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(Background: Vibrio harveyi chitoporin (VhChiP) was recently identified as a pore-forming channel responsible for chito-
oligosaccharide uptake through the outer membrane of V. harveyi.
Results: Kinetic analysis revealed that VAChiP was several orders of magnitude more active than other known sugar-specific

Conclusion: ViChiP is a channel with exceptional sugar specificity.
Significance: The high activity of ViChiP reflects an evolutionary adaptation required for V. harveyi to thrive under extreme

J

Chitoporin (VAChiP) is a sugar-specific channel responsible
for the transport of chitooligosaccharides through the outer
membrane of the marine bacterium Vibrio harveyi. Single chan-
nel reconstitution into black lipid membrane allowed single chi-
tosugar binding events in the channel to be resolved. VAChiP
has an exceptionally high substrate affinity, with a binding con-
stant of K = 5.0 X 10° m~! for its best substrate (chitohexaose).
The on-rates of chitosugars depend on applied voltages, as well
as the side of the sugar addition, clearly indicating the inherent
asymmetry of the VAChiP lumen. The binding affinity of
VhChiP for chitohexaose is 1-5 orders of magnitude larger than
that of other known sugar-specific porins for their preferred
substrates. Thus, VAChiP is the most potent sugar-specific
channel reported to date, with its high efficiency presumably
reflecting the need for the bacterium to take up chitin-contain-
ing nutrients promptly under turbulent aquatic conditions to
exploit them efficiently as its sole source of energy.

Vibrio harveyi is a Gram-negative, bioluminescent, marine
bacterium of the family Vibrionaceae. It is found free-living in
tropical marine waters and also commensally as a component
of the gut microflora of marine animals. The bacterium is both
a primary and an opportunistic pathogen of marine animals,
triggering a lethal disease called luminous vibriosis (1), which
affects marine fish and prawn-farming operations worldwide
(2,3). V. harveyi is a fast growing bacterium under both aerobic
and anaerobic conditions. Accordingly, it can cause the “milky
seas” effect, in which a uniform blue glow is emitted from the
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seawater and which is apparent during the night. Sometimes
the glow covers nearly 16,000 km.

In marine ecosystems, chitin-containing substances are
major sources of carbon and nitrogen for marine vibrios. The
catabolic cascade of chitin utilization has been proposed to be a
complex system, involving a large number of genes that are
orchestrated under the stringent control of the chitin-induced
operon (4). In brief, the multistep chitin degradation pathway
involves (i) chitin sensing and degradation; (ii) chitooligosac-
charide uptake into the periplasm; (iii) degradation of the trans-
ported products to GlcNAc and GlcNAc,, which are then
transported farther into the cytoplasm; and (iv) conversion of
GlcNAc intermediates to Fru-6-P and NH3, which are metab-
olized for energy production and biosynthesis (5-7).

Chitoporin was initially identified in the marine bacterium
Vibrio furnissii as part of the chitin catabolic cascade. Its func-
tion was partially revealed by gene knockdown and GlcNAc,
uptake assays (8). Later, the gene encoding chitoporin was also
identified in the genome of other marine bacteria, such as
Vibrio cholera and Shewanella spp. (6, 9, 10). However, the
specific function of chitoporin as a sugar-specific channel had
never been clearly elucidated. We recently employed black lipid
membrane (BLM)* reconstitution and liposome swelling assays
to demonstrate that chitoporin from V. harveyi (VAChiP) is a
pore-forming channel that performs highly specific transloca-
tion of chitooligosaccharides (11). In the present study, we
focused on the kinetic evaluation of single chitooligosaccharide
translocation through a single ViChiP. Detailed assessment of
the kinetic parameters suggested that VAChiP acts as a highly
specific channel, interacting with chitooligosaccharides, espe-
cially chitohexaose, down to nanomolar concentrations.

EXPERIMENTAL PROCEDURES

Vectors and Bacterial Strains—A cDNA fragment of 1.1 kilo-
base pairs corresponding to the full-length VAChiP gene was

“The abbreviations used are: BLM, black lipid membrane; VhChiP, V. harveyi
chitoporin.
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cloned into the Novagen expression vector pET-23d(+)
(Merck). Escherichia coli host strain BL21(DE3) Omp8 Rosetta
was a kind gift from Professor Dr. Roland Benz (Jacobs Univer-
sity Bremen, Bremen, Germany). This E. coli strain was genet-
ically engineered to carry defective genes encoding the major
outer membrane porins OmpA, OmpC, OmpF, and LamB,
making it suitable for production of an exogenous porin (12).

Recombinant Expression and Protein Purification—The
E. coli BL21(DE3) Omp8 Rosetta host strain was transformed
with plasmid pET-23d(+)/VAChiP. Expression and prepara-
tion of recombinant VAChiP were performed following the pro-
tocols described by Garavito and Rosenbusch (13) and Rosen-
busch (14). In brief, transformed cells were grown at 37 °C in LB
liquid medium containing 100 ng/ml ampicillin and 25 ug/ml
kanamycin. At A,,, = 0.5-0.7, isopropyl B-p-thiogalactopyra-
noside was added to a final concentration of 0.5 mm. Cell
growth was continued for an additional 6 h, and cells were then
harvested by centrifugation at 4500 X g for 20 min at 4 °C. The
cell pellet was resuspended in buffer containing 20 mm Tris-
HCI (pH 8.0), 2.5 mm MgCl,, 0.1 mm CaCl,, 10 pug/ml DNase I,
and 10 ug/ml RNase A. Cells were lysed by sonication on ice for
10 min (30% duty cycle, amplitude setting of 20%) using a
SONOPULS ultrasonic homogenizer with a 6-mm diameter
probe. Recombinant VAChiP was extracted from the pepti-
doglycan layer with SDS based on the method of Lugtenberg
and Van Alphen (15). Briefly, SDS was added to the cell suspen-
sion to a final concentration of 2% (w/v), and incubation was
carried out for 1 h at 60 °C with gentle shaking. The crude
extract was then centrifuged at 40,000 X g for 60 min at 4 °C. The
pellet, which at this stage included the cell envelopes, was resus-
pended in 20 mm phosphate buffer (pH 7.4) containing 0.125%
(v/v) m-octylpolyoxyethylene (Alexis Biochemicals, Lausanne,
Switzerland) using a Potter-Elvehjem homogenizer. The suspen-
sion was incubated at 37 °C with gentle shaking for 1 h and then
centrifuged at 100,000 X g for 40 min at 4 °C. The new pellet, now
rich in outer membranes, was resuspended in 20 mMm phosphate
buffer (pH 7.4) containing 3% (v/v) n-octylpolyoxyethylene, and
the suspension was incubated at 37 °C for 60 min. Insoluble mate-
rial was removed by centrifugation at 100,000 X g for 40 min at
20 °C. After exchange of the detergent with 0.2% (v/v) lauryldi-
methylamine oxide (Sigma-Aldrich) by dialysis, the VAChiP-rich
sample was subjected to ion exchange chromatography using a
HiTrap Q HP prepacked column (5 X 1 ml) connected to an
AKTAprime Plus FPLC system (GE Healthcare). Bound proteins
were eluted with a linear gradient of 0—1 m KCl in phosphate
buffer containing 0.2% (v/v) lauryldimethylamine oxide. The
purity of the eluted proteins was confirmed by SDS-PAGE. Frac-
tions containing only VZChiP were pooled, and the protein con-
centration was determined using the Pierce BCA protein assay kit
(Bio-Active Co., Ltd., Bangkok, Thailand).

BLM Measurements and Single Channel Analysis—BLM
measurements and single channel analysis were performed fol-
lowing the methods described previously (16 —23). Briefly, the
lipid bilayer cuvette consisted of two chambers separated by a
25-um-thick Teflon film. The latter had a small aperture of
60-100 um in diameter, across which a virtually solvent-free
planar lipid bilayer was formed. The chambers were filled with
electrolyte solution and Ag/AgCl electrodes (World Precision
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Instruments, Sarasota, FL) immersed on either side of the Teflon
film. The electrolyte solution used was 1 M KCl buffered with 20
mm HEPES (adjusted to pH 7.5). 1,2-Diphytanoyl-sn-glycero-3-
phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) was used
for lipid bilayer formation. To form the bilayer, the aperture was
first pre-painted with 1 ul of 1% (v/v) hexadecane in pentane
(Sigma-Aldrich). One of the electrodes (cis) was used as the
ground electrode, whereas the other (trans) was connected to the
headstage of an Axopatch 200B amplifier (Axon Instruments, Fos-
ter City, CA). The trimeric VAChiP channel (50 -100 ng/ml) was
always added to the cis side of the lipid membrane. At applied
transmembrane potentials of +200 and —200 mV, a single chan-
nel was frequently inserted within a few minutes. The protein solu-
tion in the chamber was gently diluted by sequential additions of
the working electrolyte to prevent multiple insertions. To investi-
gate sugar translocation, chitooligosaccharides of various lengths
(chitotriose (GlcNAc,), chitotetraose (GIlcNAc,), chitopentaose
(GIcNACy), or chitohexaose (GIcNAc,)) were titrated on the cis
side or, in separate experiments, on the trans side of the mem-
brane. In some experiments, the sugar was titrated on one side and
finally diluted, followed by titration on the opposite side. These
experiments were tedious, but yielded consistent results.

A fully open channel of the VAChiP trimer was titrated with
discrete concentrations of chitosugar until saturated, typically
from nanomolar to micromolar concentrations, although the
suitable range of sugar concentrations depended upon which
sugar was being studied. Occlusions of ion flow observed as a
result of sugar diffusion through the inserted channel were usu-
ally recorded for 120 s at transmembrane potentials of +50,
—50, +100, and —100 mV. Single channel current measure-
ments were performed with an Axopatch 200B amplifier in the
voltage clamp mode, with the internal filter set at 10 kHz.
Amplitude, probability, and single channel analyses were per-
formed using pCLAMP version 10.0 software (Molecular
Devices, Sunnyvale, CA).

Estimation of Binding Constants—The equilibrium binding
constant (K, M~ ') was estimated from the reduction of the ion
conductance in the presence of increasing concentrations of
sugar using Equation 1 (24, 25),

Gmax - G[c] _ IO -

Ia
G s =K-c/(1 +K-0)

(Ea. 1)

where G, is the average conductance of the fully open
VhChiP channel, G, is the average conductance at a given
concentration of a chitosugar ([c]), [, is the initial current
through the fully open channel in the absence of sugar, and I,
is the current at a particular sugar concentration. The quality of
the data is readily seen by inverting Equation 1 into a so-called
Lineweaver-Burk plot (((G.x = G))/Gmax) * versus ([c] ).
Single channel analysis was performed to calculate the rates of
association and dissociation. The off-rate (k. s ') was
obtained from Kullman et al. (19) (Equation 2),

koff = 1/75 (qu)

where 7, is the average residence (dwell) time (s ") of the sugar
molecule in the channel. The on-rate (k,,, M~ s~ ') is given by

kopn = K+ kg
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FIGURE 1. Single trimeric channel recordings of chitoporin in artificial
lipid membranes. The BLM measurements were carried out in electrolyte
solution containing 1 m KCl in 20 mm HEPES (pH 7.5). Purified VhAChiP was
added on the cis side of the chamber. Shown are typical ion current traces of
a single VhChiP channel in the fully open state at applied potentials of +100
mV (A) and —100 mV (B). The ion currents were normally recorded for a period
of 120 s, but representative traces of 5000-ms duration are presented. Insets,
recordings with an expanded time scale of transient gating at +100 and
—100 mV.
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RESULTS

Single Channel Properties—As described under “Experimen-
tal Procedures,” purified VAChiP was incorporated into sol-
vent-free lipid bilayers, and single channel conductance was
estimated to be 1.8 = 0.13 nanosiemens (# = 50). Fig. 1 (A and
B) presents representative current recordings showing current
amplitudes of around +180 pA over 5 s. At applied voltages of
+100 and —100 mV, the trimeric channels were fully open,
with occasional transient gating (Fig. 1, insets). It is important
to note that, under the given condition, the pre-inserted mem-
branes were found to be stable, with some lasting beyond 7 h,
making them suitable for the kinetic assessment of chitooligo-
saccharide translocation through the ViChiP pore.

Channel Specificity—Chitooligosaccharides of various sizes
were added on either side of the chamber, and their ability to
block ion current was quantified. Fig. 2 shows 100-ms-long
recordings of chitooligosaccharide-induced current fluctua-
tions at —100 mV. No blockage was visible when chitobiose was
varied up to 400 uM on either the cis or trans side or when the
channel was exposed to maltodextrins (maltopentaose and
maltohexaose) or raffinose (data not shown). In marked con-
trast, after the addition of 5 um chitosugars, we observed ion
current blockages, which depended on the size of the sugar and
the side of sugar addition. The ionic current blockages were
observed at much greater frequency when the sugar was added
on the cis side (Fig. 2, A—D) compared with the trans side (Fig. 2,
E-H). For instance, current blockage by chitotriose was rarely
visible with addition on the trans side, whereas significant
blocking events were detected when same concentration of chi-
totriose was added on the cis side.

Starting with the cis side addition, chitotriose was found to
partially interrupt the flow of ions, visible by statistical transient
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reduction of the channel conductance by one-third (Fig. 2).
Chitotriose (Fig. 24), chitotetraose (Fig. 2B), and chitopentaose
(Fig. 2C) blocked one monomer of the single trimeric channel,
whereas increasing the sugar length to hexamer (Fig. 2D)
resulted in the double and triple blocking of the single trimeric
channel. Furthermore, chitohexaose exhibited the longest res-
idence time, during which each sugar molecule remained
entrapped before leaving the pore. This was clear from single
channel analysis, which yielded an average residence time of
6.0 = 0.7 ms for the chitohexamer. This value decreased rapidly
as the number of GIcNAc units in the polymer decreased from
five (2.4 * 0.24 ms) to four (0.33 = 0.08 ms) and three (0.11 *
0.05 ms).

Effects of Applied Voltages on Sugar Translocation—We fur-
ther investigated the effect of applied voltages on sugar trans-
location from both the cis and trans sides at various concentra-
tions. As shown in Fig. 3, channel blockage by chitohexaose
occurred to a much greater extent for cis side addition com-
pared with trans side addition. Considering cis side addition,
the number of blocking events was obviously higher at —100
mV (Fig. 3, E-H) than at + 100 mV (Fig. 3, A-D). This result was
reversed with trans side addition (data not shown). In both
cases, the frequency of blocking events increased with concen-
tration. Fig. 3 (E-H) shows that at —100 mV/cis, chitohexaose
at 0.25 uM blocked only one subunit on average. Two subunits
were blocked when the concentration was increased to 1.25 um,
and finally, all three subunits were blocked at 2.5 M. Similar
observations were made with +100 mV/cis (Fig. 3, A-D),
although the frequency of blocking events was much lower.

Fig. 4 presents a detailed analysis of the original traces shown
partially in Fig. 3. Plots of the number of blockade events/s
(reflecting translocation rate) over a selected range of chito-
hexaose concentrations were examined for cis and trans side
additionsat +100and —100 mV. The on-rates for chitohexaose
moving through open pores decreased as follows: —100
mV/cis > +100 mV/cis > +100 mV/trans => —100 mV/trans
(Fig. 4A). The rates versus sugar concentrations from cis-to-
trans yielded saturable curves, but the rates for trans-to-cis
translocation did not reach saturation over the same concen-
tration range.

Applied potentials also affected both 7,, the time that the
monomeric protein channel remains open, and 7, the time that
the sugar resides within the monomer. As shown in Fig. 4 (B and
C), each setting condition yielded different values of 7, and ..
Nonetheless, all conditions showed a linear decay of 7, in a
concentration-dependent manner, but 7, does not depend on
the concentration.

Rate of Sugar Penetration and Binding Affinity—The charac-
teristic substrate-specific channel activity of VAChiP was con-
firmed by enhancement of the on-rate of chitohexaose, relative
to that of other oligosaccharides, and by its concentration
dependence. As the concentration was increased above 0.1 um,
the on-rate, reflected in the frequency of current blockages,
increased, eventually reaching a plateau (Fig. 44). Chitohexaose
blocked the ion flow very efficiently even at nanomolar concen-
trations. A conductance histogram (Fig. 54) shows a continu-
ous increase in the level of monomeric blockage as the channel
was titrated with chitohexaose from 0.125 up to 2.5 um. It is
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FIGURE 2. Effect on ion currents of chitooligosaccharide diffusion into chitoporin. A single trimeric channel of VhChiP was inserted in an artificial
membrane in a fully open state. Chitooligosaccharides of various sizes were then added to a final concentration of 5 um on either the cis side (A-D) or trans side
(E-H) of the chamber. A and E, chitotriose; B and F, chitotetraose; C and G, chitopentaose; D and H, chitohexaose. lon current fluctuations were monitored for
120 s at applied potentials of +100 and —100 mV. Here, only ion traces for a potential of —100 mV are presented.

shown that the amplitude of the monomeric conductance at 2.5
1M was not much greater than at the previous concentration.
Fig. 5B displays the related power density spectra. The ampli-
tudes of sugar-induced noise levels were elevated in proportion
to the concentration of chitohexaose and correlated well with
the levels of monomeric blockage shown in Fig. 5A.

Further quantitative analysis of the binding constants was
carried out to access the channel affinity. Fig. 6 shows the bind-
ing curves of various chitosugars at +100 mV/cis. Fitting the
curves using a nonlinear regression function derived from
Equation 1 yielded typical Michaelis-Menten plots (26). The
plot for chitohexaose is hyperbolic, as described above, and
saturation was reached within 5 um (Fig. 6, inset). On the other
hand, the binding curves of chitotriose, chitotetraose, and chi-
topentaose did not approach saturation even at 40 uM. Trans-
formation of these binding curves yielded linear double recip-
rocal plots (Lineweaver-Burk plots) as shown in Fig. 7. Fig. 74
shows the Lineweaver-Burk plots for chitotriose, chitotetraose,
and chitopentaose at +100 mV/cis, whereas Fig. 7B shows the
Lineweaver-Burk plots for chitohexaose at +100 mV/cis com-
pared with —100 mV/cis. These Lineweaver-Burk plots allowed
the binding constants (K) to be determined as shown in Table 1.
As shown in Table 1, the binding constant of chitohexaose was
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found to be larger than those of other chitosugars at both +100
and —100 mV. The value of K decreased by several orders of
magnitude as the polymer length decreased from GlcNAc, to
GlcNAc, and GlcNAc,. Clearly, the greater binding affinity of
the VAChiP channel for chitohexaose was under the —100
mV/cis condition (K = (5.0 = 0.068) X 10° M~ !). These kinetic
data consistently show chitohexaose to be the best substrate for
the VAChiP channel.

DISCUSSION

Marine vibrios require uptake of chitin breakdown products
for survival under the critical condition of there being no alter-
native source of carbon and nitrogen. The chitin catabolic cas-
cade of these bacteria is therefore expected to function effi-
ciently. Once chitin-containing nutrients are detected by the
bacteria, a series of events brings the chitinous materials into
the cells and metabolizes them as an energy source. Chitin is
initially broken down by secreted chitinases (27-29). During
chitin degradation, the resulting products are therefore locally
enriched in the vicinity of the cells, ready to be rapidly trans-
ported through the bacterial outer membrane. Small chitin
units (GlcNAc and GlcNAc,) are thought to pass through a
general diffusion porin, but permeation of larger chitin oligo-
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saccharides is facilitated by specific channels, namely chito-
porin (8, 30).

To resolve the uncertainty surrounding the function of chi-
toporin, we previously performed liposome swelling assays to
demonstrate possible translocation of chitohexaose, but not
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other non-chitooligosaccharides, through VAChiP (11). To
quantify translocation, we employed the BLM reconstitution
technique based on channel occlusion for ion current. When a
VhChiP channel in the artificially formed membrane was
exposed to various types of sugars, the channel responded only
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to chitooligosaccharides, with the degree of responsiveness
increasing with greater chain length. The channel was most
active with chitohexaose, suggesting some channel specificity
for this particular molecule. This observation was analogous to
maltoporin-binding maltooligosaccharides, the most effective
ligand for this channel being maltoheptaose (31, 32). Note that
analysis of the sugar-induced blockages provides information
on the presence of sugar in the channel with a residence time
limit of 100 us of events/s. Faster events are not resolvable by
this technique.

Regardless of the chain length, the probability of ion current
blockade was greater with elevated concentrations of the chito-
sugars. Fig. 8 represents selected current time traces showing
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that, at 10 um, chitotriose (Fig. 84), chitotetraose (Fig. 8B), and
chitopentaose (Fig. 8C) blocked only the VAChiP monomer.
The second and third subunits were subsequently blocked
when the sugar concentration was raised to 80 um. The results
suggest that ViChiP responded in a concentration-dependent
manner not only toward chitohexaose but also toward lower
molecular weight chitosugars. However, much higher concen-
trations of these sugars were required to induce multiple block-
ages due to their poor affinity as shown in Table 1.

The rate of sugar interaction (Fig. 4A4) with VAChiP, the
residence time within the channel (Fig. 4C), and its binding
affinity (Table 1) were found to be highly dependent on the
polarity of the applied potential. Voltage-dependent sugar
permeation through the VAChiP pore likely reflected tran-
sient dipole moments due to the existence of the N-acet-
amido (-NHCOCH,) groups of the multiple GIcNAc units
that compose a chitooligosaccharide chain. As a result, the
sugar chains seem to orient themselves favorably for channel
entrance with a negative potential on the cis side and an
opposite potential on the other side. The much higher rate of
sugar permeation from cis-to-trans over trans-to-cis clearly
indicates intrinsic asymmetry of channel. In the case of malto-
porin, channel asymmetry was also observed; however, the
effect was opposite that seen with VAChiP. The frequency of
sugar diffusion into maltoporin from trans-to-cis was found to
be significantly higher than from cis-to-trans (17-19). Such
results indicate that the molecular arrangement contributing to
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TABLE 1
Substrate specificity of VhChiP
+100 mV/cis —100 mV/cis
Substrate Binding constant (K)* On-rate constant (k,,) Off-rate constant (k,,)” Binding constant (K)* On-rate constant (k,,) Off-rate constant (kog)”
Mt 10°m 157! 10°s71 Mt 10°m 157! 10°s71
Chitobiose ND¢ ND
Chitotriose 220 = 100 2.0+02 9.0 £2.0 400 = 150 5.0+ 0.4 125*+25
Chitotetraose 2700 = 700 10.0 = 0.1 3.7+0.11 5000 * 850 152 +0.3 3.0 £ 0.40
Chitopentaose 15,000 = 3000 25.5 0.4 1.7 £0.13
Chitohexaose 370,000 = 140,000 78.0 £29.4 0.21 £0.02 500,000 * 68,000 85.0x 14 0.17 £ 0.02

“ The equilibrium binding constant (K) was determined by the titration method according to Equation 1.
? The on-rate constant (k,,,) was estimated from k,,, = Kk, Because the residence time below 100 us could not be evaluated with confidence, we therefore estimated the

on

Ko, of chitotriose from the number of blocking events/s. The resultant off-rate constant, in this case, was cross-calculated from k¢ = k,,,/K instead.

¢ ND, no detectable blocking events with this sugar.

&
20 ms

20ms

FIGURE 8. Effects of concentrations of small chitosugars on ion current blockages. A single channel of VhChiP was reconstituted into artificial lipid bilayers.
Chitotriose (A), chitotetraose (B), and chitopentaose (C) were titrated on the cis side. lon current blockages at +100 mV are presented.

TABLE 2
Comparison of the rates and the binding kinetics of VhChiP with those of other sugar-specific porins
Channel type Substrate K koo Ko Ref.
s 10°m ts™! 107571
VhChiP Chitohexaose 500,000 85.0 0.17 This study
E. coli maltoporin (LamB) Maltotriose 4300 8.4 1.95 Refs. 25, 33, 35, and 40
Maltotetraose 8100 6.1 0.77
Maltopentaose 13,000 5.3 0.43
Maltohexaose 20,000 4.8 0.24
Maltoheptaose 31,000 5.6 0.18
Salmonella typhimurium sucrose porin (ScrY) Sucrose 80 0.004 0.05 Ref. 25
Klebsiella oxytoca cyclodextrin porin (CymA) Cyclodextrin 31,300 Ref. 38
Pseudomonas putida glucose-inducible porin (OprB) Glucose 9.1 Ref. 36
Pseudomonas aeruginosa glucose-inducible porin (OprB) Glucose 2.6 Ref. 37

GlcNAc-binding subsite(s) within the VAChiP lumen is com-
pletely different from that in maltoporin.

Kinetic analysis indicated that VAChiP interacted with chi-
tooligosaccharides in a concentration-dependent manner.
However, there is a discrepancy regarding the size of the sugars.
On-rates increased almost linearly for chitotriose and chitote-
traose as their concentrations were increased. Diffusion
through the VAChiP channel in these cases was driven entirely
by the concentration gradient, with weak interactions between
the sugar and protein molecules. However, the binding affinity
significantly increased if the sugar chain was longer. Binding of
chitopentaose to chitoporin was of particular interest because
the sugar did not just transiently block the ion passage but
appeared to interact strongly with the channel subunits at —100
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mV/cis, yielding a permanent reduction of the channel con-
ductance to one-third of the full conductance when its concen-
trations exceeded 50 nM (see Fig. 2C as a representative trace at
5 uM). As a result, we could not evaluate the binding constant of
chitopentaose under this particular condition (Table 1). We do
not yet completely understand why negative potentials strongly
affect the permeation of chitopentaose. This will be a subject of
our further investigation. Translocation of chitohexaose partic-
ularly involved specific substrate-protein interactions, result-
ing in Michaelis-Menten transport kinetics resembling those of
previously reported sugar-specific porins, including malto-
porin (LamB) (31-34), sucrose porin (ScrY) (25, 35), glucose-
inducible porin (OprB) (36, 37), and cyclodextrin porin (CymA)
(38, 39).
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Our study revealed that chitohexaose is the most potent sub-
strate of the VAChiP channel, as it blocked the ion flow even at
nanomolar concentrations, and the monomeric subunit was
already saturated below 1 uM. In Table 2, we summarize the
rate constants: the on-rate (k) is by far the highest for chito-
hexaose, whereas the off-rate (k) is the lowest. Consequently,
the resultant binding constant (K) of 5.0 X 10° M~ ' is 1-5
orders stronger than the reported values for other analogs (25,
31, 35— 40). According to the kinetic data in Table 2, VAChiP is
the most active sugar-specific channel reported to date. A
highly effective sugar transport machinery is considered to be
crucial for V. harveyi to maintain the homeostatic balance that
enables the bacterium to survive and thrive in extreme marine
environments with a scarcity of the usual nutrients.

In conclusion, our quantification of the single channel turn-
over demonstrates the power of evolutionary pressure that
drives marine bacteria (V. harveyi in our model study) to select
for a highly active sugar-transporting system as a survival strat-
egy in extreme aquatic environments. This mechanistic adap-
tation is not required by other bacteria that utilize glucose or
sucrose as a common source of cellular energy.
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