many BMC
paralogs per operon: 13 operons have six paralogs, two
operons have seven paralogs, and one operon has nine
BMC paralogs. It addition, it was surprising to find
that the search identified another protein family
involved in BMCs. This protein family (IPR004992),
which includes proteins known as CemL, EutN, and
Cso0S4 in different bacteria, has been suggested to con-
tribute to the vertices of the icosahedral or near-icosa-
hedral microcompartment shell.# The tendency of this
shell protein to appear as multiple paralogs in an op-
eron has hitherto been underappreciated.

The major structural protein from gas vesicles,
which are large proteinaceous shells used for buoyancy
in prokaryotes, was also identified in our study. The
GvpA family (IPRo00638) frequently occurs with mul-
tiple copies per operon, with 57 of the 96 proteins
identified co-occurring together in operons. Of the
remaining 39 single occurrences, only 19 are the sole
copy in their genome. A small subset of organisms
encoding gas vesicles have larger, more complex op-
eron structures. For example, there are a total of 11
GvpA domain proteins in Rhodococcus sp. RHA1 split
over seven operons, while Streptomyces avermitilis
MA-4680 has three operons encoding three GvpA
homologs each. Closer inspection reveals that the ma-
jority of cases are split over two proximal operons
transcribed in opposite directions, increasing the num-
ber of proximal paralogs [Fig. 3(A)]. The structural ba-
sis for assembly of GvpA proteins into gas vesicles is
not yet understood in detail.

The small heat-shock protein (Hsp) family identi-
fied, which includes  the alpha-crystallins
(IPR002068), is understood to form large assemblies
of multiple, different paralogs.*® This family is more
widespread (found in 434 organisms) than any others
listed in Table I. Although ~75% (568 of 742) of the
members of this family do not co-occur with other
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Table 1. Protein Families Predicted to Form Supramolecular Assemblies Based on Genomic Context

No. of Ave. paralogs
Protein family® organisms per operon Description®
IPR006728 22 3.2 Uncharacterized
IPR007966 10 3.0 Uncharacterized
IPR014994 12 2.9 Uncharacterized
IPR009482 5 2.8 Uncharacterized?
IPRO12655 9 2.7 Uncharacterized
IPR000249 104 2.6 Bacterial microcompartments protein®>*33
IPRO12452 21 2.1 Uncharacterized
IPRo10738 8 2.1 Uncharacterized
IPR0O12902 380 2.1 Prepilin-type cleavage/methylation, N-terminal®*
IPR010665 10 2.0 Uncharacterized
IPR009881 17 2.0 Uncharacterized
IPR008846 11 1.9 Staphylococcus haemolytic peptides
IPROO1120 322 1.8 Prokaryotic N-terminal methylation site3*
IPRo07670 6 1.8 Uncharacterized
IPR000638 46 1.6 Gas vesicle protein GvpAS3>
IPRO12128 28 1.6 Phycobilisome alpha and beta chains3®
IPR0O12661 19 1.6 Uncharacterized
IPRoO11747 29 1.6 Uncharacterized
IPRo10351 20 1.4 Uncharacterized
IPR012495 125 1.4 TadE-like3+37
IPR009333 25 1.3 Uncharacterized
IPR000290 24 1.3 Colicin immunity protein/pyocin immunity protein
IPR002416 199 1.3 Bacterial general secretion pathway protein H34-38
IPR003369 428 1.3 Bacterial sec-independent translocation protein mttA/Hcfi06
IPR008316 19 1.3 Uncharacterized
IPR007166 13 1.3 Uncharacterized
IPR004992 98 1.2 Ethanolamine utilization protein EutN/
carboxysome structural protein* CemL
IPR006817 35 1.2 LPP motif
IPR003731 149 1.2 Dinitrogenase iron-molybdenum cofactor biosynthesis
IPR0O07047 98 1.2 Flp/Fap pilin component3®
IPR008894 33 1.2 WxcM-like, C-terminal
IPR002068 434 1.2 Heat shock protein Hsp20+4%4*
IPR010310 73 1.2 Uncharacterized
IPR012903 26 1.2 Uncharacterized
IPR010385 14 1.1 Uncharacterized

# InterPro domain representing each family.3*

> Number of sequenced genomes that contain a recognizable member of the indicated protein family.
¢ References are given in cases in which formation of large assemblies has been documented.

4 Preliminary characterization reported here for this family.

paralogous copies in an operon, this nevertheless
leaves 150 cases of co-occurrence with another paralog
and 24 proteins in operons containing three paralogs.

The phycobiliproteins, represented by the
IPR012128 domain, are components of phycobili-
somes, which are light-harvesting supramolecular
assemblies in cyanobacteria. Biliproteins form dimers
of alpha and beta subunits, which assemble further to
form large rod-like components of phycobilisomes and
subcellar structures that funnel light energy via bound
chromophores to a central core.3®4>43 Diverse bilipro-
teins appear to be evolutionarily related; allophycocya-
nin and phycocyanin were extracted by our study. A
total of 28 organisms, all cyanobacteria, contain this
protein family, the majority of which (122 proteins of
171) occur together with another paralog.

Finally, our study identifies five domains that are
portions of type IV pilins and related proteins:
IPRo12902, IPRoO1120, IPR012495, IPR002416, and

73 PROTEIN SCIENCE ‘ VOL 18:69-78

IPR007047. Type IV pili are long rod-like or filamen-
tous assemblies.** They are widespread among prokar-
yotes, where they serve varied roles, especially related
to host cell interactions.*® The N-terminal segments of
pilin proteins are characterized by two somewhat
degenerate methylation consensus sequences, the N-
terminal prepilin-type cleavage/methylation motif
(IPR012902), and the prokaryotic N-terminal methyla-
tion motif (IPR001120). The N-terminal prepilin-type
cleavage/methylation site occurs in 2644 proteins split
over 380 organisms. Some 205 cases occur with four
or more other copies in the same operon. In addition
to these widespread sequence motifs, specific pilin-like
proteins are also detected here. The IPR002416 do-
main (which includes the IPRoo1120 motif noted
above as a subdomain) describes the GspH pseudopi-
lin family. Finally, the IPRoo7047 and IPR012495
domains represent two pilin-related subunits from the
tad locus involved in tight, nonspecific adhesion of

Beeby et al.
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Figure 3. Operon structures for representative protein families identified by genomic context. Panel (A) illustrates the gas
vesicle proteins GvpA. Panel (B) illustrates an uncharacterized protein family, IPR009482, which is highlighted in the present
study. Arrows represent ORFs. Similar colors indicate homology; unfilled ORFs are not relevant to the analysis. The gene
names in A. fulgidus, which were subjected to experimental investigation, are shown. The gene names in the other organisms
are (from left to right) P. furiosus: PF0324, PF0325, PF0327; P. abyssi: PAB0981, PAB0982; P. horikoshii: PH0565, PH0564;

P. kodakarensis: TK1705, TK1704, TK1702. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]

pathogenic bacteria to surfaces. In both cases, while
the proteins occur as single copies the majority of the
time, there are nevertheless numerous instances where
two or three paralogs occur together.

Of the 35 protein families identified, 19 are com-
pletely uncharacterized. These families (IPR006728,

IPR007966, IPR014994, IPR009482, IPR012655,
IPRo12452, IPR010738, IPR010665, IPR009881,
IPRoo07670, IPR012661, IPRo11747, IPR010351,
IPR009333, IPR008316, IPR007166, IPRo010310,

IPR012903, and IPR010385) are distributed over a va-
riety of different organisms. Based on an extrapolation
from the characterized proteins identified, this set of
uncharacterized protein families is likely to be highly
enriched in proteins involved in forming novel supra-
molecular assemblies. We sought to investigate the
capacity for self-assembly by one of these uncharacter-
ized families. The family described by the IPR009482
domain was arbitrarily chosen for closer scrutiny. Pro-
teins belonging to this family are found in five hyper-
thermophilic archaea from our search set, Archaeoglo-
bus fulgidus DSM 4304, Pyrococcus abyssi GEs,
Pyrococcus furiosus DSM 3638, Pyrococcus horikoshii
OT3, and Pyrococcus kodakarensis KOD1. Figure 3(B)
illustrates the arrangement of paralogs from this fam-
ily in operons. No clear inferences about function
could be derived from the other genes encoded in the
operons along with these putative structural proteins.

Assembly properties of a previously
uncharacterized protein family

To test for the ability of the selected protein family to
self-assemble, the four paralogs of the IPR009482
family from Archaeoglobus fulgidus were selected for
biophysical characterization and determination of oli-
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gomeric state. The genes encoding AF2077, AF2079,
AF2080, and AF2081 were cloned, overexpressed in E.
coli, and the protein products purified. The four pro-
teins were initially expressed in insoluble form, but af-
ter unfolding and refolding from inclusion bodies the
target proteins were soluble to varying degrees.
AF2079, AF2080, and AF2081 were soluble up to a
concentration of 10 mg/mL, while AF2077 remained
only marginally soluble. Circular dichroism studies
confirmed that all three soluble proteins maintained a
similar secondary structure composition, primarily
beta sheet [Fig. 4(A)].

Native PAGE analysis revealed that each protein
forms multiple distinct higher-order oligomeric states
[Fig. 4(B)]. This behavior was reminiscent of some of
the BMC proteins from the carboxysome shell studied
earlier [Fig. 4(C)%]. Determining the stoichiometry of
assembly was complicated by the ladder of oligomeric
states exhibited by each protein in native gels (Fig. 4).
Size exclusion chromatography failed to separate indi-
vidual species fully, but resultant fractions did show
enrichment for different oligomeric states (data not
shown). Size-exclusion results indicated that the ladder
of oligomeric states ranged from relatively small
oligomers to large (>500 kDa) assemblies. Dynamic
and static light scattering experiments were consistent
with this size range but could not resolve individual
species (data not shown). Native PAGE of the size-
exclusion fractions showed that they maintained their
respective compositions of specific oligomers over a
period of at least 6 days, indicating the formation of
stable oligomers. In order to estimate the oligomeric
state of individual protein species, one protein,
AF2081, was analyzed using a Ferguson plot.*4” This
allows an extrapolation of native molecular weight
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tendencies.

based on the change in mobility versus gel concentra-
tion (Fig. 5), without the need to purify separate oligo-
meric species. The band corresponding to one of the
dominant AF2081 oligomeric states was calculated as
~149 kDa, while the faint, fastest running band was
calculated to be 29 kDa. These correspond to hexamer
(theoretical mass 147.05 kDa) and monomer (theoreti-
cal mass 24.51 kDa), respectively. A pentamer or hep-
tamer could also be within the margin of error, but a
hexamer gives an excellent fit. Single native gels of
AF2079 and AF2080 and the marginally stable
AF2077 revealed a similar pattern of varied oligomeric
states [Fig. 4(B)]. The behavior of the proteins from
the IPR009482 family is therefore highly suggestive of
assembly into high-order structures.

Further examples

We also searched the literature for other proteins
involved in large structures that might have evaded
our computational analysis. Sulfur globules provide
one case. In sulfur-oxidizing organisms, sulfur is
stored in the periplasm for later oxidation in protein-
coated sulfur globules.*® In Allochromatium vinosum,
the protein coat includes two paralogs, SgpA and
SgpB. Although SgpA and SgpB are paralogous, they
do not co-occur together in the same operon, thus
evading detection by the criteria employed. Intrigu-
ingly, these short proteins (~100 amino acids long)
are reported to show some similarity to structural pro-
teins such as keratin, silk fibroin, and plant cell wall
proteins.*® Polyhydroxybutyrate (PHB) granules pro-
vide another case of proteinaceous encapsulation, in
this case for energy storage. These granules serve as
storage sites for PHB polymers, which are surrounded
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by an amphiphilic layer of structural proteins.>® The
structural proteins include four paralogs of a protein
family referred to as phasins, encoded on separate
operons.”® The function of phasins is to control the
structure of the PHB granules, but the need for multi-
ple paralogs is unclear.

Discussion

Our initial genomic search identified 35 protein fami-
lies for which multiple paralogs frequently occur
within a single operon. Sixteen of these families have
been characterized to some extent, and 10 of those
families exhibit evidence for formation of supramolec-
ular assemblies. The set identified therefore appears to
be highly enriched in proteins that form large assem-
blies. These assemblies are of varied geometric types,
as discussed later.

The annotated family with the highest average
number of paralogs per operon was the BMC protein
family, which formed the basis for the search pattern
employed. Current data suggest that the divergence of
BMC paralogs might be used to achieve both architec-
tural and biochemical specialization. For example,
while some of the BMC paralogs are strictly required
for forming the Pdu microcompartment shell in Sal-
monella, others, such as PduT and PduU (T.A. Bobik,
unpublished data) appear to have minor structural
roles. This suggests architectural specialization. There
is also evidence for biochemical specialization between
paralogous BMC proteins. Differences in pore struc-
ture between CemK2 and CemK4 suggest different
properties in the passive transport of substrates and
products into and out of the carboxysome.? Variable
pore properties have also been observed in the BMC

Beeby et al.
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Figure 5. Estimation of oligomeric state for the AF2081
paralog from the IPR009482 protein family, based on native
gel electrophoresis and Ferguson plots. The plot shows the
slope, K, of log(mobility) versus gel concentration (raw data
not shown) for a variety of proteins over a range of gel
concentrations (see Materials and Methods). Using a series
of protein standards of known molecular mass, an
approximately linear standard curve is obtained. Molecular
masses of standards: alpha-lactalbumin (14 kDa), carbonic
anhydrase (29 kDa), chicken albumin (45 kDa), bovine
serum albumin (dimer, 132 kDa), and beta-amylase (200
kDa). The dashed vertical line indicates the experimentally
determined value of K, for the AF2081 protein. Its
intersection with the linear standard curve is indicated by
the crossed circle. The horizontal dotted lines show the
molecular masses that would be expected if AF2081 were
a pentamer, hexamer, or heptamer. Good agreement is
obtained for a hexamer. Error bars are drawn on the
AF2081 data point to reflect 1 SD (~17 kDa) in the
estimated MW, based on a least squares analysis of the
deviations of the standards from the best fit line.

proteins from the Pdu microcompartment,®” while
genetic studies in that system also support the idea of
biochemical specialization.'

It was surprising that the variously named CemL/
EutN/CsoS4/OrfAB family of proteins—also compo-
nents of the microcompartment—is identified here.
Only a very small fraction of all known protein fami-
lies were selected by our search, making identification
of this distinct family of microcompartment proteins
intriguing. The exact role of paralog divergence in this
family is unclear. Some members form pentamers that
fit at the vertices of an icosahedral shell,* but some
other members form hexamers.** This suggests a
probable case of architectural specialization.

Given that microcompartments formed the foun-
dations of our search, it was noteworthy to find that
the major structural protein from the unrelated, but
somewhat analogous case of gas vesicles was identi-
fied. Gas vesicles are large proteinaceous shells found
inside certain bacterial cells, where they help maintain
buoyancy.® Their structure is that of a cylinder,
capped with cones at each end.>® They are composed
primarily of a paralogous family of proteins such as

Protein Paralogs Forming Supramolecular Assemblies

GvpA, GvpJ, and GvpM, some of which occur with
additional copies,®* often encoded within two back-to-
back, divergently transcribed operons [see Fig. 3(A)].
These proteins assemble into a continuous helical ring
that encircles the cylindrical body.>® It has been sug-
gested that various ratios of these paralogs may modu-
late local shell architecture, such as cylinder radius
and tip shape.>*

The small Hsp20 heat-shock proteins (or alpha-
Hsps) are able to form large oligomeric structures with
multiple paralogs. This family, represented by
IPR002068, is related to the alpha-crystallins from the
mammalian lens, which form homo-oligomeric struc-
tures believed to act as chaperones to prevent the
aggregation of misfolded proteins.*>> Ten alpha-Hsps
are encoded in the bacterium Bradyrhizobium japoni-
cum, and members of the same subclass have been
shown to form functional hetero-oligomers.*' Likewise,
in E. coli the paralogs IbpA and IbpB have been
shown to be incorporated into a supramolecular struc-
ture with a mass in excess of 2 MDa.5° The rationale
behind multiple paralogs appears to be primarily
related to biochemical function in these cases.

Several pilin proteins and pilin motifs emerge
from the analysis. The pili examples show that fila-
mentous and rod-like assemblies tend to exhibit the
same kinds of genomic pattern as the shell-like assem-
blies discussed earlier. The biliprotein family provides
another example. Biliproteins form paralogous hetero-
dimers, which in turn form hexamers, in turn forming
larger rod-like structures.**+3

The widespread occurrence of multiple paralogs in
supramolecular assemblies motivates a consideration
of underlying evolutionary events. In the systems dis-
cussed here, the paralogous proteins presumably
diverged after duplication(s) of a single ancestral pro-
tein. We postulate that in most cases this ancestral
protein already possessed the ability to form large
assemblies. Gene duplication and divergence then pro-
vided a route to architectural and functional complex-
ity, which conferred selective advantages in these sys-
tems. The apparent generality of this phenomenon
gives it predictive utility.

Predictions from genomic analyses provide only a
statistical likelihood regarding function, so experimen-
tal investigation is essential. Here we report prelimi-
nary biophysical results on one novel family of pro-
teins (IPR009482) predicted to be involved in forming
large assemblies. The results are highly supportive of
the prediction in this case. The four paralogs investi-
gated form assemblies of various sizes when expressed
individually, ranging from small oligomers to large
aggregates. The paralog that was investigated in the
most detail (AF2081) forms predominantly hexameric
building blocks. These findings are reminiscent of
those for the hexameric BMC proteins from BMCs.
Since protein hexamers are fairly uncommon in na-
ture, occurring only about 3% of the time among
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proteins of known structure,5”5% it is therefore note-
worthy that hexamers (cyclic forms of which make
good building blocks for large structures) were
observed in the family identified by the computational
analysis. However, further work will be required to
illuminate the natural cellular assembly in more detail
and to understand its role in the cell. This is likewise
true for the other uncharacterized protein families
identified in this study. Follow-up studies on these
predictions from genomic context analysis should lead
to new biological discoveries.

Materials and Methods

Computational methods

Protein sequences and their encoding gene positions
from 593 archaeal and bacterial genomes from the Ge-
nome Reviews database®® as of February 26, 2008
were used to predict operons based on contiguous
groups of predicted genes separated by no more than
300 base pairs.®® Next, InterPro domains assigned to
each protein were taken as domain definitions.?* Ini-
tial filtering steps required that the proteins within
which the InterPro domains occurred were no more
than 200 amino acids in length, and occurred with at
least two copies per operon in an least three organ-
isms. Furthermore, at least one of these organisms
was required to have three or more paralogs in a sin-
gle operon. These protein families were further ranked
by the average number of occurrences per operon.

Cloning

A. fulgidus genes coding for proteins AF2077, AF2079,
AF2080, and AF2081 were amplified directly from A.
fulgidus cells lysed by osmotic shock immediately
before PCR. Primers were constructed with a BamHI
restriction site at the 5 end and an Ncol restriction
site at the 3’ end. Amplified DNA was restricted with
BamHI and Ncol as was the pETM-11 vector, provid-
ing a TEV protease-cleavable N-terminal his-tag. Vec-
tor and insert were ligated overnight at room tempera-
ture and transformed into Rosetta cells (Novagen),
which were found to provide high expression levels.

Protein expression

Cells were grown to OD between 0.8 and 1.0 at 37°C
then induced with 1 mM IPTG. Induction proceeded
for 4 h after which cells were pelleted and frozen. All
proteins were insoluble. Growth assays at 25°C and
16°C in combination with different IPTG concentra-
tions failed to remedy insoluble expression. Inclusion
bodies were purified by lysing cells in 100 mM Tris
pH 8.0, 5 mM EDTA, then iteratively centrifuging at
35,0009 for 30 min and washing with a succession of
buffers: 100 mM Tris pH 8.0, 5 mM EDTA; 100 mM
Tris pH 8.0, 0.5% Tergitol, 1% Triton X-100; 100 mM
Tris pH 8.0, 1M NaCl. Purified inclusion bodies were
resolubilized overnight in 50 mM Tris pH 8.0,
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500 mM NaCl, 6M guanidine hydrochloride (GdnHCI),
and ~10 mM dithiothreitol (DTT). Insoluble debris
was subsequently pelleted at 35,000¢g for 30 min in a
Sorval RC5C Plus centrifuge, followed by ultracentrifu-
gation in a Beckman Optima LE-80K at 16,0000¢ for
90 min. Supernatants were chemically reduced with 10
mM DTT, then filtered (0.22 um) and loaded on a
HisTrap column in 50 mM Tris pH 8.0, 500 mM
NaCl, 6M GdnHCI. Protein was eluted from the col-
umn using 50 mM Tris pH 8.0, 500 mM NaCl, 6M
GdnHCI, and 300 mM imidazole. To prevent inadver-
tant disulfide bond formation, free cysteine residues
were alkylated in the dark for 30 min in 50 mM Tris
pH 8.0, 500 mM NaCl, 6M GdnHCI, ~10 mM DTT,
and excess (25 mM) iodoacetamide. Proteins were
then refolded by dialysis against 50 mM Tris pH 8.0
and 500 mM NaCl with two buffer changes, at least
one round of which was overnight. Ultracentrifugation
of the refolded protein did not pellet protein assem-
blies. The finding that the renatured proteins
remained in solution supported the conclusion that
the proteins were overexpressed in an initially insoluble,
misfolded form in the cell, and therefore formed inclu-
sion bodies. Purity was assessed by 10% SDS-PAGE elec-
trophoresis. The CemK proteins used in Figure 4 were
expressed and purified as described in Ref. 3.

Circular dichroism

Circular dichroism data were collected on a JASCO J-715
Spectropolarimeter flushed with liquid nitrogen for
30 min prior to data collection using a 4-s response time,
1 nm bandwidth, 0.5-nm step resolution, 20 nm/min
speed, 4+ accumulation, and a scan from 260 to 200 nm.

Ferguson plot analysis of native

molecular weights

Ferguson plot analysis was carried out as described
previously.*®” Briefly, native PAGE gels were run at
various concentrations of acrylamide on a consistent
set of standards and unknowns. Mobility values (R)
were calculated for each species and plotted on a log
scale against %T across gel concentrations. %C was
kept constant using an acrylamide stock of 30%T, 5%C
(Sigma), diluting appropriately. The slope of the linear
regression of log R against %T was calculated for each
species, referred to hereafter as K. Standards of
known molecular weight and oligomeric state pur-
chased from Sigma-Aldrich were used to construct a
standard curve of K, against molecular weight. Stand-
ards used were alpha-lactalbumin (14 kDa), carbonic
anhydrase (29 kDa), chicken albumin (45 kDa), bovine
serum albumin (monomer, 66 kDa, dimer, 132 kDa),
and beta-amylase (200 kDa). The standard curve is
approximately linear over the range of standards used.
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