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Distribution and Evolution of Yersinia Leucine-Rich Repeat Proteins
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Leucine-rich repeat (LRR) proteins are widely distributed in bacteria, playing important roles in various protein-protein interac-
tion processes. In Yersinia, the well-characterized type III secreted effector YopM also belongs to the LRR protein family and is
encoded by virulence plasmids. However, little has been known about other LRR members encoded by Yersinia genomes or their
evolution. In this study, the Yersinia LRR proteins were comprehensively screened, categorized, and compared. The LRR pro-
teins encoded by chromosomes (LRR1 proteins) appeared to be more similar to each other and different from those encoded by
plasmids (LRR2 proteins) with regard to repeat-unit length, amino acid composition profile, and gene expression regulation cir-
cuits. LRR1 proteins were also different from LRR2 proteins in that the LRR1 proteins contained an E3 ligase domain (NEL do-
main) in the C-terminal region or an NEL domain-encoding nucleotide relic in flanking genomic sequences. The LRR1 protein-

encoding genes (LRRI genes) varied dramatically and were categorized into 4 subgroups (a to d), with the LRR1a to -c genes
evolving from the same ancestor and LRR1d genes evolving from another ancestor. The consensus and ancestor repeat-unit se-
quences were inferred for different LRR1 protein subgroups by use of a maximum parsimony modeling strategy. Structural
modeling disclosed very similar repeat-unit structures between LRR1 and LRR2 proteins despite the different unit lengths and
amino acid compositions. Structural constraints may serve as the driving force to explain the observed mutations in the LRR
regions. This study suggests that there may be functional variation and lays the foundation for future experiments investigating
the functions of the chromosomally encoded LRR proteins of Yersinia.

opM plays a dominant role in the infection processes of dif-

ferent Yersinia strains in different host organs (1-4). The
yopM gene sequence was first reported for Yersinia pestis strain
KIMS5, and subsequently the encoded protein was demonstrated
to be a possible virulence factor that mimicked the host homolog
human platelet glycoprotein 1b (GPla) and influenced platelet
aggregation (5-7). Boland et al. sequenced a homologous yopM
gene from Y. enterocolitica strain W22703 and demonstrated that
the N-terminal 100 residues gave YopM the ability to translocate
into the host cell cytoplasm through the Ysc type III secretion
system (T3SS) (8). YopM also showed the ability to enter the host
cell cytoplasm by autonomous translocation independently of
T3SSs (9, 10). In another study, YopM-specific antibodies did not
slow the progression of experimental plague, indicating that
YopM may have a major intracellular function (11). Subcellular
localization studies demonstrated that YopM was targeted to the
nuclei of host cells, and nuclear targeting signals were found in
both the N-terminal and C-terminal regions (12-14). YopM was
further shown to interact with protein kinase C-like 2 (PRK2) and
ribosomal S6 kinase 1 (RSK1), causing sustained activation of the
kinases by shielding them from phosphatase activity toward two
serine residues (15, 16). The C terminus and an internal portion of
YopM were essential for the interactions with RSK1 and RSK2,
respectively, and for the expression of proinflammatory cytokines
(17-19). The interaction of YopM with RSKs and the resultant
consequences may explain the observation of interference of
YopM with host innate immunity (10, 20-23). LaRock and Cook-
son showed that YopM inhibits caspase-1 activity and alters in-
flammasome assembly and processing (24). IQGAP1 was further
identified as a YopM binding partner important for caspase-1 ac-
tivity in macrophages infected with Yersinia (25). Caspase-3 was
also reported as another target of YopM in Yersinia’s interference
with host inflammatory processes (2).

August 2016 Volume 84 Number 8

Infection and Immunity

The structure of the Y. pestis YopM protein was determined in
two different crystal forms: at 2.4- and 2.1-A resolutions (26). The
protein contains a large leucine-rich repeat (LRR) domain com-
prised of ~15 LRR units (5, 26). Heterogenic YopM isoforms with
varied numbers of LRR units have also been reported (27, 28).
Barrick and collaborators performed a lot of work in an endeavor
to clarify the possible evolutionary mechanisms of YopM LRR
unit amplification and shrinkage with respect to structure, ther-
mostability, and function (29-31). It should be noted that all of
the YopM proteins for which function and structure have been
investigated experimentally in Yersinia are encoded by the viru-
lence plasmids, that is, pCD1 in Y. pestis and pYV in Y. enteroco-
litica and Y. pseudotuberculosis (32). There are also other YopM
family proteins encoded by Yersinia chromosomal genes (33-36).
Both the YopM proteins encoded by virulence plasmids and those
encoded by chromosomes contain the LRR domain, and they dif-
fer mainly in the presence or absence of the C-terminal E3 ligase
domain (NEL domain) (32). Soundararajan et al. used computa-
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FIG 1 Screening and sequence analysis of Yersinia LRR proteins. (a) Distribution and phylogenetic analysis of Yersinia LRR proteins. Proteins from the same
strain are highlighted in the same color. Sequences with different background colors represent different subgroups. The neighbor-joining distance was calculated
and bootstrapping tests performed with MEGA6.0 (see Materials and Methods), and the bootstrapping consistence percentage is indicated for each node. (b)
LRR protein domain analysis. Conserved domains and their within-protein locations are shown. (c) Repeat-unit consensus motifs of Yersinia LRR proteins. (d)
LRR1a3 sequence features. (Left) Phylogenetic diagram; (middle) domain composition diagram; (right) repeat-unit consensus motif. (e) Comparison of LRR1d
loci between Yersinia strains with an LRR1d gene or pseudogene. The collinear relationship is shown with red lines or plots. (f) Synteny analysis of LRR loci of
different Yersinia strains. Pseudogenes are marked with “X’s.” LRR genes of different subgroups are highlighted in different colors. (g) Nucleotide-level NEL
domain relics identified from genome comparisons. The collinear relationship between compared sequences is shown in red.

tional methods to model and reason out the possible functional
and interaction network of new Yersinia YopM isoforms, which
elicited a debate (32-34). Computational modeling acts as a dou-
ble-edged sword, providing important clues to gene function but
also potentially being misleading without experimental support;
this is likely a major reason for the debate on the functions of
Yersinia YopM isoforms (32). However, there are heterogenic
forms of yopM and yopM-like genes in Yersinia. The sequences are
quite similar to each other, so the encoded proteins can be con-
sidered a superfamily (32). The yopM-like genes should neither be
neglected nor considered simply to have the same functions as
those of the well-studied Yersinia yopM genes carried on virulence
plasmids.

Due to the previous lack of available Yersinia genomes, detailed
identification and comparison of Yersinia yopM sequences were
not possible (5). The only knowledge about the potential origins
and evolution of yopM in Yersinia was provided by the identifica-
tion of two insertion elements flanking the yopM gene in Y. inter-
media and by the analysis of homologs from other bacteria and
even eukaryotic cells (5, 37, 38). A large number of Yersinia whole-

2244 jai.asm.org

Infection and Immunity

genome sequences are now publically available, which enabled us
to perform a systemic investigation and comparison of the distri-
bution and evolution of the YopM protein family in Yersinia. Fur-
thermore, online expression databases were mined to examine the
possible expression of these genes. Finally, the tertiary structures
of the proteins were modeled and compared to explore the poten-
tial relationships between sequence evolution, structure, and
function.

MATERIALS AND METHODS

Screening and sequence analysis of LRR protein-encoding genes (LRR
genes) from Yersinia genomes. Yersinia genomes and annotation files
were downloaded from the National Center for Biotechnology Informa-
tion (NCBI) genome database based on which protein-encoding genes
and corresponding protein sequences were retrieved with in-house
scripts. The local BLAST suite was downloaded from the NCBI website,
installed, and used for LRR protein screening, with Y. pestis CO92 YopM
(accession no. NP_395161.1) as the query sequence and with an identity
cutoff of 30%. The alignment hits were further analyzed for possible con-
served domains annotated in the CDD database (39). The protein se-
quences were tracked back to their corresponding genomes, and the flank-
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FIG 2 Expression of Yersinia chromosomally carried LRR genes. (a) Diagrams for LRR gene expression at 26°C and 37°C as disclosed by RNA-seq read mapping.
The genome coordinates, LRR genes, read coverage, and mapped reads are shown. Reads mapped for different gene models are shown in different colors. (b) LRR
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gene expression comparison between different temperatures and different growth stages. The normalized read count for LRRI¢ genes of wild-type Y. pseudotu-
berculosis YPIII cultured at 37°C and at exponential phase was set at 1.0, while the normalized read counts for other genes and different conditions were scaled
appropriately. 25E and 37E represent the combination of 25 and 37°C and the exponential phase; similarly, 25S and 37S represent the combination of 25 and 37°C
and the stationary phase, while crp_25S and crp_37S represent the combination of crp gene mutation, 25 and 37°C, and the stationary phase. The virulence

plasmid-carried yopM (LRR2) gene was also included for comparison.

ing genes were identified by in-house scripts or checked manually. The
interesting genes and their flanking sequences were retrieved from the
corresponding genomes, and PipMaker was used for synteny and col-
linearity analysis (40). The position-specific amino acid composition of
LRR units was analyzed with WebLogo (41). The protein sequences were
aligned and phylogenetic analysis performed with MEGAG6.0, and the
neighbor-joining distance was calculated and bootstrapping tests per-
formed with 1,000 replicates (42).

RNA-seq data analysis. The NCBI SRA database was screened with
the key word “Yersinia,” followed by a manual check for each data set.
Only two experiments were found for transcriptome sequencing (RNA-
seq) analysis of Yersinia, both for Y. pseudotuberculosis YPIII cultured at
different temperatures (25, 26, and 37°C), analyzed during different
growth phases (exponential and stationary phases), or mutated at an im-
portant regulatory gene (crp gene) (43, 44). The raw reads were down-
loaded and reanalyzed for chromosomally encoded LRR protein expres-
sion. Geneious 6.1.8 was used for read mapping, and the protocols for
analysis, normalization, and comparison were described previously (45).

Structure modeling and analysis. The experimentally resolved struc-
ture of Y. pestis YopM was used as the main reference, and the structures
of other LRR proteins were predicted with PHYRE2, which uses the align-
ment of hidden Markov models via HHsearch to significantly improve
accuracy and incorporates Poing to perform ab initio folding simulations
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for fragments with no detectable homology (26, 46). Structure visualiza-
tion and analysis were performed with PyMOL (http://www.pymol.org).

RESULTS

Distribution of LRR proteins in Yersinia. The Y. pestis KIM5
YopM protein, encoded by the virulence plasmid, was used for
alignment against the NCBI protein sequence database by use of
the BLASTP program (http://www.ncbi.nlm.nih.gov), generating
317 homologous hits: 180 encoded in chromosomes and 137 en-
coded in plasmids (see Data Set S1 in the supplemental material).
The proteins were together called LRR proteins instead of YopM,
since the Yersinia YopM proteins are specifically those encoded by
virulence plasmids (32). Only one copy of a plasmid-encoded LRR
protein was found for each Y. pestis, Y. pseudotuberculosis, Y. en-
terocolitica, and Y. intermedia strain. More species showed one or
more copies of chromosomally encoded LRR proteins for each
strain, including Y. pestis, Y. pseudotuberculosis, Y. intermedia, Y.
similis, and Y. wautersii (see Data Set S1). Y. enterocolitica did not
have chromosomally encoded LRR proteins (see Data Set S1). The
genomes (chromosomes and plasmids) of other species were also
examined, including Y. aldovae, Y. ruckeri, Y. bercovieri, Y. rohdei,
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Y. mollaretii, Y. massiliensis, Y. pekkanenii, Y. nurmii, and Y. alek-
siciae, and no LRR genes or associated DNA relics were detected.

Representative LRR proteins were selected for comparison and
evolutionary analysis. The neighbor-joining tree for the protein
sequences demonstrated that the LRR proteins fell into two major
clusters: LRR1 for chromosomally encoded proteins and LRR2 for
plasmid-encoded proteins (Fig. 1a). The LRR1 proteins were fur-
ther classified into 4 subgroups (LRR1a to -d) (Fig. 1a). Domain
analysis indicated that all LRR2 proteins were comprised of an
N-terminal signal region (TTSSLRR) and an LRR domain of var-
ious lengths, while the LRR1 proteins often had an extra C-termi-
nal domain of the NEL superfamily (LRR1a, -c, and -d but not
LRR1b) (Fig. 1b). Amino acid composition profiles of the repeats
of the LRR domains disclosed an evolutionary relationship
generally concordant with that demonstrated by the phyloge-
netic tree (Fig. 1¢). The LRR2 profile was most different from
that for the LRR1 proteins in that the unit length of consensus
repeats was one residue shorter (20 versus 21 amino acids [aa]),
with a loss of the 16th position of the LRR1 repeat (Fig. 1¢). In
addition, there were other positions with apparently different
amino acid preferences; for example, proline was enriched at po-
sition 18 of the LRR2 repeat units (Fig. 1¢). Within LRR1 proteins,
the LRR1d repeat unit appeared to be more degenerate in the
amino acid composition for most positions (Fig. 1c). The LRR1b
and -c profiles appeared to be more similar to each other, and both
differed strikingly from the LRR1a profile at the 10th position,
where a leucine appeared to be more conserved in LRR1a proteins
(Fig. 1c). The LRR1b and -c proteins could further be distin-
guished from each other according to the absence and presence,
respectively, of a C-terminal NEL domain (Fig. 1b).

To elucidate the evolutionary history of LRR proteins in Yer-
sinia, the representative chromosomally encoded LRR proteins
were mapped to the respective genomes. Meanwhile, the LRR
consensus motifs disclosed in Fig. 1¢ were used to seek for possible
missed LRR proteins in Yersinia strains. The NCBI tblastn pro-
gram was also applied to find possible LRR pseudogenes. A group
of new LRR proteins was consequently identified (see Data Set S1
in the supplemental material). These new LRR proteins (named
LRR1a3 proteins) were all encoded in Yersinia chromosomes,
with sequences and repeat-unit amino acid composition profiles
very similar to those of LRR1a proteins, but without the C-termi-
nal NEL domain (Fig. 1d). Several LRR gene-like pseudogenes
were also traced, for which the nucleotide sequences showed high
similarity to those of LRR1d protein-encoding genes, but the
frames were interrupted (Fig. le, left and right panels). Interest-
ingly, Y. wautersii WP-931201 also had a genomic fragment show-
ing high similarity to the LRR1d pseudogenes, but two consecutive
gene frames were detected within the region, encoding an N-ter-
minal and a C-terminal LRR1d peptide fragment. The DNA frag-
ment covering the two genes together with an interlinking se-
quence could be well aligned against the whole LRR1d gene (Fig.
le, middle panel).

Yersinia LRR Protein Distribution and Evolution

All the LRR protein genes, including pseudogenes, were found
within the same locus in each strain (Fig. 1f). The locus-flanking
genes showed good collinearity among different Yersinia strains. It
should be pointed out that for Y. enterocolitica and other species
without chromosomally encoded LRR proteins, the LRR loci and
flanking loci could not be traced in the genome either, and there-
fore the evolutionary analysis of LRR genes in these species could
not be well traced. In different species with chromosomally en-
coded LRR proteins, the locus was often about 63 to 66° away from
the conserved chromosome replication initiator dnaA gene, indi-
cating the vertical heredity of the genes after the diversification of
these species (see Fig. S1 in the supplemental material). Within
each LRR locus, the genes showed polymorphous amplification
(Fig. 1f).

The comparative genomic analysis indicated a unique origin of
the chromosomal LRR genes. However, it is still an enigma why
some LRR genes encode an NEL domain in the C termini of the
corresponding proteins, whereas others do not. In other bacteria,
such as Salmonella or Shigella, the LRR proteins identified always
showed an NEL domain (35, 36, 47, 48). In a recent comparative
analysis, many T3SS genes were found to separate into two genes
encoding different peptide domains, as occurred for the Y. wauter-
sii WP-931201 LRR1d protein (Y. Hu, H. Huang, A. P. White, W.
Koster, G. Zhu, J. Stavrinides, Z. Zhao, and Y. Wang, unpublished
data) (Fig. 1f). It is possible that the NEL-free LRR protein-encod-
ing genes also followed this phenomenon. Therefore, the nucleo-
tide sequences adjacent to the LRR1b and LRR1a3 genes were col-
lected and observed for NEL domain-encoding capacity. As
shown in Fig. 1g, some NEL domain-encoding relics and/or
downstream peptide-encoding sequences could be detected in the
downstream genome sequences for all the investigated LRR1b and
LRRIa3 genes. Therefore, we drew the conclusion that the ancient
Yersinia chromosomal LRR gene potentially encoded the NEL do-
main before gene amplifications. For LRR2 proteins, i.e., the
YopMs encoded in plasmids, however, no NEL domain-encoding
sequence trace could be detected in the context of genome regions
(data not shown).

In summary, we identified a hot spot in most Yersinia (except
Y. enterocolitica) chromosomes where a diverse group of LRR pro-
tein-encoding genes are located. The locus is unstable, and the
LRR genes are often amplified, tandemly arrayed, split, or found
without protein-encoding frames. Proteins encoded by the genes
are significantly different from YopMs expressed from virulence
plasmids in two major respects, i.e., different LRR unitlengths and
the presence of the NEL domain. Based on the comparative
genomic and phylogenetic analysis, a hypothesis on the diversify-
ing history of representative Yersinia chromosomal LRR protein-
encoding genes was tentatively proposed (see Fig. S2 in the sup-
plemental material).

Expression of LRR1 genes with transcription regulation cir-
cuits different from those for yopM genes. The mRNAs corre-
sponding to LRR1 protein-encoding genes were detected in Y.

FIG 3 Consensus and ancestor sequences for each repeat unit of each LRR1 protein subgroup/supersubgroup. Peptide sequences in the same repeat unit of the
same LRR1 protein subgroup or supersubgroup (e.g., 1b_lc and la_1b_1lc) were compared. For consensus sequences, identical residues in the orthologous
positions for all compared sequences are shown with red, yellow, blue, and green backgrounds. Residues with a white background indicate the consensus but not
a unique amino acid composition, and “X” indicates an unconserved amino acid. The gaps are shown with dashes. Conserved positions among repeat units are
shown with red, yellow, and blue backgrounds for L, P, and N, respectively. The repeat unit R9 is underscored frequently, indicating that some of the compared
sequences did not contain this repeat. For ancestor sequences, the representation is similar to that for consensus sequences, with the exception that residues with
a dark green background indicate the ancestor composition inferred by the maximum parsimony method, with a high confidence.
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FIG 4 Consensus sequences and evolution of LRR2 protein repeat units. (a) Consensus sequences of LRR2 repeat units. Insertions and deletions are indicated
with a gray background. The other background colors indicate conserved residues among repeat units, except for the green background, which represents a
composition different from the expected consensus. The hierarchically replicated repeats are underscored. (b) The amplification/deletion history hypothesis of

LRR2 repeat units.

pseudotuberculosis YPIII cultured at both 37°C and 26°C, but only
atlow to moderate expression levels (Fig. 2a). No apparent expres-
sion level difference was detected for each of the LRRI genes be-
tween 37°C and 26°C. The expression levels of LRR genes were also
compared during different growth phases, with or without crp
regulation; this time, LRRI¢ gene expression was higher than that
of LRRIa3 and LRR1al genes (Fig. 2a and b). Unlike LRRI genes,
the LRR2 gene showed a dramatic response to temperature, with
more expression at 37°C for exponential- or stationary-phase
growth, with or without CRP regulation (Fig. 2b). The results
indicated different expression regulation circuits and maybe dif-
ferent functions of the LRR1 and LRR2 genes in Yersinia.

Evolution of LRR1 repeats in Yersinia. At the sequence level,
the LRR proteins are characterized by the presence of multiple
leucine-rich repeats. The number of repeats was found to vary
among plasmid-encoded YopMs from different strains (27, 28).
The repeats within Yersinia chromosomally encoded LRR pro-
teins were analyzed and compared in the present study.

For the 3 subgroups of LRR1a proteins, LRR1al proteins were
detected in Y. pseudotuberculosis YPIII and all Y. pestis strains,
LRR1a2 proteins were found only in Y. pestis strains, and LRR1a3
proteins were widely distributed in strains from different species,
e.g., Y. pestis, Y. pseudotuberculosis, Y. wautersii, and Y. similis (Fig.
1f). In most strains, there were 10 repeat motifs in LRR1a proteins,
but there were only 9 in the LRR1al and LRR1a3 proteins of Y.
pestis due to a loss of the R9 motif (Fig. 3, CONSENSUS-1a, -1al,
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-1a2, and -1a3). The consensus sequence for each repeat unit be-
tween the LRR1a proteins had higher similarity than the consen-
sus sequences for repeats within an individual protein. This sug-
gested a more ancient intragene amplification of repeat units
rather than whole-LRR-gene amplification (Fig. 3, CONSENSUS-
la). The 10 most frequent repeats in LRR1al to -3 proteins of
different species further indicated that the ancestor of LRR1a pro-
teins should have contained 10 repeats (Fig. 3, CONSENSUS-1a,
-lal, -1a2, and -1a3). The consensus sequences for the whole repeat
domain for LRR1a2, LRR1al, and LRR1a3 proteins showed the high-
est, moderate, and lowest levels of conservation, respectively, in con-
cordance with the widened distribution of corresponding proteins in
Yersinia species/strains, probably reflecting the ancient evolution-
ary history of the proteins (Fig. 3, CONSENSUS-1a, -1al, -1a2,
and -1a3; see Fig. S2 in the supplemental material).

LRR1b and LRRI1¢ amino acid sequences were similar to each
other, though LRR1b protein genes experienced gene splitting
events and lost NEL domain-encoding potential (Fig. 1b). The
presence of LRRIc proteins in Y. intermedia (Fig. 1f), the col-
linearity of the LRRI locus among different Yersinia species (see
Fig. S1 in the supplemental material), and the relatively ancient
divergence of Y. intermedia from other Yersinia species (49) indi-
cated that the LRR1c (and LRR1b) proteins were present more
anciently than the LRR1a proteins. Like the LRR1a consensus se-
quence, both the LRR1b and LRR1c proteins also contained 10
leucine-rich repeats (Fig. 3, CONSENSUS-1b and -1c). The
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L > F|I|W|M|R|S
ONE-STEP MODEL

L >F CTC > TTC LRR1a2|la3-R5-L13 > LRR1b-R5-F13
LRR1a2|1a3-R8-L10 > LRR1b-R8-F10
TTA > TTT LRR1a2|1a3-R10-L10 > LRR1b-R10-F10
TTA|G > TTC LRR1d-R1-L13 > LRR1d-R2-F13
LRR1d-R1-L13 > LRR1d-R6-F13
LRR1d-R1|3-L10 > LRR1d-R4-F10
LRR1d-R1|3-L10 > LRR1d-R9-F10
L >I TTA > ATA LRR1d-R3-L10 > LRR1d-R5-110
LRRld—R4{6—L17 > LRR1d-R9-I17
CTC > ATC LRR1a2-R1-L3 > LRR1a2-R10-I3
L >W TTG > TGG LRR1a2-R5-L17 > LRR1a2-R5-W17
LRR1d-R2-L17 > LRR1d-R1-W17
LRR1d-R2-L17 > LRR1d-R5-W17
L >M C|TTG > ATG LRR1d- R1$2£3|4\5 -L21 > LRRld R6-M21
LRR1a3-R9-L4 > LRR1a2-R9-M
L >R CTC > CGC LRR1a2-R5-L13 > LRRlal-R5- F13
L >S TTA > TCA LRR1a2-R2-L10 > LRR1a2-R5-S10
TTG > TCG LRR1a2-R9-L6 > LRR1a3-R9-S6
TWO-STEP MODEL
L >I CTC > > ATA  LRRla2|la3-R2-L10 > LRR1b-R2-I10
L>W CTG > > TGG  LRR1d-R4-L13 > LRR1d-R3-W13

OTHER EXAMPLES (ONE-STEP MODEL)

N > K AAC|T > AAG LRRla3|1b-R2-N9 > LRRla2 R2 K9

N >D AAT > GAT LRR1d-R3-N4 > LRR1d-R3-
LRR1la2-R1-N9 > LRRla3- Rl D9
LRR1la3-R3-N15 > LRR1a2-R3-D15
LRR1la3-R5-N7 > LRR1la2-R5-D7
S >N AGT > AAT LRR1la2|1b-R8-S4 > LRRla3-R8-N4
LRR1d-R5-S6 > LRR1d-R5-N6
AGC > AAC LRR1a2-R6-S7 > LRR1a3-R6-N7
LRR1la2-R9-S7 > LRR1la3-R9-N7
S >P TCC > CCC LRR1a2|1b-R10-S11 > LRR1a3-R10-P11
LRR1a3-R10-S14 > LRR1a2-R10-P14
TCG > CCG LRR1a2-R4-S16 > LRR1la3-R4-P16
LRR1a3-R5-S19 > LRRla2-R5-P19
K > E AAA > GAA LRR1d-R4-K1 > LRR1d-R4-E1
Y >H TAT > CAT LRR1d-R5-Y7 > LRR1d-R5-H7
G > C GGC > TGC LRR1d-R6-G6 > LRR1d-R6-C6
G > R GGA > AGA LRR1a2-R4-G7 > LRRla3-R4-R7
A >V GCA > GTA LRR1d-R9-A6 > LRR1d-R9-V6
A>T GCC > ACC LRR1a2-R1-All > LRRla3-R1-T11
E>D GAA > GAT LRR1d-R5-E2 > LRR1d-R5-D1
GAG > GAT LRR1a3-R7-E15 > LRRla2-R7-D15

FIG 5 Maximum parsimony models of LRR protein amino acid substitutions
among different strains or repeat units. Amino acid substitutions, codon
changes, and examples are shown in different columns.

LRR1b and -c repeat consensus sequences showed a high level of
conservation (Fig. 3, CONSENSUS-1b_1c), which also showed
high consistency with the consensus for LRR1a proteins (Fig. 3,
CONSENSUS-1a_1b_1c versus CONSENSUS-1a).

LRR1d proteins contained 7 complete leucine-rich repeats (R1
to R6 and R9) and 2 degenerate repeats (R7 and R8) according to
sequence alignment results (Fig. 3, CONSENSUS-1d). The LRR1d
proteins from distantly diverged species showed high similarity,
but the repeat consensus sequences were quite different from
those for LRR1a to -c proteins, indicating the more ancient event
of divergence of LRR1d proteins from the other LRR1 groups (Fig.
3, CONSENSUS-1a, -b, -¢, and -d). The consensus between re-
peats within an individual LRR1d protein was identical to that for
LRR1a to -c proteins; therefore, the repeat could have been am-
plified within the protein before the divergence of LRR1d and the
other LRR1 groups. According to the consensus repeat sequences
and the phylogenetic relationships, the ancestor protein se-
quences of LRR1a to -c and LRR1d proteins were inferred, and
a possible hypothesis was proposed to model the evolutionary
process for LRR1 proteins (Fig. 3). The oldest LRR1 protein may
have had only one leucine-rich repeat copy, with the consensus
X,LX NXLX,LPX,LPX,L, which further amplified and evolved
into two proteins: the oldest ancestor of LRR1 proteins detected in
the Yersinia genome, i.e., the tandemly arrayed LRR1d ancestor,
and the LRR1a to -c ancestor (Fig. 3). The evolution from the two
different ancestor proteins subsequently resulted in a burst that
created various forms of LRR1 proteins.

Evolution of LRR2 repeats in Yersinia. Despite the different
sizes of repeat units (20 aa for LRR2 proteins versus 21 aa for LRR1

August 2016 Volume 84 Number 8

Infection and Immunity

Yersinia LRR Protein Distribution and Evolution

proteins), the consensus repeat sequence for LRR2 proteins was
similar to that for LRR1 proteins (Fig. 4a). Although strains had
large variations in the number of repeats, from 11 for Y. interme-
dia 141/02 to 21 for Y. pseudotuberculosis PB1/+ and IP32593, the
N-terminal 3 repeats (R1 to R3) and C-terminal 5 repeats (R4 to
R9) were conserved (Fig. 4a). For the variable, internal repeats
between R1 to R3 and R4 to R9, there were often conserved amino
acid insertions (successive QN insertions within RR1a/2a/3a).
Based on the insertion pattern and sequence similarity between
repeat units, it was noted that the gain/loss unit was a combina-
tion of 2 or 4 contiguous repeats rather than a single repeat
(Fig. 4a). The two LRR2 protein groups (Fig. 1a) were divided
according to the repeat number of the gain/loss units: Y. entero-
colitica 105.5R(r), Y. enterocolitica 8081, and Y. pestis CO92
showed various amplifications or deletions of 2 contiguous LRR
units, while Y. pseudotuberculosis PB1/+, Y. pseudotuberculosis
1P32593, and Y. intermedia 141/02 had an amplification/deletion
unit of 4 contiguous LRR units (Fig. 4a). Several models were
proposed to explain the Yersinia LRR2 repeat amplification or
deletion in different strains, among which the most plausible one
is shown in Fig. 4b. The common ancestor of LRR2 proteins in
Yersinia was likely to have the N-terminal R1 to R3 repeats and the
C-terminal R4 to R9 repeats as well as a single and hierarchical
4-repeat amplification/deletion unit. The ancestor evolved into
two phylogenetic groups. In one group, two N-terminal LRR units
in the hierarchical amplification/deletion unit were deleted, while
the rest of the LRRs were amplified as a unit, generating the LRR2
proteins of Y. enterocolitica 105.5R(r), Y. enterocolitica 8081, and
Y. pestis CO92. In the other group, the branch ancestor further
evolved into two subgroups, one of which lost the two N-terminal
LRRs in the hierarchical amplification/deletion unit and formed
the LRR2 protein of Y. intermedia 141/02 and the other of which
amplified the hierarchical 4-repeat unit and generated the LRR2
proteins of Y. pseudotuberculosis PB1/+ and Y. pseudotuberculosis
1P32593 (Fig. 4b).

Maximum parsimony models of amino acid variations in
LRR1 repeats. A maximum parsimony model was used for refer-
ence to the ancient peptide sequences of LRR1 repeats. From the
position-specific amino acid composition profiles shown in Fig.
1¢, we noticed that the conserved positions that were dominated
by leucine also contained mutations. However, the mutations
consisted of only six possible amino acids: phenylalanine, isoleu-
cine, tryptophan, methionine, arginine, and serine. Each of these
amino acids was encoded by nucleotide codons that were closely
related to those for leucine. Therefore, a maximum parsimony
model was proposed for the mutations. The comparison of nucle-
otide sequences encoding the LRR validated this model; for most
mutations from leucine, only one base was changed, and there
were only two examples of mutations that required two base sub-
stitution steps (Fig. 5). The maximum parsimony models also
explained other amino acid variations in LRR1 (Fig. 5) and LRR2
(data not shown) proteins.

Tertiary structure of repeat domains in Yersinia LRR pro-
teins. The tertiary structure has been resolved for several LRR
proteins, whose LRR units are frequently composed of 20 amino
acids rather than 21 as in Yersinia LRR1 proteins (26, 35, 36).
Using the structures of Y. pestis YopM (i.e., an LRR2 protein),
Salmonella SlrP/SspH1/SspH2, and the Shigella IpaH family as
templates, the Yersinia LRR1 proteins and other LRR2 proteins
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were examined for determination of the structure of the LRR
units.

The LRR2 repeat domains showed very similar overall folding
topologies, with moderate differences in the strand copy numbers
and consequent interface sizes (see Fig. S3 in the supplemental
material). Consistent with the sequence conservation we observed
for N-terminal and C-terminal repeats (Fig. 4), the LRR2 repeat
domain generally showed two conserved subdomains, in the N
terminus and the C terminus, with repeat copy and interface size
variation in the middle (see Fig. S3).

The LRR1 repeat domains showed more diverse tertiary struc-
tures than the LRR2 domains (see Fig. S3 and S4 in the supple-
mental material). Although the whole domain was often orga-
nized into an N-terminal and a C-terminal subdomain as in LRR2
proteins, the twist angle between each pair of subdomains varied a
lot, leading to general structural differences (see Fig. S4). Struc-
tural diversity was also observed frequently among the LRR1
proteins, with orthologous relationships for proteins from dif-
ferent species (e.g., Y. pestis LRR1al and Y. pseudotuberculosis
LRR1al proteins or Y. pestis LRR1a3 and Y. pseudotuberculosis
LRR1a3 proteins) (see Fig. S4) or among the LRR1 protein para-
logs of the same phylogenetic group and in the same strain (e.g., Y.
pestis LRR1al, LRR1a2, and LRR1a3 proteins or Y. pseudotuber-
culosis LRR1al and LRR1a3 proteins) (see Fig. S4). LRR1c and Y.
pestis LRR1al proteins showed an LRR domain structure most
similar to that of Y. pestis YopM, but with a smaller overall surface
area (Fig. 6a).

As observed before, each LRR1 repeat unit contained one more
residue than those of LRR2 proteins. However, each repeat unit in
LRR1 proteins also formed a strand or loop and a cylinder inter-
face unit with a shape and size very similar to those for LRR2
proteins (Fig. 6a to ¢). The single-residue difference between the
two repeat consensus sequences changed the local structure only
slightly and had no influence on the complete repeat structure
(Fig. 6b). The proline and leucine residues flanking TT in LRR1
proteins and E in LRR2 proteins appeared to be very important for
maintaining the local conformation (Fig. 6b). Similarly, the local
QN insertions in partial LRR2 repeat units did not change the
overall structure (Fig. 6a). For each repeat unit of LRR1 or LRR2
proteins, the two conserved prolines near the C terminus (Fig. 6c,
purple residues) appeared to be important for forming a forward-
extension angle, while the conserved asparagine (or leucine in
every first repeat unit of LRR proteins; blue) and leucines (red)
were important for constraining the complete repeat-unit confor-
mation.

The Y. pseudotuberculosis YPIII LRR1c structure was further
compared with the YopM structure (PDB accession no. 1G9U). In
the 1G9U structure, all the repeat units started and ended uni-
formly and conformed to corresponding repeat sequence units
(Fig. 6d [starting positions of sequence units are indicated by red
arrows]). The repeats with additional residues (QN) formed local

Yersinia LRR Protein Distribution and Evolution

larger loops, and the whole repeat structure was not influenced
(Fig. 6d, blue arrows). However, in Y. pseudotuberculosis YPIII
LRRIc proteins, the repeat structure appeared to not be uniform,
and the starting and ending positions of repeat units were not
always consistent with the corresponding repeat sequence units
(Fig. 6d [starting positions of sequence units are indicated by red
arrows]). The structure of repeats R1 to R3 and R8 to R10 was
similar to that for the repeats in the 1G9U structure, while R4, R6,
and R7 started from residues different from those of sequence
repeats (Fig. 5d). Although the repeat-unit structures were similar
overall, the conformation may have been unstable, causing the
striking R5 conformation change due to torsion and tension. R5
was predicted to become a loop, interlinking the N- and C-termi-
nal subdomains while maintaining the complete domain confor-
mation (Fig. 6d).

LRR1c sequence analysis indicated that there were two de-
letions, in the R2 and R6 repeats (Fig. 3), and three mutations
involving conserved leucines in R5 (L10S, L13F, and L17W). It
was speculated that these changes could influence the thermo-
dynamics of folding of the LRR domain. A structure modeling
experiment was performed to estimate the influence of the R5
mutations and R2/R6 deletions. In one model with the 10th,
13th, and 17th residues of R5 restored back to the conserved
leucine residues and another model with consensus residues
added back to the R2 and R6 repeats, the overall structure
appeared to be unstable and different from the 1G9U structure
or the wild-type LRR1a3 structure (Fig. 6e; compare to Fig. 6d
for the wild-type LRR1c structure and the 1G9U structure).
However, if the R2, R5, and R6 repeats were restored together,
the combination generated a very stable structure similar to the
1G9U structure (Fig. 6e, right panel). We hypothesized that the
deletions within LRR1 repeat units (R2 and/or R6) imposed a
structural selection pressure which prompted mutations in R5
residues, making the structure more stable and maintaining
overall protein function.

DISCUSSION

In this study, we systematically investigated the distribution and
evolution of LRR proteins in Yersinia. In contrast to the multiple
copies of LRR family effector proteins that have been analyzed in
other bacteria, such as Shigella and Salmonella, until now, only
one such protein, YopM, was well studied for Yersinia (5, 35, 36,
47,48).YopM is encoded by virulence plasmids and is sequentially
similar to but still different from other LRR proteins in that most
of the latter effectors contain an NEL domain in the C terminus
and therefore can mimic E3 ligase activity in host cells (35, 36). In
this study, through a comprehensive genome survey, we identified
a large number of varied LRR proteins encoded in Yersinia chro-
mosomes. Interestingly, nearly all of the proteins contain an NEL
domain or have NEL domain-encoding nucleotide relics in the
gene-flanking regions of the genome. The LRR proteins with a

FIG 6 LRR protein structure comparison. (a) Structural comparison of Y. pestis CO92 LRR1al protein or Y. pseudotuberculosis YPIII LRR1c protein and the
reference structure 1G9U for Y. pestis YopM. (b) Structural comparison of the repeat units of LRR1 and LRR2 proteins. The top and side faces of the units are
shown in the upper and lower panels, respectively. The key position difference is shown in red. The Y. enterocolitica CO92 LRR1al and LRR2 repeat units are used
as representatives. (c) Shape-maintaining residues of repeat units (indicated in red, purple, and blue). (d) Repeat sequence starting difference in Y. pseudotu-
berculosis YPIIT LLR1c protein. Each repeat sequence start is indicated with a red arrow; QN loops are indicated with blue arrows. Repeat sequence starts of the
reference YopM structure (1G9U) are also shown. (e) Structure of Y. pseudotuberculosis YPIII LRR1c with the gaps in repeats R2 and R6 filled with D residues
(left), with the three residues (S, F, and W) in R5 consensus positions replaced by L residues (middle), and with both the gaps in repeats R2 and R6 filled with D
residues and the three residues (S, F, and W) in R5 consensus positions replaced by L residues (right).
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complete NEL domain may also have E3 ligase activity, like their
homologs in other bacteria. Unlike those in Salmonella or Shigella,
the chromosomally carried LRR protein genes in Yersinia were
located in the same locus. Therefore, we hypothesize that the mul-
tiple copies of Yersinia LRR genes originated through gene ampli-
fications rather than independent horizontal gene transfer events.
Although many LRR proteins identified in bacteria have been val-
idated to be T3SS effectors, the different copies of Yersinia LRR
proteins may have varied functions, as do SIrP, SspH1, and SspH2
in Salmonella (47, 48). The expression of chromosomally encoded
LRR proteins was partly detected in Y. pseudotuberculosis and was
different from expression of the type I1I secreted effector YopM. It
should be noted that there are two T3SSs: the chromosomally
encoded Ysa system and the plasmid-encoded Ysc system (50).
Therefore, the lack of coexpression of the genes with yopM does
not exclude possible translocation of the LRR proteins through
the Ysa T3SS. Alternatively, the LRR proteins may also enter
host cells and act as effectors by other secretion mechanisms,
such as autotranslocation (10). The LRR genes were not de-
tected in the chromosomes of all Yersinia species, possibly due
to acquisition of the ancestral genes after species diversification
had occurred. The orthologous pairs in different species also
seemed not to have identical copies of repeat units. Therefore,
it would be interesting to investigate whether the genes func-
tion in the virulence specificity of different Yersinia species or
serotypes.

The Yersinia LRR proteins are also attractive in evolutionary
and structural biology due to their wide distribution among bac-
terial and eukaryotic cells, the highly conserved repeat consensus,
and the varied number of tandem repeat copies (51, 52). It is clear
that Yersinia chromosomally and plasmid-encoded LRR proteins
originated from two different ancestors. The ancestor of the LRR1
genes encoded an NEL domain and 21-residue LRR units. How-
ever, the ancestor of the LRR2 genes acquired by Yersinia may have
lost the NEL-encoding potential and encoded LRR units of only 20
residues. Despite many subgroups and members of LRR1 proteins
in Yersinia, these proteins originated from two discernible com-
mon ancestors with amplified repeat units: one similar to
LRR1d proteins and the other similar to LRR1a to -c proteins.
However, it is not yet clear whether the form of the LRRI
gene(s) in the oldest Yersinia chromosome is that of the two
tandemly arrayed LRRI ancestor genes or their common older
ancestor. Based on current data, the Yersinia chromosomally
carried LRR1 and plasmid-carried LRR2 ancestors appear to have
diverged for a much longer time, before amplification of the re-
peat units. The LRR proteins identified in other genera, such as
Salmonella, Shigella, Escherichia, Providencia, and others, all con-
tain NEL domains similar to those in Yersinia LRR1 proteins, but
the repeat units have 20 residues, similar to those in Yersinia
LRR2 proteins (data not shown). It is likely that the ancient
LRR genes in bacteria possessed an NEL domain but lost the
potential in the Yersinia plasmid ancestor.

Bacteria can adapt to specific environments by utilizing vari-
ous gene-based mechanisms, such as whole-protein modification
and/or domain modification. This was potentially observed
within the Yersinia LRR proteins. We detected frequent LRRI gene
amplification and variation but a relatively stable repeat-unit copy
number, in contrast to infrequent gene amplification and varia-
tion of LRR2 genes but frequent changes in the number of repeat
units. The LRR2 proteins, despite the various numbers of repeat
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units, were predicted to have conserved protein conformation and
topology. The LRR1 proteins were predicted to have a variable
overall tertiary structure; however, in strains with multiple LRR1
proteins, there appeared to be at least one member displaying an
overall topology similar to that of LRR2 proteins (e.g., Y. pestis
CO092 LRR1al and Y. pseudotuberculosis YPIII LRR1c proteins).
We hypothesize that these proteins have conserved and important
functions. In general terms, there was a wide variety of mutations
in the LRR1/2 repeat units, but the backbone of the repeat units
appeared to be quite stable. Even for the mutations, maximum
parsimony mutation steps were detected. This further implied the
functional conservation of the repeats. We also detected potential
synergistic mutations to maintain structural conservation in Yer-
sinia LRR proteins. Future experiments could be designed to test
whether the synergistic mutations are important for maintenance
of the conserved LRR protein function.
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