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Reaction processes of poli§)-3-hydroxybutyric acid] (P(3HB)) with two types of poly(hydroxybutyric acid)
(PHB) depolymerases secreted frétalstonia pickettiiT1l andPenicillium funiculosunwere characterized by
means of atomic force microscopy (AFM) and quartz crystal microbalance (QCM). The PHB depolymerase from
R. pickettii T1 consists of catalytic, linker, and substrate-binding domains, whereas the onB.ffomculosum

lacks a substrate-binding domain. We succeeded in observing the adsorption of single molecules of the PHB
depolymerase fronR. pickettii T1 onto P(3HB) single crystals and the degradation of the single crystals in a
phosphate buffer solution at 3T by real-time AFM. On the contrary, the enzyme molecule fRrfuniculosum

was hardly observed at the surface of P(3HB) single crystals by real-time AFM, even though the enzymatic
degradation of the single crystals was surely progressed. On the basis of the AFM observations in air of the
P(3HB) single crystals after the enzymatic treatments, however, not only the PHB depolymeraBegickettii

T1 but also that fronP. funiculosumadsorbed onto the surface of P(3HB) crystals, and both concentrations of
the enzymes on the surface were nearly identical. This means both enzymes were adsorbed onto the surface of
P(3HB) single crystals. Moreover, QCM measurements clarified quantitatively the differences in detachment
behavior between two types of PHB depolymerases, namely the enzym®&fpmokettii T1 was hardly detached

but the enzyme fronk. funiculosumwas released easily from the surface of P(3HB) crystals under an aqueous
condition.

Introduction amino acid residue), known as the lipase BbXhe substrate-
_ _ ) ) _ _ binding domain is responsible for the adsorption of the enzyme
A wide variety of bacteria synthesize the optically active to the surface of water-insoluble polymer, which permits the
polymer of ®)-3-hydroxybutyric acid from renewable carbon  catalytic domain to interact with polymer chains, thus catalyzing
sources and accumulate it as intracellular carbon and energyheir efficient hydrolysisl 12 Recently, it has been proposed
storage material. Poly)-3-hydroxybutyric acid] (P(3HB)),  that the substrate-binding domain has an additional function to
isolated from bacteria, is a crystalline, biocompatible, and disrupt the surface structure of polymer crystdi

biodegradable thermoplasfic? In the last two decades, the The PHB depolymerase froRalstonia pickettiT1 (formally

biodegradability of P(3HB) has been investigated by many . . R . .
Alcaligenes faecali$ 1) used in this study has been investigated
groups, and P(3HB) has been known to be hydrolyzed by widely by many group&-15 The PHB depolymerase from.

\r/naergtgse zgif;llgi:oprﬁlﬁgﬁzr%zfg ;}g‘;ﬁg.;gé;;ﬂﬁﬁg?ly' pickettii T1 is the typical one that consists of three characteristic
PHB depolymerases are typically comprised of three functional domains, i.e. cata_lytlc, substrate-binding, and "T"‘er domains.
domains: a catalytic (320400 aa), a linker (56100 aa), and The mqlecular weight of the PHB d(_apol_ymerase_ls 47 kDa, and
a substrate-binding (4660 aa) domain. The PHB depolymerase the Optimum pH for enzyme reaction is 7:5Saito and co-
workers reported that an active serine is a part of the highly

with a binding domain has been reported to adsorb onto polymer i .
surfaces by the substrate-binding domain and to hydrolyze cOnserved pentapeptide [Gly-Leu-S&iSer-Gly], the lipase

P(3HB) molecules by the catalytic domain in the degradation box® Recently, Yamashita et al. studied the adsorption of the
process. The catalytic domain contains a lipase-like catalytic PHB depolymerase fromR. pickettii T1 by a quartz crystal
triad [Ser, Asp, and His] as well as a signature sequence of amicrobalance (QCM) and suggested the irreversible adsorption

pentapeptide [Gly-Xaa-Ser-Xaa-Gly] (where Xaa denotes any Of the PHB depolymerase onto P(3HB) thin filfitsikkawa
et al. observed the PHB depolymerase fr&npickettii T1
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purified and characterized the PHB depolymerase from a strain 2000FXII electron microscope which was operated at an acceleration

of P. funiculosurmand reported that the enzyme has a molecular
mass of 37 kDa and the optimum pH is 8%Kasuya and co-
workers reported that the PHB depolymerase fi@niunicu-
losumdegrades P(3HB) and a trimer dR)¢3HB, though the
degradation of P(3HB) is less efficient by 2 orders of magnitude
in comparison with the multidomain enzyme frdrn pickettii
T1.17 Moreover, they speculated that the enzyme fr&n
funiculosumlacks a substrate-binding domain, because the
molecular weight of the PHB depolymerase frénfuniculosum

was found to be much smaller than typical PHB depolymerase

(around 50 kDa}’ Recently, the crystal structures of the PHB
depolymerase fronP. funiculosumand the mutantR)-3HB

trimer methyl ester substrate complex were revealed at resolu-

tions of 1.71 A and 1.66 A, respectivel§The enzyme is shown

to be a globular molecule with approximate dimensions of 5.2
nm x 4.8 nmx 4.1 nm and with a single domalfiiln addition,

it was suggested that 13 hydrophobic residues around the activ
site induce the enzyme to bind onto polymer chains without a
substrate-binding domaid. Furthermore, a cDNA encoding
PHB depolymerase frorR. funiculosumwas cloned, and the

homology analysis showed that the enzyme lacks linker and

substrate-binding domaing.

e

voltage of 120 kV for electron diffraction to ensure the crystal
structurez!

Purification of PHB Depolymerases.The PHB depolymerases from
R. pickettii T1 and P. funiculosumwere purified to electrophoretic
homogeneity according to the methods reported previdusligsterase
assays of both enzymes were performed as follows: the reaction mixture
containing 0.1%p-nitrophenylbutyrate (Sigma) was prepared in 1.0
mL of 0.1 M phosphate buffer (pH 7.0). The reaction was started by
the addition of an enzyme solution and monitored at 400 nm using a
HITACHI U-2000 spectrophotometer. One unit of enzyme was defined
as the amount of protein required to increase the value of absorbance
at 400 nm by 1 per min at 37C. As a result, the purified PHB
depolymerases froiR. pickettii T1 andP. funiculosunmhad the enzyme
activities of 132 and 6 U/mg, respectively.

Enzymatic Reaction Experiment. P(3HB) single crystals were
deposited on a square silicon wafer (¥010 mn?) and dried in air.
Subsequently, the P(3HB) single crystals on the silicon substrate were
immersed in 0.1 M phosphate buffer containing @g@mL of PHB
depolymerase fol h at 37°C. The samples were washed lightly with
Milli-Q water after the enzymatic treatment in order to remove salt of
the buffer solution, and they were dried at 25 for 1 day.

Surfactant Experiment. Triton X-100 was purchased from ICN
Biomedicals Inc. The solution containing Triton X-100 was diluted

In our previous studies, we observed the enzymatic degrada-ini 0.1 or 0.2% with 0.1 M phosphate buffer solution (pH 6.0 or 7.5).

tion process of melt-crystallized thin films and single crystals
of P(3HB) in the presence of the PHB depolymerase fiRRm
pickettii T1 by real-time AFM, and we proposed a degradation
mechanism of lamellar crystal by the PHB depolymerigé.
We also investigated the adsorption effect of the PHB depoly-
merase on the folding surface of P(3HB) single crystals by
means of AFM and a frictional force microscofd?® The
adsorption of the PHB depolymerase frétnpickettii T1 was

Then, 0.5ug/mL of enzyme solution containing Triton X-100 was
prepared. The P(3HB) single crystals on a silicon wafer were immersed
in the enzyme and surfactant solutiorr foh at 37°C. The samples
were washed lightly with Milli-Q water after the immersion.

AFM Observations. The P(3HB) single crystal after the enzymatic
treatment fo 1 h was observed by AFM (Seiko Instruments Inc.
SPI3800/SPA 300HV) in air at 28C. A 400um long silicon cantilever
with a spring constant of 1.5 N/m was adopted in dynamic force mode

found to change the molecular state of P(3HB) and to generate(tapping mode) AFM. A scan rate was set to 0.8 Hz. A light tapping
concaves at the surface of P(3HB) crystal at the initial stage of force (set-point values- 0.85) was applied for all AFM observations

enzymatic reactiof?23

In this study, we investigate the single molecular reactions
of the PHB depolymerases with P(3HB) single crystals using
real-time AFM, and we also perform QCM measurements

complementarily to reveal the detachment process of the
P y b sand width of the enzyme on each single crystal were determined from

enzymes. Furthermore, we use two types of PHB depolymerase
with and without the substrate-binding domain, which will reveal
the effects of the substrate-binding domain on the reaction
process of the enzymes.

Materials and Methods

Preparation of Poly[(R)-3-hydroxybutyric acid] Single Crystals.
P(3HB) was prepared by microbial synthetic methbtiAlkaline
hydrolysis of P(3HB) (weight-averaged molecular weigM;, = 52
x 10% polydispersity: M,/M, = 2.4) was performed according to the
method reported previousf§.P(3HB) My = 1.1 x 10, My/M, =

in this study, to avoid damage to both the PHB depolymerase molecules
and the P(3HB) single crystals by the cantilever tip. Height and phase
images were simultaneously obtained. The calibration of cantilever tip
convolution effect was carried out to obtain the true dimensions of
objects according to the method described previo#s§The height

AFM height images (scan area: x22 um?). The average value of 50
measurements was adopted as the size of enzyme in this study. The
number of adsorbed enzymes was calculated from five typical AFM
phase images (scan area:xx2 um?), and the average value in/n?

of the surface of the single crystals was used in this study.

The reaction process of the PHB depolymerase onto P(3HB) single
crystals was observed by real-time AFM in 0.1 M phosphate buffer
solution at 37°C. P(3HB) single crystals were deposited on the surface
of a silicon wafer. A 10x 10 mm splitting of the silicon wafer was
fixed to the bottom of the reaction vessel (diameter: 25 mm; height:
5 mm) with double-sided carbon adhesive sheets. The vessel with
sample was set on AFM scanner, and 1.5 mL of phosphate buffer

1.4) after the alkaline hydrolysis was used to prepare single crystals. solution was poured into the vessel. P(3HB) single crystals before
M, and M./M, were measured by a gel permeation chromatography €nzymatic reaction were observed in the phosphate buffer solution at
(GPC) system with polystyrene standards (Shodex Standard SM-105,37 °C. Then, the enzymatic reaction was initiated by the addition of

1.3 x 10°to 3.1 x 10°). GPC measurement was performed at’@)
using a Shimadzu 10A GPC system with joint columns of Shodex
K-806 and K-802. Chloroform was used as the mobile phase at a flow

rate of 0.8 mL/min, and a sample concentration was set to be 1.0 mg/
mL. Shimadzu CLASS-VP software was used to process the data.

P(3HB) single crystals were grown isothermally from a dilute solution
of a mixture of chloroform and methanol at 80 for 12 h, as reported
previously?* The solvent ratio of chloroform/methanol (v/v) was 1/7,
and the concentration of P(3HB) dilute solution was 0.025 (w/v)%.
After the crystallization, P(3HB) single crystals were collected by
decantation at 2%C. P(3HB) single crystals were observed with a JEM-

concentrated enzyme solution into the phosphate buffer solution in the
vessel, resulting in a final concentration of enzyme solution of@/5
mL.

QCM Measurements. A commercially available QCM setup of
QCA-922 (SEIKO EG&G) was equipped with a cell of an inner volume
of ca. 0.2 mL!>% The temperature of cell was controlled at 37 by
circulating water. The oscillator was a polished 9 MHz AT-cut quartz
crystal, on both sides of which Au electrodes were deposited (area
size: 0.196 crh x 2). A frequency shift of 1.0 Hz corresponds to a
mass change of 1.0 ng on the electrode (0.198) @wcording to the
Sauerbrey equatiol.In our system, the resonant frequency and &BV
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Figure 1. Real-time AFM height images of the typical enzymatic
reaction process onto P(3HB) single crystals by the PHB depoly-
merase from R. picketti T1. The frames were recorded during
enzymatic reaction for 9 (A), 25 (B), 41 (C), 59 (D), 87 (E), and 121
min (F). The concentration of the enzyme was 0.5 ug/mL. These
images were obtained in a phosphate buffer solution (pH 7.5) at 37

Numata et al.

Figure 2. Real-time AFM height images of the typical enzymatic
reaction process onto P(3HB) single crystals by the PHB depoly-
merase from P. funiculosum. The first frame (A) was recorded before
the enzymatic reaction, and the following images were obtained during
enzymatic reaction for 30 (B), 60 (C), 90 (D), 120 (E), and 150 min
(F). The concentration of the enzyme was 0.5 ug/mL. These images

°C. White arrows indicate the enzyme molecules degrading the
P(3HB) single crystals.

were obtained in a phosphate buffer solution (pH 6.0) at 37 °C. White
arrow and circles denote the hole and cleft which were generated by
the enzymatic degradation.

resonant resistance were monitored simultaneously to evaluate the
influence of frictional changes. The chloroform solution (1.5 wt %) of
P(3HB) was cast on the one side of the oscillator placed on a spin
coater (ME-300MOC, Co. Ltd.) at 4000 rpm under dry air. The film
was melted at 210C for 30 s and then kept at 1EC for 24 h. After

the stabilization of QCM in 0.1 M phosphate buffer solution (pH 7.5
or 6.0), the enzymatic reaction was initiated by replacing the buffer
solution with the enzyme solution containing the PHB depolymerase Figure 3. Real-time AFM height images of the typical enzymatic
fromR. pleettllTl or P. funiculosum respectively. The total volume reaction process onto P(3HB) Sing|e Crysta|s by the PHB dep0|y-
used for replacement was 1.25 mL. The frequency change during themerase from P. funiculosum. The concentration of the enzyme was
reaction was recorded by a microcomputer system. 0.5 ug/mL. These images were obtained in a phosphate buffer
solution (pH 6.0) at 37 °C. Each circle indicates the enzyme molecule
on the P(3HB) single crystal.

Results
In Figure 2B, the white arrow indicates the position that the

Real-Time AFM Observations of Enzymatic Reaction enzyme degraded first, and then a hole was generated at the
ProcessesReal-time AFM observation of the enzymatic reac- same place. As the reaction progressed, the P(3HB) single crystal
tion process was performed in a 0.1 M phosphate buffer solutionwas split from the hole along the crystallograptaeaxis.
(pH 7.5) containing 0.xg/mL of the PHB depolymerase at 37  Namely, the enzymatic degradation of the P(3HB) single crystal
°C. Figure 1 shows the real-time AFM images of the reaction proceeded. However, no enzyme molecule was observed around
process of the PHB depolymerase secreted fRopickettii T1 the hole and cleft by AFM.
with P(3HB) single crystals. As shown in Figure 1, the presence  With repetitive observation by real-time AFM, we rarely
of homogeneous white dots was clearly observed. The heightsucceeded visualizing the enzyme molecules fRrfuniculo-
and width of the dots were approximately 2.6 and 54 nm, sumin the image. Figure 3 shows the real-time AFM images
respectively, and they were identical to those of the PHB of the PHB depolymerase from. funiculosumonto P(3HB)
depolymerase reported previousyTherefore, the dots were  single crystals in a buffer solution. Two white circles, “a” and
considered to be the enzyme molecules. Each enzyme moleculeb” in Figure 3B,C, indicate that the enzyme molecule existed
that adsorbed on the P(3HB) single crystals remained at theon the P(3HB) single crystal. The average size of the enzymes
same position during the observation for 121 min. The number in Figure 3 was around 3.8 nm high and 51 nm wide. In addition,
of the enzymes adsorbed onto the surface of P(3HB) single the enzyme molecule at “a” in Figure 3B disappeared from the
crystals increased with time. White arrows in Figure 1 show surface of single crystal, even though the crystal as a scaffold
PHB depolymerase molecules adsorbed onto the surface of bothwas hardly degraded.
the single crystals as well as the substrate. In addition, AFM Observations in Air of P(3HB) Single Crystals after
degradation was observed in the area surrounding the enzymeEnzymatic Treatment. Adsorption behaviors of two types of
molecule located at the edge of the P(3HB) single crystal. Thus, PHB depolymerases onto P(3HB) single crystals were also
we have succeeded in observing the adsorption of PHB studied by AFM in air. P(3HB) single crystals were immersed
depolymerase frorR. pickettii T1 and the degradation of single  in the phosphate buffer solution containing @&/mL of PHB
crystals at the same time. depolymerase frorR. pickettii T1 or P. funiculosumfor 1 h at

Figure 2 shows the typical real-time AFM height images of 37 °C. After the enzymatic reaction, the P(3HB) single crystals
the enzymatic degradation process of P(3HB) single crystals in were washed by Milli-Q water in order to remove the enzyme
a phosphate buffer solution (pH 6.0) containing PddmL of molecules that did not adsorb onto the crystals, and they were
the PHB depolymerase secreted fr&rfuniculosumat 37°C. subsequently dried for 12 h. After that, the enzyme molecules
Figure 2A exhibits the AFM height image of P(3HB) single adsorbed on the P(3HB) single crystals were observed by AFM
crystals in the buffer solution before the enzymatic degradation. in air at 25°C. Figure 4 shows the AFM phase images of glsv
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Figure 4. AFM phase images of P(3HB) single crystals after the
enzymatic reaction for 1 h at 37 °C by PHB depolymerases from R.
pickettii T1 (A) and P. funiculosum (B). The concentration of the
enzyme was 0.5 ug/mL. The images were obtained in air.
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Figure 5. AFM phase images of P(3HB) single crystals after
immersion in an enzyme solution containing 0.5 ug/mL of PHB
depolymerases from R. pickettii T1 (A, B) or P. funiculosum (C, D)
and 0.1% (A, C) or 0.2% (B, D) of Triton X-100 for 1 h at 37 °C. The

) . images were obtained in air. Each scale bar shows 500 nm.
Table 1. Sizes and Concentrations of Two Types of PHB

Depolymerases at the Surface of P(3HB) Single Crystals

QCM Analysis To Clear Detachment Behavior of PHB

d?;;;’,fnigie Depolymerase.We analyzed the detachment behavior of the
PHB Theight width  concn of adsorbed PHB PHB depolymerases from the P(3HB) thin films by QCM. It
depolymerase (source) (nm)  (nm) depolymerase (enzymes/um?) was reported that the enzymatic degradation of the film is
R. pickettii T1 144+0629+5 207 + 24 quantitatively followed by QCM as a positive frequency shift,
P. funiculosum 15+£0527+7 172 £51 and the rate of frequency change reflects the erosion rate of

P(3HB) film1> QCM was stabilized in a phosphate buffer
solution at 37°C. The buffer solution (pH 7.5 or 6.0) was then
replaced with 1.0 or 5.2g/mL of enzyme solution to start the
enzymatic reaction by PHB depolymerases fienpickettii T1

or P. funiculosum respectively. Since, under an enzyme

P(3HB) single crystals after the enzymatic treatment containing
PHB depolymerase either froR pickettii T1 (A) or from P.
funiculosum(B). In the AFM phase images, enzyme molecules
were rlec9rgrt1)|lzetlj I‘?‘S blﬁCk _dots atéhe surface .Of P(:TB) single concentration similar to that in the AFM experiment (Q.&/
c;y;ﬁl Bsd a Ie ists the glzei ag concrtlantratlfons 0 tk\]/_vohtypesml_), the enzymatic degradation rates were too slow to detect
orrt epolymerases adsorbe onto t € surface, whic Weresignificant weight changes for the short-term reaction, the
obtained from the AFM helght Images of Figure 4. The size of concentration of enzyme was applied at higher values for the
PHB depolymerase fromR. pickettii T1 was 1.4+ 0.6 nm high QCM measurements.

apd 29+ 5 nm wide and was n.early 'de”“‘“?" to the size of Figure 6 demonstrates the time course of frequency changes
single molecule r_eported previous®. The d|menS|ons of (AF) observed by QCM during the enzymatic degradation of
enzyme_frorTP. f_unlculosum/vas 1.5+ 0.5 nm high and 2& P(3HB) thin films by PHB depolymerase froR pickettii T1

7 nm wide, which were almost the same as those fiRm

) . . ) (A) and fromP. funiculosum(B). The enzymatic reaction was
pickettii T1. The shape of enzyme frokh funiculosunobtained started by adding the enzyme solution into the P(3HB) thin

by AFM was much lower and wider than that obtained by X-ray fjjms_ After the fas 2 h of enzymatic degradation, the added
which was reported previousl. This may be due to the  gnyme solution was replaced with a pure buffer solution in
denaturation of the enzyme molecule to a hemispheric shapegger to remove the enzyme molecules remaining in the buffer
after the adsorption and drying on the surface of the single phase. As a separate control experiment, the enzymatic degrada-
crystals. Moreover, it should be noted that two types of PHB tjon was allowed to continue for 18 h without the replacement
depolymerases were observed at the surface of P(3HB) singlepf the enzyme solution with a pure buffer solution. The
crystals and that the concentration of the enzyme moleculesfrequency changes for the control experiments showed an almost
adsorbed onto the surface was nearly identical for each enzymelinear relationship with time in both cases of the two enzymes
in air. (see curves labeled “a”). The curve b in Figure 6A shows that

In addition, we carried out a surfactant experiment to the replacement of the enzyme solution frétnpickettii T1
investigate the affinities between PHB depolymerase and thewith a phosphate buffer solution hardly affects the degradation
surface of the P(3HB) crystal. Triton X-100 was used as a rate in comparison with the control (a). In contrast, the
surfactant to inhibit the effect of hydrophobic interaction. replacement of the enzyme solution frden funiculosum(b)

The P(3HB) single crystals immersed in a phosphate buffer resulted in t_he apparent retardgtion of the degradatior_\ rate
solution containing Triton X-100 and 0.5g/mL of PHB compared with the control experiment (a), as shown in Figure
depolymerase either frof. funiculosumor from R. pickettii 68B.
T1 were observed by AFM in air, as shown in Figure 5. The
AFM images in Figure 5A,B demonstrate that the PHB
depolymerase froniR. pickettii T1 remained on the P(3HB)
single crystals in the presence of 0.1% or 0.2% of Triton X-100.  The focus of this study is to clarify the single molecular
In contrast, the enzyme frof funiculosumadsorbed onto the  reactions of two types of PHB depolymerases with different
surface of the P(3HB) single crystals in 0.1% of Triton X-100, domain structures by means of AFM and QCM. The PHB
whereas the enzyme hardly remained on the surface in 0.2% ofdepolymerase frorR. pickettii T1 has a multifunctional domain
Triton X-100 (see Figure 5C,D). structure, consisting of catalytic, substrate-binding, and ”QJ:(BR/

Discussion
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25 images (Figures 2 and 3). The enzyme molecules attached on
A the P(3HB) single crystal disappeared at the observed position
20k during continuous scanning under the aqueous condition, as
shown in Figure 3. This might be caused by the facilitation of
15k (b) enzyme -» buffer detachments of the enzyme adsorbed on the crystals by contact
R UYL bttt with the scanning cantilever tip. On the other hand, the enzyme

(a) control

molecules attached on the surface of P(3HB) single crystals were
detected by AFM in air after enzymatic treatment containing
PHB depolymerase fron®. funiculosum(Figure 4B). The
enzyme molecules adsorbed on the single crystals were reported
1. Injection of enzyme to be squashed in air, resulting that the AFM observation of
2. Replacement of buffer the enzyme molecules without the detachment of the molecules
is easier in air, as reported previoudhit is indicated that the
PHB depolymerase frorR. funiculosumsurely has an ability

R TS to adsorb onto the surface of P(3HB) single crystals. The
Time (h) adsorption of PHB depolymerase frdPnfuniculosuncan also
25 be confirmed by the QCM measurement. Although the replace-
B ment of enzyme solution fror®. funiculosumwith a buffer
ol (&) control | solution retarded the degradation rate of the film, the enzymatic
' erosion of the film continued (Figure 6B). These results suggest
that PHB depolymerase frof. funiculosumadsorbs onto the
151 P(3HB) surface to degrade P(3HB) molecules, while the
£) adsorbed enzyme is easily released from the P(3HB) under an
= 10} aqueous condition. The occurrence of reversible adsorption of
5 enzyme molecule makes it difficult to capture the adsorbed

enzyme molecules on the P(3HB) single crystals in the real-

1. Injection of enzyme time AFM images.

2. Replacement of buffer Recently, Hisano et al. succeeded in obtaining the three-

dimensional structure of the PHB depolymerase frén

funiculosum'® They reported that the enzyme has a globular

05 b appearance, and they proposed that 13 hydrophobic residues
Time (h) around the active site take part in binding of the enzyme onto

polymer substraté®

Figure 6. Time courses of frequency changes (AF) observed during

enzymatic degradation of P(3HB) thin films by two types of PHB Previously, we investigated the adsorption behavior of PHB
depolymerases fror_'n R. pickettii T1 (A) and P. funiculosum (B) at 37 depolymerase frorR. pickettii T1 on a silicon wafer and P(3HB)
°C. The concentrations of the enzyme were 1.0 and 5.0 xg/mL, and single crystals by AFM2 It was found that the PHB depoly-

pH values of the buffer were 7.5 and 6.0, respectively. As indicated
by arrow 1, the degradation reaction was started by the injection of
enzyme solution at time 0 h. After 2 h of reaction, the enzyme solution

merase fronR. pickettii T1 adsorbs onto the surfaces of both
the silicon wafer and the P(3HB) single crystals. The PHB

was replaced with a pure buffer solution (at the point denoted by arrow depolymerase adsorbed onto the silicon wafer was easily
2). The solid line is the frequency changes for the enzymatic detached from the substrate surface by the addition of a small
degradation without replacement of enzyme solution with a pure buffer amount (0.01%) of Triton X-100 as a surfactant, whereas the
(control). enzyme adsorbed onto the P(3HB) single crystals was not easily

o . . ) removed by the addition of the same amount of the surfactant.
domains.® The depolymerase fror. funiculosumis a single  Tperefore, we have concluded that the enzyme molecule binds
domain hydrolase without a characteristic substrate-binding (g the P(3HB) single crystals via a specific affinity with P(3HB)
domain:71® Here, we discuss the reaction of single enzyme gjecules in addition to hydrophobic interactions, while the
molecules with P(3HB) crystals and the difference in reaction greatest interaction on the silicon wafer was the nonspecific

behavior between two types of PHB depolymerases. one. In the case of the enzyme frénfuniculosumthe kinetic
Both the real-time and static AFM observations (Figures 1 analysis of the enzymatic hydrolysis was performed to show
and 4A) revealed that the PHB depolymerase fiRnpickettii the lowest value of the adsorption equilibrium constdrthus,

T1 adsorbs homogeneously onto the surface of P(3HB) singlethe binding affinities for the surface of P(3HB) granules were
crystals. The enzyme molecules once adsorbed on the P(3HB)Xhe weakest among all of the PHB depolymerdges.
single crystals stayed at the same position during the real-time |, this study, we performed the enzymatic adsorption experi-
AFM observation (see Figure 1). The P(3HB) film was degraded ments containing a surfactant for two types of PHB depoly-
completely without substantial retardation when the enzyme merases. As shown in Figure 5, the dependence of surfactant
solution was replaced with a buffer solution during QCM  concentration on enzyme adsorption apparently differed for the
measurement, suggesting that the PHB depolymeraseRom  tyo enzymes. By the addition of 0.2% of surfactant, the enzyme
pickettii T1 hardly desorbed from the surface of P(3HB) film  from p. funiculosumhardly adsorbed on the substrate surface,
(Figure 6A). These results indicate that the enzyme molecule while the adsorbing enzyme fromR. pickettii T1 was still
of R. pickettii T1 strongly interacts with the surface of P(3HB)  detectable on the P(3HB) single crystals. These results suggest
films, so that the adsorption of enzyme is apparently irreversible. that a specific affinity is present between the enzymes and
In contrast to the PHB depolymerase frd®npickettii T1, P(3HB) crystals in addition to hydrophobic interaction and that
the enzyme molecule frof. funiculosumwas rarely detectable  the specific interaction for the enzyme B pickettii T1 is

on the surface of P(3HB) single crystals in the real-time AFM stronger than the enzyme Bf funiculosum CDV
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