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The C2 entity of chitosugars is crucial in molecular selectivity
of the Vibrio campbellii chitoporin
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The marine bacterium Vibrio campbellii expresses a
chitooligosaccharide-specific outer-membrane channel (chito-
porin) for the efficient uptake of nutritional chitosugars that
are externally produced through enzymic degradation of
environmental host shell chitin. However, the principles
behind the distinct substrate selectivity of chitoporins are un-
clear. Here, we employed black lipid membrane (BLM) elec-
trophysiology, which handles the measurement of the flow of
ionic current through porins in phospholipid bilayers for the
assessment of porin conductivities, to investigate the pH
dependency of chitosugar—chitoporin interactions for the
bacterium’s natural substrate chitohexaose and its deacetylated
form, chitosan hexaose. We show that efficient passage of the
N-acetylated chitohexaose through the chitoporin is facilitated
by its strong affinity for the pore. In contrast, the deacetylated
chitosan hexaose is impermeant; however, protonation of the
C2 amino entities of chitosan hexaose allows it to be pulled
through the channel in the presence of a transmembrane
electric field. We concluded from this the crucial role of C2-
substitution as the determining factor for chitoporin entry. A
change from N-acetylamino- to amino-substitution effectively
abolished the ability of approaching molecules to enter the
chitoporin, with deacetylation leading to loss of the distinctive
structural features of nanopore opening and pore access of
chitosugars. These findings provide further understanding of
the multistep pathway of chitin utilization by marine Vibrio
bacteria and may guide the development of solid-state or
genetically engineered biological nanopores for relevant tech-
nological applications.

Numerous pore-forming proteins (porins) in the outer
membrane of Gram-negative bacteria display high substrate
specificity (1-3), with translocation greatly facilitated by weak
interactions between pore-lining amino acid residues and
permeating molecules such as maltosugars, sucrose, cyclo-
dextrin, phosphate, pyrophosphate, and nucleosides. One of
the early studies recording ion current fluctuations in the
presence of substrates reported that for the LamB pore (mal-
toporin) of Escherichia coli isomeric structural changes in the
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carbohydrate substrates had a substantial effect on the inter-
action of the molecules with the maltoporin (4). Affinity and
passage rates were very high for maltose, which has two
glucose units linked by an alpha-1,4 glycosidic bond, but rather
low for sucrose (fructose and glucose linked alpha-1,4) and
lactose (galactose and glucose linked beta-1,4). This observa-
tion of the dependence of permeation through LamB on
structural details of the interacting sugar substrate was
confirmed in a series of detailed structure/function studies by
others (e.g., (5-8)). Substrate specificity was also verified for
the bacterial nanopore CymA, from the outer membrane of
Gram-negative bacteria Klebsiella oxytoca (9) and Vikraman
et al. (10) described a chemical “passport control” mechanism
at the pore opening that regulated the passage of anionic and
cationic linear and cyclic oligosaccharides through CymaA,
selectively. Another porin with high substrate specificity is the
sucrose-permeable ScrY channel (11-14). In the present study
the dependence of the chitosugar trafficking activity of a
marine bacterium on the fine details of the structure of
approaching chitosugars was observed. The effects were,
however, in contrast to the studies on LamB and CymA,
induced through a much smaller structural variation within
the chitosugar ring than the large conformational difference
between, for instance, maltose and sucrose or lactose.

The subject of this study is the chitoporin from Vibrio
campbellii (V. campbellii, type strain ATCC BAA 1116), a
marine bacterium that is an opportunistic consumer of chitin
in tropical seawater and an infectious threat to large-scale
shrimp and crab farming. Note that V. campbellii was
formerly known as Vibrio harveyi type strain ATCC BAA 1116
(15): based on the old taxonomy, VAChiP became the acronym
for the chitoporin of the species (16—18). To be consistent with
the terminology in our previous publications and confirm that
the chitoporin in this study is the same as that characterized in
previous studies, “VAChiP” has been retained as abbreviation
of the studied chitoporin, even though the microorganism of
origin is now, in agreement with literature, referred to as
V. campbellii. The catabolic cascade of environmental chitin
utilization by marine Vibrio species has been studied for
almost a century and was brought to prominence in 1996 by
Roseman et al., in five groundbreaking articles (19-24). The
pathway is initiated by extracellularly inducible chitinases,
which degrade natural chitin of host crustaceans or chitin
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Chitooligosaccharide uptake by marine Vibrio campbellii

sediments. Our own studies of the V. campbellii strain BAA
1116 suggested that the microorganism secretes an endochi-
tinase that cleaves accessible chitin into small chitooligo-
saccharide fragments, (GlcNAc) to (GlcNAc)g, with (GIcNAc),
as the main degradation product (25-27). Uptake of GlcNAc
and (GIcNAc), into the bacterial periplasm is facilitated by
general porins while larger fragments permeate the outer
membrane through the chitooligosaccharide-specific chito-
porin, VAChiP (16-18). In the periplasm these longer
chitosugars are enzymically cleaved to dimers or monomers,
which then enter the cytosol through transporters in the inner
membrane and become available for metabolic energy
production.

Previously we identified, cloned, expressed, and purified
VhChiP as a trimeric protein pore assembly and analyzed the
pore function with di-, tri-, tetra-, penta-, and hexameric
chitosugars (16, 17). Using VAChiP reconstituted in artificial
black lipid membranes (BLMs), we found that all chitosugars
could move through the three individual pore units of the
trimeric chitoporin, and that chitohexaose did this with
exceptionally high pore affinity. The strong interaction of
VhChiP with chitohexaose might simply be an adaptation that
optimizes uptake efficiency: “ingestion” of a hexose is obvi-
ously beneficial for nutrition as it provides six carbohydrate
units instead of the smaller number from shorter chitosugars.
Further analysis of the ionic current through VAChiP in the
presence of sugars allowed conclusions on the inward and
outward movement of chitohexaose, indicating that this
chitoporin has multiple internal binding sites (traps) for
moving molecules and uses an orchestrated transfer of trapped
molecules as an evolutionary strategy to achieve permeation
rates high enough for the bacteria to survive in their seawater
habitat (18).

In our first VAChiP studies, we showed that chitosugar
uptake and translocation interaction with VAChiP were very
efficient, channel binding increasing with the chain length of
the chitooligosaccharide. Chitohexaose, the longest substrate
investigated, showed exceptional affinity for VAChiP. In
contrast, maltose or maltooligosaccharides, which are as not
natural nutrients for V. campbellii, showed negligible perme-
ation through VAChiP (16, 17). These experiments demon-
strated the selectivity of uptake by V. campbellii. To confirm
further molecular selectivity in chitosugar uptake through
VhChiP, we next compared the interaction of the chitoporin
with the natural nutritional substrate chitohexaose and its
closest chemical derivative, synthetic chitosan hexaose, used as
a molecular probe at various concentrations, pH values, and
transmembrane potentials. The two chitosugars are structur-
ally identical apart from their substitution at C2: while
chitohexaose has an N-acetyl-function (C2-NHCOCH; or
C2-NHAc), in chitosan hexaose the substituent is, depending
on pH, an amino (C2-NH,) or, after feasible protonation, an
ammonium (C2-NH;") group. Chitosan hexaose was used to
test VAChiP permeability and to explore the effect of altering
the charge on the glucosyl ring. Marked differences were
observed in BLM ionic current recordings for VAChiP that was
exposed at various transmembrane potentials to chitohexaose
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and neutral or cationic chitosan hexaose. Permeation by
chitohexaose was independent of pH and transmembrane
potential, while chitosan hexaose entry depended on its charge
state, regulated by the ambient pH, and on the polarity of the
transmembrane potential. This confirmed the strong effect of
the acetylation of the C2 nitrogen of a chitosugar on the ability
of the molecule to enter and pass through a VAChiP pore and,
in the case of the natural substrate derivative chitosan hexaose,
which is normally impenetrant, the possibility to break
through an otherwise virtually impenetrable porin gate on
protonation and application of an electrostatic driving force.

The passage of ions and small molecules through protein
pores in the outer membrane of bacterial cells is a distinct
physiological process that is important not only in the main-
tenance of a healthy electrolyte balance, the supply of anabolic
pathways with energy and reactants and the removal of
metabolic waste that would otherwise grow to toxic levels, but
also for efficient antimicrobial treatment of human bacterial
infections (28-30). A future technological possibility is trans-
lation of VAhChiP’s observed characteristics into synthetic
solid-state and/or genetically modified biological nanopore
devices with integrated molecular entry regulation, a task that
biological protein pores such as VAChiP, but also LamB, CymA
and ScrY have realized through evolutionary adaptation of
function and that are now a challenge for bio- and nano-
technologists. Feasible applications were recently mentioned
and discussed in a series of topical reviews (e.g,, (31-44)) and
original articles (e.g,, (45-61)) and include, for instance, use as
nanoscopic components of ionic circuits (45-49), switches of
molecular hydrodynamics and transport (50-53), tools for
molecular analytics (54—59), and nanosieving and nanovalves
(60, 61).

Results and discussion

The chitoporin studied here, VAChiP, comes from a marine
microorganism from a habitat that lacks common sugars but
has an abundance of chitin, available either in the shells of
crustaceans or as floating particles in seawater or sediments on
the ocean floor. VAChiP would thus be expected to favor
chitin-based carbohydrates, and this specificity was indeed
observed in our previous studies. A prominent structural
feature of chitosugars is the nitrogen substituent at C2, which
is acetylated in chitooligosaccharides and deacetylated in
chitosan oligosaccharides. The main goal of this study was to
define the role of the chemical identity of the C2 substituent in
chitoporin uptake and translocation and to investigate the
effect of acetylation/deacetylation at C2 on molecular uptake
and passage.

The trimeric chitoporin was reconstituted into planar lipid
membranes and a transmembrane potential applied to create
an ion current. Addition of acetylated chitohexaose
((GlcNAc)g) or deacetylated chitosan hexaose ((GlcNH,)g)
induced short ion current blockages or not, and statistical
analysis of the fluctuation allowed conclusions on the mode of
translocation. As the comparison of structures in Fig. S14
shows, the only difference between these sugars is the nitrogen
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substituents at C2, which are N-acetamido groups
(-NHCOCH3;) in chitin oligosaccharides and unmodified
amino (-NH,) groups with a pK, of about 6.1 (62) in fully
deacetylated chitosan.

We first recorded the open state of VAChiP in the absence of
chitosugar, at electrolyte pH values that would induce the
conversion of chitosan hexaose from its largely deprotonated
state to the extensively protonated cationic form. At pH 8.5,
7.5, and 6.5 and polarization at -100 and +100 mV, single
VhChiP molecules incorporated into BLMs allowed stable
recordings of ion flow (Fig. 1, A-C and E-G). Plots of the
magnitude of the currents as a function of transmembrane
voltage were linear at all three pH values (Fig. S2), and the
VhChiP pore conductance was consistently estimated to be 1.8
nS, in good agreement with our previous results at pH 7.5
(16, 17). Lowering the pH in the cis and frans BLM chambers
to 5.0 at —100 and +100 mV produced a series of spontaneous
pore closures and openings (“pore gating”) (Fig. 1, D and H).
The latter observation of low-pH induced VAChiP gating is
believed to be related to a change of the ionization state of
protonatable amino acid side chains lining the VhChiP interior
and a consequent change in pore shape (63, 64). In earlier
studies, VAChiP pore gating was also verified for instant ap-
plications of transmembrane potentials above +150 mV (16).
The addition of chitohexaose at a low concentration (1 M) on
the cis side of the BLM produced reproducible uptake-related
pore-blocking events, apparent as distinct drops in the

pH 8.5

25 pA

50 ms

pH 7.5

pH 5.0

transmembrane current (Fig. 2B). Increasing the concentration
of the chitosugar increased the probability of its molecular
uptake and, since VAChiP is a trimeric pore, simultaneous
blockage of two or even all three pore units occurred, full
blockage reducing the current to zero (Fig. 2, C and D).
Addition of the chitosan hexamer to the cis side electrolyte
under the same conditions did not trigger pore blocking, apart
from very rare random events (Fig. 2, E-H). Uptake and
release of chitosan hexaose beyond the time resolution of the
BLM measurement were very unlikely because its molecular
size is close to that of chitohexaose, and the observed lack of
blockage was thus evidence of the inability of neutral chitosan
hexaose to enter the pore. Note that as VAChiP is cation se-
lective (3.2:1) (65, 66) for the indicated negative polarity of the
transmembrane potential, the expected electroosmotic flow
(EOF) would be a dragging force for molecules approaching
and entering the pore. Despite the supporting EOF, no entry of
the sugar was detectable. The difference in the interaction
of VhChiP with chitohexaose and chitosan hexaose suggests
that the nature of the C2 substitution is a key factor in the
ability of an approaching sugar molecule to enter the pore.
The presence of N-acetyl groups permits pore entry and
defines the high specificity of VAChiP for acetylated chitooli-
gosaccharides, which are produced by VAhChiP-expressing
marine bacteria such as Vibrio campbelli and also by Vibrio
cholera (67), Serratia marcescens (68), and Escherichia coli
(69), through enzymic cleavage of available host chitin.

-100 mV

50 s MO

25 pA

Figure 1. Effect of pH on chitoporin pore gating in the absence of penetrating chitosugar. Typical ion current recordings through a single trimeric
VhChiP pore, reconstituted into a lipid bilayer, at various pH values and in the absence of sugar. The chitoporin was inserted from the cis side of the
membrane and a transmembrane potential of +100 mV (left panel) or —100 mV (right panel) was applied. The lipid membrane bathing solution contained
1 M KCI with 20 mM HEPES (for pH 8.5 [A and E], 7.5 [B and F)], and 6.5 [C and G]) or 20 mM sodium acetate buffer (for pH 5.0 [D and H]).
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Figure 2. Effect of N-acetyl functionality at C2 of chitosugars on VhChiP pore conductance. Traces are single-pore ion current recordings of single
trimeric VhChiP pores reconstituted into a planar lipid bilayer. The buffer was 20 mM HEPES, pH 8.5 containing 1 M KCl and O, 1, 5, or 10 uM acetylated
chitohexaose (left panel, A-D) or deacetylated chitosan hexamer (right panel, E-H). Chitoporin was added to the cis side of the chamber and the trans-

membrane potential was —100 mV.

Information on the amino acid sequence alignments between
the genes of VhChiP and the other chitoporin is available in
the original reports (16, 67-69).

Chitosan hexaose, on the other hand, with unprotonated —
NH, groups, is apparently unrecognizable at the critical C2 site
and is therefore unable to enter VAChiP. This observation
accords with our earlier findings from both single-pore and
liposome swelling measurements that maltohexaose, with a
closely related chemical structure but with hydroxyl substitu-
tion of C2, was also inactive in terms of chitoporin entry and
membrane current blockage (16).

Entry of chitohexaose into the VAChiP pore was practically
abolished by C2 deacetylation. To inspect the pH dependence
of the chitosan hexaose/VAChiP interaction, BLM trials were
performed with 10 and 40 pM chitosugar at pH 8.5 and
6.5. The latter value is just above the pK, of the C2 amino and
thus produces significant protonation, relative to the more
alkaline condition (Fig. 3A). Setting the trams electrode
at -100 mV produced significant uptake of chitosan hexaose
through VAChiP, visible as transient blockages of the ion
current through the BLM-embedded chitoporin (Fig. 3, B-D).
Apparently, the additional coulombic driving force was strong
enough to overcome the effect of the missing N-acetyl groups
at C2 and admit the charged chitosugar into the pore.

Compared with pore blockage by chitohexaose, signal
deflection events with protonated chitosan hexaose were

4 Biol. Chem. (2021) 297(6) 101350

short-lived, suggesting very rapid pore entry and exit by the
charged molecule. At both concentrations tested, blocking
events were consistently short and rare at pH 8.5 (Fig. 3, E-G).
Deprotonation and elimination of the positive molecular
charge removed the electrostatic attraction toward the nega-
tive electrode and rendered chitosan hexaose unable to enter
the pore, except for some random events.

Statistical dwell-time analysis with data from BLM trials
with significant (~30% at pH 6.5) and much less (~3% at pH
7.5) protonation of the C2 amino groups revealed that the
average residence time of chitosan hexaose cations in VAChiP
was 50- to 60-fold shorter than that of chitohexaose (Fig. 4, A—
D). The faster entry and exit of charged chitosan hexaose
molecules are expected, as translocation is driven by an elec-
trostatic force and interactions with the amino acids lining the
VhChiP pore wall will be weaker than those with chitohexaose.
The much slower movement of chitohexaose through the
chitoporin indicates that for this natural VAChiP substrate
molecular affinity to the VAChiP pore walls decelerates
translocation, which is a consequence of the tight binding of
the substrate to the pore wall and has presumably evolved to
ensure efficient scavenging of chitooligosaccharides from the
marine environment.

The bulk permeation of chito- and other sugars through
VhChiP was tested at low (6.5) and high (8.5) pH values, using
a liposome swelling assay. Permeation rates, normalized to that
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Figure 3. Effect of pH on translocation of chitosan hexaose through VhChiP. A, Protonation and deprotonation of chitosan hexaose. Traces are ion current
recordings from a single trimeric VhChiP pore reconstituted into a planar lipid bilayer. The electrolyte was 1 M KCI/20 mM HEPES solution, pH 6.5 (left panel) or
1 M KCI/20 mM potassium acetate solution, pH 8.5 (right panel) without (B and E) and with 10 uM (C and F) or 40 uM (D and G) chitosan hexamer added on the
cis side. VhChiP was added to the cis side of the chamber and the transmembrane potential for the single pore current recordings was —100 mV.
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Figure 4. Dwell time histograms. BLM recordings were acquired for 120 s. Number of sugar blocking events were obtained by the single pore search
algorithm in pClampfit v10.2. The dwell times for both chitosugars were estimated using exponential standard function available in the data analysis
software. A, chitohexaose pH 6.5, (B) Chitosan hexamer, pH 6.5, (C) chitohexaose pH 7.5, (D) Chitosan hexamer, pH 7.5.
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Figure 5. Bulk permeation of chitosugars and unrelated sugars through
VhChiP into liposomes, at pH 6.5 and 8.5. Relative permeabilities of the
tested sugars at the two pH values were derived from liposome swelling
assays. Details of VhChiP proteoliposome preparation are given in the
Experimental procedures section. The permeation rate in an isotonic solu-
tion of L-arabinose, the smallest of the sugars tested, was taken as 100%.

of arabinose, are shown in Figure 5. As expected for the natural
VhChiP substrate, the relative permeation rates of all tested
chitosugars were significant at both pH values. Raffinose,
maltose, and maltohexaose are not natural chitoporin
substrates and showed negligible permeation, and chitosan
hexaose permeated less rapidly than the chitosugars. At the
same sugar concentration, 5 mM, chitohexaose had the highest
relative permeation rate (approx. 300% at pH 6.5 and 280%
at pH 8.5). Depending on pH, the shorter chitosugars,
D-GIcNAg, chitobiose, chitotriose, and chitotetraose, perme-
ated proteoliposomes through VAChiP at rates 25 to 80% of
that of arabinose. Compared with chitohexaose, the chitosan
hexamer permeated poorly at pH 6.5 and 8.5, with rates of
about 20% and below 10%, respectively. Overall, the results
from liposome swelling assays confirmed those from electro-
physiological inspections of VAChiP—sugar interactions.

The results of titration of VAChiP with chitohexaose and
chitosan hexamer at various concentrations allowed analysis of
the binding kinetics of the two sugar species with the VAChiP
pore at pH 6.5 and 7.5 (Table 1). The on- and off-rates for
chitohexaose interaction with VAChiP were independent of the
pH and the related binding constants (K) were high. Compared
with the values for chitohexaose, on-rates for chitosan hexaose
were much smaller at both pH values, the off-rates much

Table 1

larger, and the calculated binding constants correspondingly
reduced. At pH 6.5, for instance, with the greatest degree of
amino-group protonation, chitohexaose showed five times
larger on-rate, 50 times smaller off-rate, and a 150-fold greater
binding constant. For chitosan hexaose, the on-rate was higher
at pH 6.5 than at pH 7.5, while the off-rates were similar, and
the relative binding constants were determined by on-rates.
Altogether, the titration trials confirmed that the identity of
the nitrogen moieties at a chitosugar’s C2 position is crucial
for uptake by VAChiP: -NHCOCHjS; side chain favors passage
into the channel while -NH, side chain reduces entry. Amino-
group protonation and imposition of an electromotive force
can override this, supporting translocation of the otherwise
inactive chitosan hexamer.

The BLM measurements presented so far indicate that
chitosan hexaose entry into and movement through VAChiP at
significant rates was possible only in the protonated state and
with the assistance of coulombic attraction to a negative Ag/
AgCl electrode on the outlet side of the protein pore. With
protonated chitosan hexaose present in the electrolyte buffer
on the cis side of the membrane, the electrode polarity on the
opposite, trans side determined the ability of the cationic sugar
to enter and pass through VAChiP (Fig. 6).

Cationic chitosan hexaose added on the cis-side caused no
pore blocking at low (2.5 pM), medium (20 pM), or high
(80 uM) concentration, when the frans-side electrode had
the same polarity (+100 mV) and the electrostatic force
opposed the movement of cationic sugar from cis to trans
(Fig. 6, left panel). A change of trans-side electrode polarity
from +100 mV to —100 mV under otherwise equal conditions,
however, imposed the necessary coulombic attraction to
cationic chitohexaose in the cis buffer, enabling frequent
inward and outward movements of the sugar and temporary
pore occupancies (Fig. 6, right panel). Like the pH change from
8.5 to 6.5, the polarity of the two BLM electrodes can thus
work as an on/off switch for pore entry by protonated chitosan
hexaose, permeation occurring only with the correct polarity.

The efficiency of the electric-field-driven permeation con-
trol is further visualized in Figure 7, which shows BLM
membrane current recordings in which the side of protonated
chitohexaose addition and the polarity of the applied trans-
membrane potential were varied. Significant pore entry and
temporary pore occupation with translocating sugar molecules
were observed as transient deflections in the BLM recordings
only when the cationic chitosugar and the negative electrode

Effect of pH on the binding constant of VhChiP for uncharged and charged chitooligosaccharides

Chitohexaose

Chitosan hexamer

Binding constant On-rate constant Off-rate constant

Binding affinity constant On-rate constant Off-rate constant

pH (K M™) (kon, 10° M7's7™") (kotr, s71) (K M™) (kon, 10° M7's™") (kott, 1)
6.5 300,000 + 50,000 51 +25 170 + 50 2000 + 500 115+ 1.6 8300 + 1400
7.5 350,000 + 50,000 67 £ 1.0 190 + 20 300 + 130 29+ 1.0 9400 + 800
8.5 300,000 + 60,000 57 + 1.8 190 + 30 - N.D.? -

BLM data were acquired at —100 mV, with sugar added on cis side in buffer containing 1 M KCI. The equilibrium binding constant (K), on-rate constant (k,,), and off-rate constant
(kotr) were determined from noise analysis, as described in the Experimental procedures section.

“ Not detectable.
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Figure 6. Influence of polarity of the trans electrode on the translocation of cationic chitosan hexamer from the cis side of BLMs. Current recordings
from single VhChiP molecules incorporated in a planar lipid bilayer from the cis side and exposed to 20 mM HEPES pH 6.5, 1 M KCl at +100 mV (A-D),
and =100 mV (B-H). Chitosan hexamer was added at the specified concentrations on the cis side of the lipid bilayer.

were on opposite sides of the BLM (Fig. 7, A and D). In required electrostatic attraction, compensating for the lack of
contrast, apart from rare events, protonated chitosan hexamer molecular affinity, was absent (Fig. 7, B and C). This set of
did not move into VAChiP pores when it was at the same side experiments does not mimic native conditions, but the results
of the lipid membrane as the negative electrode since the demonstrate the unique possibility to control the flux of
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Figure 7. On/off switching of pore permeability to protonated chitosan hexaose. A single VhChiP pore was incorporated in a planar lipid bilayer and
exposed to 1 M KCl, 20 mM HEPES, pH 6.5. 160 uM chitosan hexaose was added on the cis (left panel) or trans (right panel) side and a transmembrane
potential of +100 mV (B and D) or —100 mV (A and C) applied. Statistical trace analysis revealed the number of events per second as: cis, —100 mV = 7433 +
550; cis, +100 mV = 650 * 24; trans, —100 mV = 450 + 30; trans, +100 mV = 2250 + 250.
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molecules and ions through biological nanopores in synthetic
membranes through choice of the transmembrane potential
and the pH of the electrolyte on either side, if the substrate
can, for instance, be adequately positively charged through
induced protonation. The application of this principle to
modulate nanofluidic ionic diodes, ion-mediated switches,
electrostatic nanosieves or ion-mediated nanovalves (31-61) is
feasible but will require cross-disciplinary collaboration. While
the potential for such development certainly exists, it is obvi-
ously a challenging task to adapt the fundamental properties of
the chitoporin reported in this study to final technical
applications.

When cationic chitosan hexaose was added on the cis side,
on- and off-rates increased as the transmembrane potential
was raised from 25 to +100 mV (Fig. 84). As expected,
cationic chitosan hexamer molecules blocked the pore for
short times only at negative trans electrode potentials, with a
roughly exponential increase in the on-rate with increasing
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potential (left side of the plot in Fig. 84), while VAChiP did not
interact with the sugar at positive applied trans electrode po-
larization (right side of the plot in Fig. 84). In plots of kg
versus applied transmembrane potential, there was a sudden
increase when the potential was changed from -25 to —-50 mV,
but above that threshold not much further increase (Fig. 8B).
Obviously, a minimum applied electrical potential is needed to
drag charged chitohexose molecules past the molecular con-
trol at the VAChiP gate and through the pore, resulting in
translocation. In BLM tests at pH 6.5, with moderately pro-
tonated chitosan hexaose, transmembrane potentials of —50
to —100 mV pulled the charged oligosaccharide from cis to
trans side through VhChiP pores, and the variation of the
electrostatic force did not affect the dwell time of the mole-
cules (Fig. 9, A and B). Because of its pronounced affinity for
VhChiP neutral chitohexaose, the natural pore substrate,
caused pore current obstructions regardless of the polarity of
the transmembrane polarization, and both the on- and the off-
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Figure 8. Potential dependence of the on and off-rates of chitooligosaccharide binding to VhChiP. All data were obtained with VhChiP and the sugars
added on the cis side of the lipid bilayer, in 1 M KCl, 20 mM potassium acetate buffer (pH 6.5). The data points are means of triplicate measurements at each
potential. Plots of (A) the on-rate (kon, 10° x M~'s™") for chitosan hexamer, (B) the off-rate kog (s™') for chitosan hexamer, (C) ko, for chitohexaose, and (D) ko
for chitohexaose against the applied transmembrane potential (V,,, mV). The kinetic parameters of both sugars were estimated following literature routines

(13, 83, 84).
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A Chitosan hexamer, pH 6.5, -100 mV
Dwell time = 0.13 + 0.03 ms
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Figure 9. Effect of external voltages on the dwell time of chitosan hexamer. The dwell times of the VhChiP pore at two different voltages were
estimated the BLM recordings of 35 uM chitosan hexamer, pH 6.5. Curve fits were performed using exponential standard function available in pClampfit

v10.2. A, =100 mV, B, =50 mV.

rates of chitohexaose were only slightly modulated by the
applied potential (Fig. 8, C and D). kg values for chitohexaose
were much smaller at negative trans BLM electrode potentials
than for protonated chitosan hexaose (30-fold lower
at -100 mV), indicating much stronger interactions of the
translocating molecules with the pore interior and movement
that is not driven by electrostatic force. For chitohexaose ko
was slightly higher at negative potentials (Fig. 8C) with the
trend reversed for kg (Fig. 8D, inset). As constant k,, and kg
values would be expected for an ideally neutral molecule, these
correlations may indicate the influence of partial polarity on
the chitohexaose molecule, e.g, around the C2-NHCOCH;
groups.

We previously solved the crystal structure of VAChiP in
complex with its preferred substrate, (GlcNAc)s (Fig. 10A)
(PDB id: 5MDR, (70)), and to compare the binding feature of
deacetylated sugar with the acetylated one, we carried out
molecular docking by modeling (GlcN)g inside the VAChiP
pore, as presented in Figure 10B. Protein-ligand analysis
identified hydrophobic and hydrogen-bond interactions of the
chitohexaose molecule with some of the pore-lining residues
(Fig. 10C and Table S1), which showed that the amino acid
residues binding the sugar through hydrophobic interaction
are Trp331 (+6 GlcNAc), Phe84 (+6/+5 GlcNAc), Trpl136 (+5/
+4 GlcNAc), and Trpl23 (+1/+2 GlcNAc) and through
hydrogen bonding Asn127, Arg312, and Glu347 (+2 GIcNAc),
Glu53, Arg94, and Argl48 (+3 GIcNAc), Aspl22 (+2/+3
GIcNAc), Asp135 and Aspl47 (+4 GlcNAc), and Asn336 (+6
GIcNAc). Within the sugar/porin complex, the C2-acetamido
groups of the two central (+2 and +3) GlcNAc sites, in
particular, were strongly bonded through molecular in-
teractions. The result of a computational simulation that
replaced internal chitohexaose by its neutral chitosan deriva-
tive is shown in Figure 10D. The change from the native to the
artificial ligand resulted in the loss of nine hydrogen bonds for
the GIcNAc rings at affinity sites +2, +3, and +6 and a gain of
three hydrogen bonds for the GIcNAc rings at sites +4 and +5.
In the chitosan hexamer/VAChiP complex, the hydrogen-
bonded association of chitohexaose in positions +2 and +3 is
especially destabilized, and the hydrophobic attractions with
Phe84 and Trpl23 are also missing. The native VAChiP
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partner chitohexaose thus has a much stronger association
with the protein pore walls than its deacetylated derivative,
chitosan hexaose. Obviously, the strong hydrophobic and
hydrogen bonding of chitohexaose results in the high value of
the binding constant, K, as determined by BLM pore current
blockade analysis.

V. campbellii, the marine bacterium that expresses the
VhChiP chitoporin, lives in saline water. The mean pH of the
ocean has fallen from 8.21 in preindustrial times to 8.10
currently and a further drop by 0.3 is likely if the atmospheric
CO, concentration rises according to commonly accepted
estimates (71). The pKa of fully deacetylated chitosan hexaose
is about 6.1 and slightly higher for partially deacetylated chi-
tooligosaccharides. A decrease of ocean pH to values needed
for significant chitosan sugar protonation is unlikely, even
though human activity has a severe impact on the balance
between atmospheric and aquatic CO,; in its native habitat
VhChiP would thus encounter only uncharged chitosugars
with deprotonated C2-amino groups. The option to pull chi-
tosan hexaose in its protonated state through a VAChiP pore is
scarcely attractive for nanotechnological applications, as here
the conditions can be set as required.

The physiological relevance of the proposed VAiChiP entry
control is understandable with the information in a publication
from Li et al. (72), who under the guidance of Saul Roseman
identified cod, a gene in V. cholerae that encodes a chitin
oligosaccharide deacetylase (COD), which is expressed when
the cells are induced, for instance, by crude crab shells. COD
was found to be actively secreted by induced Vibrio cholerae at
all stages of growth and appeared in the growth medium, but
was not cytoplasmic, periplasmic, or inner- or outer-
membrane-bound. For chitooligosaccharides (GlcNAc), (n =
2-6) originating in vivo through the action of secreted chiti-
nases on the host’s crustacean matrix, COD catalyzes the
deacetylation reaction

(GleNAc), — GleNAc — GIeNH; — (GleNAc),_,+Ac”
in the vicinity of the microbes. The mono-deacetylated

products of COD activity were claimed to have important
roles in cellular communication within a growing bacterial
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A (GlcNAc)g-VhChiP complex
) 4;: (PDB id: SMDR) .

777777

B (GIcN)g-VhChiP complex
PY - S (Modelled)

q!.”y,

Figure 10. Structural comparison of VhChiP complexed with (GIcNAc)s and (GlcN)s. Cartoon representations of the trimeric structure of VhChiP,
displaying the occupation with (A) (GIcNAc)s and (B) (GlcN)s. The molecular interactions between the internal residuesoof VhChiP inside the pore and
(GlcNAC)s and (GIcN)g are shown in (C) and (D), respectively. Hydrogen bonds and hydrophobic interactions are set at 3.5 A, whereas other parameters are
set by default. In the chemical structures of the sugars, carbon is presented in black for (GIcNAc)s and blue for (GlcN)s, whereas oxygen and nitrogen are
presented in red and yellow, respectively. Carbon, nitrogen, and oxygen atoms of the surface residues are colored pale green, blue, and red, respectively.
Yellow labels shown in red boxes are identifying the amino acid residues that interact with (GIcNAc)e, but not with (GlcN)s. The sugar-channel interactions
were analyzed by LIGPLOT, and the structures are presented in PyMOL. Numbers +1 to +6 designate the positions of the sugar rings from the nonreducing

end to the reducing end.

biofilm. If, however, a fraction of chitinase-produced chitooli-
gosaccharides is purposely COD-processed into deacetylated
chitosugars for cell communication, rather than cytosolic
nutrition, uptake into the periplasm and passage into the cytosol
are counterproductive and wasteful. The biological significance
of the specific entry control of VAChiP from a closely related
Vibrio species is thus likely to reject deacetylated chitosugars
and ensure that they are available for cell communication and
not consumed by use as a cytosolic energy source.

Conclusions

In its marine habitat, the microorganism acquires nutri-
tional chitosugars through enzymic breakdown of host chitin
into short chitooligosaccharide fragments, which are rapidly
taken up into the periplasm through VAChIP in the outer
membrane and then into cytoplasm where they serve as an
energy supply for metabolic activity. In the present work, the
importance of the C2-acetamido group of cleaved host chitin
for uptake of derived chitooligosaccharides by VAChiP was
demonstrated. N-acetylated chitohexaose had an exceptionally
high affinity for VAChiP and even at very low concentrations
caused frequent transient blockages of single-pore ion cur-
rents. In contrast, the deacetylated chitosan hexamer was
virtually inactive in terms of pore access and passage. Figure 8
is a schematic summary of the conclusions that can be drawn

10 J Biol Chem. (2021) 297(6) 101350

from our detailed single-pore current analysis of the VAChiP
response to chitohexaose or chitosan hexaose, with pH and
transmembrane potentials identified as strongly affecting pa-
rameters. N-acetylation/N-deacetylation on C2 was shown to
be determinants of VhChiP entry. Possession of the C2-
NHCOCH;3; entity satisfies the molecular “keycard/lock” con-
trol in VAChiP and promotes passage, and replacement of this
functionality by C2—NH, results in loss of entry (Fig. 11A).
The permeation rate of protonated chitosan oligosaccharides
with positively charged amino groups was strongly dependent
on the polarity of electrodes on either side of the BLM con-
taining integral VAChiP. Only when the cathode was in the
compartment opposite that with the cationic sugar addition
did chitohexaose pass through VhChiP at significant rates. The
driving force for cationic chitosugar entry is electrostatic
attraction to the electrode on the side of the pore outlet, rather
than substrate structure and a pronounced chemical affinity
for the pore (Fig. 11B). Reversal of the electrode polarity
virtually stopped electrostatically driven movement of cationic
chitosan hexaose through the VhChiP pore (Fig. 11C).

The use of charged chitosan hexamer as a probe of VAChiP
pore activity and a comparison of the affinities of chitohexaose
and chitosan hexaose for amino acid residues in the VAChiP
pore interior revealed an intrinsic functional-group selectivity
and charge asymmetry inside the protein pore. The natural
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Figure 11. The impact of acetylation, pH, and transmembrane potential polarity on the translocation of chitohexaose and chitosan hexaose
through VhChiP. A, on/off switch determined by the positive or negative “keycard/lock” function of the C2-acetamido groups on the chitosugar molecules.
B, on/off switch of chitosan hexaose pore passage by cis/trans electrolyte pH. C, on/off switch of chitosan hexaose pore passage by electrode polarity.

substrate for VAChiP is N-acetylated chitooligosaccharide,
while the synthetic chitosan analogue has virtually no porin
affinity. Protonation of the amino groups in the chitosan sugar
structure allows its passage through chitoporin by cation
formation and coulombic attraction, but only with a trans-
membrane potential of the correct polarity, which regulates
pore entry by the cationic chitin oligosaccharide. The ability of
a chitoporin to allow or prohibit substrate uptake and passage
based on the chemical identity of one group is a striking
property of the bacterial outer membrane protein. ViChiP/
chitosugar interaction illustrates the evolution of molecular
machinery with extraordinary functional performance and
optimization of the cell membrane for bacterial survival. The
study findings agree with recent conclusions on electrostati-
cally driven pore permeation through porins in other micro-
organisms (10, 73-75). From the viewpoint of the nanotech
industry they may be seen as guidance for construction of
solid-state or genetically modified biological nanopores for
technology and analytical chemistry applications. The exact
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structural mechanism of the preference for acetylated over
deacetylated chitosugar uptake, namely the details of the
identity check at the chitoporin gate, has yet to be determined.
As V. campbellii in its marine environment is not challenged
with the uptake of deacetylated chitosugars, the observed
phenomenon may not be essential for the survival of the
microorganism. However, there is a clear difference in the
strength of chitohexaose and chitosan hexaose interaction with
VhChiP, and the uptake and translocation of the chitosan
hexaose are strongly pH- and voltage-dependent. The distinct
entry regulation of the VAChiP nanopore could, upon full
structural and chemical characterization, be a template similar
to the alpha-hemolysin/helicase biomolecule couple (76-79),
which is a combination of two proteins that does not exist in
nature but has been incorporated in artificial lipid membranes
for the technical task of DNA sequencing. Though there is no
explicit role for it in nature and its exact mechanism is not yet
known, the regulation of ViChiP/chitosan hexaose interaction
has potential technical applications. Observations from the
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plethora of published studies (31-61) are seen here as possible
starting points in explorations of such a nanoscopic functional
unit. Recently, carbon nanotubes (CNTs) were successfully
incorporated in planar lipid bilayers and shown to function as
synthetic porins (80-82). Attachment of recognition sites,
such as those apparently present in VhChiP, to CNT tube
openings could pave the way to control of their molecular
passage behavior and selectivity. Our future work will use a
combination of targeted amino acid deletions and/or muta-
tions around the pore opening region with functional BLM-
and crystal structure analysis to elucidate the details of the
identity check (control) of molecular chitoporin entry.

Experimental procedures
VhChiP electrophysiology

The biochemical synthesis, isolation, and purification of
VhChiP and all BLM measurements for the chitoporin followed
previously reported procedures (16). The BLM measuring unit,
graphically displayed in Fig. S3, had two equal electrolyte
chambers separated by a 25-pm-thick Teflon film with a central
aperture of 60 to 100 um diameter. Before use, the rim of the
small hole was pretreated with 1 pul of 1% (v/v) hexadecane in
hexane (Sigma Aldrich Corp) to facilitate stable BLM formation
on a uniform hydrophobic coating. The two half-cells were then
filled with equal volumes of electrolyte solution (1 M KClI in
20 mM HEPES or potassium acetate buffer), adjusted to the
required pH (5.0, 6.5, 7.5, or 8.5), and equipped with Ag/AgCl
electrodes at either membrane side (World Precision In-
struments). A virtually solvent-free planar lipid bilayer was finally
formed from a 5 mg ml™* solution of diphytanoylphosphatidyl-
choline (DPhPC, Avanti Polar Lipids, Inc) in pentane (Sigma
Aldrich Corp) by the classical Montal Mueller technique. In
typical VAChiP tests, small volumes of stock solutions of the
trimeric protein (50-100 ng ml™") were added to the electrolyte
on the cis side and transmembrane potential elevations
(e.g, +200 mV) were applied to aid the chitoporin insertion into
the bilayer membrane. Recognition of a VAChiP insertion into a
BLM membrane was followed by immediate gentle stepwise
dilution of the protein-containing cis-side electrolyte, to lower
the probability of follow-up insertions. For chitosugar trans-
location studies, chitohexaose or chitosan hexaose (Dextra, Sci-
ence and Technology Centre) was added at various
concentrations to the cis or trans electrolyte. Single-pore ion flow
(current) through inserted VAChiP was then measured with an
Axopatch 200B electrophysiology amplifier (Molecular Devices)
with the transmembrane potential clamped against the ground
(cis) electrode. The picoampere-sized electrode responses were
digitized with the system’s AD/DA board (Digidata 1550B, Mo-
lecular Devices) and monitored and stored with the amplifier’s
own data acquisition software (pClamp 10.6, Molecular Devices).
With a low-pass Bessel filter and sampling frequency of 10 and
50 kHz, the pore current recordings lasted 2 min.

Equilibrium chitosugar-binding constants (K, M) were
estimated from the reduction of the average ion conductance
with increasing substrate levels, using a simple binding
expression (13, 83). Through statistical analysis of single
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chitoporin pore currents and estimates of the average resi-
dence (dwell) time (s') of sugar molecule in the pore, the rates
of pore association (ko,, M~ s') and dissociation (ko [s7'])
were determined as described by Kullman et al. (84). For
chitosan hexaose, k., was derived from the (number of
blocking events per second)/3 x [c], and kyg from the rela-
tionship ko = kon/K, since the dwell time of this sugar could
not be determined with confidence from the acquired data
because of time resolution of the BLM setup.

Liposome swelling assay

Bulk permeation of different sugars through VAChiP was
tested using a liposome swelling assay (85) to verify the
translocation ability of chitinous oligosaccharides. Soybean
L-a-phosphatidylchloline (Sigma-Aldrich) (20 mg ml™", freshly
prepared in chloroform) was used to form multilamellar li-
posomes and 15% (w/v) dextran (MW 40000) was entrapped
in the liposomes. The homogeneity of obtained liposomes
preparations was checked with a Zetasizer Nano System
(Malvern Instruments Ltd). The diameters of the dextran-filled
liposomes varied from 100 to 1000 nm. The purified VAChiP
(100 ng) was reconstituted into liposomes as described previ-
ously (10). The isotonic solute concentration was determined
with different concentrations of raffinose solution (prepared in
20 mM HEPES buffer, pH 6.5 or 8.5) added into the proteo-
liposome suspensions. The sugar substrates (5 mM) were
prepared in raffinose solution, to give a total sugar concen-
tration that was isotonic. Twenty microliters of liposome or
proteoliposome solution was diluted into 500 pl of the isotonic
test solution in a 1-ml cuvette and mixed manually. The initial
swelling rate upon addition of the isotonic sugar solutions was
monitored using a UV-Vis spectrophotometer with the
wavelength set at 500 nm. The absorbance change over the
first 60 s was used to estimate the permeation rate (s™')
following the equation: @ = (1/A;) dA/dt, in which @ is the
swelling rate, A; the initial absorbance, and dA/dt the rate of
absorbance change during the first 60 s. The swelling rate with
each sugar was normalized by setting the rate for arabinose
(M, 150) to 100%.

Molecular docking

The crystallographic data for VAChiP in complex with
chitohexaose with 1.90 A resolution was obtained from the
Protein Data Bank (PDB id: 5MDR) (70). Molecular docking
was initiated by introducing hydrogen atoms into the
VhChiP molecule using the ionization and tautomeric states
inferred by the GOLD program (86), while all water mole-
cules, ions and ligands were removed from the crystal
structure. In the docking procedure, other parameters were
adjusted by default. The automatic genetic algorithm (GA)
parameter setting was used in all the GOLD docking cal-
culations. To define the key sugar binding sites, only amino
acid residues of VAChiP within a 6 A radius from the center
of the bound chitohexaose were considered. Docking trials
were carried out by replacing chitohexaose by non-
protonated chitosan hexamer. The chemical structure of
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chitosan hexamer was then taken from HyperChem pro-
fessional (87). The scoring function used in all docking
calculations was “ChemPLP,” available in GOLD v.5.3. The
ligands were visualized, and their geometries were optimized
to relaxed forms by the program Discovery Studio Visualizer
v.16 (88). Iterated cycles of docking simulations were per-
formed in GOLD, generating 100 possible ligand con-
formers. All the GOLD docking calculations and were
further investigated for protein—ligand interactions. The
other parameters of docking runs were set up in accordance
with the default values. The conformer with the highest
ChemPLP docking score of 97.757 was selected for protein
ligand analysis.

Data availability

All data are contained within this article. Source files are
available on request.

Supporting article  contains

information.

information—This supporting

Acknowledgments—We greatly acknowledge the support of this
study by their academic institutions and the kind contributions of
the listed external funding bodies and appreciate the valuable
manuscript proofreading efforts by Dr David Apps (Centre for
Integrative Physiology, School of Biomedical Sciences, University of
Edinburgh, UK).

Author contributions—W. S. and M. W. conceptualization; W. S.,
S. S., and A. A. data curation; W. S., S. S., A. A, M. W., and A. S.
formal analysis; W. S. funding acquisition; W. S. investigation; W. S.
methodology; W. S. project administration; A. S. supervision; W. S.,
M. W., and A. S. validation; W. S., S. S., A. A, M. W, and A. S.
visualization; A. S. writing—original draft; W. S., M. W, and A. S.
writing—review and editing.

Funding and additional information—S. S. and A. A. were sup-
ported by the Postdoctoral Fellowship Program of the Vidyasir-
imedhi Institute of Science and Technology (VISTEC). W. S. was
funded by the Alexander von Humboldt Foundation through an
Experienced Researchers Fellowship, and by the Thailand Research
Fund through a Basic Research Grant (Grant no: BRG610008). W. S.
and A. S. also received study support from Thailand Science
Research and Innovation (TSRI) through The Global Partnership
Grant (Contract no: PMUB-P5-63-B20PIC_WIS_CHU-PMBO010).

Dedication—In honor of the 100th anniversary of the birth of the
late Saul Roseman (March 9, 1921-July 2, 2011), the Ralph S.
O’Connor Professor of Biology, Emeritus, at the Johns Hopkins
University in Baltimore, Maryland, dedicated deviser of the cata-
bolic cascade of environmental chitin utilization by marine Vibrio
species.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: BLM, black lipid
membrane; CNT, carbon nanotube; EOF, electroosmotic flow.

SASBMB

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Benz, R. (1988) Structure and function of porins from Gram-negative
bacteria. Ann. Rev. Microbiol. 42, 359-393

. Nikaido, H. (1992) Porins and specific pores of bacterial outer mem-

branes. Mol. Microbiol. 6, 435—442

. Nikaido, H. (1994) Porins and specific diffusion pores in bacterial outer

membranes. /. Biol. Chem. 269, 3905—-3908

. Benz, R,, Schmid, A., and Vos-Scheperkeuter, G. H. (1987) Mechanism of

sugar transport through the sugar-specific LamB channel of Escherichia
coli outer membrane. J. Membr. Biol. 100, 21-29

. Wang, Y.-F., Dutzler, R, Rizkallah, P. J., Rosenbusch, J. P., and

Schirmer, T. (1997) Channel specificity: Structural basis for sugar
discrimination and differential flux rates in maltoporin. /. Mol. Biol.
272, 56-63

. Dumas, F., Koebnik, R., Winterhalter, M., and Van Gelder, P. (2000)

Sugar transport through maltoporin of Escherichia coli: Role of polar
tracks. J. Biol. Chem. 275, 19747-19751

. Van Geldern, P., Dutzler, R., Dumas, F., Koebnik, R., and Schirmer, T.

(2001) Sucrose transport through maltoporin mutants of Escherichia coli.
Protein Eng. 14, 943-948

. Oldham, M. L., Chen, S., and Chen, J. (2013) Structural basis of substrate

specificity in the Escherichia coli maltose transport system. Proc. Natl.
Acad. Sci. U. S. A. 110, 18132-18137

. Orlik, F., Andersen, C., Danelon, C., Winterhalter, M., Pajatsch, M.,

Bock, A., and Benz, R. (2003) CymA of Klebsiella oxytoca outer mem-
brane: Binding of cyclodextrins and study of the current noise of the open
channel. Biophys. J. 85, 876-885

Vikraman, D., Satheesan, R., Kumar, K. S., and Mahendran, K. R. (2020)
Nanopore passport control for substrate-specific translocation. ACS
Nano 14, 2285-2295

Schmid, K., Ebner, R., Jahreis, K., Lengeler, J. W., and Titgemeyer, F.
(1991) A sugar-specific porin, ScrY, is involved in sucrose uptake in
enteric bacteria. Mol. Microbiol. 5, 941-950

Schiilein, K., Schmid, K., and Benz, R. (1991) The sugar-specific outer
membrane channel ScrY contains functional characteristics of general
diffusion pores and substrate-specific porins. Mol. Microbiol. 5,2233-2241
Andersen, C., Cseh, R,, Schiilein, K., and Benz, R. (1998) Study of sugar
binding to the sucrose-specific ScrY channel of enteric bacteria using
current noise analysis. J. Membr. Biol. 164, 263—274

Sun, L., Bertelshofer, F., Greiner, G., and Bockmann, R. A. (2016)
Characteristics of sucrose transport through the sucrose-specific porin
scry studied by molecular dynamics simulations. Front. Bioeng Bio-
technol. 4, 9

Lin, B., Malanoski, A. P., O'Grady, E. A., Wimpee, C. G., Vuddhakul, V.,
Alves, N., Jr., Thompson, F. L., Gomez-Gil, B., and Vora, G. ]. (2010)
Comparative genomic analyses identify the Vibrio harveyi genome
sequenced strains BAA-1116 and HYO1 as Vibrio campbellii. Environ.
Microbiol. Rep. 2, 81-89

Suginta, W., Chumjan, W., Mahendran, K. R,, Janning, P., Schulte, A., and
Winterhalter, M. (2013) Molecular uptake of chitooligosaccharides through
chitoporin from the marine bacterium Vibrio harveyi. PLoS One 8, €55126
Suginta, W., Chumjan, W., Mahendran, K. R., Schulte, A., and Winter-
halter, M. (2013) Chitoporin from Vibrio harveyi, a channel with
exceptional sugar specificity. /. Biol. Chem. 288, 11038—11046

Suginta, W. and Smith, M. F. (2013) Single-molecule trapping
dynamics of sugar-uptake channels in marine bacteria. Phys. Rev. Lett.
110, 238102

Keyhani, N. O., and Roseman, S. (1999) Physiological aspects of chitin
catabolism in marine bacteria. Biochim. Biophys. Acta Gen. Subj. 1473,
108-122

Keyhani, N. O., Wang, L.-X., Lee, Y. C,, and Roseman, S. (1996) The
chitin catabolic cascade in the marine bacterium Vibrio furnissii: Char-
acterization of an N,N’-diacetyl-chitobiose transport system. /. Biol.
Chem. 271, 33409-33413

Keyhani, N. O., and Roseman, S. (1996) The chitin catabolic cascade in
the marine bacterium Vibrio furnissii: Molecular cloning, isolation, and
characterization of a periplasmic chitodextrinase. /. Biol. Chem. 271,
33414-33424

J. Biol. Chem. (2021) 297(6) 101350 13


http://refhub.elsevier.com/S0021-9258(21)01156-X/sref1
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref1
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref2
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref2
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref3
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref3
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref4
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref4
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref4
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref5
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref5
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref5
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref5
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref6
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref6
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref6
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref7
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref7
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref7
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref8
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref8
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref8
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref9
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref9
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref9
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref9
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref10
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref10
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref10
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref11
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref11
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref11
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref12
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref12
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref12
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref13
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref13
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref13
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref14
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref14
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref14
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref14
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref15
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref15
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref15
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref15
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref15
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref16
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref16
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref16
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref17
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref17
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref17
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref18
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref18
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref18
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref19
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref19
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref19
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref20
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref20
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref20
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref20
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref20
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref21
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref21
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref21
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref21

Chitooligosaccharide uptake by marine Vibrio campbellii

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Keyhani, N. O., and Roseman, S. (1996) The chitin catabolic cascade in
the marine bacterium Vibrio furnissii: Molecular cloning, isolation, and
characterization of a periplasmic [-N-acetylglucosaminidase. /. Biol.
Chem. 271, 33425-33432

Bouma, C. L., and Roseman, S. (1996) Sugar transport by the marine
chitinolytic bacterium Vibrio furnissii: Molecular cloning and analysis of
the glucose and N-acetylglucosamine permeases. J. Biol. Chem. 271,
33457-33467

Bouma, C. L., and Roseman, S. (1996) Sugar transport by the marine
chitinolytic bacterium Vibrio furnissii: Molecular cloning and analysis of
the mannose/glucose permease. J. Biol. Chem. 271, 33468—33475
Suginta, W., Robertson, P. A., Austin, B,, Fry, S. C,, and Fothergill-Gil-
more, L. A. (2000) Chitinases from Vibrio: Activity screening and puri-
fication of chiA from Vibrio carchariae. J. Appl. Microbiol. 89, 76—84
Suginta, W., Vongsuwan, A., Songsiriritthigul, C., Prinz, H., Estibeiro, P.,
Duncan, R. R, Svasti, J., and Fothergill-Gilmore, L. A. (2004) An endo-
chitinase A from Vibrio carchariae: Cloning, expression, mass and sequence
analyses, and chitin hydrolysis. Arch. Biochem. Biophys. 424, 171-180
Suginta, W., Vongsuwan, A., Songsiriritthigul, C., Svasti, J., and Prinz, H.
(2005) Enzymatic properties of wild-type and active site mutants of
chitinase A from Vibrio carchariae, as revealed by HPLC-MS. FEBS .
272, 3376-3386

Pages, ].-M., James, C. E., and Winterhalter, M. (2008) The porin and the
permeating antibiotic: A selective diffusion barrier in Gram-negative
bacteria. Nat. Rev. Microbiol. 6, 893—903

Vergalli, ., Bodrenko, I. V., Masi, M., Moynié, L., Acosta-Gutiérrez, S.,
Naismith, J. H., Davin-Regli, A., Ceccarelli, M., van den Berg, B., Win-
terhalter, M., and Pages, J.-M. (2020) Porins and small-molecule trans-
location across the outer membrane of Gram-negative bacteria. Nat. Rev.
Microbiol. 18, 164—176

Prajapati, J. D., Kleinekathofer, U., and Winterhalter, M. (2021) How to
enter a bacterium: Bacterial porins and the permeation of antibiotics.
Chem. Rev. 121, 5158-5192

Keyser, U. F. (2011) Controlling molecular transport through nanopores.
J. R. Soc. Interface 8, 1369-1378

Knipe, P. C., Thompson, S., and Hamilton, A. D. (2015) Ion-mediated
conformational switches. Chem. Sci. 6, 1620—-1639

Willems, K., Van Meervelt, V., Wloka, C., and Maglia, G. (2017) Single-
molecule nanopore enzymology. Philos. Trans. R. Soc. Lond. B Biol. Sci.
372, 20160230

Shi, W., Friedman, A. K., and Baker, L. A. (2017) Nanopore sensing. Anal.
Chem. 89, 157-188

Zhang, Z., Wen, L., and Jiang, L. (2018) Bioinspired smart asymmetric
nanochannel membranes. Chem. Soc. Rev. 47, 322-356
Varongchayakul, N., Song, J., Meller, A., and Grinstaff, M. W. (2018)
Single-molecule protein sensing in a nanopore: A tutorial. Chem. Soc. Rev.
47, 8512-8524

Wang, S., Yang, L., He, G., Shi, B., Li, Y., Wu, H., Zhang, R., Nunes, S.,
and Jiang, Z. (2020) Two-dimensional nanochannel membranes for mo-
lecular and ionic separations. Chem. Soc. Rev. 49, 1071-1089

Xue, L., Yamazaki, H., Ren, R., Wanunu, M., Ivanov, A. P,, and Edel, J. B.
(2020) Solid-state nanopore sensors. Nat. Rev. Mater. 5, 931-951
Sirkin, Y. A., Tagliazucchi, M., and Szleifer, 1. (2020) Transport in
nanopores and nanochannels: Some fundamental challenges and nature-
inspired solutions. Mater. Today Adv. 5, 100047

Crnkovic, A., Srnko, M., and Anderluh, G. (2021) Biological nanopores:
Engineering on demand. Life 11, 27

Hou, Y., and Hou, X. (2021) Bioinspired nanofluidic ionotronics. Science
373, 628-629

Putra, B. R, Tshwenya, L., Buckingham, M. A., Chen, J., Aoki, K. ],
Mathwig, K., Arotiba, O. A., Thompson, A. K., Li, Z., and Marken, F.
(2021) Microscale ionic diodes: An overview. Electroanalysis 33, 1398—
1418

Caglar, M., and Keyser, U. F. (2021) Ionic and molecular transport in
aqueous solutions through 2 D and layered nanoporous membranes. J.
Phys. D Appl. Phys. 54, 183002

14 J Biol Chem. (2021) 297(6) 101350

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Ma, H., and Ying, Y.-L. (2021) Recent progress on nanopore electro-
chemistry and advanced data processing. Curr. Opin. Electrochem. 26,
100675

Alcaraz, A., Ramirez, P., Garcia-Gimenez, E., Lidon Lopez, M., Andrio,
A., and Aguilella, V. M. (2006) A pH tunable nanofluidic diode:
Electrochemical rectification in a reconstituted single ion channel. J. Phys.
Chem. B 110, 21205-21209

Guan, W., Fan, R, and Reed, M. A. (2011) Field-effect reconfigurable
nanofluidic diodes. Nat. Commun. 2, 506

Gabrielsson, E. O., Tybrand, K., and Berggren, M. (2012) Ion diode logics
for pH control. Lab Chip 12, 2507-2513

Liu, Q. Liu, Y., Lu, B,, Wang, Y., Xu, Y., Zhai, ], and Fan, X. (2020) A high
rectification ratio nanfluidic diode induced by an “ion pool”. RSC Adv. 10,
7377-7383

Lucas, R. A, and Siwy, Z. S. (2020) Tunable nanopore arrays as the basis
for ionic circuits. ACS Appl. Mater. Inter. 12, 5662256631
Jayawardhana, D. A., Sengupta, M. K., Krishantha, D. M. M., Gupta, .,
Armstrong, D. W., and Guan, X. (2011) Chemical-induced pH-mediated
molecular switch. Anal. Chem. 83, 7692—7697

De Groot, G. W., Santonicola, M. G., Sugihara, K., Zambelli, T., Reim-
hult, E., Voros, J., and Vancso, G. J. (2013) Switching transport through
nanopores with pH-responsive polymer brushes for controlled ion
permeability. ACS Appl. Mater. Inter. 5, 1400—1407

Emilson, G., Sakiyama, Y., Malekian, B., Xiong, K., Adali-Kaya, Z., Lim, R.
Y. H., and Dahlin, A. B. (2018) Gating protein transport in solid state
nanopores by single molecule recognition. ACS Cent. Sci. 4, 1007-1014
Ghosal, S., Sherwood, J. D., and Chang, H.-C. (2019) Solid-state nanopore
hydrodynamics and transport. Biomicrofluidics 13, 011301

Boersma, A. J., Brain, K. L., and Baley, H. (2012) Real-time stochastic
detection of multiple neurotransmitters with a protein nanopore. ACS
Nano 6, 5304—5308

Fu, K., and Bohn, P. W. (2018) Nanopore electrochemistry: A nexus for
molecular electron transfer reactions. ACS Cent. Sci. 4, 20—29
Galenkamp, N. S., Soskine, M., Hermans, J., Wloka, C., and Maglia, G.
(2018) Direct electrical quantification of glucose and asparagine from
bodily fluids using nanopores. Nat. Commun. 9, 4085

Hagen, J. T., Sheetz, B. S., Bandara, Y. M. N. D. Y., Karawdeniya, B. I,
Morris, M. A., Chevalier, R. B, and Dwyer, J. R. (2020) Chemcially
tailoring nanopores for single-molecule sensing and glycomics. Anal.
Bioanal. Chem. 412, 6639—-6654

Cai, Y., Zhang, B., Liang, L., Wang, S., Zhang, L., Wang, L., Cui, H.-L.,
Zhou, Y., and Wang, D. (2021) A solid-state nanopore-based single-
molecule approach for label-free characterization of plant poly-
saccharides. Plant Commun. 2, 100106

Arima, A., Tsutsui, M., Washio, T., Baba, Y., and Kawai, T. (2021) Solid-
state nanopore platform integrated with machine learning for digital
diagnosis of virus infection. Anal. Chem. 93, 215-227

Bajaj, H., Acosta Gutierrez, S., Bodrenko, I, Malloci, G., Scorciapino, M.
A., Winterhalter, M., and Cessarelli, M. (2017) Bacterial outer membrane
porins as electrostatic nanosieves: Exploring transport rules of small polar
molecules. ACS Nano 11, 5465-5473

Arnott, P. M., and Howorka, S. (2019) A temperature-gated nanovalve
self-assembled from DNA to control molecular transport across mem-
branes. ACS Nano 13, 3334—3340

Wang, Q. Z., Chen, X. G, Liu, N,, Wang, S. X, Liu, C. S., Meng, X. H,,
and Liu, G. G. (2006) Protonation constants of chitosan with different
molecular weight and degree of deacetylation. Carbohydr. Polym. 64,
194-201

Xu, G., Shi, B., McGroarty, E. J., and Ti Tien, H. (1986) Channel-closing
activity of porins from Escherichia coli in bilayer lipid membranes. Bio-
chim. Biophys. Acta Biomembr. 862, 57—64

Todt, J. C., Rocque, W. J., and McGroarty, E. J. (1992) Effects of pH on
bacterial porin function. Biochemistry 31, 10471-10478

Chumjan, W., Winterhalter, M., Schulte, A., Benz, R., and Suginta, W.
(2015) Chitoporin from marine bacterium Vibrio harveyi. J. Biol. Chem.
290, 19184-19196

SASBMB


http://refhub.elsevier.com/S0021-9258(21)01156-X/sref22
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref22
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref22
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref22
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref23
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref23
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref23
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref23
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref24
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref24
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref24
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref25
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref25
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref25
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref26
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref26
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref26
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref26
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref27
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref27
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref27
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref27
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref28
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref28
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref28
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref29
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref29
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref29
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref29
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref29
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref30
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref30
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref30
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref31
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref31
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref32
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref32
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref33
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref33
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref33
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref34
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref34
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref35
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref35
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref36
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref36
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref36
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref37
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref37
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref37
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref38
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref38
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref39
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref39
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref39
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref40
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref40
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref41
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref41
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref42
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref42
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref42
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref42
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref43
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref43
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref43
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref44
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref44
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref44
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref45
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref45
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref45
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref45
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref46
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref46
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref47
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref47
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref48
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref48
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref48
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref49
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref49
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref50
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref50
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref50
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref51
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref51
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref51
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref51
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref52
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref52
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref52
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref53
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref53
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref54
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref54
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref54
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref55
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref55
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref56
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref56
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref56
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref57
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref57
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref57
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref57
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref58
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref58
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref58
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref58
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref59
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref59
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref59
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref60
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref60
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref60
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref60
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref61
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref61
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref61
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref62
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref62
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref62
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref62
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref63
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref63
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref63
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref64
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref64
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref65
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref65
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Chitooligosaccharide uptake by marine Vibrio campbellii

Bafna, J. A., Pangeni, S., Winterhalter, M., and Aksoyoglu, M. A. (2020)
Electroosmosis dominates electrophoresis of antibiotic transport across
the outer membrane porin F. Biophys. J. 118, 2844

Soysa, H. S. M., Aunkham, A., Schulte, A., and Suginta, W. (2020) Single-
channel properties, sugar specificity, and role of chitoporin in adaptive
survival of Vibrio cholerae type strain O1. J. Biol. Chem. 295, 9421-9432
Amornloetwattana, R., Robinson, R. C,, Soysa, H. S. M., Van Den Berg, B.,
and Suginta, W. (2020) Chitoporin from Serratia marcescens: Recombi-
nant expression, purification and crystallization. Acta Crystallogr. Sect. F
Struct. Biol. Commun. 76, 536—543

Soysa, H. S. M., Suginta, W., Moonsap, W., and Smith, M. F. (2018)
Chitosugar translocation by an unexpressed monomeric protein channel.
Phys. Rev. E 97, 052417

Aunkham, A., Zahn, M., Kesireddy, A., Pothula, K. R,, Schulte, A., Baslé, A.,
Kleinekathofer, U., Suginta, W., and van den Berg, B. (2018) Structural basis
for chitin acquisition by marine Vibrio species. Nat. Commun. 9, 220
Doney, S. C., Fabry, V. ], Feely, R. A, and Kleypas, J. A. (2009) Ocean
acidification: The other CO, problem. Annu. Rev. Mar. Sci. 1, 169-192
Li, X., Wang, L.-X., Wang, X., and Roseman, S. (2007) The chitin cata-
bolic cascade in the marine bacterium Vibrio cholerae: Characterization
of a unique chitin oligosaccharide deacetylase. Glycobiology 17, 1377—
1387

Singh, P. R, Barcena-Uribarri, I, Modi, N., Kleinekathofer, U., Benz, R.,
Winterhalter, M., and Mahendran, K. R. (2012) Pulling peptides across
nanochannels: Resolving peptide binding and translocation through the
hetero-oligomeric channel from Nocardia farcinica. ACS Nano 6, 10699—
10707

Ghai, I, Winterhalter, M., and Wagner, R. (2017) Probing transport of
charged B-lactamase inhibitors through OmpC, a membrane channel
from E. coli. Biochem. Biophys. Res. Commun. 484, 51-55

Satheesan, R., Smrithi Krishnan, R., and Mahendran, K. R. (2018) Con-
trolling interactions of cyclic oligosaccharides with hetero-oligomeric
nanopores: Kinetics of binding and release at the single-molecule level.
Small 14, 1801192

Astier, Y., Braha, O., and Bayley, H. (2006) Toward single molecule DNA
sequencing: ~ Direct  identification ~ of  ribonucleoside  and

SASBMB

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

deoxyribonucleoside 5'-monophosphates by using an engineered protein
nanopore equipped with a molecular adapter. J. Am. Chem. Soc. 128,
1705-1710

Clarke, J., Wu, H.-C., Jayasinghe, L., Patel, A., Reid, S., and Bayley, H.
(2009) Continuous base identification for single-molecule nanopore DNA
sequencing. Nat. Nanotechnol. 4, 65-70

Ying, Y.-L., Zhang, J., Gao, R., and Long, Y.-T. (2013) Nanopore-based
sequencing and detection of nucleic acids. Angew. Chem. Int. Ed. Engl. 52,
13154-13161

Deamer, D., Akeson, M., and Branton, D. (2016) Three decades of
nanopore sequencing. Nat. Biotechnol. 34, 518—524

Liu, L., Yang, C., Zhao, K,, Li, J., and Wu, H.-C. (2013) Ultrashort single-
walled carbon nanotubes in a lipid bilayer as a new nanopore sensor. Nat.
Commun. 4, 2989

Liu, L., Xie, J., Li, T., and Wu, H.-C. (2015) Fabrication of nanopores with
ultrashort single-walled carbon nanotubes inserted in a lipid bilayer. Nat.
Protoc. 10, 1670-1678

Sullivan, K., Zhang, Y., Lopez, J., Lowe, M., and Noy, A. (2020) Carbon
nanotube porin diffusion in mixed composition supported lipid bilayers.
Sci. Rep. 10, 11908

Benz, R., and Hancock, R. E. (1987) Mechanism of ion transport through
the anion-selective channel of the Pseudomonas aeruginosa outer
membrane. . Gen. Physiol. 89, 275-295

Kullman, L., Winterhalter, M., and Bezrukov, S. M. (2002) Transport of
maltodextrins through maltoporin: A single-channel study. Biophys. J. 82,
803-812

Nikaido, H., and Rosenberg, E. Y. (1985) Functional reconstitution of
lens gap junction proteins into proteoliposomees. /. Membr. Biol. 85,
87-92

Jones, G., Willett, P., Glen, R. C., Leach, A. R., and Taylor, R. (1997)
Development and validation of a genetic algorithm for flexible docking. /.
Mol. Biol. 267, 727-748

HyperChem (TM) Professional 7.51. (2002), Hypercube, Inc, Gaines-
ville, FL

Dassault Systemes BIOVIA (2016) Discovery Studio Modeling Environ-
ment, Release 2017, Dassault Systemes, San Diego, CA

J. Biol. Chem. (2021) 297(6) 101350 15


http://refhub.elsevier.com/S0021-9258(21)01156-X/sref66
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref66
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref66
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref67
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref67
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref67
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref68
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref68
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref68
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref68
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref69
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref69
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref69
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref70
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref70
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref70
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref71
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref71
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref71
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref72
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref72
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref72
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref72
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref73
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref73
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref73
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref73
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref73
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref74
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref74
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref74
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref75
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref75
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref75
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref75
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref76
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref77
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref77
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref77
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref78
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref78
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref78
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref79
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref79
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref80
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref80
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref80
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref81
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref81
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref81
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref82
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref82
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref82
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref83
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref83
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref83
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref84
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref84
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref84
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref85
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref85
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref85
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref86
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref86
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref86
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref87
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref87
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref88
http://refhub.elsevier.com/S0021-9258(21)01156-X/sref88

	The C2 entity of chitosugars is crucial in molecular selectivity of the Vibrio campbellii chitoporin
	Results and discussion
	Conclusions
	Experimental procedures
	VhChiP electrophysiology
	Liposome swelling assay
	Molecular docking

	Supporting information
	Author contributions
	Funding and additional information
	References


