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Abstract

Bacterial species display unique and common molecular mechanisms for nutrient acquisition depending on their habitat. Molec-
ular details of xylan utilization by plant pathogens and human commensal bacteria have been reported but no significant reports
can be found for environmental bacteria. Caulobacter crescentus is a gram-negative, oligotrophic, environmental bacterium with
unique adaptations for growth in low-nutrient conditions. C. crescentus’ genome codes for a repertoire of genes that can facili-
tate xylan utilization as a carbon source for growth. Polymeric xylan and xylan-derivative use by C. crescentus was investigated
in this work. Growth, enzyme, metabolite, and gene expression analyses show possible membrane-bound enzymes for xylan
deconstruction on the cell surface while enzymes for further deconstruction of xylan-derived oligosaccharides are concentrated
in the periplasm. TonB-dependent transporter (TBDT) inhibition data suggest that TBDT may be involved in the transport
of xylo-oligosaccharides across the outer membrane. Collectively, data suggest xylan binding onto the bacterial surface and
deconstruction and the xylan fragment uptake across the outer membrane. A comprehensive model for xylan utilization by
C. crescentus develops to show features of previously proposed gut and plant pathogenic bacterial models. This study further

advances the molecular level understanding of xylan derived nutrient acquisition in environmental bacteria.
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Abstract

Bacterial species display unique and common molecular mechanisms for nutrient acquisition
depending on their habitat. Molecular details of xylan utilization by plant pathogens and human
commensal bacteria have been reported but no significant reports can be found for environmental
bacteria. Caulobacter crescentus is an environmental, gram-negative, oligotrophic bacterium with
unique adaptations for growth in low-nutrient conditions. C. crescentus” genome codes for a
repertoire of genes that can facilitate xylan utilization as a carbon source for growth. Polymeric
xylan and xylan-derivative use by C. crescentus was investigated in this work. Growth, enzyme,
metabolite, and gene expression analyses show possible membrane-bound enzymes for xylan
deconstruction on the cell surface while enzymes for further deconstruction of xylan-derived
oligosaccharides are concentrated in the periplasm. TonB-dependent transporter (TBDT)
inhibition data suggest that TBDT may be involved in the transport of xylo-oligosaccharides across
the outer membrane. Collectively, data suggest xylan binding onto the bacterial surface and
deconstruction and the xylan fragment uptake across the outer membrane. A comprehensive model
for xylan utilization by C. crescentus develops to show features of previously proposed gut and
plant pathogenic bacterial models. This study further advances the molecular level understanding

of xylan derived nutrient acquisition in environmental bacteria.
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1 | INTRODUCTION
Most microbial polysaccharide degradation studies focus on depolymerization of cellulose with
significant reports of xylan degradation [1-4]. Unlike cellulose, xylan presents challenges for
microbial degradation due to its chemical and structural heterogeneity that requires bacterial
species to evolve with complex xylan deconstructing enzymes and other protein partners (Figure
1). These molecular partners are primarily composed of glycoside hydrolases (GH) and complex
carbohydrate-binding modules (CBM). In addition to GH and CBMs, bacterial species have
evolved with carbon compound sensing and specific membrane transporter mechanisms [1, 2].

Caulobacter crescentus (CB15) is a gram-negative, oligotrophic, alpha proteobacterium
found in soil, freshwater lakes, streams, and marine environments. Many adaptations of C.
crescentus, such as slow growth or complete arrest of cell cycle, presence of sessile and motile
progenies, and enhanced nutrient uptake by the stalk of the sessile cells, help it survive in
challenging nutrient-depleted or complex nutrient conditions [5, 6]. A characteristic feature of the
carbohydrate utilizing system in many gram-negative bacteria, like C. crescentus, is the presence
of Polysaccharide Utilization Loci (PUL). PUL is an organized cluster of genes, sometimes as
operons, that codes for all the proteins required for the breakdown of a complex polysaccharide in
a coordinated manner. Some of the proteins found in these complex molecular systems involve
GH, CBMs, TonB-dependent transporters (TBDTs), carbohydrate sensors and transcriptional
regulators [7].

The first PUL system uncovered was the Starch Utilization System, or Sus, in the human
gut Bacteroidetes [8]. The Sus system has eight genes as a cluster, all of which encode for proteins
on the outer-membrane that recognize starch and initiate hydrolysis, hydrolytic-intermediate

transporters, and endo-glycosyl hydrolases, as well as transcriptional regulators [9, 10]. Of these
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genes, there are two sequential genes; susC and susD that encode for an outer membrane TBDT
and a cell-surface glycan-binding protein (SGBP) respectively [2]. This discovery serves as the
model to describe other PUL systems from other bacteria, such as Bacteroidetes and Xanthomonas
spp, found in diverse environments with common and unique features. For example, Prevotella
bryantii in cow rumen [3] and the plant pathogen Xanthomonas campestris pv campestris [1] have
evolved with complex xylan utilization systems.

Other gram-negative bacteria, including C. crescentus, also codes for similar clusters of
genes. These clusters are slightly different than the Sus cluster with the absence of a few genes,
such as a homolog for susD gene, but nevertheless serves to efficiently utilize complex
carbohydrates [11]. Bacterial species have evolved to contain modified gene clusters to handle the
wide range of complexity observed in polysaccharides, as shown in the case of the bacteria B.
ovatus, which has two xylan-targeting PULs named XylS and XylL. These two clusters house
different enzymes that could be used to break down B-xylans from distinct plant sources with
unique structure [12]. Again, despite the modified enzymes for a specific substrate, the protein
products of each PUL are still composed of proteins with clearly defined and similar functions,
even if they might have distinct amino acid sequences [4].

While xylan-degrading genes in cow rumen bacteria were all found clustered in one locus,
the plant pathogen bacteria Xanthomonas campestris has four loci of genes involved in the
breakdown of xylan [1]. Such a plant pathogen also lacks an outer membrane xylanase and it has
been suggested that X. campestris secretes xylanase into the carbohydrate rich environment. With
such differences in the mode of xylan degradation among these bacterial species from unique
nutritional niches, it is intriguing to probe a polysaccharide utilization system in an environmental

bacterium that is capable of inhabiting a low-nutrient environment for comparative analysis of
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xylan utilization mechanisms. The oligotrophic bacterium C. crescentus serves as an ideal model
to learn about xylan utilization systems and mechanisms found in environmental bacteria.
2 | MATERIALS AND METHODS
2.1 | Culture conditions
C. crescentus (CB15) cells were grown in 250 mL of M2 minimal salt media supplemented with
0.2% (w/v) xylan (beech wood, Sigma-Aldrich, St. Louis, MO) as described previously [13, 14].
Culture media were inoculated with a frozen DMSO stock of CB15 cells and shaken at 30 °C, 270
rpm. Two positive control cultures were established: one in xylose and the other one in glucose in
M2 minimal medium. A negative control culture was established without any carbon source under
the same experimental conditions. Xylan culture growth was monitored for growth by measuring
optical density and colony forming unit counting at 600 nm (ODsoo) for 8 days.

C. crescentus in xylo-oligosaccharide were cultured in a similar manner as described
above. Briefly, 1 ml culture of 0.1% (W/V) minimal culture of the following carbon sources: 22-
(4-O-Methyl-a-D-Glucuronyl)-xylotriose (0X3), 33-0-L-Arabinofuranosyl-xylotetraose (AX4),
xylotetraose (X4) and xylopentaose (X5) (Megazyme), were prepared. Each culture was inoculated
with a single colony of C. crescentus that has been grown on a PYE agar plate overnight at 37 °C.

and the culture growth was monitored by measuring the OD at 600.

2.2 | High performance liquid chromatography (HPLC) analysis

Carbohydrate composition of the cell-free (removed by centrifugation) growth media was filtered
and analyzed by HPLC coupled with ELSD. Briefly, the media containing cells were spun at
9600x g rpm for 10 min to separate cells and then the supernatants were immediately placed in

boiling water to inactivate any enzyme activity for five minutes. The media was then filtered with
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a 0.22 pm filter attached to a syringe and ran through an Aminex 42C-HPX column maintained at
75 °C oven. HPLC grade water was used as solvent and the flow rate was kept at 0.35 ml per

minute for 40 minutes.

2.3 | Subcellular fractionation
C. crescentus xylan minimal media cultures collected at 0, 1, 2, 3, 4, and 5 days of growth from
three biological replicates and cell pellets were collected by centrifugation at 9600x g for 10 min.
Outer membrane fraction isolation published previously was followed with suitable modifications
[11, 15]. Cells were then rinsed in a resuspension buffer of 50 mM Tris-HCI, pH 8.0 and
centrifuged at 9600x g for 10 min to collect a pellet and re-suspended in 15 ml 60 mM Tris-HCI,
0.2 mM EDTA, pH 8.0. To the suspension, 0.5 ml of 4x protease inhibitor cocktail (PIC) (Thermo
Scientific) and 150 pl of 1 mM PMSF in ethanol were added to inhibit any proteolytic degradation
of enzymes [15]. Cells were sonicated at 10 watts in five cycles of 1 minute of sonication and 30
seconds of ice-cooling. The cell debris was pelleted at 9600x g for 25 min and to the supernatant
that contains membrane fragments, 10 mL of extraction buffer consisting of 50 mM Tris-HCI, 10
mM MgClz, and 2% triton X-100 was added and mixed briefly. The mixture was centrifuged for
60 min at 38,000x g. The resulting pellet which contains outer-membrane protein fraction was
washed twice with 10 mL of sterile ice-cold water by transferring the water along the tube wall
but not squirting directly into the pellet. The pellet which contains the outer membrane portion
was resuspended in 0.5 mL of 10 mM Tris-HCI buffer at pH 7.0 and kept at 4 °C for subsequent
enzymatic reactions.

Periplasmic protein isolation procedure was carried out as per the previously described

protocol [15]. C. crescentus xylan minimal media cultures collected at 0, 1, 2, 3, 4, and 5 days of
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growth from three biological replicates and cell pellets were collected by centrifugation at 9600x
g for 10 min. The resulting pellet was resuspended in 5 mL of 10 mM Tris-Cl at pH 8.5 and the
mixture was centrifuged at 9600x g for 10 min and the supernatant was discarded. The cell pellet
was resuspended in 1 mL of 10 mM Tris-Cl buffer at pH 8.5 and treated with PIC and PMSF as
stated above. To this mixture, 500 puL chloroform was added and vortexed briefly to mix. The
reaction was left to incubate at room temperature for about 15 min. Then, 1 mL of 10 mM Tris-Cl
buffer at pH 8.5 was added and mixed with the supernatant before centrifuged at 16,000x g for 20
min. The aqueous supernatant layer on top which contains Tris-Cl buffer and periplasmic proteins
was collected and kept in 4 °C for subsequent enzymatic reactions. Periplasmic contents were
tested for the cytoplasmic marker glucose-6-phosphate dehydrogenase to affirm absence of
contamination as previously described [15].

Whole cell lysate protein isolation procedure was carried out as per the previously
described protocol [15]. C. crescentus xylan minimal media cultures collected at 0, 1, 2, 3, 4, and
5 days of growth from three biological replicates and cell pellets were collected by centrifugation
at 9600x g for 10 min. The resulting pellet was resuspended in 50 mM Tris-HCl buffer at pH 8.0
and washed twice before final resuspension in 1 ml of 10 mM Tris-HCI buffer at pH 8.0 and treated
with PIC and PSMF. Cells were sonicated at 10 watts in cycles of 1 minute of sonication and 30
seconds of ice-cooling, repeated for a total of 5 times. The product was centrifuged briefly for 1
minute at 10,000x g, then the clear supernatant was transferred to individual Eppendorf tubes and
kept in 4 °C for subsequent enzymatic reactions.

Three 50 ml of cell-free media were collected at select growth time points and treated with

0.5 mL protease inhibitor cocktail (Sigma-Aldrich). The samples were concentrated to roughly 3
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mL using Amicon ultrafiltration cells fitted with 5000 kDa molecular mass cut-off filters at 4 °C

under nitrogen gas.

2.4 | Enzyme assays

To measure the xylosidase activity of the subcellular fractions 20 pL of the fractions were
incubated in a tube containing 250 pL of the SmM p-nitrophenyl-p-D-xylopyranoside (pNPX) in
730 pL acetate buffer (pH 5.5) for 5 min at 37 °C. The reaction in each test tube was stopped by
adding 1 ml of 0.2 M sodium hydroxide solution and the absorbance was measured immediately.
To calculate the specific activity, protein quantification was carried out using Bradford assay
following the manufacturer’s instructions and previously published methods [15]. A unit of
xylosidase activity was defined as the amount of enzyme necessary to release 1 pmol p-nitrophenol
per minute.

In order to analyze the different types of enzyme activities present in the subcellular
fractions, 20 uL of 0.2% (w/v) solutions of the following XOS substrates (0OX3, AX3, X4, and
X5) in 50 mM phosphate buffer pH 7.0 were incubated with the fractions at 37 °C in a water bath.
After 12 h of incubation the products of the reaction were resolved by Thin Layer Chromatography
(TLC) on Silica Gel HLF 250 um (Analtech) plate using 85:15 (v/v) acetonitrile to water as the
mobile phase. TLC plates were sprayed with freshly prepared 16 mM orcinol in 70% sulfuric acid.

The plates were immediately placed in an oven at 70 °C for 15 min to visualize spots [16].

2.5 | Reverse transcription PCR (RT-PCR)
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RNA isolation was carried out using TRIzol reagent and the bacterial RNA isolation protocol
provided by the manufacturer (ThermoFisher). C. crescentus cell pellets were collected from 15
mL glucose and xylose growth cultures after 6 h of growth and from xylan growth culture after 2
days of growth and cell count was optimized prior to RNA isolation. RNA pellets obtained were
resuspended in 30 pL of RNase-free water with 0.1 mM EDTA (Sigma). The samples were
incubated in a 55 °C water bath for 10 min before subsequent reactions. Each RNA sample was
tested for DNA contamination by running PCRs using B27F and U1492 E. coli. Reverse
transcriptase polymerase chain reaction was carried out following the manufacturer’s instructions
using random hexamer primer (Promega). The cDNA products were kept at 4 °C for subsequent
amplification reactions. Gene specific PCR was carried out using primers for the genes listed in
Table 3 using standard PCR protocol provided by the manufacturer (Promega) and primer specific
annealing temperature. PCR products were separated by 2% and visualized by ethidium bromide

staining.

3 | RESULTS

3.1 | Xylan and xylo-oligosaccharides in minimal media support C. crescentus growth

M2 minimal media CB15 cultures were raised under standard sterile conditions as previously
described with xylan or xylo-oligosaccharides (XOS) as a carbon source to investigate the ability
of CB15 to utilize polymeric xylan as a carbon source [15]. CB15 growth in xylan or XOS were
optically monitored with control cultures as shown in Figure 2. Additionally, colony forming unit
technique was used in complement with ODesoo measurements to further confirm the growth of C.
crescentus in xylan minimal culture (data not shown). CB15 growth in xylan showed the

characteristics of bacterial growth phases. The lag phase lasted for 3 days and was significantly
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longer than the lag phase of 6 h observed in glucose, but interestingly, glucose, xylose and xylan
showed approximate log phases of 24 h. The highest ODsoo value observed in xylan was relatively
lower than the maximum ODsoo measurement recorded for growth in glucose but nearly four times
higher than the ODsoo value recorded for xylose, suggesting the presence of growth promoting
xylan-derived carbon compounds in xylan cultures.

To further understand the nature of xylan utilization by C. crescentus, growth in
structurally different XOS (Figure 3) cultures in M2 minimal media were monitored as described
above. The growth curves in 22-(4-O-methyl-a-D-glucuronyl)-xylotriose (0X3), 33-a-L-
arabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5) shown in Figure 4
display characteristic features of typical bacterial growth confirming that C. crescentus can utilize
all four XOS as the carbon source for growth. However, growth in each of the XOS displays
characteristic features, such as longest lager phase displayed by OX3 compared to much shorter
lag phases in other three xylo-oligosaccharide substrates (Table 1). Additionally, the two
xylotetraose cultures showed higher ODeoo measurement than the OX3 or xylopentaose cultures,

suggesting growth dependence on the chemical structure and composition of the XOS.

3.2 | Xylan degradation and degradation product uptake are coupled processes

To study the xylanolytic process in CB15 growth cultures, extracellular growth media fractions
were collected over a period of 8 days and analyzed by HPLC along with standards of xylan,
xylose, arabinose, glucuronic acid and XOS. The xylan carbon source remained intact during the
sterilization (by autoclave) process as confirmed by HPLC and TLC analysis and the pH of the
xylan solution remained neutral before and after autoclaving [17, 18]. The chromatograms in

Figure 5 show the xylan peak at 9.7 min for all samples collected at different growth time points.

10
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The two additional peaks appearing at retention times 11.3 min and 13.8 min stem from the M2
salt components as confirmed by minimal media analysis (data not shown). The xylan peak shows
a significant decrease to more than half by the fifth day, and only about 5.5% of the xylan remained
by the eighth day. The xylan reduction in the extracellular media parallels the growth trend
observed in xylan carbon source (Figure 2). A significant decrease in xylan content observed after
day three coincides with the end of the lag phase and the beginning of the log phase of growth.
To understand the xylan-derived carbon compound uptake, we investigated any roles
played by TBDT using carbonyl cyanide 3-chlorophenylhydrazone (CCCP) [19] and the TBDT
inhibitory TonB pentapeptide (Glu-Thr-Val-Ile-Val) [20] to potentially block the functions of
TBDTs in C. crescentus grown in xylan, xylose and the xylo-oligosaccharide substrates. The
effects of these TBDT interfering compounds toward C. crescentus growth is shown in Figure 6.
In the presence of CCCP, C. crescentus growth in all six carbon sources show extension in the lag
and log phases of CB15 growth as previously observed in the growth of E.coli in the presence of
CCCP [19]. For xylose, this effect delays the log phase from 6 h to 24 h and the log phase takes
75 h to reach the maximum ODesoo measurement when compared to the culture without CCCP
(Figure 6A) and for xylan, the lag phase was extended for another 25 h compared to the culture
without CCCP (Figure 6B). For both AX4 and X4, the lag phase was approximately 50 h (Figure
6D and 6E). For X5, the delay was a significant 94 h (Figure 6F). Surprisingly, OX3 experienced
the most prolonged lag phase of 170 h in the presence of CCCP and only started to show slight
increase on OD thereafter. Growth in X4 and X5 did not reach the maximum ODeoo at the
stationary phase observed for the culture without CCCP as seen in other cultures except in OX3.
Interestingly, there was growth in TonB peptide, instead of growth arrest or delay as expected in

all six cultures and reached a similar ODeoo maximum as in control cultures. To explore this

11
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observation, we raised a CB15 culture with TonB pentapeptide as the sole carbon source in
minimal media and found that TonB pentapeptide supports growth of CB15 under these growth

conditions (data not shown).

3.3 | The outer membrane and the periplasm contain xylan deconstructing enzymes
Xylanase specific activity in the extracellular media and the cellular fractions towards pNPX
substrate were calculated and reported in U/mg of protein, in which one unit of activity is defined
as the amount of enzyme that catalyzes the conversion of 1 umol of p-nitrophenol per minute.
Three independent isolates of enzyme fractions were used in each of the duplicate assays, and the
mean value are shown in Figure 7. While the overall xylanase activity generally increased for all
three cellular fractions up to three days and levels off, no measurable activity was detected for the
extracellular media fraction at any growth time point tested. This suggests that no xylosidases are
released into the extracellular media that are active towards pNPX substrate. Among the
subcellular fractions, the highest specific activity of 919 U/mg was recorded for the periplasmic
fraction isolated on day three of growth. Among the outer membrane fractions the highest specific
activity of 67 U/mg was in the fractions collected on the fourth day of growth, and overall, the
xylanase activity in outer membrane fractions can be considered constant within the margin of
error from day 1 to day 5 of growth. The high specific activity observed in the periplasmic fractions
were consistent from day 2 until 5 and this relatively high value compared to the outer membrane
and the whole cell lysate suggest a high concentration of xylanase in the periplasmic space.

To gain further insight into the nature of xylan deconstruction we profiled the substrate
specificity of the xylan deconstructing enzymes found in the subcellular fractions and the

extracellular media XOS substrates and TLC. Figure 8 and Table 2 show the breakdown products
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determined by the Rr values in comparison with standards after the treatment of the four substrates
with the total enzyme isolated as growth progressed. Treatment of OX3 substrate with the whole-
cell lysate fractions and the periplasmic fractions collected on day 4 and 7 produced spots that
matched xylose and 4-O-methyl-a-D-glucuronic acid (MeGlcA) (Figure 8A). No product was
detected from the reaction with whole-cell lysate and periplasmic fractions collected on day 1. The
day 1 and 4 outer membrane fractions did not break down the substrate but two products were
observed with the day 7 outer membrane fraction that matched the Rr values of MeGIcA and
xylotriose suggesting appearance of glucuronidase activity very late in the growth on the
membrane without xylosidase activity. No product was observed for the reaction between the
extracellular media fraction and the substrate. Overall, TLC data suggest the presence of
glucuronidase and xylosidase activity in the periplasm of C. crescentus and glucuronidase activity
during the later phase of growth on the membrane.

Results from the reactions of fractions towards the AX4 substrate are shown in Figure 8B.
Only the enzyme fractions from day 4 and 7 of the whole-cell lysate and periplasm produced
breakdown products from AX4 substrate. Rr value of these spots (0.73) closely matches that of
both xylose (Rf= 0.77) and arabinose (Rf = 0.75) (Table 2). Interestingly, the whole-cell lysate
fraction from day 7 hydrolyzes the substrate completely and displays only one spot that must be
composed of both xylose and arabinose, as evidenced by Ry values. This observation suggests that
both xylosidase and arabinosidase activities must be present in the whole cell lysate for complete
breakdown of the AX4 substrate. Although the day 7 whole-cell lysate fraction shows complete
breakdown of the substrate under the reaction condition, the day 7 periplasmic fraction only shows
partial hydrolysis as the original substrate is still prominently visible on the TLC plate. The

extracellular media as well as the outer membrane fraction show no activity toward AX4. Overall,
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the results show the presence of xylosidase and arabinosidase in protein extracted from the whole-
cells of C. crescentus. The difference between the whole cell and the periplasm results and the lack
of activity in the membrane fraction suggests that the arabinosidase that is active towards the AX4
substrate must be concentrated in the cytoplasm.

Figure 8C and 8D show the results from reactions between the fractions and the
xylotetraose and xylopentaose substrates. Whole-cell lysate and periplasmic protein fractions from
day 4 and 7 show complete breakdown of both substrates into monomer xylose under the reaction
conditions. This shows that xylosidase enzymes in the periplasm can completely break down short-
chain XOS into monomer xylose. Although the outer membrane fraction collected on the day 7
showed some level of activity towards p-nitrophenyl-B-D-xylopyranoside as shown in Figure 7,
the outer membrane fraction surprisingly shows no product formation in the reaction with these
xylo-oligosaccharide substrates. No enzyme activity was detected in the extracellular media at any
growth time point. Overall, the enzyme activity analyses indicate the presence of xylosidase,
arabinosidase and glucuronidase activities in specific subcellular fractions of C. crescentus grown

in xylan minimal culture.

3.4 | C. crescentus expresses all required enzyme genes for complete xylan deconstruction

All potential C. crescentus genes coding for enzymes that may play a role in xylan deconstruction
based on the conserved domain search predictions are listed in Table 3 and their expression in
response to xylose and xylan carbon sources were tested. Total RNA was collected at mid-log
phase of growth and reverse transcribed into cDNA and amplified using gene specific primers and
shown in Figure 9. The endo xylanases CC_ 2802 and CC 3042 showed expression in both xylose

and xylan carbon sources as well as all B-xylosidases, except CC_ 0989 which expressed only in
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xylan, expressed in both xylose and xylan. We did not detect expression of the B-xylosidase
CC_2357 in either of the carbon sources. The expression of a-L-arabinofuranosidase CC 1422, a-
glucuronidase CC 2811 and the esterase CC 0771 genes have all been detected in both xylose

and xylan carbon sources.

4 | DISCUSSION

The ability of C. crescentus to survive in low-nutrient environments suggests the presence of
metabolic pathways and mechanisms allowing C. crescentus to use low-abundance carbohydrate-
derived carbon sources as revealed by Carbohydrate-Active-Enzymes (http://www.cazy.org) [21].
Studies have shown that C. crescentus can utilize mono-, di- and oligosaccharides as carbon source
for growth but polysaccharide utilization has not been widely reported [11, 15, 22, 23]. Here, we
show evidence for the breakdown of the polymeric xylan into smaller fragments in a cell surface-
bound manner before uptake of these fragments across the outer membrane of C. crescentus
without releasing any fragments into the environment.

The prolonged lag phase observed in xylan suggest production of all the enzymes necessary
for xylan utilization (TABLE 3) as previously observed in a E. coli promoter activity study using
fluorescence reporters under nutrient limited conditions [24]. Lag phase allow the bacterial cells
to achieve a higher cell division and maximum growth rates once cells transition to log phase. At
the same time, the genes responsible for ribosome or amino acid biosynthesis are not actively
expressed during lag phase and only once cells reach this checkpoint, the second phase of synthesis
of amino acids ramps up to allow cells to grow bigger. Presence of a self-checkpoint mechanism
especially makes sense for bacteria living in a nutrient-poor oligotrophic environment like C.

crescentus. Boutte et al. identified a guanosine tetraphosphate (ppGpp)-mediated stringent
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response mechanism in the experimental strain CBI5N of C. crescentus under starvation [25].
Further studies of how stringent response mechanisms operate in CB15 in a xylan-only carbon
source growth conditions may shed light on gene regulation and on other bacterial oligotrophic
mechanisms.

The data suggest, as expected, that the chemical nature of the available carbon source
influence bacterial lag phase. For example, the growth in OX3 substrate resulted in a much longer
lag phase than the unsubstituted but longer X4 and X5 or the differently substituted AX3 XOSes
as different enzymes require specific substrate requirements (Figure 3 and 4) [26, 27]. This may
explain the longer OX3 lag phase as the a-glucuronidases have a deep active site pocket and
require the O-2 position substituted xylose at the non-reducing end as opposed to the substituted
middle xylose in OX3 (Figure 3) [28]. This suggests that a-glucuronidase activity may depend on
a prior xylosidase activity to generate the suitable substrate from OX3 for a-glucuronidase to

further fragment the carbon source.

Both the outer membrane and the periplasmic fractions show enzyme activity toward the
pNPX substrate. pNPX is a very sensitive, nonspecific colorimetric substrate for f-xylosidases that
cleave xylose from non-reducing ends of XOSes, whereas xylanases typically cleave internal
B(1 — 4) xylosidic bonds thus enzymes belonging to both B-xylosidase or xylanase can release the
p-nitrophenol resulting in the color change that is typically reported as xylosidase/xylanase
activity. The outer membrane fraction only showed relatively low level of specific activity towards
pNPX substrate, while the activity towards the four different xylo-oligosaccharide substrates were
not detected, except towards the OX3 substrate on day 7 of growth (Figure 8A-D). This might
suggest that xylanase(s) is (are) found tethered to the outer membrane of the bacteria and might

need the association of the other proteins, such as a CBM in the PULs system, to work properly.
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The outer membrane protein isolation procedure may have disrupted these protein associations
necessary for endo-xylanase activities.

A high specific activity for pNPX substrate observed in the periplasm suggests presence of
xylosidase/xylanase in the periplasm. Subcellular protein location prediction by PSORTDb
(https://www.psort.org/psortb/) and Gneg-mPLoc (http://www.csbio.sjtu.edu.cn/bioinf/Gneg-
multi/) suggest two possible glycoside hydrolases, CC 2802 and CC 3054 to be localized in the
periplasmic space and xylosidases CC 0989 and CC 0813 in the cytoplasm (Table 3) [29, 30].
This suggest potential breakdown of the short chain XOS that are transported into the periplasm
and the cytoplasm of CB15 and this transport would require the activities of membrane transporters
on both the outer and inner membrane to deliver the short chain XOS into these subcellular
locations. Unlike many gram-negative bacteria, C. crescentus lacks OmpF-type outer membrane
porins, which facilitates diffusion of hydrophilic substrates from the environment through the
water-filled pores [31]. However, C. crescentus encodes for unusually high number of TBDTs that
are found on the outer membrane, as well as a high number of ABC (ATP-Binding Cassette)
transporters on the inner membrane [32]. Some of these active transporters, TBDTs and ABC
transporters, must therefore also be induced and expressed as they may be involved in transporting
specific short chained XOS. Previous studies have shown expression of TBDTs in response to
gluco-oligosaccharides, maltose and sucrose [15, 21, 33] and xylose not as an inducer for the
expression of ABC transporter in C. crescentus [34]. We hypothesize that XOS with specific
substituents may serve as an inducer for ABC transporter, as it would indicate the presence of
xylan-derived fragments in the periplasm.

As the picture of xylan utilization in C. crescentus evolves, insight into protein export into

various subcellular locations, including the membranes, would assist in the understanding of
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complete deconstruction of xylan. The protein sequences of all the xylan utilizing genes were
analyzed using two signal sequence identifier programs: SignallP
(http://www.cbs.dtu.dk/services/SignalP/) and TatP (https://services.healthtech.dtu.dk/service.
php?TatP-1.0) [14, 35]. In general, bacterial protein translocation follows one of the two known
pathways: the Sec or Tat pathway. The Tat pathway translocate proteins that are already folded in
the cytoplasm and relies on proton motive force to do so [36]. The genes CC 1422 and CC 2811
encode for a-L-arabinofuranosidase and a-glucuronidase respectively and both were predicted to
be on the inner membrane as per Gneg-mPloc predictor. Both possess signal peptides, suggesting
that they may be translocated to other subcellular locations from the cytoplasm for their functions
(Table 3). Arabinosidase and glucuronidase activities observed towards AX4 and OX3 substrates
in the periplasm suggest their activities must be localized in the periplasm as periplasm-facing
membrane-bound enzymes. Both substrates were completely turned into monomeric products,
suggesting that substituents in XOS may be removed to generate unsubstituted xylose backbone
in the periplasm for further breakdown into xylose or transportation of the xylose chain into the
cytoplasm for further breakdown. The ABC transporters on the inner membrane are most likely
also involved in transportation of the xylan-derivatives into the cytoplasm in C. crescentus as
shown in malto-oligosaccharide transport by ABC transporters in Streptococcus [37].

The CC 2803 and CC 3042 are two GH 10 family endo-xylanases and both were
expressed in xylose and xylan carbon sources (Figure 9) and these enzymes may play crucial role
in the deconstruction of xylan by C crescentus as they cleave internal B-1,4-glycosidic linkages [2,
38]. Among the glycoside hydrolase families, GH 10 is the most extensively studied one [21]. GH
10 enzymes cleave the glycosidic linkage between substituted xylose monomers, like O-methyl

glucuronic acid or arabinose, and the xylose next to it [37, 39]. These structurally variable xylo-
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oligosaccharide products may serve as substrates for different enzymes that further cleave off the
substituents to generate plain xylo-oligosaccharide for efficient release of xylose. In general, the
gene expression analysis suggests expression of most of the xylan deconstruction related genes in
both xylose as well as xylan carbon sources, suggesting that xylose may function as an inducer for
the expression of these genes.

The gene CC 3042 encodes for the conserved xylanase Xyn10C found among many xylan
utilizing bacteria. In Xanthomonas campestris pv. campestris, a plant pathogen that causes black
rot in cruciferous vegetables, Xyn10C is encoded by the gene XCC 4115, and is one of the three
detected xylanases in Xanthomonas campestris pv. campestris’ genome and contains signal
peptide for secretion out of the cytoplasm [1]. A homolog of Xyn10C is also found in the XUS
system (encoded as PBR 0377) of the human gut microbe P. Bryantii. This homolog has an N-
terminal signal peptidase II cleavage site, which suggests that it is an outer membrane-anchored
protein with a similar function as the SusG protein of B. thetaiotaomicron, an obligate anaerobe
and an opportunistic pathogen found in human gut flora [3, 8, 9]. This homology feature reflects
the presence of highly conserved carbohydrate utilization systems, in terms of protein sequence,
three dimensional structures and enzymatic activity, across the microbial communities of different
niches and nutrient acquisition modes and yet they also display variety [40].

The presence of Tat signal in CC_2803 implies this enzyme might as well be targeted for
translocation to other subcellular locations (Table 3). This gene is also located in the vicinity of
CC 2802, CC 2811 and CC 2804, which encode for a xylosidase and a a-glucuronidase and a
TBDT respectively. Both CC 2802 and CC 2811 are expressed under xylose carbon source
conditions, and in fact, D-xylose has been shown to induce the expression of over 50 genes in C.

crescentus [14] [41, 42]
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TonB pentapeptide did not cause growth retardation or arrest due to expected inhibition
of TonB transport function as postulated in this study. However, CCCP incurred a significantly
longer lag phase for xylan and all xylo-oligosaccharide substrates. This effect was not observed
for CB15 xylose minimal media culture induced with CCCP, which might be due to the presence
of OprB protein on the outer membrane of CB15 that allows diffusion of xylose into the cell across
the outer membrane as OprB has been shown to transport wide range of hydrophilic molecules
including different monosaccharides [15, 43]. Presence of CCCP in bacterial cultures has been
shown to slow down the growth [44]. For larger substrate transportation, C. crescentus may rely
heavily on TBDTs and impairment of proton motive force that is necessary for the function of
TBDTs may have result in the longer lag phase as observed. TBDTs have been shown with more
functions than just transportation of larger nutrient molecules across the outer membrane such
extracytoplasmic function ¢ factor (ECF) mediated regulation of gene expression as observed in
B. thetaiotaomicron [3, 8, 45].

The PUL system, in which a collective group of proteins with different functional roles
work together to effectively breakdown xylan extracellularly into smaller fragments and uptake
the breakdown products across cell membrane via transporters has been reported in bacteria that
inhabit plants and animal gut [1, 3]. If this is the case for C. crescentus then a model for xylan
utilization develops with an outer membrane-bound xylanase to break the xylan backbone on the
cell surface into smaller fragments. This xylanase may work together with carbohydrate binding
proteins or with a CBM and a transporter to capture and transport the cleaved xylo-
oligosaccharides across the membrane into the periplasm without releasing into the environment.
An amino acid sequence analysis of the membrane binding domains using TMHMM server

identified CC 0813 and CC 3054 to contain an N-terminal sequence with high tendency to
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function as a membrane tether. Additionally, we identified two TBDTs (CC 0185 and CC_1666)
and another outer membrane protein pump (OmpA, CC 3494) (unpublished data) in a
comparative proteomic analysis of C. crescentus grown in xylose and xylan that may play a role
in this function but further experiments are required to confirm the functional roles of these
proteins. An alternative model of extracellular xylanase mediated breakdown of xylan is not
supported by our data (Table 2) [1]. Furthermore, releasing fragmented XOS into an aquatic
environment is not an economically viable mode of nutrient acquisition for an oligotrophic
organism. A previous study from our lab on gluco-oligosaccharide utilization in M2 minimal
media using gluco-oligosaccharides as the carbon source by C. crescentus showed breakdown
products in the extracellular media [15]. The gluco-oligosaccharides used by Presley et al., as
opposed to polymeric xylan, extended only up to cellotetraose and it may not have bound to a
CBM thus upon cleavage of glycosidic linkage it may be released into the environment as shown
in that study [15].

Based on the observations made in this study and the collective and comparative analysis
of the genomics related to xylan utilization in C. crescentus and related organisms, a predictive

model of xylan utilization system in C. crescentus is proposed in Figure 10.
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FIGURE 2 C. crescentus growth in xylan. Growth time-dependent ODsoo measurements of C.
crescentus cultures in M2 minimal media supplemented with 0.2% (w/v) of xylan or 0.2% (w/v)
glucose and control cultures and grown at 30 °C, 260 rpm.

22 {4-0-Methyl-o-D-Glucuronyl)-xvlotriose 3 -a-L-Arabinofuranosyl-xylotetraose

Q o]
H% {E| 0 ot l!'}H-. o . OH e en
i~ °m% L I ) ﬂolﬂz‘?fﬁf#&_ﬁf TX,,,

OH y
H
oM .
0 Ole ]
HO (o] -

HIOY
OH

Xylotetraose Xylopentaose

H%Em’ ?IDH-K:O o HO ] a
? A 4] ?‘ - ) 0
oM o zig,t::}ﬂﬁ"gH ' 0 ™ ?I%ﬂ
3 s

FIGURE 3 Chemical structures of 22-(4-O-Methyl-a-D-Glucuronyl)-xylotriose (0X3),
33-0-L-Arabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5).
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xylotriose (OX3), 33-a-L-Arabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and
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FIGURE 5 HPLC chromatogram of extracellular growth media of 0.2% (w/v) autoclaved xylan
in M2 minimal salt. An Aminex HPX-42C column with water as mobile phase was used at
75 °C and compounds were detected with an ELSD detector using the same detection
parameters as in standard compound detection. A full HPLC chromatogram of all the samples
is shown in the inset.
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either: 10 uM CCCP or TonB pentapeptide at 100 pg/ml. All the cultures were monitored with
ODeoo for 8 days.
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FIGURE 7 Xylanase activity of subcellular protein fractions and extracellular medium of xylan
growth culture at 0, 1, 2, 3, 4 and 5 days of growth. Activities were calculated by measuring the
p-nitrophenol released from pNPX substrate at 405 nm. All data points are the mean of duplicate
assays of three independently isolated fractions.
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FIGURE 8 Thin layer chromatography analysis of the enzyme activities of subcellular protein
fractions (WCL-Whole-cell lysate; PP-periplasm; OM-outer membrane) and extracellular medium
(ECM) of xylan growth culture collected at day 1, 4, and 7 towards (A) 23-(4-O-methyl-o-D-
glucuronyl)-xylotriose (0X3), (B) arabinofuranosyl-xylotetraose (AX4), (C) xylotetraose (X4)
(D) xylopentaose (X5) substrates. Spots resolved on silica gel HLF 250 um plates using 85:15
acetonitrile and water as solvent. The plate was sprayed with 16 mM orcinol in 70% sulfuric acid
and developed in an oven at 90 °C for 10 min.

34



733
734

735
736
737
738
739
740

741
742

743
744
745
746
747
748
749
750
751

FIGURE 9 Reverse-Transcriptase (RT-PCR) based analyses for expression of C. crescentus genes
in xylose (a) and xylan (b) carbon sources in minimal media cultures. rRNA control using 785F
and 1492R (c). Gene locus tags (CC numbers) are shown above images. Expected amplicon size
range from 40 to 180 bp except for the rRNA amplicon, which is around 700 bp.
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FIGURE 10 Proposed model for xylan degradation and uptake by C. crescentus. Endo-
xylanases coded by CC 2803 and CC 3042 act as the extracellular xylanase that break down long
chain xylan polymer into short XOS that could be substituted with arabinose, O-methyl glucuronic
acid. These shorter chains are transported across the outer membrane by TonB-dependent receptor
transporters. Short chain XOS are removed of substituents by a-glucuronidase (CC 2811) and
arabinosidase (CC_1422) in the periplasm, and further degraded into xylose monomers either in
the periplasm (with xylosidases encoded from CC 0813, CC 2802 and CC_3054) or cytoplasm
(xylosidase CC_0989), then converted to D-xylonolactone by xylose dehydrogenase before further
transformation into a-ketoglutarate, an intermediate of the citric acid cycle.
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TABLE 1 Growth profile of C. crescentus in 2>-(4-O-methyl-a-D-glucuronyl)-xylotriose (0X3),

33-a-L-arabinofuranosyl-xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5) carbon
sources in M2 minimal media.

0Xx3 AX4 X4 X5
Lag phase 24 h 6 h 6h 12h
Log phase 48 h 40 h 40 h 12h
Max ODsoo 0.387 0.549 0.468 0.355

TABLE 2 Summary of subcellular enzymatic activity of C. crescentus grown in xylan minimal

culture towards 2%-(4-O-methyl-a-D-glucuronyl)-xylotriose (OX3), 33-a-L-arabinofuranosyl-

xylotetraose (AX4), xylotetraose (X4) and xylopentaose (X5).

0X3 AX4 X4 x5 | Potential Enzyme
Activity
Whole Cell Xylose Xylose Xylose | Xylose Ai(a}llali(r)lsolgizs;s,’e
Lysate MeGIcA /Arabinose y Y D
Glucuronidase
Xylosidase
. Xylose Xylose L
Periplasm MeGleA | /Arabinose Xylose | Xylose Arabmosglase,
Glucuronidase
Outer X3 )
membrane MeGlcA None None None Glucuronidase
Extrflcellular None None None None None
Media
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TABLE 3 Xylan modifying enzymes in C. crescentus.

Putative Xylan Modifying Predicted Subcellular Location/s Translocation
Enzyme Activity/ Gene Code Signal (Signal P
(GH Family) /TatP)
Endo-B-1.4-xvlanase (XYN)
CC 2803 (GH10) Periplasm/Inner membrane Tat
CC 3042 (GH10) Cytoplasm/Inner membrane Tat
B-D-xvlosidase (XYL)
CC 0989 (GH43) Multiple locations/Cytoplasm None
CC 2357 (GH39) Cytoplasm/Inner membrane None
a-L-Arabinofurosidase (ARA)
CC 1422 (GH51) Cytoplasm/Inner membrane Tat
XYN/XYL/ARA
CC_0813 (GH43) Multiple locations/Inner membrane Tat
CC 2802 (GH43) Multiple locations/Periplasm None
CC 3054 (GH3) Periplasm Tat
o-Glucuronidase
CC_2811(GH67) Multiple locations/Inner membrane None
Esterase
CC 0771 Periplasm/Cytoplasm None
Deacetylase
CC 2153 Periplasm Tat

37



