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ABSTRACT

Members of the Omp85 protein superfamily have important roles in Gegative bacteria,
with the archetypal protein BamA being ubiquitous given its essential function in the
assembly of outer membrane proteins. In some bacterial lineages, additionarsneintihe
family exist.and; in most of these cases, the function of the protein is unknown. Wedletec
one of these Omp85 proteins in the pathdgkehsiella pneumoniae B5055, and refer to the
protein as BamK. Here we show thaimnK is a conserved elemeintthe core genome of
Klebsiella, andits expression rescues a lasgfsfunction AbamA mutant. We developed &

coli model system to measure and compare the specific activity of BamA and BamK in the
assembly reaction for the critical substrate LptD, and find that BamK is as efficient as BamA
in assembling.the native LptDE complex. Comparative structural anedysiaéd that the
major distinction between BamK and BamA is in the external facing surfabe pfdatein,

and we [discuss how such changesycontributeto a mechanism for resistance against
infection by bacteriophage.

INTRODUCTION

The genuKlebsiella are Grarnegative bacteria, widely distributed in the environment, most
commonly in association with soil and plants (Bagley, 2015). In jtest@lecades, the
specieKlehsiella pneumoniae has evolved from this lifestyle in the environment to become a
common.and.deadly cause of infection in hum@&azosa & Mecsas, 201&Yhile initially

only seen associated with chronically unwell pe@geliver abscesses in chronic alcoholics
(Carpentery=1990Klebsiella are adept at lateral gene transfer and this, and other genetic
means suehras plasmigediated gene acquisition, has seen the evolutién ieumoniae
strains that thrive in hospital §egs(Ramirezet al., 2014, Wyres & Holt, 2016, Navon-
Veneziaet al., 2017).Klebsiella establishes itself in environments, including sinks and other
wet areas in hospitals as well as human tissues, through the expression of surface factors that
include amucoid capsule and an assortment of adherent fimbriae (Paczosa & Mecsas, 2016)

These factors assist the bacteria to grow and survive within agghoommunities known as
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biofilms, with biofilms ofK. pneumoniae being central to many chronic infections,
particularly those associated with indwelling medical deviSéskler, 2008, HallStoodley
et al., 2004).

Antimicrobial-resistance is a major concern wWittpneumoniae, with invasive and blood-
borne infections resistant to many antibio{idg/res &Holt, 2016, Leeet al., 20164,

Campost al., 2016, Biet al., 2017, Calfee, 2017, Ej&al., 2017) Amongst the

notifications to the Centers for Disease Control and Prevention for clindialiyposed
carbapenennesistant Enterobacteriaceae, an increpproportion is found to bi€.
pneumoniaethat/are resistant to all available antimicrobial dri@jsenet al., 2017). In

addition tordrugeesistance, hypervirulent variantskofpneumoniae have been emerging

over the past yeafkeeet al., 2017) Thishypervirulence is provided in part by a
hypermucoviscous phenotype, caused by extensive secretion of polysaccharides that rema
attached to the bacterial cell surface as an extracellular capsule. For exai@gtien of

mice with 13 cfu of the K. pneumoniae strain B505%ills all micewithin 5 days, leading to

its designation.as hypervirulent (Kumar & Chhibber, 20Whereas B505%rives in
murineserum an isogenic mutant lacking the capsule secretion apparatualig

inactivated by serum within an ho{€lementst al., 2008) The Wza capsule secretion pore
appears to selissemble in the outer membrgBeinstanet al., 2015) whereas most other
outer membrane proteins are assembled by a highly sophisticated B-barrel assembly

machinery (BAM) composed of the core BAM comp(&AM agcpe) and the translocation
and assembly moduléhe TAM) (Webbet al., 2012a, Plummer & Fleming, 2016, Albenne

& leva, 2017, Nainagt al., 2017). Each of these protein complexes is constituted around a
membrane _protein of the Omp85 protein family (BamA and TamA), and both are involved in
the assembly of complex structures such as the adhesive fir(Brigenrauclet al., 2016,
Stubenrauclet al;; 2017) required biK. pneumoniae for biofilm formation Klemm &
Schembri,”2000; Wilkscét al., 2011, Khateet al., 2015,Tanet al., 2015).

A recent survey of the Omp85 family showed 10 gubiies that have the diagnostic -

barrel domainilinked to either POTRA domains of distinct number and sequence
characteristics, or to other domains that range from predicted proteaseghtto no N-
terminal domains in the noNterm sdiamily (Heinz & Lithgow, 2014). BamA has five N-
terminal POTRA domains which facilitate interactions with the other Bam subunits, while

TamA has three Nerminal POTRA domains that assist its interaction with a distinct TamB
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partner protein (Selkrigt al., 2015, Shemst al., 2014) Analysis of the genome of tlke
pneumoniae strain B5055 revealed Omp85 family members additional to the genes encoding
BamA and TamaA, including a form without POTRA domains (noNterm, BN49 0007), and a
previously undescribed Omp85 protein that we refer to as BamK. We demonsttale th

gene encadg'BamK (BN49 4981)s present in the core genomekdébsiella. Like BamA,

BamK has five POTRA domains attached to a f-barrel domain with distinguishing sequence
characteristics that'include alterations to three of the-gttand loops, changes that would

alter the demed surface exposed to the extracellular environment. Biochemical assays show
that BamK is,equally effective as BamA in its ability to catalyze the assembly of B-barrel

proteins into.the outer membrane. Under standard laboratory conditions, the gene encoding
BamK is silenced, and we discuss the possible regulatory impact of a second form of the
BAM complex inKlebsiella biology.

RESULTS

BamK can functionally replace BamA in K. pneumoniae

Analysis of.the.B5055 genome revealed that it encodes two proteins belonging to the Bam
sub-family‘ef ©mp85 proteins (Heinz & Lithgow, 2014). BN49_ 4147 (annotatdte

B5055 genomeasyaeT) is designated here bamA, given its genomic context is idecsi to

that of theE. cali'bamA locus (Fig. 1A). The second gene, BN49 4981, we designate as
bamK (Klebsiella). Disruption of thébamK gene had no effect on growth in rich (LB) or
minimal (M9) media, or in DMEM media which is often used as a proxy for “in host” growth
conditions (Fig. S1A). A direct assessment of the virulence phenotype of B5055 in a mouse
model of infection showed that replicationkafpneumoniae, with or without BamK, was
equivalent in C57BL6 mice (Fig. S1B).

To examine_ relative expraes levels of thdbamA andbamK genes, gPCR assays were
established=The expression levebafmA does not vary across the temperature r&@j€ to

42°C, andsamKswas not expressed to any measurable level under these conditions (Fig. 1B),
or in DMEM*(Fig.S1C) The promoter region upstreambaimK (Fig. S23) is unusual in

that the-10elemenfor RNA polymerase binding is (i) located at some distance relative to

the predictedbamK start site (Fig. 1C), and (ii) is predicted to form a steap structure. To
address whether this region is a simple switch repressimgssion of the gen&FP

reporter constructs were used (Fig. SABletion of the sterpop region did not activate

transcription from théamK promoter region under the conditions of these experiments.

This article is protected by copyright. All rights reserved
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While this putative element did not function as a simple switch, the palindrequesce

and surrounding features inthe putative promoter is conserved upstrearbafikhcus in
otherKlebsiella type strains: MGH78578, NTUH-K2044 and 342 (Shu et al 2009, Ramos et
al 2014). The protein sequences of BamK too are conserved irditiessetype strains (Fig.
S3), inconsistent with an alternative scenario wherédh# sequence represents a
pseudogene. Weave leenunable to determine what factor(s) would signal for expression of

this cryptic' gene.

To determing whether BamK can function in place of BamA, the B5055 strain AbamA::bamK
was engineered to have the coding region for BamK replace the coding redsamiar at
thebamA lgcus of B5055 (FigS20). Sequencing through the locus of the AbamA::bamK
strain confirmed the absence of the coding region ilah®& gene, the integration of the
bamK open-reading frame, and the removal ofkeamycin resistanaassetteTo
selectively detect BamK, the monoclonal antibody MAbK was raised to a uniquesedue
the juncture of the POTRA3 and POTRA4 domains (Fig. S4) AbaenA::bamK
replacement,strain is viable and grows at the same rate as the parenta$t&b0%BIg.

S5A). Outerimembranes were prepared from B5055 and the AbamA::bamK strain, analyzed
by SDS-PAGE and staining with Coomassie blue. The outer membrane protein profite for t
AbamA::bamKsstrain was indistinguishable from that of the correspondingtypd (Fig.
1D). Using bluenative polyacrylamide gel electrophoresis (BNGE) and immunoblotting
for analysis of the membrand&amK comigraeswith the other subunits of the BAM
complex:BamB, BamC, BamD and BamE (FitE, Fig. S5B). According to nomenclature
adopted elsewher8ékelar et al 2016 this would correspond to the BAdcpe complex.

KpBamA and Kp BamK gene replacement strains of E. coli

To evaluate.the specific activity of BamK with respect to BamA, we established a cellular
model systemto measure the rate of outer membrane protein assembly. The bas#atial
gene inE. colisBL21 Star™ (DE3) was replaced by either BN49 4147 (strain
AbamA::KpbamA) or BN49 4981 (strain AbamA::KpbamK). BothE. coli gene replacement
strains were'viable, grew at similar rates to the parental strain (Fig. S5C), and their outer
membrane protein profiles were indistinguishable from each other (Fig. 2A). & thes
profiles, the most abundant speciesthe porins, trimeric B-barrel proteins that account for
the semipermeable nature of the outer membrane (Koebnik et al 2000PABE of the

two strains showed that the protekKgBamA andKpBamK are each able to form a BAM

This article is protected by copyright. All rights reserved
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complex with the BamB, BamC, BamD and BamE subunits obli (Fig. 2B). This is
consistent with the high degree of sequence similarity between BamK and BaheA in t
periplasmic turns and POTRA domains (Fig. S3), the structural elements that make the
critical contacts with the oth&am subunits (Bakelar et al 2016; Gu et al 2016; Han et al
2016). Deletion-of eithdvamB or bamC shifted the mobility of BamK on the native gels,
confirmingthat it is a component of a BAdtpoe complex (Fig. S5E).

The assembly of trimeric porins can be measured with a-phisse assay based on semi
native PAGE to separate the assembled trimers from the monomeric forms of unassembled
protein(Heinzetal., 2016, Stubenrauddt al., 2016). To monitor the rate of assembly of the
trimeric porin/translation offS]-labeled PhoE precursor was induced in each strain and the
assembly of the porin trimer was determined by seative PAGE and densitometry. In the
seminative gel electrophoresis theonomeric PhoE species is better focused than the
oligomeric speciesothe exponential decay of the monomer (as it assembles into an
oligomer) was calculated (Stubenrauch et al 2@d6ihe timecourse of PhoE assembly in

E. coli AbamA:KpbamA (Fig. 2C) and AbamA::KpbamK (Fig. 2D). While we cannot rule out
subtle differences in the earliest tipeint measurements, there was no significant difference
in the observed rate constants for the PhoE assembly re@&o2E) confirming that

BamK can efficiently catalyze outer membrane protein assembly in the absence aof BamA

The assembly of the LptDE complex (Fig. 3A) has been shown to be highly dependent on the
function of the BAM compleXLeeet al., 2016b) and an assay was established to measure

the coasseémbly of LptD and LptE (Fig. S6). Expression and translatiohSjflabeled LptD

and f°S}-labeled LptE was induced, and the assembly of the LptDE complex was determined
by semi-native PAGE (Fig. 3B, Fig. 3@)nder these electrophoresis conditions, the LptDE
dimer displays.heat modifiability, whereby it migrates faster than would be estpmed

on size alonerThis stability (heat modifiability) could be a result of the extensive interactions
LptE makes=within the LptD lumefRuiz et al., 2010, Botot al., 2016) Confirming its

identity as.the LptDE complex, formation of this species depends on the presence of both
LptD and LptEy(Fig. S6). There was no significant difference in the rate of Limildation,

or the observed rate constants for the LptDE assemblyaeactediated by the BAMscoe
complex or the BAMgcpe complex (Fig. 3D, Fig. 3E).

BamK isencoded in the core genome of K. pneumoniae

This article is protected by copyright. All rights reserved
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We used a global dataset of diverse isolatdd@dsiella spp.(Holt et al., 2015)and our
comparative sequence analysis demonstrétatbothbamA andbamK areconserved in the

K. pneumoniae species completcomprised oK. pneumoniae, K. quasipneumoniae andK.
varicola; Fig. 4. BamK was also found in several close relativeklebsiella, including
specieshatarerannotated d&aoultella spp. andEnterobacter spp. Fig. S7, Table S1). Given
the current revisions dflebsiella taxonomy(Brisseet al., 2014, Holtet al., 2015, Liet al.,
2016) these species may be closely relatedlgbsiella spp. or indeed become revised to be
Klebsiella spp. Either way, these observations denote that BamK is encoded in the core

genome oK, preumoniae.

We also npte/the presence of a second group of Baam&logues (FigS7, orange branchgs
like BamK, these are present in addition to BamA in the respective organisweasvétp

these sequences do not form a monophyletic group with BamK. dilgagisms such as
Haemophilus spp. that are distantly relatedktebsiella spp.also have Bam#oaralogues.
Given that'most Enterobacteri¢aeich askscherichia spp. andsalmonella spp. do not have
second isoferms of BamAhe occurrence iRasturellaceae must represent an independent
evolution of,a second BamA paralog¥®e conclude that BamK is a specific trait for several
related groups of thEnterobacteriaceae, such afaoultella spp. andenterobacter spp. and

is an element.ofthe core genome&iebsiella spp.

Extracellular loops of BamA and BamK

The crystal structure of BamA frob coli has been determined (Fig. SBakelaret al.,

2016, Guet al., 2016, Haret al., 2016)and the sequence of BamA frdfnpneumoniae maps
readily onto these crystal coordinates. The extracellular loops of the B-barrel domain of

BamA are important in contributing to the dome presented on the bacterial ced, i t
drive the dynamic changes in structure of BamA within the confihteedAM complex
(Bakelaretral;72016, Guet al., 2016, Haret al., 2016). A major distinguishing feature
between BamKrfand BamA concerns three of these loops: loop 4, loop 6 and loop 7. The
sequencesscorresponding to these loops are highly conserved in BamK (Fig. S3):dodps
7 are longerand loop 6 is substantially shorter in BamK, relative to BamA (FigT'biB)

will impact on the surface features displayed on the outer face of the dome of BamK

Differences in the lengths of these same three lobBamA have been noted once before, in

a previous study that describEdcoli suppressors of bacteriophage infeci{imithet al.,

This article is protected by copyright. All rights reserved
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2007) Under pressure froi@higa toxin-encoding (Stx) phage infection, mutations were
recovered irbamA, mutations thamimic the loop sequences in BamK (Fig. 5B, Fig. S3B).
Structural modelling of this BamA(®) suggests substantive changes in the dome of the -

barrel domains of the two forms of BamA (Fig. 5C). While mere speculation, it magatoe t
the evolutionsef'BamK haseen selected in response to phage (or other factors) in the
environment. Despite its hgpnucovisocous phenotype, B5055 is subject to killing by
bacteriophage, and such phage have been mooted as alternative therapies for treating bur

wound infections bK. pneumoniae (Kumariet al., 2011).

DISCUSSION

Members of the Omp85 family of proteins have evolved to mediate the assembly of B-barrel
proteins into bacterial outer membran@gevious structural and phylogenetic analyses

(Heinz & Lithgow, 2014) suggested a model for the evolution of TamA through a gene
duplication.ofbamA followed by an evolutionary process of sub-functionalization. This
process of gradual change in one copy of the gene provides the means to ultimately encode a
protein (TamA).tlat performs its function in a significantly different w@henet al., 2014,
Selkrigetal., 2015, Bamerét al., 2017), to facilitate the process of outer membrane protein
assemblyn collaborationwith BamA (Albenne & leva, 2017). In principlé&amK might

represent an early event on an equivalent trajectory towards a further subnfaliztion.

At the present time however, several features of BamK suggest that it can be considered an
isoform of BamA. Structurally, the B-strands and intestrand turngemain highly conserved

(Fig. 5B, Fig. S3), as do most elements in the POTRA domains. This in turn suggested tha
BamK would interact with the same set of partner proteins as BamA, a suggestion that was
validatedin.biochemical assayserewith the engineered strains Bf coli (AbamA::KpbamA
andAbamAi:KpbamK) and in theK. pneumoniae AbamA::bamK strain BamK forms a BAM
complex with'the partner proteins BamB, BamC, BamD and BamE.

While BamA'is a crucial feature for membrane biogenesisalsisa liability under some
circumstances;,with three classes of agents known to bind selectively to the extracellular
dome of BamA and impact negatively on bacterial survival. Firstly, infecti@ adli with

Stx bacteriophage relies on an initial, speepscific recognition of BamA involving sites in
extracellular loops 4, 6 and(3mithet al., 2007). Secondly, the inhibitor of the CdiAB
contact-inhibition system binds to BamA in a species-specific recogtii@dnhereafter
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prevents cell growth and divisigAoki et al., 2008). Thirdly, a peptidomimetic compound
designed to mimic natural defsin-like molecules binds BamA and inhibits growtliofoli
(Urfer et al., 2016).

These seenarigerovokespeculatn on a potential nefunctionalization process that might

be active irKlebsiella and other bacterial lineages. The inter-strand loops in BamK have
evolved and, forloops 4, 6, and 7 both sequence diversity and length differences impact to
change the dome surface of BamA presented at the bacterial cell surface (Fig. 5C). Whether
this “new function” provides a means for a phaggsistant form of the BAM complex in
Klebsiella, ‘consistent with previous work @& coli (Smithet al., 2007), or for some other
reason, the'observation that the dome facing the extracetiiiem has been the most

specific site of evolution in BamK is striking. In tBecoli scenario, the surface loopk

BamA arerecognized by & phage as a receptor, in interactions mediated through the
conserved tail spike protein of the bacterioph&fyeler selection witht® phage, phage-
resistant mutants were recove(&anithet al., 2007) with theseE. coli mutants having

surface logps.showing similar sequence characteristics to the surface loops in BamK (Fig.
5B). Whether or not it relates to phagsistance, according to the comparative sequence
analyses presented herein, equivalent sceaifrgubfunctionalization irbamA seems to

have independently evolved ather bacterial lineages outside tterobacteriaceae. This
speaks 10 a substantial selective pressure on diverse bacteria to evolve distinct isoforms of
BamA. The processes of sudnd neo-functionalization of duplicate genes is recognized as a

major driver of evolution (Anderssabal., 2015).

The mechanisms behind host-pathogen interactions mediatedohgumoniae are largely

driven by the outer surface features of the bacterium: its LPS, fimbrial adhesins and capsule
(Krachler,2016). Directly or indirectly, the BAM complex impacts on the displayeskth
virulence factorsand the discovery diamK suggest a potential for adaptability of the BAM
complex inKlebsiella. LPS display on the cell surface depends on the activity of the LptDE
complex, which is assembled by the BAM complex. The type | and type Ill fimbrialiadhes
are extended through usher proteins (Klemm & Schembri, 2000, Wigketh2011, Khater

et al., 2015) which are themselgedependent on the BAM complex and the TAiv

efficient assemblyStubenrauclet al., 2016, Stubenrauct al., 2017, Heinzt al., 2016).

While the Wza secretion pore for capsular polysaccharide is not assembled by the BAM

complex (Dunstaret al., 2015) the capsule has a key attachment factor Wzi that is a B-barrel
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protein (Bushelkt al., 2013). The extent to which the BAM complex thereby controls
virulence inKlebsiella spp.has beemninderscoed from hostpathogen assessments of a
AbamB mutant ofK. pneumoniae (Krachler, 2016, Hsiekt al., 2016). A better understanding
of how these aspects of biogenesis cooperate and are regulated is a first step towards
targetingthemto control bacterial regaltion in the course of blood stream and other
infections byK. pneumoniae.

EXPERIMENTAL PROCEDURES

Bacterial strainsand plasmids

The bacterial strains and plasmids used in this study are described in Table S3. The parental
strain forK¢pneumoniae is B5055 K2:01 serotype), and forE. coli is BL21 Star™ (DE3)
(Invitrogen). Unless otherwise stated, bacteria weunénely grownin Luria-Bertani (LB)

medium overnight at 37°C with orbital shaking. When appropriate, media were suppttmente
with antibidics at the following concentrations: ampicillin, 100 pg/mL; kanamycin, 50

pag/mL; chleramphenicol 34 pg/mL.

In order to.examine bacterial growth in vitro, bacterial strains were grown overnight in LB
broth (M9 minimal media, or DMEM) with orbital shakiag 200 rpm, diluted to a starting
optical density=at 600 NnnODeo0) Of 0.05 into fresh LB broth (M9 minimal media, or

DMEM), placed into 96well plates (FalcoiBD), and shaken at 200 rpm for 24 hours. Values
for the ODyo0 Of each sample were recorded at regular intervals using the Tecan Spark™
10M, and all strains were assayed in three independent biological replicates in technical

triplicates.

Prior to isolating membrane fractions, B5055 or BL21 Star™ (DE3) were gromitiimg

phase at.37°C with orbital shaking at 200 rpm. Cells were harvested by centrifugation (5000
x g for E. coliy25000 xg for B5055 strains10 min, 4 °C) and membranes isolated as
previouslysdeseribe{Clementset al., 2009) Total membranes wereoséd in aliquots at -80

°C until required.

Construction of deletion and knock-in strains
PCR amplifications were performed using Phusion Higtelity DNA Polymerase (New
England Biolabs, Ipswich, MA) or Taq DNA Polymerase (Roche, SwitzerlandyidRiest

endonucleases and T4 DNA ligase were obtained from New England Biolabs. Synthetic
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oligonucleotides for PCR and sequencing (Table S4) were obtained from IDT (Singapore)
Knock-out and knocka mutants, in which target genes were deleted or replaced by allelic
exchange with a kanamycin resistance-encoding gene, were constru€t@deanmoniae

B5055 using the “gene doctoring” techniqlieeet al., 2009) All primers used are listed in
Table S4+‘Donor’ plasmids carrying the desired mutation were constructedoagsfollne
kanaymcin gene was amplified from pKD4 using primers kanF and kanR. The resulting
product included flanking fragment length polymorphism (FLP) recombinase target (FR
sites to permit subsequent kanamycin cassette excision through use of a helper plasmid.
UsingeitherK. pneumoniae B5055 genomic DNA as the template E. coli BL21 Star™

(DE3) genomicDNA as the template, approximately 0.5 kb regions flanking the upstream
and downstream sequence of the target gene were PCR amplified. The DNA fragments were
joined using the Gibson assembly® Master Mix (New England Biplabsich, MA),

where the kanamycin cassette was flanked by the upstream and downstream target gene
sequences (for knock insamA or bamK openreading frame$ollowed by the kanamycin
cassette) nto a PCR amplified 1Seanked pGEMT Easy (Promega) bklsone to yield

donor plasmids;which were then sequenced.

Plasmid pACBSR carries genes encodi®el endonuclease and lambda Red recombinase
under inducible control by L-arabinose. Donor plasmids and pACBSR were transformed into
electrocompetent B505%®ks (0.1 cm gap-width cuvette; 200 ohms, 25 pF, 1.8 kV) and
selected on LB agar containing kanamycin and chloramphenicol. A singlensfermant

was inoculated into 1 mL LB containing 0.2%atabinose (Sigmaldrich, St. Louis, MO)

and chloramphenicolra grown in a shaking incubator at 37°C for 16 h. Cell dilutions were
grown on LB agar containing kanamycin, and resultant colonies were screened by colony
PCR using.primers flanking the targeted region and withikdnamycin resistanagene.

The loss.0of pACBSR was induced by 0.2% L-arabinose without selection. When required, the
kanamycin‘resistanagene was excised via the FRT sites using the FLP helper plasmid
pCP20. Allmutations were confirmed by PCR analysis, using primers flanking die¢etr

regions.

Gene expression analysis

To determine the effect of temperaturebamA or bamK expression, RNA was extracted
from log phasé. pneumoniae B5055 wildtype cultures exposed to reated LB media (30
°C, 37 °C or 42 °C) for 1 hour using the RNeaswikit (Qiagen) Synthesis cEDNA used
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70 ng of random hexamers (Invitrogen) and Superscript || Reverse Transcription kit
(Invitrogen), all according to the manufacturer's guidelines. gPCR was pedasing

SYBR Green Master (Roche) with primer paisgd at 0.125 uM each; Tals#d. Cycling
conditions using the LightCycler480 instrument (Roche) were as follows: 95°C fom10 mi
followedrby=35-eycles of 95 °C for 30 sec, 55 °C for 60 sec and 72 °C for 15 sec. For
determining relative transcript levels foamA and bamK, values were normalised to the
expression of housekeeping gepeD. Primer specificity was determined by melting curve
analysis using open source gPCR data analyser Li(fRefer et al., 2009) All gPCR

sample reactions were performed in triplicate.

Construction of gfp reporter fusions and GF P fluorescence measurements

DNA fragments 500bp directly upstream of the translatistaat siteof bamA or bamK were
amplified fromK: pneumoniae B5055 genomic DNA and were cloned into reporter plasmid
pPROBE-gfp[tagless] digested with BamHI and EcoRI. The vector is a broad-host range
reporter plasmid with gpromoterless” open-reading frame encoding the green fluorescent
protein (GER;-Milleret al., 2000). For thdamK promoter sequence with a modified stem-
loop regionJgon-palindrome), nucleotide gene blocks (gBlodian IDT) were synthesized
and cloned into pPROBHgfp[tagless] as above. Resultant gfp reporter fusion plasmids were
transformed.intd. pneumoniae B505 via electroporation.

Overnight cultures of the reporter strains were diluted to a starting,©00.05 into fresh

LB broth and incubated for 3 h at 37 °C on an orbital incubator shaker (180 rpm). From the
mid-logarithmic reporter strain cultures, 1 mL aliquots were then harvested (15000 x g for 10
min) and washed three with PBS. Washed cells were then resuspended in PBS back to 1 m
and GFP fluorescence emission was measured using filter set at 488 nm excitatibh and 5
nm usingSpark™ 10M multimode plate reader (Tecan). All GFP measurements were
performedin-triplicate and were normalized to its cell densitys(g)D

Protein strueture prediction

For the graphie.in Fig. S4, tiike pneumoniae BamK andE. coli BamA structural models
were built from amino acid sequence data using Protein Homology/analogY Recognition
Engine (PHYRE)Kelley & Sternberg, 2009, Kellest al., 2015). The models were further
evaluated using TASSER (lterative Threading Assembly Refinemé@t)ang, 2008, Rogt
al., 2010) to provide validation to the predicted structures. Images, including
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superimpositions, of the models and crystal structures were generated using\R3nsioh
1.8). Using the equivalent modelling approach, a structural comparison Bf ¢bk proteins
BamA and BamA(®) was undertaken. The sequence of BamA(®) was reconstructed from
published protein sequence data (Sreital., 2007).

Pulse-Chase Assay

Radioactive labelling of proteins and puldgase assays were performed as previously
described(Stubenrauehal., 2016), with some modifications. Briefly, overnight cultures of

E. coli strains harboring pKS02inD-expressing plasmid) were diluted 1\Ww@h fresh LB

and incubated to an Q) of 0.60 at 37 °C with shaking. Cells were subjected to
centrifugation’ (4600 g, 10 min, 4 °C), washed and resuspended in M9-S media. Following
30-minute incubation at 37 °C with shaking, cells were diluted with an equal volume of 40 %
vol/vol glycerol, aliquoted and snap frozen in liquid nitrogen. Aliquots from the sarcle bat
were considered to be technical replicates, and aliquots from different, independent batches

were considered to be biological replicates.

Whenrequired,.aliquots were thawed on ice, subjected to centrifugation (3§ min, 4

°C) andresuspended in M9-S media. Following addition of 0.5 mg/mL rifampicin, cels wer
incubated for.d"hour at 37 °C, 400 rpm (3 mm orbit), 0.2 mM isoprdii3dthiogalactoside
(IPTG) was added and cells were incubated for a further 5 min. Samples weré’ ‘pylse
addition of 22 uCi mL* [**S]-methionine and®fS]-cysteine (NEG072, Perkin Elmer) for 60

s without shaking, subjected to centrifugation (30Qf) % min, 4 °C), and then ‘chased’ by
resuspension in'M9+S media for up to 32 min (the chase temperature was 37 °Jdstatic

both PhoE and LptDE assembly assays).

To track,PhoE.or LptDE assembly, aliquots were removed to isatiwe (SN) sample buffer
(Stubenraucletal., 2016) at 10 seconds, 2, 4, 8, 16 and 32 min. Samples were incubated for
10 minutes=at:37 °C or at 100 °C as a control to denature any assembled oligomers. Samples
were analyzed by SIRAGE (see Stubenrauehal., 2016) using 4-16% graaht gels.

Proteins were'transferred to 0.45 pm nitrocellulose membranes using standard techniques,
membranes were afiried and radiation was captured using a storage phosphor screen (GE

Health Sciences) and detected using Typhoon Trio (at 320 nm).
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Fromat least three biological replicate gels (n=3), PhoE monomeric or LptDE oligomeric
band densities were measured using ImageQuant™ TL software version 7.0 (GE Health
Sciences) with the local average background correction tool. To be able to compare
biological replicates, ‘normalized density’ values were calculated by dividing the density
measurements of the six timepoints by the greatest density measurement among those
timepoints. To calculate the observed rate constant, the ‘normalized density’ values were
subsequently determined using the one-phase decay nonlinear regression tool froradsraphP

Prism software version 7.02 (GraphPad software, Inc.).

Animal infections

Mice (6-we€kold, male BALB/c) were infected by intranasal delivery with 8-B0° CFU of
B5055 wildtype or the isogenic AbamK mutant strain. After 4, 24, 72 and 96 hours post-
infection, mice were euthanized and bacterial counts from lungs and liver deteraiined.
animal experiments were approved by The University of Melbourne AnithedsE
Committee.and were conducted in accordance with the Prevention of Cruelty tal#\Aich
(1986) and:thesAustralian National Health and Medical Research Council CodetafePrac

for the Care and Use of Animals for Scientific Purposes (1997).

Sequence analys's

The dataset foKlebsiella pneumoniae (Table S1) was assembled and annotated as described
previously(Holt et al., 2015), and the pan- and cayenome clusters generated using the
software package roafiPageet al., 2015)with a cutoff of id90, and the resulting core gene
alignment/was used for tree calculation (Fig. S7). All genes containing a PF01103 domain
(the canonical domain for the Omp85 beta-barrel) according to the annotation with prokka
(Seemann,.2014yere retreved; and all genes in clusters (retrieved from the roary output)
containing a-PF01103 gene were considered putative Omp85-enconding genes.
Representative'sequences of the clusters were analysed manually to exclude the other two
Klebsiella Omp85 genefHeinz & Lithgow, 2014) only genes with domain architectures
similar to.BamA were used to calculate a tree to separate BamA from other copies (BamK).
For the tree tondistinguish BamA from BamK sequences (Fig. S8), the encoded amino acid
sequences were alignading muscle (version 3.8.31; Edgar, 2004), and informative sites
were chosen using gblocks (Castresana, 2000) as implemented in seaview (ve@iuy 4; (
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et al., 2010) allowing all more lenient settings. The tree was calculated using RAXML
(version 7.8.6; (Stamatakis, 2006)) with 100 bootstraps and the LG matrix.

The core gene tree was constructed based on the roary output of the core gene alignment, by
selectingonlyssites encoding single nucleotide polymorphisms (snps) witlsig&sP-
(http://mgen.miapbiologyresearch.org/content/journal/mgen/10.1099/mgen.0.000056), the
tree was calculated using RaxML (version 7.8&amatakis, 2006) with 100 bootstraps and

the GTR gamma model. The presence/absence of BamA/K as inferred from a BamA/K tree
as describedbove (Fig. S8), as well as the phylogroups as descril{ebbinet al., 2015),

were plotted onto the tree (Fig. S7).

For the dataset describing the BamK distribution across other spEaide §2, Fig. 4), both

BamA and BamK fronk. pneumoniae MGH78578 (UniProt ID A6T4X9 and AG6TGX3,
respectively) were used as input into blast with UniRdoiProt, 2015) searching only

microbial genomes. The first 100 hits for both these search runs were used, and the sequence
and species;joined as a dataset as follows: for each sequence, assigned to a taxonomically
unique strain, in the BamK as well as the BamA dataset, where the respective strain was not
also represented in the other dataset as well after the first blast search (i.e. a BamK sequence
derived from.an organism where the corresponding BamA was not in the datasigt, alrea

vice versa), a manual search was performed, and the respective BamA or BamK (if present)
was added to the dataset, to give a full set of BamA and BamK sequences for the organisms
investigated (Table S2). In the case of highly fragmented sequences, both the RBhiné an
BamK sequence were removed from the dataset for the respective organism. The sequences
were aligned using musc{Edgar, 2004as implemented in seavid@ouyet al., 2010), and

to extract the barrel region, the BamA sequend€. gheumoniae MGH78578 (UniProt ID
A6T4X9).was.used as input for the structure prediction server plsdi2y et al., 2015),

and the barrel"domain extracted according to the structure (Nbiaj2013) informative

sites weressubsequently extracted using gblocks as described above. The tred@sed 4)

on the amino acid sequences was calculated with RaxML using the LG matrix and 100
bootstrap replicates. All alignment and tree filesaar&ilable on figshare
[https://figshare.com/s/a37171b4fadadd27b7de; link will be set public upon acceptance].
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PLAIN LANGUAGE SUMMARY

BamA is a protein in the outer membrane that controls the essential process forrttidyasse
of other outer membrane proteins. We show that the important human paittelgsee |a
pneumoniae has two types of BamA, an evolutionary insight into the natuesisprre placed

on this essential process in bacterial cell biology.
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Figure 1. The gendbamK encodes a novel Omp85 family protein iklebsiella

pneumoniae B5055.(A) Genesynteny in thésamA locusof theKlebsiella strain B5055 and
E. coli are compared and found equivalent for BN49_4147. In a distinct gene context,
BN49_4981-isherein designateamK. The coloring denotes conserved genes even where
the annotations ' may differ between species e.Ktpaeumoniae geneyaeT is homologous
to the gendamA'in E. cali. In comparisongenomic context displagf gene sequence data
for K. pneumoniae subsp pneumoniae B5055 around thbamK locus. (B) Transcript levels
for bamA andbamK were determined through qPCR at three growth temperatures: 30°C,
37°C or 42°C. Data is expressed relative to control transcriptsti@m@onstituently
expressedpoD. (C) In silico analysis of intrinsic curvature of the 5’ regulatory region of
bamK was predicted withendit® (Vlahovicek, 2003 and regions with 5 degrees per
helical turn of DNA (in red) correspond to highly curved regions of DNA. The 200bp region
of the genome immediately upstream from the start abdh# openreading frame is
summarized as an inset (full sequence details in Fig(BpPutermembranes (100 pg
protein) prepared from B5055 (wilgpe) and the\bamA::bamK mutant were subjeeti to
SDSPAGE,and/Coomassiklue staining of the gel. The migration positidies the
molecular weight standards are indicai@.Outer membranes (200 pg protein) were
prepared from-B5055 (wiltiype) and the\bamA::bamK mutant and analysed by BRAGE
and immunoblotting with the indicated antiserum. Diagnostically, the BAM complex
containing. BamK (BAMgcpe) migrates marginallglower than the BAMscpe complex.

The full BN-PAGE data is provided in Fig5B.

Figure 2. Gene replacementnutants of E. coli expressng KpBamA or KpBamK.

(A) Outer membranes (1Q@ protein) isolated frori. coli strainsAbamA::KpbamA or
AbamA::KpbamK/were subject to SD8BAGE and Coomassie blue staining. Migration of the
molecular weight'standards is indicated. (B) Outer membranes (200 pg protein) were

prepared frenircoli strainAbamA::KpbamA andE. coli strainAbamA::KpbamK and

analysed by'BNPAGE and immunoblotting with the indicated antiserum. Diagnostically, the
BAM complexicontaining BamK (BAMscpe) migrates marginally slower thahne

BAM ascpoe complex.The full BN-PAGE data is provided in Fig. S50C) The rate of
assembly of £S]-PhoE into mature oligomers was assessed i&.theli strain
AbamA::KpbamA. Cellsharboring pKS07 (a plasmid encoding PhoE) were starved of
methionine and cysteine, pulse-labeled witBmethionine/{>S}-cysteine for 40 seconds,
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followed by a 60minute chase with unlabeled methionine and cysteine. Aliquots were taken
at10 sec, 2, 4, 8, 16 and 32 minutes. Samples were incubated at eitBgtiB¥e-course)or

100°C (control sample at 32 min tir@oint) before analysis by semiative SDSPAGE,
storaggphosphor-imaging and densitometry. The position of the 39 kDa monomer and slower
migratingroligomer are indicate(D) The rate of assembly oPB]-PhoE into mature
oligomers/was assessed in thesoli strainAbamA::KpbamK, as described above.)(E
Histogram"of the observed rate constants for reduction of the PhoE monomer. Eror bar
correspond to SEM of fit (n=3J.he statistical significance was determined by an unpaired

two-tailed Student’s t test (ns, not significant).

Figure 3. KpBamA and KpBamK mediates the assembly of the LptD/E complex i&.

coli. (A) Structure of LptDE complex (pdb:4RHB). In the correctly assembled LptDE, the
lipoprotein subunit LptE (red) sits as a core stabilizing the B-barrel protein LptD (blue) within
the plane of the outer membrane. (B) The rate of assembisiptD and f°S]-LptE into

the LptDE'complex was assessed inEheoli strainAbamA::KpbamA. Cellsharboring
pCJS44a pET-Duet plasmid encoding both LptD and LptE) were starved of methionine and
cysteine, pulséabeled with[**S]-methionine/f>S}-cysteine for 40 seconds, followed by a 60-
minute chasewith unlabeled methionine and cysteine. Aliquots were takeset2, 4, 8,

16 and 32 minutes. Samples were incubated at eith&€ @itne-course)or 100 °C(control
sample ‘at'32'min timpoint) before analysis by semative SDSPAGE, storage phosphor-
imaging and densitometry. The position of the 20 kDa LptE monomer, 95 kDa LptD
monomer andthdimericLptDE complex are indicated. The formation of the LptDE
complex is dependent on the co-expression of both LptD and LptE (FigCy@he rate of
assembly of PS}-LptD and f°S}-LptE into the LptDE complex was assessetheE. coli
strainAbamA::KpbamK, as described above. (DptDE dimer assembly was calculated by
plotting the normalised density of each dimeric band over time fitted to a curveifglaw
exponentialkgrewth equation. The accumulation of the dimeric band over time was assumed
to be in prepertion to the oligomerization of LptD and LptE monomers into a functional
dimer. (E) Histogram of the observed rate constants for appearance of thedum&EError
bars correspond to SEM of fit (h=3J)he statistical significance was determined by an
unpaired twetailed Student’s t test (ns, not significant).

Figure 4.BamK is encoded in the core genome #fiebsiella pneumoniae. The tree is

based on the core gene alignment of the glgbaldsiella collection (Holt et al 2015), the
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outer ring indicates the specisd subspecias Klebsiella. The same speciespecific
coloring is used for the branches of the tree. The ubiquitous presdraafofenes is
indicated in the red (inner) circle, ahamK genes are shown in blue (middle circle). BamA
and BamK are foundhtoughout the entirklebsiella pneumoniae complex diversity;

incomplete'open reading frames interrupted through either frame shifts or coakg/gaps

in the alignment are indicated as shown in the legend; however, no pattern of continuous loss

can beobserved, and the incomplete sequences would likete be derived from assembly

errors.

Figure 5. Extracellular loops distinguish BamA and BamK on the surface dk.
pneumoniae. (A) Topology of the BAM complex, highlighting thetructure ofE. coli BamA
(pdb: 5ekq) in the context of the partner lipoprotein subunits of the BAM complex and
showing the disposition of the inter-strand loops 4, 6 ai@W-— outer membrane, IM
inner (cytoplasmic) membrane. (Blultiple sequence alignmewith BamA fromE. coli
(EcBamA)highlights thesimilarities andlifferences irKpBamA andKpBamK, with
comparisonte.the modification sites found in pheggstanEcBamA(®) (Smith et al.,
2007) A multiple sequence alignment detailing the full sequencEpBaMA andKpBamK
from several'type strains & pneumoniae is presented in Fig. S3. (C) Superposition of
EcBamA (red)sstructure (pdb: 5ekq) and the modétadamA(®) generated by phyre2
(green), highlighting the differences in the loops contributing to the surface doreslj.
Inset: an expanded view highlights how the increased length in loops 4 and 7 raise them to
the surface OECBamA(®), accommodated by the diminished size of loop 6 in ECBamA (D)
relative toEcBamA. The extent of changes to the extracellulandaan bappreciated from
the top-down view, shown asspacdilling representation to take into account sadeins

on each ofithe loops.

SUPPLEMENT

Supplementary Figure S1. BamK is noessential for viability or virulence in Klebsiella
pneumoniae.(A).Growth curves are shown for B5055 (wild-type) ainglisogenic AbamK
mutant strain as monitored on rich (LB), minimal (M9) or “hidet” (DMEM) medium.(B)
Groups of five BALB/c mice were infected with®x 10° CFU K. pneumoniae B5055

wildtype, or the isogenic AbamK mutant strainor the complemented mutant (AbamK C’) by
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intranasal administration. After 4, 24, 72 and 96 h post-infection, the number of barcteria i

the lungs and liver were enumeratéite colonization of the liver sdegunin a few

individuals at ~24 hours, and is substantial in all individuals by 72 hours. The mean is shown

for each group(C) Transcript levels fobamA andbamK were determined through qPCR,
using RNAsamples extracted from log phEseneumoniae B5055 cultured in DMEM.
Data is expressed relative to transcript levels from the constituexghessedpoD.

Supplementary Figure S2 The 5’-untranslated region ofbamK. (A) Sequence (1000bp)
upstream of théamK open-reading frame. The putative -35 andelEdnentof the predicted
o'° promoter is labeled in red, a palindromic sequence overlappinfGleéements
underlinedsThe predicted ribosome-binding site (RBS) is shown in blue and the ATG start
codon is indicated in italic$B) The predicted stestoop structure (“native sequence”) that
would be possible from the palindromic sequence upstredianad, in comparison to the
modified sequence (“non-palindrome”) which would not form a stem-loop structure.
Promoter activity analysis iK. pneumoniae B5055 carrying the transcriptional fusions
pPROBEgfp[bamA], pPROBEgfp[bamK] or pPROBEgfp[bamK non-palindror]. Data
are presentedna scatter plofbar denotes mean of three biological replicatgs).
Schematic showing the replacement oflitmA coding sequence with thamK coding
sequence toproduce gene replacement Hrgineumoniae B5055 AbamA::bamK. A similar
strategy was used to achieve gene replacement stratnsah BL21 Staf™ (DE3)
(AbamA::KpbamA and AbamA::KpbamK).

Supplementary Figure S3Conserved sequence features of BamKA) Multiple sequence
alignment of a select set of BamA and Bapridteins sequences. Residues are colored
according to sidehain properties to guide assessment of conservative antbnearvative
substitutions.. The boundaries for the five POTRA domains are indicated, based nysttde c
structure of'BamA frontk. coli. The positions of the transmembrane j3-strands in the B-barrel
domain ofiBamA fronk. coli are indicated by arrows and are numbered (B1, B2 etc). Red

lines indicate the extracellular loop regions, blue dots indicate the seguerice

periplasmic turngB) Schematic of predicted domain structure of BamK.

Supplementary Figure S4Monoclonal antibodies that selectively recognize BamKA)
Schematic outlining the screening strategy for the production of monoclonal antibodies
(MAD) to BamK and the subsequent cloning of the MAbK clonéqK1-MK?5). At left, a
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structural overlay of the modelled structureskpBamA (red) anpBamK (blwe). This

and multiple sequence alignments suggested a peptide at the junction of POTRA3 and
POTRA4 (IALNEGERYRVDRT,71) as being diagnostic of BamK. (B) Total cell extracts
(100 pg protein) were prepared from K. pneumoniae strains B5055 and B506&mA::bamK

and analysed-by SDS-PAGE and immunoblotting. Replicate blots were probed with the
monoclonal antibodies MAbK.1, MAbK.2, MAbK.3, MAbK.4 or MAbK.5 (MK1-MK?5).

The migration position of molecular weight standards is indicated. (C) Total cell extracts
(200 pg protein) were prepared frol. pneumoniae strains B505%wild-type) and
AbamA::bamK and analysed by BN-PAGE and immunoblotting. Replicate blots were probed
with the menoclonal antibodies MAbK.1, MAbK.2, MAbK.3, MAbK.4 or MAbK.5 (MK1-
MK5). Thefmigration position of molecular weight standards is indicated. Clone MAIIK3 w
immortalized for large scale production of the monoclonal antibody, as it recoboibes

denatured and native conformations of BamK.

Supplementary Figure S5. BamK can functionally replace 8mA in either K.
pneumoniaeerin E. coli. (A) Growth curves for thabamA::bamK replacement strain

cultured in'lkB medium. (BDuter membranes (200 pg protein) were subject to BN-PAGE

and immunoblotting with the indicated antiserum. (C) Growth curves.faoli strains
AbamA::KpbamA andAbamA::KpbamK. The three strains wegalltured in LB medium(D)

Outer membranes (200 pg protein) were prepared from E. coli BL21 Staf™ (DES3), E. coli
strainAbamA::KpbamA andE. coli strainAbamA::KpbamK. Membrane fractions were
analysed by BNPAGE and immunoblotting with the indicated antiserum. The BAM complex
containing BamK (BAMgcpe) migrates diagnostically more slowly that the BAdpe
complex.(E) Outer membranes (200 pg protein) were prepared from E. coli strain
AbamA::KpbamK or E. coli strainAbamA::KpbamK,AbamB or E. coli strain
AbamA::KpbamkjAbamC. Membrane fractions were analysed by-BNGE and
immunobletting:with the indicated antiseruirhe migration positions for the suoemplexes
generatedswhen BamB or BamC is absent (Webb et al 2012b) are indicated. For example, i
the absenee’of BamC, most of the BAdvVimodule is released from the other components
(Webb et al'2012b). Alternatively, the absence of BamB, most of the BAM complex is
recovered as a BAMpe form. Irrespective of the precise identities of each species

generated, the analysis shows a diagnostic change in the mobility of BamK BABHEI-
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Supplementary Figure S6Formation of the LptD/E complex in E. coli depends on ce
expression of both LptD and LptE (A) The rate of assembly oPB]-LptD was assessed in
E. coli strainsAbamA::KpbamA andAbamA::KpbamK. Cellsharboring pCJS42 (encoding
LptD) were starved of methionine and cysteine, plabeled with**S-methioninePs-
cysteineffor40-seconds, followed by a 60-minute chase with unlabeled methionine and
cysteine. Aliquots were taken Hd sec, 2, 4, 8, 16 and 8#nutes. Samples were incubated
at either 37C or 95 °Chefore analysis by semiative SDS-PAGE, phosphorimaging and
densitometry. The position of the 95 kDa LptD monomer is indicBdl he rate of
assembly of3[58]-LptE was assessed i coli strainsAbamA::KpbamA andE. coli strains
AbamA::KpbamK. Cellsharboring pCJS43 (encoding LptE) were assayed as described above.
The position dfthe 20 kDa LptE monomer is indicat€). The rate of assembly of§]-

LptD and [°S]-IptE into the LptDE complex as assessedHn coli strainsAbamA::KpbamA
andE. coli strainsAbamA::KpbamK. Cellsharboring pCJS44 (a pET-Duet plasmid encoding
both LptD and LptE) were assayed as described above. The position of the 20 kDa LptE

monomer, 95 kDa LptD monomer and the LptDE complex are indicated.

Supplementaty. FigureS7. The distribution of BamK across bacterial speciesThe tree
was calculated using RaxML as described in the methods section. In the representation of the
analysis, th&lebsiella-type BamK sequencéblue) are segregated from BamA (and other
BamA-related) sequences (red). The taxonomic grouping of the further species for which
BamA sequences were analyzed is indicated by colors in a legend (inset). Furthermore, the
branch colors illustrate memberstb& Pasteurellaceae (orange) oEnterobacteriaceae

(green), with this also highlighted alongside the sequence eioesiing in on the Figure
reveals the Uniprot identifiers for each sequeAdlesequence entries aiatherdocumented

in Table S2.

Supplementary:Figure S8. BamK igresent, along withBamA, across species and
subspecies=oKlebsiella pneumoniae. Phylogenetic tree of th€. pneumoniae amino acid
sequencess(Table S1) to distinguish BamA and BaA®dindicated in Fig. 4the tree is
based on the eore gene alignment of the glibeldsiella collection (Holt et al 2015), the
outer stripe of colocoding indicates the species and subspecies ®fldbsiella pneumoniae
complex. The ubiquitous presencebafmA genes is indi@ted in the red (inner) stripe, and

bamK genes are indicated with blue. BamA and BamK are found throughout the entire
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Klebsiella pneumoniae complex diversity. Zooming in on the Figure reveals the Uniprot

identifiers for each sequence.

Supplementary"TableS1.K. pneumoniae strains and accession numbers, and their

respective’'BamA and BamK sequence identifiers.
Supplementary Table S2. BamA and BamK accession numbers.
Supplementary=Table S3. Strains and plasmids.

Supplementary Table S4. Oligonucleotide primesequences.
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