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The human vaginal microbiota is frequently dominated by lactobacilli

and transition to a more diverse community of anaerobic microbes is
associated with health risks. Glycogen released by lysed epithelial cells is
believed to be animportant nutrient source in the vagina. However, the
mechanism by which vaginal bacteria metabolize glycogenis unclear,

with evidence implicating both bacterial and human enzymes. Here we
biochemically characterize six glycogen-degrading enzymes (GDEs), all of
which are pullanases (PulA homologues), from vaginal bacteria that support
the growth of amylase-deficient Lactobacillus crispatus on glycogen. We
reveal variationsin their pH tolerance, substrate preferences, breakdown
products and susceptibility to inhibition. Analysis of vaginal microbiome
datasets shows that these enzymes are expressed in all community state
types. Finally, we confirm the presence and activity of bacterial and human
GDEs in cervicovaginal fluid. This work establishes that bacterial GDEs can
participate in the breakdown of glycogen, providing insight into metabolism
that may shape the vaginal microbiota.

Dysbiosis within the human vaginal microbiota is associated
with adverse health outcomes’. The bacterial community com-
position can be classified taxonomically into one of five com-
munity state types (CSTs) CST I-IIl and V are dominated by a
single species of Lactobacillus: L. crispatus, L. gasseri, L. iners and
L.jensenii, respectively. By contrast, CST IV consists of adiverse group
of anaerobicand facultative anaerobic microbes, including species of
Gardnerella, Prevotella, Mobiluncus and low levels of Lactobacillus.
The Lactobacillus-dominated CSTs are associated with a vaginal pH

below 4.5, low Nugent scores and reduced inflammation®, whereas
CST IVis associated with a higher pH and several health sequelae,
including HIV acquisition®, bacterial vaginosis® and preterm birth®.
However, it is important to note that CST IV is overrepresented in
healthy Hispanic and Black women and is not necessarily indicative
of dysbiosis’. Overall, it has become clear that vaginal microbiota
composition alone is insufficient to predict health outcomes and
that gaining amechanistic understanding of this community requires
deciphering vaginal bacterial functions’.
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One function known to influence the composition and stability
ofhost-associated bacterial communities is the liberation of carbohy-
drates from dietary or host-derived sources by glycoside hydrolases.
While this is well established within the human gut microbiota®™,
carbohydrate metabolismin the vaginal environmentis poorly under-
stood. It is widely believed that glycogen released by exfoliated and
lysed epithelial cells supports colonization of vaginal lactobacilli**"
since glycogen levelsin vaginal samples are associated with Lactobacil-
lus dominance and low vaginal pH". However, until recently, attempts
to obtainvaginal Lactobacillusisolates capable of growth on glycogen
were largely unsuccessful™¢, raising the question of whether and how
vaginal bacteria access this carbon source.

Glycogen consists of linear chains of a-1,4-glycosidic-linked
glucose units, with periodic a-1,6-glycosidic branches. Metabolism
of glycogen requires extracellular glycoside hydrolases to release
shorter glucose polymers (maltodextrins). Several vaginal lactobacilli
use maltodextrins for growth, leading to an initial hypothesis that a
non-Lactobacillus glycoside hydrolase in the vaginal environment
releases these oligosaccharides”. The detection of human a-amylase
in cervicovaginal lavage samples (CVLs) may support this proposal''®,
But how human amylase, which is produced predominantly in the
pancreas and salivary glands”, is found in genital fluid has not yet
been established.

In addition to human amylase, recent work identified other
glycogen-degrading enzymesin vaginal fluid, including glucosidases
from the parasite Trichomonasvaginalis and several uncharacterized
bacterial enzymes detected via proteomics'*?". Most notably, a puta-
tive secreted Type 1 pullulanase (PulA, EEU28204.2) from L. crispatus
hasbeensuggested as a candidate glycogen-degrading enzyme (GDE)
onthebasis of strain-to-strain variationinits predicted signal peptide
(SP), which correlates with growth on glycogen®*,

Pullulanases hydrolyse the a-1,6-glycosidicbondsin pullulan and
other branched oligosaccharides, releasing maltodextrins®*. Homo-
logues of PulA are encoded in various vaginal bacterial genomes®,
suggesting that this enzymeis not limited to L. crispatus and highlight-
ing the potential for bacterial competition for glycogen. Notably, pro-
teomics studies have identified putative pullulanases from L. inersand
Gardnerellavaginalisin CVLs, but their activity was not biochemically
validated?. The predicted a-1,6-glycosidic bond specificity of pullu-
lanases raises questions regarding the fate of the remaining glycogen
backbone and how longer branches are hydrolysed. The identification
of these bacterial enzymes also raises questions about the relative
role of human amylase in the vaginal ecosystem. Clearly, biochemical
characterization of vaginal bacterial enzymes is needed to enhance our
understanding of glycogen metabolismin this environment.

Here wereport the biochemical characterization of six PulA homo-
logues from vaginal bacteria representing Lactobacillus-dominated
CSTs (1and I1I) and the diverse CST IV. Our study reveals that despite
a common annotation, these enzymes exhibit variability in their pH
profiles, glycogen breakdown product profiles, substrate preferences
and susceptibility to inhibitors. By analysing multi-omics datasets, we
reveal thatthe genes encoding these GDEs are present and transcribed
inall CSTs. Using activity-based protein profiling (ABPP)* and a selec-
tive enzymatic assay, we demonstrate that both human and bacterial
GDEs are present and active in cervical vaginal fluid (CVF). Overall, this
work provides molecular insight into the bacterial metabolism of an
abundant carbon source in the vaginal microbiota.

Results

Bioinformatic identification and analysis of bacterial
extracellular GDEs

Toidentify candidate vaginal bacterial GDEs, we conducted aBLASTp
search of 151 vaginal isolate genomes in the IMG database using the
L. crispatus PulA (EEU28204.2) asa query sequence?, with a cut-off of
35%amino acid identity. Hits were further narrowed to those containing

bothaglycoside hydrolase domainand asignal peptide, since glycogen
degradation occurs extracellularly”. A total of 62 homologues were
identified in strains from 11 bacterial species (Supplementary File 1),
including L. crispatus (7/9 strains in the database, average 99% amino
acid identity to our query), L. iners (12/13, 45%), Mobiluncus mulieris
(2/4,43%), Prevotella bivia (2/2,40%) and G. vaginalis (15/18,37%). Gene
neighbourhood analysis revealed another signal peptide-containing
glycoside hydrolase (GH13) encoded next to the P. bivia pulA (25%iden-
tity to PulA), so this sequence was also included. Subsequent characteri-
zation efforts focused on this set of proteins. We also detected potential
homologues with lower identity (Supplementary File 1), including
onefromStreptococcus agalacticae and one significantly smaller pro-
tein in G. vaginalis homologous to a recently reported a-glucosidase
enzyme thatis active on maltose and other oligosaccharides but does
not degrade glycogen®,

PFAM domain analysis revealed that all six candidate GDEs contain
an S-layer protein A domain (SIpA), a cell-wall binding domain (CWB)
or transmembrane helices (TM), suggesting localization on the cell
surface”*. In addition, each protein contains at least one a-amylase
catalytic domain (PF00128), a member of the glycoside hydrolase
13 enzyme family known to cleave various glycosidic bonds™. Inter-
estingly, the G. vaginalis enzyme has two amylase domains. Several
enzymes possess putative carbohydrate-binding domains commonto
bacterial enzymesin this class, including the pullulanase domain (PUD;
PF03714)*. Additional carbohydrate-binding modules (CBMs) from the
CAZy database found in these enzymes include CBM25 and CBM48,
which are involved in binding different linear and cyclic a-glucans
related to starch and glycogen®>** and in multivalent binding to soluble
amylopectin and pullulan® (Fig. 1a).

Purified GDEs support the growth of L. crispatus on glycogen
To examine their ability to degrade glycogen, we heterologously
expressed and purified each enzyme (Extended Data Fig. 1 and
Supplementary Fig. 1), then tested whether it rescued growth of a
pulA-deficient L. crispatus strain on glycogen (Fig. 1b,c and Extended
Data Fig. 2). Addition of purified L. crispatus PulA to the medium
restored growth, providing direct evidence that PulA is sufficient for
L. crispatus glycogen metabolism? (Fig. 1c and Extended Data Fig. 2).
The other enzymes also supported growth (Fig. 1d and Extended
DataFig. 2), although the lower densities of cultures grown with the
M. mulieris PulA and P. bivia enzymes suggest that they are not as effi-
cient at glycogen degradation, or that their specific oligosaccharide
products are not as accessible to L. crispatus.

Purified GDEs have unique substrate preferences

We next measured the kinetics of breakdown of a variety of glucose
polymersto determine each enzyme’s substrate preference and speci-
ficity for different glycosidic linkages (Table 1and Extended DataFig. 3).
In addition to glycogen, we tested amylose, which consists solely of
a-1,4-glycosidic bonds and pullulan, which consists of maltotriose
units connected by a-1,6-glycosidic bonds. Allenzymes were active on
glycogen (Table1and Extended Data Fig. 3). Interestingly, mutants of
the G. vaginalis enzyme with either of the two amylase domains inac-
tivated retained only 5% of wild-type activity, suggesting that the two
domains may act synergistically (Extended Data Fig. 4). All enzymes
were active on pullulan, suggesting that they cleave a-1,6-glycosidic
bondsbut differedintheir activity towards the a-1,4-glycosidicbonds
inamylose, with L. crispatus, L. iners, G. vaginalis and P. bivia GH13
enzymes showing activity, while M. mulieris and P. bivia PulA enzymes
were inactive (Table 1 and Extended Data Fig. 3).

The measured kinetic parameters of these GDEs were broadly
consistent with those of other bacterial enzymes that process these
substrates (glycogen®* ™, amylose®**°, pullulan®**). Comparing the
specificity constants (k.,/K.,) for each substrate revealed that glycogen
is the preferred substrate for the G. vaginalis and L. iners enzymes.
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Fig.1|Purified bacterial GDEs support L. crispatus growth on glycogen.

a, Predicted domains in putative vaginal bacterial extracellular GDEs. a-amylase,
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or glycogen supplemented with 200 to 400 nM purified protein (L. crispatus PulA
vs M. mulieris PulA, P=0.0084; L. crispatus PulA vs P. bivia PulA, P< 0.0001;

L. crispatusPulA vs P. bivia GH13, P < 0.0001). All growth curves are representative
ofthree experimental replicates (n = 3). Error bars represent one standard
deviation above and below the mean of all data collected. A multiple comparisons
(Tukey) one-way analysis of variance (ANOVA) was performed to determine
statistical significance. **P < 0.01, ***P < 0.0001.

The L. crispatus PulA had similar specificity constants for both pullulan
andglycogen, withactivity towards amylose. P. bivia PulA and M. mulieris
PulA had higher specificity constants for pullulan compared with gly-
cogen and amylose, while the P. bivia GH13 enzyme preferred amylose
(Table1and Extended DataFig. 3). Overall, these enzymes varied in their
substrate preference despite sharinghomology with L. crispatus PulA.

Lactobacillus GDEs maintain activity at low pH
Lactobacillus-dominant CSTs are typically associated with a low
vaginal pH (<4.5)* due to production of lactic acid'. We therefore
hypothesized that GDEs from lactobacilli may have evolved to main-
tain activity at alower pH than those from other vaginal bacteria. We
measured GDE activity onglycogen over a pH range of 2.5-8.0 (Fig. 2).
Five of the GDEs exhibited maximum activity between pH5.5and 6.0,
which is consistent with other characterized bacterial pullulanases
and amylopullulanases®. P. bivia PulA exhibited maximum activity
ataslightly lower pH between 4.5 and 5 (Fig. 2). Most of the enzymes
from vaginal anaerobes—G. vaginalis PulA, M. mulieris PulA and P. bivia
GH13—showed almost no activity at pH 4.0. Critically, however, the
L.crispatus, L.inersand P. bivia PulAs displayed 34%, 51% and 97% of their
maximal activity at pH 4.0, suggesting that they are better adaptedtoa
low pH environment. This activity may explain how vaginal lactobacilli
canutilize host-derived glycogen under low pH conditions, potentially
contributing to their dominance.

GDEs produce distinct oligosaccharide profiles

We next sought to characterize and quantify the specific oligosaccharide
products of each enzyme (Fig. 3). Both human amylase and the P. bivia
GH13 produced predominantly glucose disaccharides (G2) and a small

amount of glucose (G1) from glycogen and amylose. In contrast, the
enzymes annotated as Type I Pullulanases produced longer oligosac-
charidesin additionto G2, including glucose trisaccharides (G3) andin
some cases glucose tetrasaccharides (G4). These results resemble those
observed for previously characterized bacterialamylopullulanses***. G4
was not detected in assays with G. vaginalis PulA and was only detected
atalow level in assays with the M. mulieris and P. bivia enzymes. How-
ever, the Lactobacillus-derived PulA enzymes produced a higher relative
amount of G4 when acting on amylose or glycogen. During incubation
with pullulan, all bacterial enzymes produced predominantly G3,
whereas the human salivary amylase was inactive. The sole production
of G3 is common among pullulan-degrading enzymes*****¢, Notably,
pullulanase activity appears unique to vaginal bacterial GDEs and is not
exhibited by the human enzyme (Table 1and Fig. 3).

The specific G3 products of pullulan degradation were identi-
fied using thin-layer chromatography (TLC). Every enzyme except P.
bivia GH13 produced maltotriose, confirming their ability to cleave
a-1,6-glycosidic bonds. P. bivia GH13 produced panose, suggesting that
this enzyme cleaves only a-1,4-glycosidic bonds in pullulan (Extended
Data Fig. 5). These data, paired with the kinetic analyses (Table 1),
demonstrate thatboth Lactobacillus PulA enzymes and the G. vaginalis
PulA enzyme can cleave the a-1,4 and a-1,6-glycosidic bonds found in
glycogen and support their reassignment as type Il pullulanases or
amylopullulanases (EC. 3.2.1.1/41, reviewed in ref. 45). P. bivia GH13
only cleaves a-1,4-glycosidic linkages (including within pullulan), iden-
tifying this enzyme as a pullulan hydrolase type I or neopullulanase
(EC3.2.1.135, reviewed inref. 47). In contrast, the lack of activity of the
M. mulieris and P. bivia PulA enzymes towards amylose identifies them
astypelpullulanases (EC3.2.1.41) and may explain their reduced ability
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Table 1] Kinetic analysis of vaginal bacterial glycogen-degrading enzymes on various carbohydrate polymers at pH 5.5

Enzyme Substrate Koo (s™) K,,(mgml™) Specificity constant Classification
(mlmg™'s™)
L. crispatus PulA Glycogen 65+4 0.091+0.026 710210 Type Il pullulanase (Amylopullulanase)
Amylose 33+7 0.25+£0.14 130+80
Pullulan 10010 0.15+0.05 700250
L. iners PulA Glycogen 515 010+0.05 500+220 Type Il pullulanase (Amylopullulanase)
Amylose 30+4 0.20+0.07 15060
Pullulan 27+9 0.93+0.56 29+20
G. vaginalis PulA Glycogen 450+40 0.098+0.044 4,600+2,100 Type Il pullulanase (Amylopullulanase)
Amylose 11010 0.27+0.06 390+90
Pullulan 220+40 0.42+0.170 520+230
M. mulieris PulA Glycogen 57+9 6117 9.5+3.0 Type | pullulanase
Amylose NA NA NA
Pullulan 150+20 0.33+x0.14 440+200
P. bivia PulA Glycogen 0.81+0.31 N7 0.077+0.058 Type | pullulanase
Amylose NA NA NA
Pullulan 60+6 0.24+0.07 250+70
P. bivia GH13 Glycogen 5.1+0.60 3.8+1.0 1.4+0.3 Pullulan hydrolase type |
(Neopullulanase)
Amylose 210+50 0.68+0.33 310160
Pullulan 120+30 1.5+0.6 79+38

Values are representative of three independent experiments over 2d (n=3). NA, not applicable due to lack of activity. Error range represents one standard deviation.

80 —

40

20

Reactions per second

L. crispatus PulA

500

400 —

300 -

200

Reactions per second

100 —

G. vaginalis PulA

pH

©
5}

Reactions per second

Reactions per second

L. iners PulA
50
[ ]
P
40 — (J
30
20
10 4
07 T T T T ]
[0} 2 4 6 8 10
pH
P. bivia PulA
0.5
°
0.4
0.3 — °
0.2
0.1 4
0 T T T T ]
(0] 2 4 6 8 10
pH

Reactions per second

Reactions per second

0.5

P. bivia GH13
[ ]
T 1 T T ]
2 4 6 8 10
pH

M. mulieris PulA

pH
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to complement L. crispatus growth on glycogen (Figs.1d and 3, Table 1

and Extended DataFig. 5).

Acarbose selectively inhibits GDEs from CST IV bacteria

Given their role in enabling growth on glycogen and the biochemi-
cal distinctions between different GDEs, we hypothesized that these

enzymes may be targets for possible therapeutic intervention aimed
atestablishinga Lactobacillus-dominant community. Of four clinically
used amylase inhibitors, only acarbose and acarviosin showed any
activity towards the GDEs (Extended Data Fig. 6a). Acarbose inhib-
ited G. vaginalis PulA, P. bivia PulA and P. bivia GH13 enzymes, with
half-maximum inhibitory concentration values (IC,,) 0of 120 + 30 uM,
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420+ 90 puM and 0.84 + 0.05 puM, respectively, while the L. crispatus,
L. iners and M. mulieris enzymes were largely unaffected (Extended
DataFig. 6b).

Since acarbose selectively inhibited GDEs from CST IV-associated
microbes, we characterized its effect on bacterial growth as afirst step
towards testing its utility for community modulation. While acar-
bose inhibited G. vaginalis growth on glycogen (IC5, = 0.2 pM), it also
inhibited L. crispatus growth on maltose (IC, =22 pM) and glycogen
(ICso=0.1uM) even though L. crispatus PulA was not affected in vitro.
Interestingly, L. crispatus growth was not affected when glucose was
the primary carbon source (Extended Data Fig. 6¢). These data sug-
gest that acarbose inhibits additional L. crispatus enzymes involved
in maltodextrin metabolism. Despite potently inhibiting the P. bivia
GH13 in vitro, acarbose had no impact on P. bivia growth on any sub-
strate (Extended Data Fig. 6¢). This suggests that P. bivia PulA, which
was less susceptible to inhibition in vitro, is likely the predominant
GDEinthis organismand thatintracellular maltodextrin catabolismin
P.biviais not affected by acarbose. Overall, although acarboseisnot a
suitable candidate for community modulation due to its broad target
spectrum, these results highlight differences between the GDEs that
may potentially be targeted for selective inhibition.

GDEs are present in human vaginal sequencing datasets

Having identified bona fide vaginal bacterial GDEs, we next sought
to understand the presence and expression of genes encoding these
enzymes in the vaginal environment. While other searches have
detected putative bacterial amylasesin clinical samples using proteom-
ics”, metagenomics and metatranscriptomics®**, the activities of these
enzymes were not biochemically verified. We employed shortBRED
(Short, Better Representative Extract Dataset) to identify biochemically
characterized GDEs inadataset of 178 paired vaginal metagenomes and
metatranscriptomes from 40 non-pregnant, reproductive-age women
who self-collected vaginal swabs over 10 weeks***°. ShortBRED is a
computational tool that identifies and quantifies unique amino acid

sequences that are distinct to a query protein (85% identity cut-off).
In contrast to previous studies, all enzymes queried are predicted to
beextracellularand degrade glycogeninvitro, increasing confidence
that any hits also possess this activity.

Combined reads from the six GDEs were more abundant in CST |
metagenomes compared with CST Iland CST IV metagenomes (Fig. 4a).
This increased abundance in CST I samples is due to L. crispatus pulA
(Fig. 4b), which was detected in 84.6% of the metagenomes and 89.7%
of the metatrascriptomes from CST I participants. M. mulieris pulA
was not detected in these individuals and the other four GDEs were
detected in fewer than 11% of metagenomes and metatranscriptomes
(Extended Data Fig. 7). In CST Ill samples, which were dominated by
L. iners, L. iners pulA was detected in 41.9% and 32.3% of the metage-
nomes and metatranscriptomes, respectively. Interestingly, genes
encoding other GDEs (L. crispatus PulA, G. vaginalis PulA, both
P. bivia GDEs) were detected in >20% of CST Ill metagenomes. However,
the detection of these genes in the metatranscriptomes was highly
variable (6.45%-38.7%).

All GDEs were detected in CST IV metagenomes at frequencies of
16.9%-36.1%. While L. crispatus pulA was detected in 39.8% of CST IV
metatranscriptomes, transcripts from other GDEs were detected in
only 3.6%-10.8% of the datasets (Extended Data Fig. 7). Overall, this
analysis demonstrates that characterized bacterial GDEs are present
in vaginal metagenomes and expressed in various vaginal bacterial
CSTs, with CST Ill and CST IV communities in particular harbouring
GDEs from multiple species.

Clinical samples contain active human and bacterial enzymes

We next sought to detect the activity of bacterial GDEs and human
amylasein clinical samples. We initially analysed 20 CVL sample super-
natants spanning a range of Nugent scores (0-8), comparing total
amylase activity to the concentration of human amylase determined
by enzyme-linked immunosorbent assay (ELISA) (Supplementary Fig.2
and Extended Data Fig. 8). Activity assays with a fluorescent starch
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Fig. 4 |Human CVF samples contain active human amylase and bacterial
GDEs. a, Metagenomic analysis of 178 participant samples using ShortBRED
analysis of biochemically characterized GDEs stratified by CST. Only samples
encoding abacterial GDE were plotted. % encoding represents the percentage
of samples that contain >0 genes per bacterial genome. A multiple comparisons
(Dunnett) one-way ANOVA was performed to determine statistically significant
differences compared to CST Iabundance (CST IV, ***P < 0.0001; CSTV,
*P=0.0196; P> 0.05,) The box represents 1.5x the interquartile range and

the whiskers represent the minimum to the maximum of the dataset. The
centerline denotes the median. b, Heat map of metagenomic presence and

abundance detected using ShortBRED within each sample. NP, not present.

¢, ABPP analysis identifies bacterial GDEs and human proteins (x-amylase and
GAA) in CVF supernatants. ND, not detected; GAA, lysosomal a-glucosidase.

d, Human CVF contains distinctly bacterial pullulanase activity at pH 5.5. Data
arerepresentative of three experimental replicates over 2 d and the error bars
are one standard deviation above and below the mean. A multiple comparisons
(Dunnett) one-way ANOVA was performed to determine statistically significant
differences compared to the no-CVF sample (blue) (S003, ****P < 0.0001; SO11,
**p < 0.0001).

substrate were conducted across arange of pHs, spanning the healthy
vaginal environment (4.4) to the optimum for the human amylase
(6.8). At all pH values, there was a statistically significant correlation
between these measurements (Extended DataFig. 8), suggesting that
the majority of the amylase activity is human. However, it isinteresting
tonotethatas pHdecreased, the correlation coefficient wasreduced,
perhaps suggesting increased contribution from other enzymes at
lower pH (Extended Data Fig. 8). Comparing these results to Nugent
scores (low Nugent 0-3, high Nugent 7-10), we found no difference
in amylase activity or human amylase levels (Supplementary Fig. 3).
To confirm the specificity of the ELISA for the human enzyme, we
assayed our purified bacterial enzymes using the same kit and found
no cross-reactivity at enzyme concentrations as high as1 uM (Supple-
mentary Fig. 2). Together, these resultsindicate that the contribution
of human amylase to glycogen degradation should not be overlooked,
despite the existence of bacterial enzymes with related activities.

We next attempted to determine whether bacterial GDEs were
active in CVF samples by applying activity-based protein profiling
(ABPP)*° using probes targeting amylase (Amy-ABP) and glucosidase

(Glc-ABP) enzymes. After confirming that the purified bacterial GDEs
reacted with at least one probe (Supplementary Figs. 4 and 5), CVF
supernatants were labelled with biotin-tagged probes, followed by
pull-down, tryptic digest and liquid chromatography tandem mass
spectrometry (LC-MS/MS) identification of the peptides. The Amy-ABP
probeidentified L. crispatusPulA, L. inersPulA and G. vaginalis AmyAin
these samples (Fig. 4c and Extended DataFig.9). L. crispatus PulA and
L.inersPulA were mutually exclusive, consistent with previous studies
finding their co-occurrence uncommorn’. In one sample (S004), we
observed co-occurrence of two bacterial enzymes: L. inersPulAand G.
vaginalis AmyA. Although we did not characterize G. vaginalis AmyA
in this study (because of its low amino acid similarity to L. crispatus
PulA), it was recently shown to degrade glycogen®'. We also detected
human a-amylase (AMY1) in the majority of samples (Fig. 4c and
Extended Data Fig. 9). In contrast to the Amy-ABP-enriched proteins,
all Glc-ABP-enriched proteins were human in origin. The protein with
the highest intensity was lysosomal a-glucosidase, whichis canonically
localized to the lysosome but has been detected previously in CVF
(Fig. 4c, Extended Data Fig. 9 and Supplementary File 1)**°*, Overall,

Nature Microbiology | Volume 8 | September 2023 | 1641-1652

1646


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-023-01447-2

these data demonstrate that bacterial GDEs are present and active in
the vaginal environment, including L. crispatusPulA, L. iners PulA and
G.vaginalis AmyA.

To further validate the activity of bacterial GDEs in these sam-
ples, we used an LC-MS-based assay to detect pullulan degradation,
leveraging the observation that all characterized GDEs metabo-
lize pullulan, whereas the human amylase does not (Fig. 3). Every
CVF sample showed activity in this assay (Extended Data Fig. 10).
Notably, the two most active samples, SO03 and S011, had the high-
est intensity of L. crispatus PulA in the ABPP experiment (Fig. 4¢)
and generated significantly increased levels of G3 compared with
ano-CVF control (Fig. 4d). These results further demonstrate that
vaginal bacterial GDEs are active in clinical samples and validate a
simple, accessible assay for bacterial GDEs that does not depend on
proteomic workflows.

Discussion

In this study, we biochemically characterized six GDEs from vaginal
bacteria. Our results demonstrate thatinaddition torelying on human
amylase, some vaginal bacteria possess alternative enzymes for access-
ingglycogen. These findings are further validated by a separate report
oftheglycogen-degradingactivity of L. crispatus PulA (GlgU, 99% iden-
tity)®. Critically, despite sharing acommon annotation, we find that the
substrate preferences and breakdown products of bacterial GDEs are
quitedistinct. Thisis consistent with the unique carbohydrate-binding
modules foundin each protein and may suggest adaptation to process
structurally distinct glucose polymersin the vaginal environment. Fur-
ther, since the oligosaccharides produced from glycogen breakdown
arereleased extracellularly and may act as ‘public goods™®, the differ-
encesinthe product distributions of these enzymes may suggest that
differential availability of glycogen-derived oligosaccharides between
CSTssupports thegrowth of distinct non-glycogen-degrading bacteria
viacross-feeding". Abetter understanding of the structure of glycogen
within the vaginal environment and whether it differs among CSTs is
needed to further evaluate this possibility.

Our work also suggests a potential mechanism supporting
L. crispatus growth and dominance. Specifically, we discovered that
L. crispatus PulA is active at the low pH values (-3.5-4) associated
with vaginal health. This enzymatic activity may therefore enable
L.crispatustoaccess glycogenunder conditions where the humanamyl-
ase is minimally active and the growth of competing bacteriais inhib-
ited. Critically, the pH profiles, substrate preferences and breakdown
products of amylases cannot be predicted from primary sequence
analysis, further highlighting the need for biochemical characteriza-
tionto supportbioinformaticinterrogations of bacterial metabolism
within the human microbiome.

The highprevalence of the L. crispatus PulAin CST I metagenomes
(85%) further suggests an important role for this enzyme. Notably, in
the L. iners-dominated CST Il samples, the homologous PulA enzyme
is much less prevalent (42%), perhaps suggesting that L. iners is less
dependentonglycogen or reliesmore onother enzymes. Moreover, gly-
cogen degradation has never beenreportedfor L.gasserior L. jensennii
and we found no PulA homologues encoded in their genomes, leaving
open questions about glycogen metabolismin CST lland V.

Amajor challenge in characterizing glycogen metabolismin clini-
cal samples has stemmed from difficulties distinguishing human and
bacterial amylase activity*. Our use of ABPP categorically identifies
active enzymes in these complex samples. In addition, our simple
LC-MS-based assay for pullulanase activity rapidly identifies bacte-
rial GDE activity. Our results and those from other recent efforts"*
show thatbacterial GDE activity is highly variable, highlighting aneed
to test larger numbers of better-characterized clinical samples. We
anticipate the pullulanase activity assay will find broad utility in the
analysis of such samples and enable further study of the biological
roles of bacterial GDEs®".

Overall, the insights gained from this investigation highlight the
need to complement bioinformatic analysis with detailed biochem-
ical characterization of vaginal bacterial enzymes. This improved
understanding of the activities of vaginal bacterial GDEs will enable
future exploration of bacterial glycogen metabolism in the vaginal
microbiome and its contribution to community composition, stability
and dysbiosis.

Methods

Institutional Review Board approval

This work complied with all relevant ethical regulations, and we
obtained informed consent from all donors. The study protocols were
approved by Massachusetts General Hospital (IRB:2014P001066) and
Seattle University Affiliates (IRB: FY2022-002).

Identification and cloning of glycogen-degrading enzymes
Homologues of PulAin L. crispatus® (EEU28204.2) were identified by
BLASTp searches of genomes from vaginal isolates in the IMG data-
base*® using an E-value cut-off of 1 x 107, The IMG database contains
151vaginalisolate genomes from the Human Microbiome Project with
asamplebody subsite of ‘vaginal’ (Supplementary File 1). Hits with no
predicted signal peptide were removed (SignalP v.5.0 (ref. 59)). Six
candidates with >35% amino acid identity from microbes associated
withhealth or disease were selected. Genomic DNA was extracted from
the encodingstrains witha DNeasy UltraClean microbial kit (Qiagen).
Genes were amplified via PCR removing the signal peptide (Supple-
mentary Fig. 1) and cloned into the E. coli expression vector pET28a
(Novagen) via Gibson assembly to generate an N-terminal His.-tagged
gene. Plasmids were then transformed into the expression host BL21
(DE3) (P. bivia enzymes) or ArcticExpress (DE3) (all other enzymes)
for expression and purification. Complete lists of plasmids and prim-
ers are provided in Supplementary Table 2 and Supplementary File 1,
respectively.

Purification of GDEs

Cultures containing expression plasmids were grown in LB medium
containing 50 pg ml™ kanamycin to an optical density at 600 nm
(OD¢(,) of 0.6-0.8, then cooled to 15 °C and induced with 250 pM
isopropyl 3-D-1thiogalactopyranoside (IPTG). After 16 hat15 °C, cells
were collected and the pellets were stored at —20 °C until use. Pellets
were resuspended in 98% buffer A (50 mM HEPES, 300 mM KCl, 10%
glycerol, pH 7.8) and 2% buffer B (50 mM HEPES, 300 mM KCI, 10%
glycerol, 500 mM imidazole, pH 7.8) supplemented with EDTA-free
protease inhibitor cocktail (Sigma). Cells were lysed via homogeniza-
tion (3 x15,000 psi, Emulsiflex-C3, Avestin) and lysates were clarified
(16,000 x gfor 45 minat 4 °C) before being loaded onto a5 ml HisTrap
column (GE Healthcare). This was followed by one column volume (c.v.)
of 2%buffer Band 2 c.v.of 10% buffer B. Protein was eluted using alinear
gradient from10 to 100% buffer B over 20 c.v. Protein-containing frac-
tions and purity were determined by SDS-PAGE. Amylase-containing
fractions were pooled, concentrated to a volume of -1 mlinaspin con-
centrator (Millipore) and purified by size exclusion chromatography
(GE Healthcare, Superdex 200) in100% buffer A.

Fractionswere againanalysed by SDS-PAGE and protein-containing
fractions were pooled, concentrated (Millipore, Amicon 30 kDa), flash
frozeninliquid nitrogenand stored at —80 °C until use. Protein concen-
tration was determined using a Bradford assay.

L. crispatus growthrecovery assay with purified protein

MRS broth containing glucose (BD Difco) was prepared according to
manufacturer protocol. For growth assays on different carbon sources,
MRS broth without glucose (Food Check Systems, pH 6.5-6.6) was
prepared according to the manufacturer’s recipe and supplemented
with either 2% D-glucose (Sigma), 2% maltose monohydrate (VWR) or
5% glycogen from oyster (Sigma). Each medium type wasfilter sterilized
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(0.2 pm) and leftinside an anaerobic chamber with an atmosphere of
2.5% H,, 5% CO, and 92.5% N, (Coy Labs) overnight for equilibration.
Starter cultures of L. crispatus CO176 Al and L. crispatus MV-1A-US were
inoculated into MRS media (BD Difco) in Hungate tubes and incubated
overnightat37 °C. The next day, purified protein was thawed and added
to 5% glycogen MRS media to a concentration ranging between 200-
400 nM. The medium was again filter sterilized before use. As anega-
tive control, protein boiled at 100 °C for 15 min was included. Of each
mediumtype, 50 plwas aliquoted into a384-well tissue culture-treated
clear microplate (Corning). Overnight culture (1 pul) was used toinocu-
late each well. The plate was sealed and growth was monitored ina plate
reader (Biotek) inside ananaerobic chamber (Coy Labs) at 37 °Cfor24 h
by measuring OD,, every 15 min.

Kinetic analysis of GDEs

Kinetic analysis of GDEs was performed using areducing sugar assay*,
modified for a 96-well format. Reactions (300 pl) were set up con-
taining substrate (0.0048-10 mg ml™ glycogen; 0.0012-1.25 mg ml™*
Pullulan (Megazyme); or 0.0048-1.25 mg ml™ amylose in a final con-
centration of 2% dimethyl sulfoxide), 0.8-700 nM enzyme and reac-
tion buffer (20 mM sodium acetate, pH 5.5, 0.5 mM CacCl,). Reaction
mixtures were incubated at 37 °C for 15 min and 50 pl aliquots were
removed (2,5,7.5,10,15 min) into 125 pl of the BCA stop solution (0.4 M
sodium carbonate, pH10.7,2.5 mM CuSO,, 2.5 mM4,4’-dicarboxy-1,2"-
biquinoline, 6 mM L-serine). After 30 minincubation at 80 °C, absorb-
ances were read at 540 nm and compared to amaltose standard curve
(0.000610-0.625 mg ml™) to quantify activity. Initial velocities were
calculated vialinear regression, selecting the data points that produced
the highest initial rate, utilizing at least three data points. K, and k.,
parameters were determined by fitting the Michaelis-Menten equation
using nonlinear regression (Graphpad Prism 8).

Thin layer chromatography of enzymatic reactions with
pullulan

A1pl volume from the GDE reaction mixtures were spotted onto a
TLC plate and runfor ~5 hin 3:2:1 butanol:acetic acid:water. The plate
was removed, dried for 10 min with a heat gun and sprayed witha1:19
sulfuricacid:ethanol solution. The plate was developed by heating for
15 min with a heat gun until spots appeared. Identity of products was
confirmed by co-running pure standards.

Enzyme pH profile and G. vaginalis PulA active site mutant
activity on glycogen

Reactions were conducted using the reducing sugar assay (see above)
with1.25 mg ml™ glycogen, 0.9-850 nM enzyme and assay buffer rang-
ing in pH from 2.5 to 8.0 (pH 2.5-3.3: 20 mM glycine, 0.5 mM CaCl,;
pH4.0-5.5:20 mM sodium acetate, 0.5 mM CaCl,; pH 6.0-6.5:20 mM
MES, 0.5 mM CaCl,; pH 7.0-8.0: 20 mM HEPES, 0.5 mM CaCl,). G. vagi-
nalisPulA active site mutants were constructed using amultifragment
Gibson assembly amplified from the wild-type expression vector pET-
pullGV using the primers listed in Supplementary File 1. pETpullGV-AS1
(AAS1) and pETpullGV-AS2 (AAS2) contained a D233A and D1317A
mutation, respectively, designed to inactivate the catalytic aspartate
ofthe amylase domains of these proteins. pETpullGV-DM (ADBL) con-
tained both mutations. Specific activities of G. vaginalis PulA active
site mutants were determined at pH 5.5.

Polysaccharide breakdown product analysis and growth
studies

Reactions were set up containing 10 mg ml™ substrate and 500 nM
enzyme, all dissolved in reaction buffer and incubated at 37 °C over-
night. Samples were quenched by 10-fold dilution into 90% acetoni-
trile. The plates were centrifuged (3,220 x g for 10 min, 4 °C) and the
samples were diluted 1,000-fold in acetonitrile before analysis by
UHPLC-MS using a Xevo TQ-S (Waters) with electrospray ionization

(ESI). Sample (5 pl) was injected onto an Acquity BEH/Amide UPLC
column (Waters,1.7 pm,130 A, 2.1 mm x 50 mm) heated to 40 °C. A flow
rate of 0.5 ml min™ was used, with the following gradient: 0-1.0 min
at 97% B (acetonitrile with 0.1% formic acid) and 3% A (H,O with 0.1%
formic acid) isocratic, 1.0-4.0 min 97-30% B, 4.0-5.0 min at 30% B
isocratic, 5.0-5.1min at 30-97% B, 5.1-7.0 min at 97% B isocratic. Car-
bohydrate products were detected by ESI in positive mode (capillary
voltage 3.10 kV; cone voltage 42 V; source offset voltage 50 V; desol-
vation temperature 500 °C; desolvation gas flow 1,000 | h™%; cone gas
flow 150 I h™%; nebulizer 7.0 bar). See Supplementary Information for
compound-specific detection parameters (Supplementary Table 3).
For quantification of the oligosaccharides and theirisomers, standards
of glucose, maltose (VWR), maltotriose (Carbosynth), maltotetraose
(Carbosynth) and maltopentaose (Carbosynth) were prepared rang-
ing from 0.001-10 pg ml™in 9:1 acetonitrile:water. Oligosaccharide
peak areas were quantified using the standard curve and the datawere
normalized to a no-enzyme control to account for non-enzymatic
substrate breakdown (Waters MassLynx).

Growth assays with amylase inhibitors

Growth inhibition assays were performed in an anaerobic cham-
ber (Coy Labs) with an atmosphere of 2.5% H,, 5% CO, and 92.5 N,.
Bacteria were inoculated from single colonies into a peptone-yeast
extract base broth (PYTs, pH 7.0-7.2) consisting of proteose peptone
(20 g1™), yeastextract (10 g1™), MgS0, (0.008 gI™), K,HPO, (0.04 g17),
KH,PO, (0.04 g 1), NaHCO; (0.4 g1, vitamin K (0.0025 g I™"), hemin
(0.005g1"), L-cysteine « HCI (0.25 g 1), Tween 80 (0.25ml 1), horse
serum (50 ml1™) and glucose (2 g 1) and incubated at 37 °C for ~24 h.
Cultures were adjusted to ODg,, 0f 0.4-0.5, subcultured at a1:50 dilu-
tion into fresh PYTs (without glucose), with the indicated carbohy-
drates added to a final concentration of 2 g 1. Glycogen was from
oyster (Sigma, G8751). Assays were performed in duplicate in 384-well
plates sealed with BreathEasy gas permeable membranes (Diversified
Biotech) under anaerobic conditions. Bacterial growth was monitored
by measuring the OD4y,at 1 hintervalsfor 48 hinaBioTek Epoch2 plate
reader. Datawere normalized to blank (uninoculated) media. For inhi-
bition assays, bacteria were cultivated as above, with the addition of
acarbose at the indicated concentrations. The extent of inhibition was
determined by normalizing ODq, for each treatment to an untreated
control atthe time the control reached stationary phase, thenCs, val-
ueswere calculated using least-squares regression (GraphPad Prism 8).

Metagenomics and metatranscriptomics

ShortBRED was used to quantify the abundance of the six biochemi-
cally characterized bacterial GDEs in previously sequenced vaginal
metagenomes and metatranscriptomes®. First, ShortBRED-Identify
was used to create markers for all 6 PulA sequences using UniRef90
2017 as areference list (Supplementary File 1) and an 85% cluster ID
setting. Markers were used in ShortBRED-Quantify to determine the
abundance of pulA genes and transcripts in paired metagenome and
metatranscriptome databases (Bioproject PRJINA797778). The scripts
used for processing the datasets have been previously described*®. The
output from ShortBRED-Quantify is reads per million reads per kilo-
base million (RPKM) and this was normalized to counts per microbial
genome using the average genome sizes (AGS) of each metagenome
sample, calculated using MicrobeCensus®®. We normalized the output
from ShortBRED using the previously derived equation shown below®.

Abundance = RPKM x AGS x 10~°

Sample metadatawere used to binthe results by community state
type (CSTIn=39,CSTlIln=16,CSTIllln=31,CSTIVn=83,CSTVn=9).
Thefraction of samples positive for abacterial GDE genein agiven CST
was calculated by dividing the number of samples that contained a hit
(reads >0) by the total number of samples with the corresponding CST.
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CVL analysis for amylase activity and human amylase
abundance

CVLs were obtained from Dr Caroline Mitchell at Massachusetts Gen-
eral Hospital (IRB: 2014P001066). All metadata associated with this
cohortarereported (Supplementary File1). CVLs were collected using
3 ml of sterile saline washed over the cervix and vaginal walls with
atransfer pipette and then re-aspirated. Samples were centrifuged
(10,000 x g for 10 min at 4 °C) and the supernatants were decanted
and used in the assay. Purified proteins were diluted in buffer A (50 mM
HEPES, 300 mM KCl, 10% glycerol, pH 7.8) to 1 pM, then used in the
assay. Human salivary amylase was purchased from Sigma Aldrich
(A1031-1KU). Human amylase was detected in CVLs using an ELISA for
human pancreatic amylase (Abcam ab137969) according to manufac-
turer instructions.

Amylase activity of CVL supernatants was determined using the
EnzCheck Ultra Amylase Assay kit (Thermo Fisher, E33651). The sub-
strate was prepared according to the kit instructions using three dif-
ferent buffers (20 mM sodium acetate, 0.5 mM CaCl,, pH 4.4; 20 mM
sodium acetate, 0.5 mM CaCl,, pH 5.5; 20 mM MES, 0.5 mM CaCl,,
pH 6.8). CVL supernatant (10 pl) was added to each well of a black
clear-bottom 96-well plate and then diluted with 40 pl of pH-adjusted
buffer. The reactions were initiated with 50 pl of substrate and incu-
bated for 30 min at 37 °C. The pH-adjusted buffer made up 90% of the
reactionvolume and each kit reagent was dissolved in the correspond-
ing buffer. Fluorescence was measured at 485/528 nm. Initial rates were
calculated in the plate reader software (Biotek) by determining the
highest slope that covered at least 5 data points.

Activity-based protein profilingin CVF samples

CVF samples were collected from Seattle University Affiliates (IRB:
FY2022-002). The participants were not compensated for their inclu-
sion in the study. All metadata are reported in Supplementary Infor-
mation (Supplementary Table 4). Donors self-collected a sample by
inserting a Soft Disc and then waiting 1-4 h before removing the disc
and placing itinto a 50 ml conical vial. Within 1 h of collection, CVF
was removed from the disc through the addition of 1 ml PBS and cen-
trifugation at 200 x g for 8 min. Samples were then frozen in 0.1 ml
aliquots at-70 °C.

Biotinylated and fluorescent probes for a-amylases (CYR1114 and
CYR232, respectively)®® and a-glucosidases (JJB384 and JB383, respec-
tively)®*were kindly provided by Dr Hermann Overkleeft and Dr Gideon
Davies (Leiden University). Before use, CVF samples were spun down
(10,000 x g for 5 min) to remove mucins. CVF samples were normal-
ized to a protein concentration (bicinchoninic acid assay) of1 mg ml™
using sterile PBS, and EDTA-free protease inhibitor cocktail (Roche)
was added. CVF supernatant was then incubated with the fluorescent
amylase probe at a final concentration of 25 uM or the fluorescent
glucosidase probe at afinal concentration of 10 pM. Negative controls
of vehicle (1% v/v dimethyl sulfoxide in water) and heat-shock con-
trols wereincluded to identify background fluorescence or off-target
labelling. Samples were incubated for 4 h at 37 °C. Proteins were then
separated on a4-20% PAGE gel (Bio-Rad) and probe fluorescence was
visualized (Azure C600).

Active amylases were enriched using ABPP and identified via
LC-MS/MS as previously described, with slight modifications®. CVF
supernatant prepared as above was divided into three 400 plaliquots.
Biotinylated amylase probe (final concentration 25 uM), biotinylated
glucosidase probe (final concentration 10 pM) or an equal volume of
vehicle (1% dimethyl sulfoxide in water) was added and samples were
incubated for4 hat37 °C. After labelling, 400 pl of ice-cold methanol
was added and samples were stored at =70 °C overnight to precipi-
tate proteins. Precipitated protein was collected via centrifugation
(10,000 x gfor10 min), redissolved in 500 pl1.2% SDS in PBS and heated
at 95 °Cfor 2 min. Samples were then centrifuged (14,000 x gfor 5 min)
toremove insoluble proteins.

Streptavidin agarose resin (100 pl, Thermo Fisher) was prepared
by washing with 0.5% w/v SDS in PBS (3x), 6 Mureain 25 mMNH,HCO,
(3x) and PBS (3x) using a vacuum manifold. Washed resinin 2 ml of PBS
wasthenaddedto protein samples and samples were incubated, rotat-
ingat37 °Cfor1h.Samples were then transferred to columns (Bio-Rad
Poly-Prep) onavacuum manifold and washed with 1 mlvolumes of 0.5%
w/vSDSinPBS (3x), 6 Mureain 25 mM NH,HCO; (3x), ultrapure water
(3x), PBS (9x) and 25 mM NH,HCO; (5x). Resin was then transferred in
6 Mureain25 mMNH,HCO; tolow-bind Eppendorftubes and reduced
with5 mMDTT at 37 °C for 30 min, followed by alkylation with10 mM
iodoacetamide at 50 °C for 1 h. Samples were washed with PBS (9x)
and 25 mM NH,HCO;, (5x). Resin was then transferred to new low-bind
Eppendorf tubes, resuspended in 200 pl 25 mM NH,HCO, and 0.4 pl
0.25 pg pl™ trypsin (Promega, proteomics grade) in 25 mM HEPES
was added. Samples were incubated overnight at 37 °C with rotation.
Supernatants were collected followed by an additional resin wash with
150 pl 25 mM NH,HCO,, which was added to the original supernatant.
The peptides were then dried down (Speed-vac) before further analysis.

Except for S010, LC-MS/MS analysis was performed with a
Thermo Scientific Easy1200 nLC (Thermo Scientific) coupled to a
tribrid Orbitrap Eclipse (Thermo Scientific) mass spectrometer.
In-line desalting was accomplished using a reversed-phase trap
column (100 pm x 20 mm) packed with Magic C18AQ (5 pm 200 A
resin; Michrom Bioresources), followed by peptide separations on a
reversed-phase column (75 pm x 270 mm) packed with ReproSil-Pur
CI8AQ (3 um120 A resin; Dr Maisch) directly mounted on the electro-
sprayionsource. A 60 min gradient using atwo-mobile-phase system
consisted of 0.1% formic acid in water (A) and 80% acetonitrilein 0.1%
formicacidinwater (B). The chromatographic separation was achieved
over a 60 min gradient from 8 to 30% B over 57 min, 30 to 45% B for
10 min, 45 to 60% B for 3 min, 60 to 95% B for 2 min and held at 95% B
for 11 min at a flow rate of 300 nl min™. A spray voltage 0f 2,300 V was
appliedtotheelectrospray tip in line with a FAIMS source using varied
compensation voltages of -40, -60 and -80 while the Orbitrap Eclipse
instrument was operated in the data-dependent mode, MS survey scans
were in the Orbitrap (normalized AGC target value 300%, resolution
240,000 and maximum injection time 50 ms) with a1s cycle time,
and MS/MS spectra acquisition were detected in the linear ion trap
(normalized AGC target value of 50% and injection time 35 ms) using
HCD activation with a normalized collision energy of 27%. Selected
ions were dynamically excluded for 60 s after a repeat count of 1. For
S010, peptide samples were disolved in 2% acetonitrile in 0.1% formic
acid (20 pl) and analysed (18 pl) by LC/ESIMS/MS with aThermo Scien-
tific Easy-nLC 1000 (Thermo Scientific) coupled to a tribrid Orbitrap
Fusion (Thermo Scientific) mass spectrometer. In-line desalting was
accomplished using areversed-phase trap column (100 pm x 20 mm)
packed with Magic C,;AQ (5 um 200 A resin; Michrom Bioresources),
followed by peptide separations on a reversed-phase column
(75 pm x 250 mm) packed with ReproSil-Pur 120 C;sAQ (3 um 120 A
resin Dr Maisch) directly mounted on the electrospray ion source. A
90-min gradient from 2% to 35% acetonitrile in 0.1% formic acid at a
flow rate of 300 nl min™ was used for chromatographic separations.
A spray voltage of 2,200 V was applied to the electrospray tip and
the Orbitrap Fusion instrument was operated in the data-dependent
mode, MSsurvey scans were in the Orbitrap (AGC target value 500,000,
resolution120,000 and injection time 50 ms) witha3 scycle timeand
MS/MS spectra acquisition were detected in the linear ion trap (AGC
target value 0f10,000 and injection time 35 ms) using HCD activation
with anormalized collision energy of 27%. Selected ions were dynami-
cally excluded for 20 s after arepeat count of 1.

Samples were analysed with FragPipe lonQuant enabled®°°.
Spectrawere matched to adatabase containing UniProt human refer-
ence proteins; UniRef90 proteins for L. crispatus, L. iners, L. gasseri,
L. jensenii, G. vaginalis, A. vaginae, P. bivia and M. mueleris; common
contaminants; and reverse protein sequences as decoys for false
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discovery rate (FDR) estimation (accessed 25 May 2022). Raw data
are available in Supplementary File 1. Abundance data were analysed
using Perseus®’. Abundance data were log, transformed and normal-
ized using width adjustment. For SO10, protein groups present in two
of threereplicates were averaged and the data tables were combined.
Proteins with at least a 2-fold increased abundance relative to the No
Probe control in one biological sample, 2 spectral counts across all
samples and a ProteinProphet probability >0.95 (corresponding to
~2% FDR) were searched for CAZyme domains using dbCAN 2 (ref. 68).

Pullulanase activity assays in CVF samples

CVF fluid (5 pl, not centrifuged) was added to 95 pl10 mg ml™ pullulan
(Megazyme) inreaction buffer. The reaction mixtures wereincubated
at37°Candtimepointsat3,5,8and 24 hwere taken by diluting100-fold
into9:1acetonitrile:water. Samples were further diluted 1,000-fold in
acetonitrile and analysed by LC-MS as described above. Samples were
normalized to a no-enzyme control.

Inhibitor screening and IC;, determination for acarbose

The inhibitory effect of a panel of four small-molecule inhibitors was
determined using amodification of the amylase activity assay in CVLs
used above. For initial screening, enzymes were preincubated with
1mM acarbose (Abcam), acarviosin (Toronto Research Products),
voglibose (Spectrum Chemical) or miglitol (Tokyo Chemical) for
15 min at room temperature. For ICs, analysis, enzyme (2.5-50 nM)
was preincubated with acarbose ranging from 0.366 ptM to 3,000 pM
in a total volume of 50 pl. The reactions were initiated with 50 pl of
substrate and incubated for 30 minat 37 °C, monitoring fluorescence
at485/528 nm. Initial rates were calculated by determining the highest
slope that covered at least 8 data points. Percent activity was calculated
by normalizing the activity to a no-inhibitor control. ICy, values were
calculated using nonlinear fitting of the data to the inhibitor vs normal-
ized response function (GraphPad Prism 8). Error associated with the
ICs, values represents 95% confidence intervals.

Statistics and reproducibility

No statistical method was used to predetermine sample size for any of
the statistical comparisons. However, our sample size was similar to
previous work on this topic?. For all statistical tests, data distribution
wasassumed to be normal, but this was not formally tested. Randomiza-
tion was not relevant to this study because we did not place participants
into groups. AROUTE test was used to identify and remove outliersin
the activity analysis of the CVL samples (Extended Data Fig. 8). The
researchers performing the activity analysis of the clinical samples
were blinded to the metadata during the course of the study.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The protein identification number in the NCBI database for each
enzyme characterized is as follows: L. crispatus PulA (EEU28204.2),
L. iners PulA (EFQ51965.1), G. vaginalis PulA (EP156559.1), M. mulieris
PulA (EEZ90738.1), P. bivia PulA (WP_061450340.1), P. bivia GH13
(WP_036862728.1). The L. crispatus CO176A1 (PulA™) genome can be
found under accession number JAEDCGO00000000. The metagen-
omic and metatranscriptomic datasets used in this study can be
found under Bioproject PRJNA797778. The proteomics data from
this study can be accessed in the PRIDE database using accession
code PXD042917. Protein domain annotations were from the Pfam
and CAZy databases. All data that support the findings of this study
are available in a datarepository at synapse.org and can be accessed
athttps://www.synapse.org/#!Synapse:syn51422003. Source data are
provided with this paper.
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Extended Data Fig.1| SDS page analysis of purified extracellular GDEs. 2 ug 219kD; P. bivia GH13, 70.4kD; P. bivia PulA, 72.8kD; Precision Plus Protein All Blue
of purified protein was loaded onto a Biorad (2-14% Bis-Tris) SDS page gel. From Standards (BioRad). Molecular weights of heterologously expressed proteins
left to right, Precision Plus Protein All Blue Standards (BioRad); L. crispatus were predicted in EXPASY. This experiment was repeated twice demonstrating
PulA,137kD; L. iners PulA,192kD; M. mulieris PulA, 151kD; G. vaginalis PulA, similar results (n=2).
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Extended Data Fig. 2| Recovery of L. crispatus growth on glycogen with complementation assays. Glycogen, maltose, and glucose conditions are derived
putative PulA homolog addition. a. Growth of L. crispatus CO176A1 (pulA™) from the same data across all graphs within each panel. All growth data consists
containing all relevant controls for protein complementation assays b. Growth ofthreeindependent experiments performed over three days (n = 3).

of L. crispatus MV-1A-US (pulA*) containing all relevant controls for protein
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Extended Data Fig. 3| Kinetic analysis of vaginal bacterial GDEs. a. Michaelis-Menten kinetic analysis for assays with glycogen. b. Michaelis-Menten kinetic
analysis for assays with pullulan c. Michaelis-Menten kinetic analysis for assays with amylose. All data are representative of three experimental replicates performed

over two days. Nonlinear fitting was performed in Graphpad Prism 8.
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Extended Data Fig. 5| Enzymatic digestion of pullulan by vaginal bacterial
glycogen-degrading enzymes and resolution of maltotriose isomers by thin
layer chromatography (TLC). 1 pL of each standard (10 mg/mL) and enzymatic
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gel HLF). TLC was run for approximately 5 hin 3:2:1 butanol: acetic acid: water and
stained with 1:19 sulfuric acid: ethanol. These results are representative of two
trials showing similar findings (n =2).
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Software and code
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Data collection  The publicly available IMG BLAST tool (NCBI+ 2.10) was used for informatics searches for pulA homologs. Mass spec data was collected using
Waters MassLynx (v4.2). Proteomics data was collected on an Thermo Scientific Easy1200 nLC (Thermo Scientific) coupled to a tribrid Orbitrap
Eclipse (Thermo Scientific) mass spectrometer and an by LC/ESI MS/MS with a Thermo Scientific Easy-nLC 1000 (Thermo Scientific) coupled to
a tribrid Orbitrap Fusion (Thermo Scientific) mass spectrometer. Shortbred was used to identify microbial enzymes in metagenomic and
metatranscriptomic sequencing datasets (Shortbred 0.9.5).

Data analysis Graphpad Prism (v8.2.1) was used for kinetic analysis and regression. FragPipe lonQuant (v1.8.0) was used for proteomics analysis

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The protein identification number in the NCBI database for each enzyme characterized is as followed, L. crispatus PulA (EEU28204.2), L. iners PulA (EFQ51965.1), G.
vaginalis PulA (EPI56559.1), M. mulieris PulA (EEZ90738.1), P. bivia PulA (WP_061450340.1), P. bivia GH 13 (WP_036862728.1). The L. crispatus CO176A1 (PulA-)
genome can be found under the following accession number JAEDCGO00000000. The metagenomic and metatranscriptomic datasets used in this study can be
found under the Bioproject PRINA797778. The proteomics data from this study can be accessed in the PRIDE database using the accession code PXD042917.
Protein domain annotations were from the Pfam and CAZy databases. All data that supports the findings of this study will be available in a data repository at
synapse.org. It can be accessed using the following link https://www.synapse.org/#!Synapse:syn51422003.
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Reporting on sex and gender This cohort was enrolled to study the vaginal microbiome and mucosal immunology, thus only people with a vagina were

enrolled.

Population characteristics Population characteristics for each cohort can be found in supplementary table 4 and 5.

Recruitment For the study conducted at Massachusetts General Hospital (IRB: 2014P001066), participants were recruited in the following
ways:

a. Informational flyers were placed in the gynecology clinics with information about the study, to introduce the idea to
patients. Contact information was given for the principal investigator so that patients can ask questions about the study.

b. Letters were sent to the gynecology staff to describe the study, and contact information provided for the principal
investigator so that staff can ask questions about the study.

c. Patients presenting to gynecology clinic either for vulvovaginitis specialty care, or for an annual exam, were offered
informational flyers about the study and approached by the research coordinator while in a room waiting to be seen to ask if
they are interested in hearing more about the study.

People who volunteer for research studies focused on vaginal microbiome may be more likely to have symptoms and/or
abnormal microbial communities. The diagnosis for every participant is listed in Supplementary File 1. Both studies recruited
people within specific institutions, which may limit the population of people who learn about the study and have the
opportunity to participate.

For the study conducted at Seattle University (IRB: FY2022-002), participants were recruited from Seattle University affiliates
via email, social media, and announcements in classes. Potential donors were asked to contact the research team via email.

For ABPP experiments all volunteers were undergraduates at Seattle University between 18-25 years old. Given that the
vaginal physiology changes with age, these findings can’t necessarily be extrapolated to pre-menarche or post-menopause
individuals. Because of the small sample size, it is difficult to draw conclusions regarding enzyme activity profile and race/
ethnicity. Demographic data regarding race/ethnicity are provided in Supplementary Table 4.

Ethics oversight Massachusetts General Hospital (IRB: 2014P001066) and Seattle University (IRB: FY2022-002)
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Sample size samples were available in the cohorts that were recruited. However our sample size is similar to other clinical cohorts studying this topic
(https://doi.org/10.1128/msphere.00943-20 (N=23), https://doi.org/10.1101/2022.03.29.486257 (N=17)).

Data exclusions A ROUTE test was applied in Extended data Fig. 8 based on a reviewer's request to remove outliers that were dominating the regression
analysis.

Replication Each of the experiments was repeated at least three different times for statistical comparisons unless noted in the manuscript. All attempts at
replication were successful.

Randomization  Randomization was not relevant to this study because we did not place participants into groups.

Blinding Blinding was not relevant in this study, because methods used in the assessment of the results were objective.
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Antibodies used The antibiody used was part of a commercial ELISA kit from Abcam (ab137969)

Validation Abcam ELISA antibody performance is validated by the manufacturer through spike-recovery experiments in a variety of biological
matrices, and linearity studies, as described at https://www.abcam.com/primary-antibodies/how-we-validate-our-antibodies#ELISA
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