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ABSTRACT Klebsiella pneumoniae is a hospital-associated pathogen primarily causing
urinary tract infections (UTIs), pneumonia, and septicemia. Two challenging lineages
include the hypervirulent strains, causing invasive community-acquired infections, and
the carbapenem-resistant classical strains, most frequently isolated from UTls. While
hypervirulent strains are often characterized by a hypermucoid phenotype, classical
strains usually present with low mucoidy. Since clinical UTl isolates tend to exhibit limited
mucoidy, we hypothesized that environmental conditions may drive K. pneumoniae
adaptation to the urinary tract and select against mucoid isolates. We found that both
hypervirulent K. pneumoniae and classical Klebsiella UT! isolates significantly suppressed
mucoidy when cultured in urine without reducing capsule abundance. A genetic screen
identified secondary mutations in the wzc tyrosine kinase that overcome urine-sup-
pressed mucoidy. Over-expressing Wzc variants in trans was sufficient to boost mucoidy
in both hypervirulent and classical Klebsiella UTI isolates. Wzc is a bacterial tyrosine
kinase that regulates capsule polymerization and extrusion. Although some Wzc variants
reduced Wzc phospho-status, urine did not alter Wzc phospho-status. Urine does,
however, increase K. pneumoniae capsule chain length diversity and enhance cell-surface
attachment. The identified Wzc variants counteract urine-mediated effects on capsule
chain length and cell attachment. Combined, these data indicate that capsule chain
length correlates with K. pneumoniae mucoidy and that this extracellular feature can
be fine-tuned by spontaneous Wzc mutations, which alter host interactions. Spontane-
ous Wzc mutation represents a global mechanism that could fine-tune K. pneumoniae
niche-specific fitness in both classical and hypervirulent isolates.

IMPORTANCE Klebsiella pneumoniae is high-priority pathogen causing both hospi-
tal-associated infections, such as urinary tract infections, and community-acquired
infections. Clinical isolates from community-acquired infection are often characterized
by a tacky, hypermucoid phenotype, while urinary tract isolates are usually not mucoid.
Historically, mucoidy was attributed to capsule overproduction; however, recent reports
have demonstrated that K. pneumoniae capsule abundance and mucoidy are not always
correlated. Here, we report that human urine suppresses K. pneumoniae mucoidy,
diversifies capsule polysaccharide chain length, and increases cell surface association.
Moreover, specific mutations in the capsule biosynthesis gene, wzc, are sufficient to
overcome urine-mediated suppression of mucoidy. These Wzc variants cause constitu-
tive production of more uniform capsular polysaccharide chains and increased release of
capsule from the cell surface, even in urine. These data demonstrate that K. pneumoniae
regulates capsule chain length and cell surface attachment in response host cues, which
can alter bacteria-host interactions.
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lebsiella pneumoniae is a Gram-negative pathogen responsible for approximately

10% of all nosocomial infections and is the fourth deadliest bacterial species in the
world (1, 2). Within the hospital setting, Klebsiella spp. cause 23% of all urinary tract
infections (UTIs), 14% of all surgical-site infections, 12% of all pneumonia cases, and 8%
of all bloodstream infections (1). In the community setting, K. pneumoniae is the second
most common cause of uncomplicated UTI after Escherichia coli (3). K. pneumoniae
isolates that pose a major threat to human health include carbapenem-resistant classical
strains (CR-cKp) and hypervirulent strains (hvKp), which cause severe morbidities and
high mortality (4-6). CR-cKp was first observed in 1996, and since then, it has been
the major driving force disseminating the carbapenem resistance cassette throughout
the Enterobacteriaceae, complicating the treatment of Gram-negative infections (7, 8).
Of all healthcare-associated infections, CR-cKp is most commonly isolated from UTI
cases, challenging the therapeutic choices of healthcare providers (9-11). In parallel,
the incidence of hvKp is rising in the community setting and beginning to also appear
in hospitals, where it was previously absent (12-15). HvKp is associated with invasive
infections, especially pyogenic liver abscesses that disseminate to the eyes and brain, a
pathogenesis uncommon for Gram-negative enteric bacteria (4, 5). Features associated
with hvKp include hypermucoidy, rmpA overexpression, and K1 or K2 capsular polysac-
charide (5, 12, 14, 15). Hypermucoid strains are very tacky and sediment poorly due to
culture viscosity when centrifuged. Although these features are associated with hvKp,
they are not sole determinants. For example, some hvKp do not encode K1 or K2 capsular
polysaccharide (CPS), and some K1- or K2-encapsulated strains are not hypervirulent.

The historical model of K. pneumoniae hypervirulence has been that overproduc-
tion of CPS boosts mucoidy and promotes resistance to host defenses. This is due to
observations that elevated rmpA expression increases CPS production and mucoidy and
that the loss of CPS production eliminates mucoidy and virulence (5). However, recent
studies have demonstrated that other factors also contribute to mucoidy. Dissection of
the rmp locus identified its polycistronic structure consisting of the autoregulator rmpA
and two downstream genes, rmpC and rmpD, that distinctly impact CPS and mucoidy
(16). An rmpC deletion strain retains mucoidy despite reduced CPS (17). Correspondingly,
an rmpD deletion strain loses mucoidy and retains full CPS production (18). Overex-
pressing rmpD in acapsular strains does not restore mucoidy, supporting the model
that mucoidy requires CPS biosynthetic components (18). Our previous studies provide
further support for this model, as we identified many genes that regulate CPS and/or
mucoidy; however, we identified no genes that support mucoidy in acapsular strains (19).
Recent work has demonstrated that RmpD does not affect CPS composition but rather
interacts with the capsule biosynthesis protein, Wzc, and controls CPS chain length (20).

These previous studies were performed in the ATCC 43816 derivative, KPPR1. This
strain is a model hypervirulent and mucoid strain that produces a K2 CPS, comprising
glucose (Glc), mannose [Man (70% OACc)], and glucuronic acid (GlcA) (20). K. pneumoniae
employs the Wzy-dependent pathway to synthesize their Group 1 CPS (21). Undecap-
renyl diphosphate (UDP)-linked CPS subunits are assembled on the cytoplasmic side
of the inner membrane by glycosyltransferases and then flipped to the periplasm by
Wzx. There, Wzy polymerizes the growing capsular polysaccharide chain. Continued
polymerization requires coordinated Wzc tyrosine autokinase and Wzb phosphatase
activity (22). Wzc is an integral inner membrane protein that forms a trans-periplasmic
complex with the outer membrane CPS export pore protein, Wza. Non-phosphoryla-
ted Wzc associates as octamers and then dissociates upon autophosphorylation (23).
These protein dynamics coordinate CPS polymerization and Wza-mediated extrusion of
the growing polysaccharide chain (23). Wzi then anchors the CPS to the cell surface
by an unknown mechanism (24, 25). Previous work identified CR-cKp isolates with
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increased mucoidy and CPS production in clinical bloodstream isolates, along with
non-mucoid and acapsular strains in clinical UTI isolates (26). None of the isolates
encoded the rmp locus, distinct from KPPR1. Whole-genome sequencing (WGS) revealed
that point mutations in wzc increased CPS production and mucoidy, which promoted
phagocytosis resistance, enhanced dissemination, and increased mortality in animal
models. Conversely, disruptions in wbaP eliminated CPS production and mucoidy, which
improves epithelial cell invasion, biofilm formation, and persistence in the urinary tract
(26). These data demonstrate that mutation of Wzc is an Rmp-independent pathway that
can enhance mucoidy and invasive disease, while loss of CPS biosynthesis and mucoidy
can improve persistence during UTl. Combined, these data suggest that mucoidy may
provide niche-specific advantages or disadvantages.

We hypothesized that environmental signals may control Klebsiella adaptation to the
urinary tract. We found that hypervirulent, rmp-encoding and non-mucoid, rmp-negative
strains have significantly reduced mucoidy when cultured in urine and that growth
in urine down-regulated rmpA, rmpC, and rmpD transcripts. We identified secondary
mutations in the Wzc tyrosine kinase sufficient to overcome urine-mediated suppression
of mucoidy. All Wzc variants are sufficient to increase mucoidy independent of RmpD
in an rmp-encoding hypervirulent strain. Furthermore, some Wzc variants are sufficient
to increase mucoidy in rmp-negative classical strains. Given that Wzc is known to have
autokinase activity and regulate CPS chain length and secretion, we examined the effects
of Wzc variants and urine on Wzc phospho-status and CPS chain length and localization.
Although some Wzc variants affected Wzc phospho-status, all Wzc variants standardized
CPS chain length, which overcame urine-induced diversification of CPS chain length.
Altogether, these data indicate that human urine down-regulates rmpD, increasing
cell-associated CPS chain length diversity in K. pneumoniae, and that spontaneous Wzc
variants act down-stream of RmpD to restore mucoidy and regulate CPS chain length in
urine.

RESULTS
Urine suppresses mucoidy without reducing CPS abundance

To examine the effect of the urinary tract environment on K. pneumoniae mucoidy and
CPS production, five strains were selected: two hypervirulent laboratory strains, KPPR1
(rifampin-resistant ATCC 43816 derivative) and NTUH-K2044, and three classical strains
recently isolated from clinical UTI cases, 616, 714, and 1346 (27-29). All three clinical
UTl isolates were originally identified as K. pneumoniae by MALDI-TOF, but our Pathogen-
watch analysis determined that although 714 is K. pneumoniae, 616 is Klebsiella variicola,
and 1346 is Klebsiella quasipneumoniae (30-32). Nonetheless, all strains belong to the
K. pneumoniae species complex and, combined, provide representative clinical isolates
for each pathogenic species within the complex, along with classical and hypervirulent
K. pneumoniae sensu stricto (33). Pathogenwatch analysis determined that 616 encodes
KL114 with an unknown K type, 714 is predicted to produce K23 CPS, and 1346 is
predicted to produce K1 CPS (30, 31, 34). Pathogenwatch analyses also reported that
none of these clinical UTI isolates carry the rmpADC genes, known to regulate CPS
biosynthesis and mucoidy in hypervirulent K. pneumoniae (17, 18).

A standard quantitative measure of the mucoid (tacky colony) phenotype is the
sedimentation assay. Mucoid bacteria produce a more viscous culture medium, which
increases sedimentation resistance, i.e., they do not sediment efficiently. To examine the
effect of the urinary tract environment on Klebsiella mucoidy, the five selected isolates
were cultured in rich medium (lysogeny broth [LB]) or pooled, sterile-filtered urine. As
expected, the UTl isolates had less sedimentation resistance than the hypervirulent strain
KPPR1 in LB medium (Fig. 1A). Unexpectedly, three of the strains had significantly less
sedimentation resistance in urine than in LB medium, suggesting that either LB medium
activates or urine suppresses the mucoid phenotype (Fig. 1A and C). We hypothesized
that urine decreased cell-associated CPS, which could reduce sedimentation resistance.
Bacterial cells were washed with PBS, and the uronic acid content of cell-associated CPS
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FIG 1 Urine suppresses mucoidy but not CPS biosynthesis. K. pneumoniae (Kp) strains KPPR1, NTUH-K2044, 714; K. variicola (Kv) 616; and K. quasipneumoniae

(Kgp) 1364 were cultured in LB medium or sterile-filtered human urine (UR). (A) Mucoidy was determined by quantifying the supernatant ODggq after

sedimenting 1 ODggg unit of culture at 1,000 x g for 5 min. (B) The uronic acid content of crude CPS extracts was determined after washing 1 ODggg unit of

bacterial cells in PBS. (C) KPPR1 was cultured on LB agar or urine agar plates at 30°C overnight and then a string test was performed. (D) In addition, the relative

abundance of each gene in the CPS biosynthesis and Rmp operons in UR relative to LB medium was determined by qRT-PCR and normalized to gap2 transcript

abundance. Data presented are the mean, and error bars represent the standard error of the mean. All experiments were performed =3 independent times, in

triplicate. Statistical significance in panels A and B was determined using two-way ANOVA with a Bonferroni post-test to compare specific groups. Horizontal bars

indicate LB medium versus UR comparisons, while symbols alone indicate comparisons to KPPR1 cultured in the same growth medium. In panel D, a Student’s t

test was used to determine if each value was significantly different from 1.0. *P < 0.0332; **P < 0.0021; ***P < 0.0002; *P < 0.0001.

was quantified. Remarkably, culturing the strains in urine did not significantly reduce CPS
production as measured by uronic acid content; in fact, it appeared to stimulate CPS
production in UTI strain 616 (Fig. 1B). Notably, all strains had a similar CFU/mL count per
ODgqg Vvalue (Fig. S1). This indicates that the observed differences are not because of
varied CPS abundance on ODggg readings. Combined, these results demonstrated that
environmental conditions may regulate the mucoid phenotype independently of CPS
and that Klebsiella mucoidy may be actively suppressed during a UTI.

The typical pH range of healthy urine is pH 6.0-7.5, which is often lower than LB
medium. Therefore, we hypothesized that the pH of the medium could affect mucoidy or
extracellular polysaccharide (EPS) production and localization. To discriminate between
cell-associated EPS (i.e., CPS) versus cell-free EPS, we quantified the total uronic acid
content of EPS extracted from both bacteria and culture medium (total EPS) versus the
spent culture supernatant (cell-free EPS). Cell-associated CPS was inferred by subtracting
cell-free EPS from total EPS. This approach circumvented technical issues caused by
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poor sedimentation, which confounds direct measurement of cell-associated CPS as it
is challenging to cleanly separate cells from the supernatant. We cultured KPPR1 in LB
medium adjusted to pH 5, 6, 7, 8, and 9, then quantified mucoidy by sedimentation
and EPS localization by uronic acid content (Fig. S2). We observed that pH 9 increased
sedimentation resistance and cell-free EPS production, while pH 5 reduces sedimenta-
tion resistance and cell-free EPS production. However, these changes in sedimentation
resistance were not as dramatic as what was observed in urine (Fig. 1A and B) and did not
occur in the pH range between the pooled, human urine (pH 6.5) and LB medium (pH
7.2-7.5). These data indicated that basic pH increases both sedimentation resistance and
cell-free EPS but that is not likely the factor by which urine suppresses mucoidy.

To examine CPS biosynthesis and mucoidy by another measure, we quantified the
transcript abundance of each gene in the KPPR1 CPS biosynthetic gene cluster and
rmp locus in urine relative to LB medium. CPS biosynthetic genes were not broadly
suppressed in urine compared to LB medium, but the rmp locus was significantly
suppressed (fold change range = 0.207-0.326) (Fig. 1D). In the CPS locus, eight genes
(galF, VK055_5018, VK055_5019, VK055_5023, VK055_5024, manC, manB, and ugd) were
significantly down-regulated although the fold change was minor (range = 0.704-0.850).
Three genes (orf2, wzi, and gnd) were significantly up-regulated, again with a minor
fold-change increase (range = 1.256-1.545). These fold changes do not impact the
amount of cell-associated CPS produced by KPPR1, as measured by uronic acid content
(Fig. 1B). These results indicate that urine may reduce the mucoid phenotype by
down-regulating rmpD transcription.

A screen for genes required for urine-suppressed mucoidy

To identify bacterial factors acting downstream of RmpD to suppress mucoidy in urine,
we screened an arrayed KPPR1 transposon (Tn) library for mutants with increased
sedimentation resistance in urine. The transposon library contains 3,733 mutants, which
disrupt 72% of all open reading frames (ORFs) (19). The library was cultured in sterile,
pooled human urine, and the sedimentation resistance of each mutant was assessed.
With a hit rate of 2.4%, the 89 mutants initially identified to have increased sedimenta-
tion resistance were evaluated for mucoidy by string test on urine agar and sedimenta-
tion resistance in triplicate. Eighteen of 89 primary hits appeared mucoid either on urine
agar or in the secondary sedimentation assay performed in triplicate. We noted that
some of these 18 hits had mixed colony morphology which often matched observed
changes in sedimentation resistance (Table 1). Therefore, the string test on urine agar
was repeated for each isolate. Ultimately, 13 transposon mutants had at least one isolate
that passed all screening and confirmation (Table 1). Individual isolates that passed all
screens tended to appear shinier, more translucent, and exhibited less distinct colonies
on solid growth medium (Fig. S3).

Elevated CPS production is associated with increased mucoidy, although there is
strong evidence that other factors contribute to mucoidy (18, 19). Each of the 13
transposon mutants had three or four isolates that exhibited either wild-type (WT)
(Tn:mucoid”™) or increased mucoidy (Tn:mucoid®) (N = 42 isolates total) (Table 1).
On average, the Tn:mucoid* isolates produce 1.16-fold more total extracellular uronic
acid compared to Tn:mucoid"" isolates (Fig. 2). This difference is modest but signifi-
cant. Notably, the two Tn:mucoid"" isolates that produced the most uronic acid have
transposon insertions in yraO. All four yraO transposon mutant isolates exhibit elevated
uronic acid production (mean = 11.89 ug/mL uronic acid per ODgqg) regardless of
mucoidy level (Fig. 2, dark blue, open markers). It is also notable that most Tn:mucoid*
strains produce total extracellular uronic acid quantities comparable to Tn:mucoid""
strains (Fig. 2), adding further evidence that increased secretion of extracellular uronic
acid-containing polysaccharides is not the only factor driving K. pneumoniae mucoidy.
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FIG 2 Transposon isolates with elevated mucoidy produce more extracellular uronic acid. Each K.
pneumoniae transposon isolate (Tn:mucoid"" or Tn:mucoid®) was cultured in triplicate in LB medium,
where N = 42 isolates representing 13 distinct transposon insertion sites. Total extracellular polysacchar-
ides (cell-free EPS and CPS combined) were extracted from total culture, and the uronic acid content was
determined and normalized to the ODggg of the overnight culture. The legend on the right identifies the
marker color that corresponds to each transposon insertion site. Each marker represents an individual
isolate, and the gray dashed line represents averaged WT KPPR1 data (N = 24; mean = 8.717; SD = 1.082).
A Student’s t test was used to determine if the mean extracellular uronic acid produced in strains that
exhibit elevated mucoidy (Tn:mucoid®) was significantly different compared to transposon strains that
exhibited wild-type mucoidy (Tn:mucoid™"; **P < 0.0021) or WT KPPR1 (*P < 0.0001).

Tn:mucoid* strains contain secondary mutations in wzc

The variation in mucoidy and sedimentation resistance observed between isolates
derived from individual parental transposon-insertion strains was unexpected. The
phenotype of each isolate was stable after passaging in LB medium. The transposon
insertion site of each isolate was verified by PCR with one primer that anneals to the
transposon and one primer that anneals to the expected genomic region. Since each hit
had the expected transposon insertion site but exhibited varying mucoidy, we hypothe-
sized that a secondary mutation was driving the increased mucoidy. We submitted
purified genomic DNA from 19 isolates (N = 8 Tn:mucoid* and N = 11 Tn:mucoid""), plus
wild-type KPPR1, for whole-genome sequencing (Table 1).

Sequence variants in each strain were identified using the variation analy-
sis pipeline on PATRICbrc using K. pneumoniae subsp. pneumoniae strain VK055
(RefSeq: NZ_CP009208.1) as the reference strain (35, 36). Comparisons between
our laboratory KPPR1 and the published genome identified one non-synonymous
(insG) mutation at position 1,610,890 in VK055_1597 and a synonymous (C >
T) mutation at position 2,880,686 in VK055_2811. These variants were disregar-
ded in all transposon isolates. Twenty-four other variants were identified (N
= 1 deletion, N = 1 insertion, N = 16 non-synonymous, N = 2 intergenic,
and N = 4 synonymous). The one insertion and six non-synonymous muta-
tions all mapped to VK055_5017_etk (wzc) and were associated with 6 of the
8 Tn:mucoid® isolates. No other genetic variations were associated with more
than one Tn:mucoid* isolate. Six unique variations associated with Tn:mucoid* iso-
lates included, VK055_0786_VgI’62224gG>A, VK055_7078586585G>T, VK055_7734272272A>O
VK055_1978_bepEgsorsG, VKO55_4651_pbpCyp337>6, and VK055_4651_pbpCrpsscs¢ (Table
1). The remaining 13 variants were associated with Tn:mucoid"" isolates (N = 7 of
12); none of the Tn:mucoid"" isolates had point mutations in wzc. Ninety percent of
Tn:mucoid* had at least one non-synonymous variant, while 58% of Tn:mucoid"" had at
least one non-synonymous variant (Fig. S4), suggesting that the selection of Tn:mucoid*
strains enriched the number of secondary point mutations.
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Since only 19 of the 42 transposon isolates were submitted for whole-genome
sequencing, the wzc gene of all 42 isolates was PCR amplified, and the open reading
frame interrogated for point mutations using Sanger sequencing. All Tn:mucoid® had
non-synonymous mutations in wzc, including the two isolates that did not have wzc
mutations identified by WGS. None of the Tnimucoid"" isolates had wzc mutations. In
four instances, Tn:mucoid* appeared to be a mixture of wild-type and a residue change
at Wzcgsg9 based on chromatogram (5 B4, 7 E2, 8 E2, and 9 H8) (Table 1), indicating
that the phenotype is dominant if the colonies are not fully purified. Twice, WGS called
wzcg1709A and Sanger sequencing called wzcgi7097 (9 C8 and 9 H8) (Table 1), which
could be due to heterogeneity at this base pair. Finally, we revived bacteria from the
original transposon library wells to determine if the Wzc variants arose prior to the
transposon screen or were generated in response to urine. Wzc variants were detec-
ted in all parental transposon wells, except VK055_4923_pfkB (WzcCs5ginsa)- These data
indicate that the wzc mutations were primarily present prior to executing the transposon
screen, suggesting that the effect of urine suppressing mucoidy allowed these naturally
occurring Wzc variants, which increase mucoidy, to be identified.

Six unique Wzc mutations were distributed across the Tn:mucoid* strains. The Wzc
mutations resulted in the following amino acid changes, Wzcqzgsk (N = 8), WzCs526insa
(N = 1), Wzcgseac (N = 4), Wzcgseoy (N = 5), Wzcgseop (N = 10), and Wzcpeaps (N =
1). Wzc is a conserved bacterial tyrosine kinase involved in CPS biosynthesis (21). It
forms a periplasmic octamer that interfaces with the Wza octamer in the outer mem-
brane and the Wzb phosphatase in the periplasm (22, 23, 37). The current model is
that Wzc autophosphorylation dissociates the complex, and subsequent Wzb-mediated
dephosphorylation results in complex re-assembly (23). It is these protein dynamics that
drive CPS polymerization and Wza extrusion of nascent extracellular polysaccharides;
loss of either Wzc phosphorylation or de-phosphorylation, as well as other mutations
that alter Wzc molecular dynamics, disrupts CPS formation (22, 38). In this way, Wzc
acts as a molecular timer that drives CPS biogenesis (38). Wzc is a two-membrane pass
protein, where residues 1-30 and 448-722 are located in the cytoplasm and residues
51-427 are located in the periplasm. Only Wzcq3gsk is located in the periplasmic region
in motif 3 (Fig. 3). Deleting motif 3 in structural studies of E. coli Wzc resulted in the
loss of CPS production, with neither loss of octamerization nor loss of autokinase activity
(23). Therefore, it is thought that motif 3 interfaces with Wza. The remaining point
mutations are located in the C-terminal cytoplasmic region responsible for autokinase
activity. Three Wzcgsg9 mutations were identified (G > C, G > V, and G > D) (Fig. 3).
Wzcgsgg is located on a4 and is adjacent to Wzcysyq, which is the active residue that
autophosphorylates the poly-tyrosine C-terminus. Wzcpgags is located in the Walker B
motif involved in ATP binding in the active site (Fig. 3) (39). The alanine insertion after
residue 526 is eight residues up-stream of a Walker A motif on the end of a2 (Fig. 3), a
region shown to stabilize Mg**-ATP binding (40).

Tn:mucoid* strains impact sedimentation resistance and increase cell-free
EPS levels

We selected at least one Tn:mucoid™* isolate representative of each of the six Wzc point
mutations. We prioritized mutants based on whether they had a partner Tn:mucoid""
strain and if we had high confidence about their Wzc genotype based on sequencing
results. All Tn:mucoid® isolates resisted sedimentation in both LB and urine relative to
wild-type KPPR1 and/or their Tn:mucoid"" strain, except for Tn:mucoid* strains encoding
Wzcqsgsk (Fig. 4A and C). Similarly, the six Wzc mutations reduced cell-associated CPS
and increased cell-free EPS production relative to wild-type KPPR1 and/or their
Tn:mucoid"" strain in LB medium (Fig. 4B). Urine contains high levels of uronidated
molecules, which prohibit quantifying cell-free EPS. To quantify cell-associated CPS, 1
ODggo unit of bacteria cultured in urine was pelleted and washed with PBS prior to
quantifying cell-associated uronic acid content. Again, the six Wzc mutations reduced
cell-associated CPS relative to wild-type KPPR1 and/or their Tn:mucoid"" strain (Fig. 4D).
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FIG 3 Model of K. pneumoniae control of capsule biosynthesis and mucoidy. Wzc is an inner membrane tyrosine kinase that regulates capsule (CPS) biosynthesis

and extrusion. (A) When cultured in LB medium, K. pneumoniae KPPR1 presents as hypermucoid, which resists sedimentation. In this condition, three distinct

cell-associated CPS species with different chain length properties are detected. Type A is a broad band with diverse chain lengths. Type B is a narrow

band representing consistent chain lengths; this is the species also found as cell-free EPS. Type C is an ultra-high molecular weight CPS species. (B) Urine

down-regulates rmpD transcription and results in lower mucoidy. Culturing K. pneumoniae in urine results in tightly cell-associated type A CPS production. (C) Six

Wzc variants were identified here that overcome urine-induced mucoidy suppression independent of RmpD. The Wzc mutations are marked with a red star,

where the dark ovals represent Walker A and B motifs. Wzcq3gsk is localized to the periplasmic motif 3, predicted to interact with the Wza outer membrane

protein. Wzcgseo is adjacent to the active site tyrosine. Wzcpgaes is located in the active site Walker B motif. Wzcsoginsa is located eight residues up-stream of the

active site Walker A motif. All mutations result in constitutive production of type B CPS and copious secretion of type B CPS into the supernatant as cell-free EPS.

All mutations, except Wzcq3osk, also increase production of cell-associate type C CPS, particularly in urine.

Since the Wzcqzosk strains exhibited a different sedimentation resistance phenotype
from the other Wzc mutant strains, we assayed two Tn:mucoid* lineages, yraO (1 F2 and
1F29) and VK055_2345 (7 C9). Both isolates encoding Wzcq3gs5k exhibited reduced
sedimentation resistance despite overt tackiness of the colonies and viscosity of the
cultures (Fig. 4). Furthermore, both Wzcq3gsk isolates primarily produce cell-free EPS, not
cell-associated CPS. It is possible that the lack of cell-associated CPS in Wzcq395k causes
these strains to appear visibly mucoid (viscous) but sediment well. Previous work has
shown that some amount of cell-associated CPS is required for mucoidy to be apparent
in the sedimentation assay (18, 19). To ensure that the dramatic changes in mucoidy and
uronic acid production of yraO and yraO-Wzcq3gsk were not interfering with ODggg
measurement, we verified that the ODggg of each strain is representative of a similar
number of CFU/mL compared to KPPR1 (Fig. S1).
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FIG 4 Tn:mucoid" strains impact sedimentation resistance and EPS production. K. pneumoniae strain KPPR1 Tn:mucoid* or Tn:mucoid"" strains were cultured
in (A and B) LB medium or (C and D) sterile-filtered human urine. The transposon (Tn) insertion site is listed on the X-axis along with the Wzc variant listed
below (WT = wild type). (A and C) Mucoidy was determined by quantifying the supernatant ODggg after sedimenting 1 ODggg unit of culture at 1,000 x g for
5 min. (B) The uronic acid content of the total culture or supernatant (light gray, right) was quantified and normalized to the ODggg of the overnight culture.
The cell-associated CPS (dark gray, left) was deduced by subtracting the cell-free uronic acid content (EPS) from the total culture uronic acid content. (D) Urine
contains high levels of uronic acid-conjugated molecules. To eliminate this background signal, 1 ODggg unit of bacteria was washed in sterile PBS, and then the
cell-associated uronic acid content was quantified. Data presented are the mean, and error bars represent the standard error of the mean. Statistical significance
was determined using two-way ANOVA with a Bonferroni post-test to compare specific groups. *P < 0.0332; **P < 0.0021; ***P < 0.0002; *P < 0.0001. Experiments

were performed >3 independent times, in triplicate.

Wzc mutations are sufficient to increase sedimentation resistance in wild-
type KPPR1

Since it became clear that the transposon insertion sites may also impact sedimenta-
tion resistance and CPS production (e.g., yraO) (Fig. 4), we developed a system to
discretely examine Wzc variant behavior. Loss of wzc results in periplasmic accumulation
of CPS intermediates. Previous work has shown that similar wza and wzy mutants that
accumulate CPS in the periplasm have broad cell envelope defects in addition to CPS
loss (41). Therefore, we left the native wzc locus intact and introduced the Wzc variants
on a pBAD18 plasmid under an arabinose-inducible promoter. The concentration of
L-arabinose (50 mM) used in these experiments does not affect KPPR1 growth (Fig.
S5). Except for Wzcsoginsa, Over-expressing each Wzc variant significantly increased
sedimentation resistance compared to over-expressing wild-type Wzc (range = 2.6- to
3.0-fold) (Fig. 5A). This indicates that the altered activity of variant Wzc proteins affects
sedimentation resistance, even with an endogenous copy of wild-type Wzc. However,
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most point mutations did not increase CPS or cell-free EPS production, except for
Wzcgsg9c modestly increasing CPS (1.4-fold) and cell-free EPS (1.6-fold) (Fig. 5B). This
suggests that the increased sedimentation resistance is not caused by cell-free EPS but
some other effect of the Wzc variant proteins.

To ensure the rigor of these key results, wild type and the six Wzc variants were
expressed in trans under the native wzi promoter using pACYC184Atet in wild-type
KPPR1 (19). Episomal expression of all six Wzc variants under the control of the native
promoter also significantly increased sedimentation resistance compared to wild-type
Wzc (range = 2.6- to 2.9-fold) (Fig. 6A). Furthermore, similar to the Tn:mucoid* isolates
(Fig. 4B), all six Wzc variants significantly reduced cell-associated CPS (range = 0.22- to
0.012-fold) and increased cell-free EPS compared to wild-type Wzc (range = 3.0- to 7.6-
fold) (Fig. 6B).

Wzc mutations are sufficient to increase sedimentation resistance in some
rmpD-negative clinical UTl isolates

We then examined if the defined Wzc mutations are sufficient to increase sedimentation
resistance in three clinical UTI isolates, which do not encode RmpD (Fig. 5C through J).
pBAD18 vectors carrying wild-type wzc or the six variants were transformed into 616 (K.
variicola), 714 (K. pneumoniae), and 1346 (K. quasipneumoniae). We were surprised to
observe that over-expressing Wzcgsgoc, Wzcgseoy, and Wzcgsgop in trans is sufficient to
increase sedimentation resistance in Kv-616 and Kp-714; Wzcpgsgs is also sufficient to
increase sedimentation resistance in Kp-714 (Fig. 5C and E). In Kv-616, the Wzc variant-
driven increase in sedimentation resistance was not associated with significant changes
in CPS or cell-free EPS uronic acid content (Fig. 5D). Some of the Wzc variant-driven
increases in sedimentation resistance in Kp-714 correlated with small decreases in CPS or
small increases in cell-free EPS (Fig. 5F). Wzc variants did not significantly boost sedimen-
tation resistance or EPS production in strain 1346 (Fig. 51 through J).

We translated the Wzc ORF from each strain and aligned the Wzc amino acid sequen-
ces from KPPR1, 616, 714, and 1346 using Clustal O (Fig. S6). Note that we were unable to
retrieve the first 76 residues in the 714 Wzc sequence, likely due to a gap in sequencing
coverage. All three strains encoded the wild-type residue for each tested variant (i.e.,
Q395, E525, G569, and P646). The pairwise identities between KPPR1 Wzc and each strain
were as follows: 616 = 62.43%, 714 = 63.81%, and 1346 = 51.24%. We speculate that the
native Wzc sequence or related interfacing proteins also contribute to whether a Wzc
variant will induce mucoidy, but at this time, it is unclear what those sequence determi-
nants are.

Wzc mutations are sufficient to increase sedimentation resistance independ-
ent of RmpD in KPPR1

Since some Wzc variants were sufficient to increase mucoidy in classical strains lacking
the rmp locus, we hypothesized that they may also be sufficient to increase mucoidy in
KPPR1 ArmpD. Since ArmpD has a kanamycin-resistance marker, the chloramphenicol-
resistant pACYC184-derived Pwzi-wzc constructs were used. Episomal expression of all
six Wzc variants under the control of the native promoter significantly increased
sedimentation resistance compared to wild-type Wzc (range = 12.4- to 15.5-fold) (Fig.
6C). Furthermore, four Wzc variants significantly reduced cell-associated CPS (range =
0.42- to 0.68-fold) and increased cell-free EPS compared to wild-type Wzc (range = 2.1- to
2.6-fold) (Fig. 6D). Together, the data in Fig. 5 and 6 demonstrate that specific Wzc
variants are sufficient to increase sedimentation resistance regardless of if a strain
encodes rmpD or not.

Wzc phosphorylation state is altered by some Wzc variants but not in urine

Wzc possesses autokinase function and coordinates CPS polymerization and extrusion.
Since the Wzc variants function downstream of RmpD activity to control Klebsiella
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FIG 5 Inducing the expression of episomal Wzc variants with L-arabinose increases sedimentation resistance in hypervirulent and classical Klebsiella strains.
Wild-type Wzc and six mutants were expressed with the pBAD18 arabinose-inducible promoter in wild-type KPPR1 (A and B), K. variicola (Kv) 616 (C and D), K.
pneumoniae (Kp) 714 (E and F), or K. quasipneumoniae (Kqp) 1346 (G and H). Empty vector (EV) was used as a negative control. The strains were cultured in LB
medium containing 50 mM L-arabinose and kanamycin. (A, C, E and G) Mucoidy was determined by quantifying the supernatant ODgqq after sedimenting 1
ODggg unit of culture at 1,000 x g for 5 min. (B, D, F and H) Uronic acid content of the total culture or supernatant was quantified and normalized to the ODggg
of the overnight culture. The cell-associated CPS was deduced by subtracting the cell-free uronic acid content (EPS) from the total culture uronic acid content.
Data presented are the mean, and error bars represent the standard error of the mean. Statistical significance was determined using two-way ANOVA with a
Bonferroni post-test to compare specific groups. *P < 0.0332; **P < 0.021; ***P < 0.0002; “P < 0.0001. Experiments were performed >3 independent times, in
triplicate.

mucoidy, we next evaluated the effect of urine and the identified Wzc variants on these
three activities. We hypothesized that Wzc variants oppose the effect of urine on Wzc
phospho-status, CPS polymerization, and/or CPS secretion.

To examine the effect of urine or the identified Wzc variants on Wzc phosphorylation
status, whole-cell lysates were separated by SDS-PAGE and their phospho-tyrosine (Y-P)
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FIG 6 Episomal Wzc variants under native promoter control increase sedimentation resistance in KPPR1 wild type and rmpD. Wild-type Wzc and six mutants

were expressed with the wzi promoter from pACYC184 in KPPR1 (A and B) WT and (C and D) rmpD. Empty vector (EV) was used as a negative control. The strains

were cultured in LB medium. (A and C) Mucoidy was determined by quantifying the supernatant ODgqg after sedimenting 1 ODggg unit of culture at 1,000 x g for

5 min. (B and D) Uronic acid content of the total culture or supernatant was quantified and normalized to the ODgq of the overnight culture. The cell-associated

CPS was deduced by subtracting the cell-free uronic acid content (EPS) from the total culture uronic acid content. Data presented are the mean, and error bars

represent the standard error of the mean. Statistical significance was determined using two-way ANOVA with a Bonferroni post-test to compare specific groups.
*P < 0.0332; **P < 0.021; ***P < 0.0002; *P < 0.0001. Experiments were performed >3 independent times, in triplicate.

profiles were probed by western blot. As expected, we observed Wzc Y-P at 80 kDa with
anti-phosphotyrosine antibody (PY20) (Fig. 7A and B). The 80 kDa band was confirmed to
be Wzc Y-P by inducing expression of Wzc-Hisg (C-terminal) with L-arabinose; anti-Hisg
antibodies detected Wzc-Hisg at 80 kDa (Fig. 7B). We observed that Wzc-Y-P abundance is
unchanged when KPPR1 is cultured in LB medium versus sterile-filtered urine (Fig. 7A
and C). We then probed Wzc Y-P abundance wild-type KPPR1 carrying pBAD18 empty
vector (EV), WT, and each of the six Wzc mutations with PY20. All Wzc variants decrease
Wzc Y-P abundance compared to Wzcyy, except Wzcq3gsk (periplasmic) Y-P abundance
remains similar to Wzcy (Fig. 7B and D). All pBAD18 vectors over-expressing Wzc-Hisg
variants exhibited increased sedimentation resistance compared to wild type, except for
WzCso6insa (Fig. S7). The Tnimucoid”™ and Tn:mucoid* isolates were also probed for
changes in Wzc phosphorylation status, although we were unable to monitor total Wzc
levels as the Wzc protein is not His-tagged in these strains (Fig. S8). In this genetic system
with chromosomal Wzc variants, the yraO-Wzcq3gsk isolate was the only strain that
significantly increased Wzc Y-P abundance; however, all G569 variants trended toward
reduced Wzc Y-P abundance (Fig. S8). Recall that despite appearing mucoid, yraO-
Wzcq3g5K exhibited reduced sedimentation resistance and distributed all EPS into the
culture supernatant (Fig. 4A and B). All transposon strains encoding Wzcgsgg variants also
appeared mucoid and exhibited increased sedimentation resistance; although they
released most EPS into the culture supernatant, some were retained as cell-associated
CPS (Fig. 4A and B).
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FIG 7 Wzc phosphorylation status in urine and with Wzc variant expression. (A) Wild-type KPPR1 was cultured in LB medium or sterile, pooled human urine.

Whole cell lysates were resolved by SDS-PAGE, transferred to nitrocellulose, and then probed with anti-phosphotyrosine antibody (a-P-Y, PY20). Membranes
were stripped and re-probed with anti-GAPDH (a-GAPDH, GA1R). (B) KPPR1 transformed with Hisg-tagged Wzc (WT, Q395K, 526i,sa, G569C, G569V, G569D,
P646S), or empty vector (EV) pBAD18 was cultured in LB medium containing kanamycin with (+) and without (-) 50 mM L-arabinose. The whole cell lysates were

similarly analyzed by western blot using a-P-Y, anti-Hise (a-Hise, SB194b), or a-GAPDH antibodies, as in panel A. The vertical gray line demarks samples run on

different gels. (C) The Wzc-Y-P bands in panel A were quantified in ImageJ and normalized to GAPDH band intensity. No significant difference was detected by

an unpaired t-test. (D) The Wzc-Y-P bands in panel B were quantified in ImageJ and normalized to GAPDH band intensity. Normalized Wzc-Y-P in each mutant

was divided by the normalized Wzc-Y-P of Wzc"" within each blot. A one-way ANOVA with a Bonferroni post-test was used to determine if each mean was

significantly different from 1.0 (WT), where *P < 0.0332; **P < 0.0021; ***P < 0.0002. Representative images are shown in panels A and B, and data presented in

panels C and D represent the mean of >3 independent experiments with error bars representing the standard error of the mean.

Wzc variants overcome urine-induced changes in extracellular polysacchar-
ide chain length and localization

To examine the effect of urine or the identified Wzc variants on extracellular polysacchar-
ide localization and chain length, purified extracellular polysaccharides were visualized
using gel electrophoresis and polysaccharide staining. The strains interrogated included
wild-type KPPR1 and all Tn:mucoid* strains with cognate Tn:mucoid"" strains. Cell-associ-
ated CPS and cell-free EPS were isolated from each strain after they were cultured in LB
or urine. The purified cell-associated CPS and cell-free EPS samples were separated by
SDS-PAGE and visualized using alcian blue then silver stain.

When cultured in LB medium, wild-type KPPR1 cell-associated CPS has three distinct
polysaccharide bands, representing three types of polysaccharide chain lengths. The
“type A” polysaccharides represent diverse mid- to high-molecular-weight chains.
The “type B” polysaccharides represent uniform, high-molecular-weight polysacchar-
ide chains. The “type C” polysaccharides represent diffuse ultra-high-molecular-weight
chains, retained at the top of the gel (Fig. 8A). When wild-type KPPR1 is cultured in
urine, the uniform type B polysaccharide chains are absent from the CPS; instead, the
CPS appears to be composed of primarily diverse type A polysaccharide, along with
some ultra-high-molecular-weight type C polysaccharide (Fig. 8A). These chain length
changes observed in LB medium versus urine are recapitulated in all Tn:mucoid""
strains (Fig. 8A). However, when cultured in LB medium, all Tn:mucoid* strains lose the
diverse type A polysaccharide chains and primarily produce the uniform band type B
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polysaccharides in their capsules (Fig. 8A). Unlike wild-type KPPR1 or Tn:mucoid"" strains,
all Tn:mucoid® strains resist urine-induced production of diverse type A polysaccharide
chains and continue to produce the narrow type B capsular polysaccharides in urine
(Fig. 8A). Furthermore, culturing the Tn:mucoid® isolates with Wzcs5ginsa, Wzcgsgoy, and
Wzcpgags variants in urine enhanced production of the ultra-high-molecular-weight type
C capsular polysaccharides, but this is not observed in the Tn:mucoid* Wzcqzgsk isolate
(Fig. 8A).

We then examined the properties of cell-free EPS isolated from these same strains
cultured in LB medium or urine. Neither the diverse type A nor the ultra-high-molecular-
weight type C polysaccharides are released into the culture supernatant in any strains
when cultured in LB medium or urine, indicating that type A and C polysaccharides are
tightly associated with the bacterial cell surface (Fig. 8B). Therefore, when cultured in LB
medium, the cell-free EPS isolated from wild-type KPPR1 or Tn:mucoid"" strains com-
prised uniform type B polysaccharide chains (Fig. 8B). However, when wild-type KPPR1 or
the Tn:mucoid"” strains are cultured in urine, all cell-free EPS is absent (Fig. 8B). This loss
of type B polysaccharides from the cell-free EPS is not observed in the Tn:mucoid® strains.
All Tn:mucoid® strains produce uniform type B polysaccharide chains in cell-free EPS
isolated from both LB medium and urine, although the abundance is diminished in urine
compared to LB (Fig. 8B). In both LB medium and urine, the release of the uniform type B
polysaccharides into the culture supernatant is increased in Tn:mucoid* compared to
Tn:mucoid"” strains.

Combined, these data support a model where urine coordinately increases K.
pneumoniae cell-associated CPS type A chains, diminishes production of type B and C
polysaccharide chains, and increases CPS association with the cell surface (Fig. 3A and B).
The Wzc variants, identified to overcome urine-mediated suppression of sedimentation
resistance, circumvent these effects of urine by shifting almost all synthesized extracellu-
lar polysaccharides to the uniform type B chain length and reducing attachment to the
cell surface (Fig. 3C). Notably, Wzcsy6insa, WzCgseoy, and Wzcpgass variants enhance
production of the ultra-high-molecular-weight type C capsular polysaccharide in urine,
but the Wzcqszgsk variant does not. Although Wzcq3gsk, WzCsoginsa: WzCgsegy, and
Wzcpeags variants all appear visibly mucoid on solid growth medium, the Wzcqzgsk
variant does not exhibit increased sedimentation resistance like these other isolates (Fig.
4). Finally, in Fig. 5, we observed increased sedimentation resistance in some strains that
did not produce increased cell-free EPS production. Therefore, we posit that the mucoid
phenotype is primarily driven by the cell-associated ultra-high-molecular-weight type C
polysaccharide chains present in K. pneumoniae CPS.

Tn:mucoid® strains evade association with bone marrow-derived macro-
phages

To examine how altered CPS chain length and sedimentation resistance could affect
interactions with the host, we quantified how well Tn:mucoid"" versus Tn:mucoid* strains
were bound by immortalized bone marrow-derived macrophages from Mus musculus
(iBMDMs, BEI #NR-9456). Generally, we found that Tn:mucoid* bacteria did not associate
as well with iBMDMs compared to wild-type KPPR1 or their Tn:mucoid"" counterpart (Fig.
9). These data indicate that acquiring Wzc variants, which increase sedimentation
resistance, primarily produce “type B” polysaccharide chains, and reduce cell-surface CPS
attachment, can reduce bacterial binding and internalization by host immune cells.

DISCUSSION

Here, we have found that K. pneumoniae species complex strains, including some that do
not encode rmpADC, are less mucoid when cultured in human urine versus LB medium
(Fig. TA). However, CPS abundance is sustained or enhanced in urine (Fig. 1B). Recent
work has shown that RmpD boosts mucoidy by controlling CPS chain length via Wzc
interaction (18, 20). We observed that urine down-regulates the rmpADC locus compared
to LB medium (Fig. 1D), suggesting that the effect of urine on mucoidy is likely due to
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FIG 8 Cell-associated and cell-free extracellular polysaccharide profiles in urine and Wzc variants. Wild-type (WT) K. pneumoniae strain KPPR1 or derived

Tn:mucoid”" and Tn:mucoid® strains were cultured in LB medium or sterile-filtered human urine (UR). The Tn insertion site and Wzc variant are reported above

each lane. (A) Cell-associated capsule (CPS) and (B) cell-free extracellular polysaccharide (EPS) were purified from bacterial strains cultured in each condition

and resolved on a 4%-15% SDS-PAGE gel. Polysaccharides were stained with alcian blue and then enhanced with a silver stain. Three distinct polysaccharide

species were detected: diverse, mid- to high-molecular-weight chains (type A); uniform, high-molecular-weight polysaccharide chains (type A); and diffuse,

ultra-high-molecular-weight chains (type C). Representative images are shown of >3 independent experiments.

decreased RmpD activity. We then screened a transposon library to identify genetic
factors that could overcome urine-mediated suppression of mucoidy. Perplexingly,
isolates with the same transposon insertion site exhibited different mucoid phenotypes.
Whole-genome sequencing revealed that every isolate with increased mucoidy had a
secondary mutation in the CPS biosynthetic gene, wzc. The six Wzc variants identified
were located in the periplasm (Q395K), cytoplasm (526insA), and active site (G569C,
G569V, G569D, and P6465) (Fig. 3).

With some exceptions, these Wzc variants increased sedimentation resistance in LB
medium and urine and increased cell-free EPS (Fig. 4). We were unable to make targeted
wzc knock-out or point mutant strains without observing secondary mutations. Similar
challenges with genetically manipulating this ORF have been reported by other groups
(26, 42). Therefore, we validated our findings using isogenic transposon mutant pairs
with Wzc wild type versus variant alleles plus two plasmid-based systems: (i) arabinose
induction from pBAD18 and (ii) native promoter control from pACYC184. Each system
has its limitations, but when considered in combination, they provide compelling
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FIG 9 Tn:mucoid® strains block bacterial association with immortalized bone marrow-derived
macrophages (iBMDM). The ability of wild-type (WT) K. pneumoniae strain KPPR1 or derived Tn:mucoid""
and Tn:mucoid” strains to associate with iBMDM cells from Mus musculus was evaluated. Data presented
are the mean, and error bars represent the standard error of the mean. Statistical significance was
determined using two-way ANOVA with a Bonferroni post-test to compare specific groups. *P < 0.0332;
**P < 0.021; ***P < 0.0002; *P < 0.0001. Experiments were performed >3 independent times, in triplicate.

evidence that the identified Wzc variants counteract urine-mediated mucoidy suppres-
sion by regulating CPS chain length independent of RmpD.

Certain Wzc variants were sufficient to increase mucoidy in wild-type KPPR1
(encoding rmpD) and two classical Klebsiella UTl isolates (lacking rmpD) when expression
was induced with L-arabinose from the pBAD18 plasmid (Fig. 5). Increased sedimentation
resistance due to pBAD18 over-expression of Wzc variants did not increase cell-free
EPS in KPPR1 or 616 (Fig. 5). Furthermore, all Wzc variants were sufficient to increase
sedimentation resistance in wild-type and ArmpD KPPR1 when expressed under the
native promoter on pACYC184 (Fig. 6). Together, these data indicate that naturally
acquired Wzc variants can increase mucoidy independently of rmpD in both hyperviru-
lent and classical Klebsiella strains.

Although urine and the Q395K variant do not affect Wzc phospho-status, the four
active site mutations all decreased Wzc phospho-status; 526i,sa only decreased Wzc
phosopho-status when expressed from pBAD18 (Fig. 7; Fig. S8). Notably, in comparison
to LB medium, culturing wild-type KPPR1 in urine dramatically increased cell-associated
CPS chain length diversity and inhibited the release of EPS into the supernatant (Fig. 3
and 8). All Wzc variants induced constitutive production of a uniform “type B” polysac-
charide in both LB medium and urine. Moreover, all variants enhanced the release of
“type B” polysaccharides into the culture supernatant, even in urine (Fig. 3 and 8). All Wzc
variants, except Q395K, also enhanced production of a cell-associated ultra-high-molecu-
lar “type C”" polysaccharide, particularly in urine (Fig. 3 and 8). All Wzc variants reduced
the ability of iBMDMs to bind and internalize the bacteria (Fig. 9).

In the context of a UTI, we propose that our data support the following working
model. Upon entering the bladder, the signals present in urine suppress rmpD expres-
sion, increasing CPS chain length diversity and cell-surface attachment by directly
modulating Wzc activity. How context-dependent control of CPS attachment versus
release impact K. pneumoniae fitness remains undefined. Analogous regulated release
of CPS in response to the host has been reported for Streptococcus pneumoniae (43,
44). Based on published data, non-mucoid K. pneumoniae adhere better to host cells,
including bladder epithelial cells (19, 26). This is likely due to increased exposure of
type 1 (fim) and type 3 (mrk) fimbriae on the bacterial surface, which are critical for
establishing K. pneumoniae UTI (45-49). We propose that binding of K. pneumoniae
to bladder epithelial cells is critical for establishing and persisting during UTI, akin to
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uropathogenic E. coli (50, 51). However, increased mucoidy blocks binding and internali-
zation by host immune cells, such as macrophages. Therefore, we posit that spontaneous
Wzc variants that emerge during infection could represent an invasive sub-population
capable of resisting host defenses in the bloodstream or organs (52). This is supported
by evidence that rmpD-negative ST258 isolates from human bloodstream infections
have been identified, which exhibit increased mucoidy, encode Wzc variants, and escape
phagocytosis (26).

To the best of our knowledge, this is the first example of K. pneumoniae modulating
CPS chain length in response to human cues. The precise input signals controlling
CPS chain length and cell-surface attachment remain to be defined. We hypothesize
that a variety of signals may be integrated by the bacteria to fine-tune extracellular
polysaccharide chain length and localization, thus improving fitness in distinct niches
within the host or environment. Previous studies have demonstrated that Acinetobacter
baumannii regulates EPS abundance and mucoidy in response to antibiotics and that
Streptococcus pneumoniae regulates CPS chain length in response to polysaccharide
pre-cursors, UDP-Glc and UDP-GIcA (42, 53). In K. pneumoniae, others have recently
reported that L-fucose boosts sedimentation resistance independent of CPS abundance,
and we have noted here that L-arabinose suppresses sedimentation resistance inde-
pendent of CPS abundance, although the effects of these conditions on CPS chain length
and attachment have not yet been determined (54). Therefore, it is possible that multiple
exogenous signals could modulate intracellular levels of CPS pre-cursors to regulate CPS
chain length in K. pneumoniae.

Data presented here, however, demonstrate an alternative route for K. pneumoniae
to alter surface-exposed polysaccharide chain length and localization. It seems that a
sub-population encoding Wzc variants supports constitutive K. pneumoniae mucoidy
regardless of environmental cues. A few studies have identified Wzc mutations that
increase mucoidy in K. pneumoniae and A. baumannii (26, 42, 55, 56). Wzc mutations
reported in A. baumannii increased mucoidy, increased production of higher molecu-
lar weight EPS, and were typically associated with reduced Wzc-Y-P abundance (42).
However, some of the reported mutants did not reduce Wzc-Y-P, akin to what we have
observed with Wzcq3gsx and Wzcspginsa in K. pneumoniae (Fig. 7). Other studies have
identified Wzc variants in K. pneumoniae, but none examined the impact on tyrosine
phosphorylation. One study did observe a similar shift to what we call “type B” polysac-
charide production in a primary ST11 clinical isolate with a C-terminal Wzc mutation (56),
while another did not observe this shift in KPPR1S (20). We believe that the latter study
did not observe enhanced type B polysaccharide in KPPR1S possibly due to examining
combined CPS and EPS, along with high levels of RmpD expression in the experimental
conditions and co-expression of Wzcyt and Wzcgsgos (20). Others have reported that
Wzc mutations increased visible colony mucoidy and total EPS in rmp-negative strains
(26), while another study found that Wzc mutations increased sedimentation resistance,
but not EPS, in both rmp-negative and rmp-positive strains, including a K. variicola isolate
(55). Finally, another group isolated both WzcWT and Wzc variant-encoding rmp-posi-
tive strains from patients infected with CR-Kp; the strains containing Wzc variants had
increased sedimentation resistance and thicker capsules based on EM imaging (56).
Repeated isolation of Wzc variants under static culture conditions and from patient
samples suggests that they may frequently arise within a population of bacteria and
may expand when external conditions favor their unique properties, e.g., blocking
phagocytosis (55). The observations made here, and by other groups (26, 55, 56), should
serve as a warning that antibiotic-resistant, classical K. pneumoniae strains also harbor
the potential to acquire the virulence-associated hypermucoid state by incorporating
single-point mutations in Wzc.

How these Wzc variants change CPS chain length and cell-surface attachment, and
how this alters mucoidy, remain to be defined. Wzc is often described as a molecular
timer (38). In this process, de-phosphorylated Wzc monomers oligomerize and then
phosphorylate the poly-tyrosine tail of the adjacent monomer (39). Once a critical
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capacity of Wzc phosphorylation is reached, the oligomer dissociates (23). This allows
Wzb to de-phosphorylate Wzc and reinitiates the cycle, i.e., resets the timer (38, 57).
The periodicity of Wzc oligomerization and dissociation controls CPS polymerization
and secretion (23); our data suggest that it may also affect cell-surface anchoring. The
Wzc variants identified here appear to not affect the total abundance of CPS by uronic
acid quantification but rather alter the interval at which Wzc regulates the growing
polysaccharide chain length.

While some identified Wzc variants reduce autophosphorylation status, not all do.
Nonetheless, all identified Wzc variants eliminate the diverse type A polysaccharides
and increase synthesis and release of uniform type B polysaccharides into the culture
supernatant. Furthermore, Wzcs6insa, WzCgs69v, and Wzcpgaes, but not Wzcq3gsk, boost
production of ultra-high-molecular-weight type C CPS. Wzcqzgsk is notably the one Wzc
variant that appears mucoid on solid medium yet has low sedimentation resistance
(Fig. 4). Therefore, we propose that these Wzc variants all exert a similar impact on
Wzc periodicity, some of which may be due to altered kinase/phosphatase dynamics
but could also be due to altered active site dynamics, multimerization, or interactions
with other binding partners (38). Furthermore, even though Wzc variants often increase
release of CPS from the cell surface, we propose that mucoidy is driven by changes in
the properties of cell-associated CPS (likely type C chains) since we observed increased
mucoidy without increased CPS release in the pBAD18-overexpression system (Fig. 5).

In summary, our data support a model where K. pneumoniae regulates mucoidy in
response to environmental cues and implicate Wzc-dependent changes in CPS chain
length in controlling K. pneumoniae mucoidy. Our data have shown that Wzc acts
downstream of RmpD to regulate mucoidy and does not necessarily increase CPS
abundance. Conditions reported to increase mucoidy without increasing CPS abundance
could be attributed to changes in CPS polymerization, which are not detected in bulk
uronic acid quantification assays. Therefore, Wzc represents the lynchpin linking CPS
biosynthesis and mucoidy.

MATERIALS AND METHODS
Bacterial strains and culture conditions

All primers, strains, and plasmids described in these studies are detailed in Tables S1 and
S2. Bacteria were cultured in lysogeny broth (5 g/L yeast extract, 10 g/L tryptone, 0.5 g/L
NaCl) at 200 rpm and 37°C unless otherwise noted. Solid medium was prepared by the
addition of 20 g/L bacto-agar prior to autoclaving. When appropriate, antibiotics were
added at the following concentrations: kanamycin (25 pg/mL), ampicillin (100 pg/mL),
and chloramphenicol (20 pg/mL E. coli or 80 pg/mL K. pneumoniae). Human urine was
collected anonymously from healthy women who were neither menstruating, pregnant,
nor within 2 wk of antibiotic treatment. Urine was pooled from at least five independent
donors and vacuum filtered and sterilized through 0.2 pm PES membrane. Sterilized
urine was stored in 50 mL aliquots at —20°C, and working volumes were stored at 4°C.
Solid urine medium was made by mixing warmed urine 1:1 with autoclaved bacto-agar
(30 g/L) and then poured into Petri dishes.

Uronic acid quantification

For experiments where bacteria were cultured in urine, 1 ODgpg of bacteria was
transferred to a microcentrifuge tube and pelleted at 21,000 X g for 15 min. The bacterial
pellet was washed with 1 mL of PBS and centrifuged at 21,000 x g for 15 min. The
washed cells were resuspended to 250 pL PBS, then 50 pL of 3-14 Zwittergent was
added, and uronic acid quantification was performed as previously described (19, 58).
For CPS quantification in all other media conditions, uronic acid quantification was
performed as previously described (19, 58). Cell-free EPS was quantified by mixing 250
pL of the overnight culture with 50 uL of ultra-pure water instead of 3-14 Zwittergent.
The culture was pelleted at 17,000 x g for 5 min, then 100 pL of the upper supernatant
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was transferred to 400 pL of cold ethanol to precipitate cell-free EPS, and uronic acid
quantification was performed as previously described. CPS uronic acid content was
deduced by subtracting the uronic acid levels in the whole culture from those in cell-free
EPS.

Sedimentation assay

Hypermucoviscosity was quantified using a sedimentation assay as previously descri-
bed (19). In brief, 1 ODggg unit of bacteria cultured overnight was pelleted in a 2-mL
microcentrifuge tube at 1,000 x g for 5 min. The ODggg of the supernatant was then
quantified. If experimental conditions resulted in an overnight ODggg <1 (e.g., urine), 1
ODgq of bacteria was transferred to a 2-mL microcentrifuge tube and pelleted at 21,000
x g for 15 min. All but 100 pL of the sample supernatant was removed, then the bacterial
pellet was resuspended to 1 mL with PBS, and sedimentation efficiency was assessed as
described above.

ODgqg to CFU correlation

Colony-forming units (CFUs) were evaluated by correcting the overnight bacterial
cultures to 2.0 and 0.2 OD gqg units. Then, the bacterial cultures were serially diluted
10-fold in a microplate and spot-plated on LB agar plates at 20°C for 14 h. CFUs were
counted and correlated with the ODggg units.

RNA isolation and quantitative RT-PCR

RT-PCR was performed as previously described with some modifications (59). In brief,
bacteria cultured overnight in LB medium were sub-culture 1:100 into LB medium or 1:50
into sterile human urine. The bacteria were cultured with aeration at 37°C, 200 RPM for
2 h. Then, approximately 1 x 10° CFU of bacteria were mixed at a 2:1 (vol:vol) ratio of
RNAProtect (Qiagen) and incubated at room temperature for 5 min. Samples were then
pelleted at 6,000 x g for 10 min, and the supernatant was drained.

RNA was purified with the RNeasy mini-prep kit (Qiagen) after lysozyme and
proteinase K treatment for 40 min at room temperature. Samples were subjected
to on-column DNase | treatment at room temperature for 20 min according to the
manufacturer’s directions, eluting twice with 30 uL of RNase-free water. cDNA synthe-
sis was performed with SuperScript Il Reverse Transcriptase (Invitrogen) on an equal
amount of RNA for each sample, roughly 3 pg total. The resulting cDNA was diluted
1:50 in water and utilized for real-time quantitative reverse transcription PCR (qRT-PCR)
in a QuantStudio 3 PCR system (Applied Biosystem) with SYBRGreen PowerUp reagent
(Invitrogen). Primers used to amplify internal fragments of CPS biosynthesis genes are
listed in Table S1. The gap2 transcript was used as an internal control. The relative fold
change was calculated using the comparative threshold cycle (Cy) method (60). PCR
amplification efficiency controls were performed for each primer set, and dissociation
curves were conducted to verify the amplification of a single product.

Transposon screen in urine

The screen was performed similar to what was previously reported (19). Microplates
containing the condensed, ordered library (total of 3,733 mutants) were thawed at room
temperature and replicated into 100 pL of sterile-filtered pooled human urine in round
bottom microplates. Plates were wrapped with plastic wrap to prevent evaporation and
incubated statically at 37°C for 18-19 h. The sedimentation assay was adapted to a
microplate format as follows. Plates were vortexed on low for 15 s, and then the total
ODgoo was recorded. Plates were centrifuged at 2,000 x g for 20 min, and then the
upper 50 pL of supernatant was transferred to a new microplate to measure the ODgqg.
Transposon mutants with a total ODggg more than two standard deviations from the
plate mean were discarded. Transposon mutants with a supernatant ODggo more than
two standard deviations from the plate mean were considered hits. The hits were struck
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onto urine agar, incubated at 37°C for 24 h, and then evaluated by string test. If a
transposon mutant had a colony stretch more than 5 mm, it was identified as a candidate
hit. To validate these candidates, three colonies of each transposon mutant were cultured
in 3 mL of sterile urine overnight at 37°C with aeration, and then the ODggg of 100 pL
of the total culture and culture supernatant was determined in a microplate before and
after centrifugation at 7,000 x g for 10 min. Colonies with a supernatant ODggq greater
than two standard deviations from the wild-type KPPR1 mean (0.0556) were considered
hits. In some instances, individual isolates were considered positive by string test as
colony heterogeneity was noted. Transposon clone IDs (Table 1) appended with a “g”
were not colony purified until after the 3 mL sedimentation assay.

Transposon site insertion validation

Bacterial lysates were used as genomic DNA template for PCR. Templates were prepared
by inoculating 100 pL nuclease-free water with bacterial colonies, boiling the samples
in the microwave for 1 min and then performing one freeze-thaw cycle. One microliter
of cell lysate was used as template for a 25-pL PCR reaction using Tag DNA Polymerase
with ThermoPol Buffer (NEB). For each mutant, one primer annealed to the transposon
sequence and one primer annealed to the genomic region adjacent to the predicted
transposon insertion site (Table S1). PCR amplification was confirmed on a 1% agarose

gel.

Whole-genome sequencing and analysis

Genomic DNA was purified from overnight cultures of each bacterial strain. One milliliter
of bacterial culture was pelleted at 15,000 x g for 15 min at 4°C, and then samples
were prepared according to the directions for the Wizard HMW DNA Extraction kit
for Gram-negative Bacteria (Promega). The University of Michigan Microbiome Core
quantified the genomic DNA samples, prepared the libraries using an Illlumina DNA
prep kit, and sequenced with a MiSeq Reagent Kit v3 (600-cycle). Sequence variants
were detected using the variation analysis pipeline on PATRIC with the K. pneumoniae
subsp. pneumoniae strain VK055 (RefSeq accession: NZ_CP009208.1; PATRIC Genome ID:
72407.38) as the target genome (35, 36). Parameters used were the BWA-mem Aligner
and FreeBayes SNP Caller.

wzc sequencing and analysis

Cell lysates were prepared as described above used as DNA template for PCR amplifica-
tion using Phusion polymerase (NEB) and oligonucleotides that anneal 150 bp outside
of wzc. For Sanger sequencing, PCR amplification was confirmed on a 1% agarose gel,
DNA fragments column purified (Epoch), and Sanger sequenced with nested primers. For
Oxford Nanopore sequencing, PCR amplification was confirmed on a 0.8% agarose gel,
and the wzc PCR product was cloned into a TOPO vector using high-fidelity blunt-end
TOPO Cloning (ThermoFisher). The TOPO vector with wzc insert was then transformed
into chemically competent TOP10 cells and plated on LB agar containing kanamycin
and X-gal (100 pg/mL). Plasmids were column purified (Epoch) and sequenced (Plasmid-
saurus or Primordium Labs). Point mutations were identified using ClustalW (MegAlign.
Version 15.3. DNASTAR. Madison, WI, USA) or multiple sequence alignment (Benchling.
Version 1.5.1. San Francisco, CA, USA).

Molecular cloning and transformation

Oligonucleotides and plasmids used in this study are listed in Tables S1 and S2. A
2 kb fragment encompassing 1 kb upstream and 1 kb downstream of the wzc stop
codon was TOPO-TA cloned into pCR2.1 (Invitrogen). Each Wzc point mutation was
introduced either by inverse PCR with overlapping mutagenic primers and self-ligation
or by inverse PCR with 5-phosphorylated, non-overlapping primers and T4 ligation. The
pBAD18 backbone, wzc 5’ fragment, and mutated wzc 3’ fragment were PCR amplified,
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gel purified (Monarch, NEB), and assembled using NEBuilder HiFi DNA Assembly mix
(NEB) for 1 h at 60°C (61). The ligated products were dialyzed on 0.025 um MCE
membranes (MilliporeSigma) against 10% glycerol prior to electroporation. A C-termi-
nal hexa-histidine tag was added to each pBAD18-Wzc vector with 5"-phosphorylated,
non-overlapping primers and T4 ligation. The integrity of each plasmid was confirmed by
sequencing.

Electroporation of vectors into TOP10 E. coli or K. pneumoniae complex strains was
performed as previously described (19). Insertional mutants were generated using A Red
recombineering adapted to K. pneumoniae as previously described (19, 62).

Genetic characterization of clinical UTl isolates and Wzc alignment

Raw sequence reads of 616 (SRA accession: SRR6653995), 664 (SRA accession:
SRR4115180), 714 (SRA accession: SRR4115178), and 1346 (SRA accession: SRR4115182)
from NCBI database were assembled using PATRIC (https://www.bv-brc.org). Assembled
sequences were uploaded to Pathogenwatch (https://pathogen.watch/) for species
identification.

The CPS biosynthetic locus of each of the above SRA-deposited genomes was
searched by BLAST using the highly conserved galF ORF from KPPR1. All ORFs in
the nucleotide sequence containing galF and the 9,000 bp of DNA downstream
were identified using the NCBI ORFfinder. The corresponding wzc ORF (approximately
2,100 bp) was confirmed by a BLAST search that confirmed the ORF to contain a tyrosine
kinase. The ORFs were translated and aligned using Clustal Omega. The alignment was
visualized using Jalview and Boxy SVG.

Western blot

Whole cell lysates were prepared from overnight cultures of each bacterial strain. One
milliliter of bacterial culture was pelleted at 21,000 x g for 15 min at 4°C, and samples
were kept on ice until they were boiled. Bacterial pellets were resuspended in 250 pL
of lysis buffer; lysis buffer was prepared fresh as follows: one cOmplete Mini, EDTA-free
Protease Inhibitor Cocktail tablet (Roche) and one PhosSTOP tablet (Roche) dissolved
in 7 mL BugBuster (MilliporeSigma). Each sample was sonicated in two, 5 s pulses
with 50% amplitude and 5 s rest between each pulse. If samples were viscous, lysed
cells were treated with nuclease for 1 h at 37°C. Nuclease was prepared fresh (4.9 mg
ribonuclease A [Worthington] and 1 mg deoxyribonuclease [Worthington] dissolved in
960 pL of 1 M Tris pH 7.5, 20 yL of 1 M CaCl,, and 20 pyL T M MgCl), and 12 pL was
added to 250 pL of lysate. Protein concentration was quantified by BCA assay (Pierce).
Samples were prepared at 1.4 pg/pL in 1x SDS loading buffer and boiled at 70°C for
3.5 min. In most instances, 14 pg of protein was resolved on 12% SDS-PAGE gels and
transferred to nitrocellulose. Membranes were blocked with 5% BSA in TBS overnight,
then washed with TBS-T, and probed with 1:2,500 mouse anti-phosphotyrosine PY20
(primary) or 1:5,000 mouse anti-His-Tag (primary) and then 1:5,000 goat anti-mouse
IgG (H + L)-HRP (secondary) (SouthernBiotech). Blots were developed with ECL Western
Blotting Substrate (Pierce) and imaged on a G:Box Imager (Syngene).

For any western blots involving samples cultured in urine, all samples were prepared
at 1 pg/pL, and each lane was loaded with 10 pg of protein.

Blot stripping and re-probing

Bound antibodies were stripped off the blots probed for phosphotyrosine or His-tag with
fresh mild stripping buffer for 10 min, twice. One liter of stripping buffer was prepared
by adding 15 g glycine, 1 g SDS, and 10 mL Tween-20 in water, and pH was adjusted to
2.2. Blots were then washed twice with PBS (10 min) and then twice with TBS-T (5 min
each). Stripped blots were re-probed with 1:2,500 anti-GAPDH loading control (primary)
antibody (Invitrogen) and 1:5,000 goat anti-mouse 1gG IgG (H + L)-HRP (secondary)
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(SouthernBiotech). Blots were developed with ECL Western Blotting Substrate (Pierce)
and imaged on a G:Box Imager (Syngene).

Western blot quantification

Western blots were quantified using ImageJ version 1.53 K for Windows. In brief, an
equal area of each band and GAPDH was measured, and then the lane background
was subtracted from each value. The background-subtracted value of each band was
normalized to its respective background-subtracted GAPDH value. The ratio of the
normalized value of each mutant to wild type was plotted. Quantification shown in the
graphs is the average of three independent replicates.

Growth curves

Bacterial strains were cultured at 200 rpm overnight in triplicate in 3 mL of LB medium in
a culture tube at 37°C. The bacteria were sub-cultured at a 1:1,000 dilution in 3 mL of LB
medium and grown at 37°C, 200 rpm for 6 h. The cultures were normalized to an ODggg
of 0.01 in LB medium, and then 100 pL was aliquoted into a microplate. One-hundred
microliters of uninoculated LB medium were placed in each edge well to eliminate edge
effects. A Cytation 5 (Biotek) was used to record the ODggq every 30 min for 12 h. Cultures
were incubated at 37°C with continuous, orbital shaking [282 cpm (3 mm)].

CPS chain length visualization

For cell-attached CPS, 1.5 ODggq of bacteria was transferred to a microcentrifuge tube
and pelleted at 21,000 x g for 15 min. The bacterial pellet was washed with 1 mL of PBS
and centrifuged at 21,000 x g for 15 min. The washed cells were resuspended to 250 pL
PBS, and then 50 pL of 3-14 Zwittergent was added and incubated at 50°C for 20 min.
Samples were then centrifuged at 17,000 x g for 5 min. One-hundred microliters of upper
supernatant were precipitated in 400 pL cold ethanol. For cell-free EPS, 1.5 ODgqg of
bacteria was directly centrifuged at 17,000 x g for 5 min, and 100 pL of supernatant was
precipitated with 400 pL of cold ethanol. Precipitated CPS or EPS was hydrated in 200 pL
water. Twenty microliters of cell-attached CPS or EPS sample (3:1, sample:4x loading dye)
and 15 pL of Precision Plus All Blue standard (Bio-Rad) were loaded on 4%-15% TGX
stain-free precast gel (Bio-Rad). The gel was run for 4.5 h at 300 V on ice at 4°C. After
electrophoresis, the gel was washed in 200 mL ultrapure water for 10 min, a total of five
times. It was then stained in 0.1% alcian blue stain (0.1% wt/vol ThermoFisher Alcian Blue
8 GX in stain base solution) for 1 h with rocking. Stain base solution was prepared as
40% ethanol and 60% 20 mM sodium acetate, pH 4.75. After staining, gel was de-stained
in stain base solution overnight with rocking. After background stain was sufficiently
minimized, the gel was stained using Pierce Silver Stain Kit (ThermoFisher) and imaged
on a Syngene G:box using the visible protein setting.

Macrophage association assays

Cell association assays were performed similar to previous work, with the following
modifications (19). Immortalized macrophage cells derived from wild-type mice (BEI
Resources #NR-9456) were maintained in DMEM medium with L-glutamine, 4.5 g/L
glucose and sodium pyruvate (Corning) supplemented with 10% heat-inactivated fetal
calf serum (Corning), 100 U/mL penicillin, and 100 pg/mL streptomycin in an atmosphere
of 5% CO,. Confluent cells (~3 x 10° cells/well) in 24-well tissue culture dishes were
washed with 1 mL of PBS, and then 1T mL of 3 x 10° CFU/mL bacteria (MOI 10) in
additive-free DMEM was added to each well. Samples were spun at 500 rpm (54 x g)
for 5 min and then incubated at 37°C, 5% CO, for 2 h, followed by an incubation at 4°C
for 1 h. Samples were washed three times with PBS and then lysed with 1T mL of 0.2%
Triton-X100 in PBS for 5 min. Input and cell-associated bacterial counts were determined
by serial dilution and CFU enumeration on LB agar.
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Statistics

All replicates represent biological replicates and were replicated at least three times. All
statistical analyses were computed in Prism 9.5.0 (GraphPad Software, La Jolla, CA, USA).
For experiments comparing multiple groups, significance was calculated using two-way
ANOVA with a Bonferroni post-test to compare specific groups. A one sample t test was
applied when comparing two groups or a single group to a hypothetical value of 1.00. In
all instances, results were considered significant if the P value was less than or equal to
0.0332.
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