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Construct II

- GlcNAc
~ (GlcNAc);

— (GIcNAQ);

(GleNA©),
— (GIeNAO);
— (GIeNA©)
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Construct V

f

— GlcNAc
— (GleNA©);
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— (GleNAo),

(GleNA©);
— (GleNAc)¢

b S g

(GleNAc¢), (GlecNAc)3 (GlcNAc)4 (GleNAc)g (GleNAco)g

Fig. 1. Thin-layer chromatography (TLC) to monitor the time-course of hydrolysis products by
chitinase reaction. Use of chitooligosaccharides as the substrate for each reaction is indicated
under the panel. Numbers indicate the reaction duration (min). The positions of control
oligosaccharides are shown on the right side with arrows.
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UEZER L. 4-mer 2 513 2-mer, 5-mer % 513 3-mer & 2-mer, 6-mer
UL S 3BT 3-mer & 2-mer 2£RT2 (M2). fto T OBERR
IO FRITERT 5, BREHORERE pH 1d 5-8 T. BEEER 50CT
b5, 3,000mU/mg ¥ >NXNIBDHERNE SN,

Monomer . Dimer Trimer
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(GleNyy
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UARRA

Tetramer Pentamer Hexamer Chitosan
S 0120240360 S 0 120 240360 S 0120240360 S 0 60120360 S

GleN
(GleN),

(GleN)3

(GleN)4
{GleN)g
(GICN)S

AR R

Fig. 2. Thin-layer chromatography (TLC) to monitor the time-course of hydrolysis products by
chit0sanase reaction. Use of chitosanoligosaccharides as the substrate for each reaction is
indicated under the panel. Numbers indicate the reaction duration (min). The positions of
control oligosaccharides are shown on the left side with arrows.

c. VAL-1, vAL-2

COBREMRR. TV - MER LAV OV SHBERET2ENE LTAS
N7z (Algal Lytic), VAL-1 id. Bt (R#5% 90 min) IoRE4 2% 38kDa
DI NRTETHYD, 2DORBHBEERAACDSE-oTVNS, TI /B
EFEF—TINBDTF—IR—ABRKETIE. AAEHRAS AV EIZEHEH
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HESE L TREEINEZRAOBRTH S, TORETFIZCVK2 ¥ ) ALETHK
kbp OFERICETHREL TVBBEETE TR, 28U LOBRELROE
EERTH 3 AEER TN,

1 2 3 4 5 6 7 8 9 10 11

Fig. 3. Thin-layer chromatography to monitor the time course of degradation products from
Chlorella cell wall material treated with vAL-1. Degradation products are indicated by
arrowheads. Lane 1, incubated with GST-fragment; lanes 2-9, incubated with vAL-1 for 0, 20, 60,
120, 240, 480, 720, and 1440 min, respectively; lane 10, vAL-1 protein; lane 11, GST-fragment.
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(GIcN) 4 = H
(GleN) 5
(GIcN) 6 =P

S 20 60 120 240 360 480 o/n S

Fig. 4. Chitosan degradation by vChta-1 chitosanase. Chitosan was
treated with the enzyme for various periods as indicated (min) and subjected
to TLC analysis for detection of degradation products. Arrows indicate the

positions of glucosamine oligomers. Lane S containds a mixture of
glucosamine oligomers as standard markers.

Fig. 5. Degradation of Chlorella cell wall by vAL-1
enzyme. VAL-1- treated cell wall materials were
analyzed by TLC. Lanes: 1, galacturonic acid as a
standard; 2, vAL-1 protein as control; 3, vAL-2-
treated cell wall;, 4, gluconolactone as a standard.
Arrowheads indicate the degradation products.
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i3, RROEEL-13-VNA >, B-13-1,4-P)VA R LED. B-1,4-7
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THOBREPRETH 5. 0T, HEEORE—EEOED TERENTIR
DRRETHN TN D EEbND, KBRNA FITADEIIEMBETEH 55
SINEWROEMIICHT BETNOEELHEN, ERIZE L FA4EESE
MECE U TRRERZEBL. 4FHESEREE O\O—) BRECE-ST
HEL, TOBREEIICET, o U1V AERIT. BRSEKROA TR
<%FIZ Chlorella vulgaris 7 ) — 7 D&BRICESITHEBLE (£3), NA 2
FUIOP—5HHTE, MENEEFEE THREEERIEE NPV T0
FTSZA MEOBRPBEETH S, ThS I ABEEZTO N TS MED
V=)V & UCRIAT 3 Z &0ixha,
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Strains Chitosanase = Chitinase VvAL-1vAL-2 CVK2* SAGV®
Chilorella sp. NC64A + + + + + ~
C. prototechoides 211-6 + + + + + -
C. vulgaris 211-11b + + + + . R
211-1e + + + + . -
C-27 + + + + -
C-135 + + + + - -
C-150 + + + + - -
C-207 + + + + - -
Chlorella sp. SAG-241-80 + + + + - +
Zoochlorella
- PB-3 ) €3] + + - -
PB-4 - - + + . .
PB-5 ) &) + + - -
C. prototechoides 211-7a - - - - - -
211-10d - - - . .
C-206 - - - - -
a CVK2 Bt

b SAGV (chlorovirus infecting SAG-241-80)ke.
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ABSTRACTS

Polysaccharide-degrading enzymes including chitinases, chitosanases, B-1,3-
glucanase, vAL-1, and vAL-2 are encoded by chloroviruses (Phycodnaviridae). These
enzymes are expressed during infection and function at the initial stage as well as the
final stage of the viral replication cycle. The vChti-1 chitinase of CVK2, a virus
isolated in Kyoto, Japan, has a tandem array of two catalytic domains, each of which
shows a different fashion of enzyme activity. Two size-different vChta-1 chitosanases
are produced from a single gene by a read-through mechanism: the larger protein with a
virion-targetting signal is incorporated into the virus particle, functioning at the
beginning of the infection while the smaller protein is expressed late in infection and
aids in the digestion of the host cell wall prior to the release of the viruses. The vAL-1
algal lytic enzyme digests the Chlorella cell wall, releasing acidic sugars, probably
uronic acids. All of these enzymes are supposed to function cooperatively to digest
complex structures and compositions of the host Chlorella cell wall. |

INTRODUCTION

Large icosahedral, dsDNA-containing viruses (Chlorella virus or chlorovirus,
Phycodnaviridae [1]) that infect certain strains of the unicellular green alga Chlorella
- are ubiquitous in natural environments [2-4]. These viruses were first found in
Chlorella-like algae (zoochlorella) that are endosymbiotic with Paramecium bursaria
[5] and isolated from zoochlorella of Hydra viridis [6, 7] and P. bursaria [8]. These
viruses can be assayed by plaque formation and produced in large quatities with some
exsymbiotic Chlorella strains such as NC64A [9], SAG-241-80 [10], and Pbi [11].
One of the remarkable features of chloroviruses is their large, 330-380 kbp dsDNA
genomes that potentially encode more than several hundred genes. Recently, the
nucleotide sequence of the 330,740-bp genome of PBCV-1 (Paramecium bursaria
chlorella virus-1), the prototype virus of Phycodnaviridae, was completed, and 702 open
reading frames (ORFs) were identified along the genome, of which 377 are predicted to
encode functional proteins; 121 of them resemble proteins in the databases [12-16].
These proteins include a variety of enzymes involved in modification of DNA, RNA,
protein and polysaccharides as well as those involved in the metabolism of sugars,

nucleotides and nucleosides, amino acids and lipids (GenBank accession no. U42580).



Some of these genes were demonstrated be actually expressed during viral infection,
and functional enzymes were detected in the hosi cytoplasm or were incorporated into
the virion. However, exact biological roles of these enzymes are largely unknown.

In the normal lytic cycle of chloroviruses, viral particles attach to the surface of the
host Chlorella cells, digest the cell wall at the point of attachment, and inject the viral
core into the host cytoplasm leaving an empty capsid on the cell surface (Fig. 1). This
mode of penetration resembles that of bacteriophage T4 which infect Escherichia coli
cells. Viral DNA synthesis begins about 1 h postinfection (p.i.) and by 2-3 h p.i. parts of
the viral capsid accumulate in tﬁe host cytoplasm. Mature, DNA-filled virions appear
by 4 h p.i. and about 2-4 h later the host cells burst, releasing viral progeny into the
culture medium [17]. Both the initial and final stages of the viral replication cycle
obviously require cell wall-digesting activities, but little is known about the nature and
origin of the enzymes that digest the cell wall. A characteristic feature common to
virus-sensitive Chlorella strains is a rigid cell wall éontaining glucosamine in addition
to other sugars; glucosamine comprises 7-17% of total sugars in the cell wall [18-21].
This suggests that enzymes degrading polymers of glucosamine, like chitin (B-1,4-
linked polymer of N-acetyl-D-glucosamine) and chitosan (B-1,4-linked polymer of D-
glucosamine with various degrees of N-acetylation), may be involved in the viral
infection process.

CHLOROVIRUS PARTICLES

Chloroviruses are large icosahedral particles 150-200 nm in diameter. The molecular
weight of typical virion is approximately 1-x 10° [22,23] and the particles sediment in
sucrose density gradients at about 2,300S [8]. The virion contains about 64% protein,
21 to 25% dsDNA, and 5 to 10% lipid [22,24]. Electron micrographs of negatively
stained viral particles indicated that the viral particles consist of electron dense cores
and their surrounding multilaminate shells. There is a lipid layer inside the outer
glycoprotein capsid [24].  Viral structural proteins can be separated by SDS-
polyacrylamide gel electrophoresis (PAGE) into more than 50 species ranging in .
apparent size from 10 to more than 200 kDa. ~ Although the protein separation patterns
vary from virus to virus [3], the typical pattern described for PBCV-1 is as follows [2]:
The major capsid protein of 54 kDa (Vp54), that is glycosylated, makes up about 40%

of the total viral protein. It behaves as a dimer under some electrophoretic conditions.



In addition to Vp54, the proteins Vp14.5, Vp71 and Vp135 (also a glycoprotein) are
exposed to the virus surface [24]. Four PBCV-1 proteins (Vp27.5, Vp54, Vp55 and
Vp135) are thought to be myristylated, and six proteins (Vp14, Vp20, Vp29, Vp36,
Vp45 and Vp60) are likely phosphoproteins. Except for these data, very little is
known about the location, properties, structure and function of the individual protein
constituents of Chlorella viral particles. Recently, Yamada et al. [25] have established
a method to fractionate several capsid proteins from the viral core of CVK?2 (a
chlorovirus isolated in Kyoto, Japan [3]) by treatment with 4M urea. Through this
treatment, at least seven different proteins with molecular masses of 16.2,20, 20.5, 25,
41, 45 and 52 kDa were released reproducibly from the viral particles into the soluble
fraction. Computer-aided comparison of the N-terminal amino acid sequences of these
proteins with those of ORFs identified in the PBCV-1 genome resulted in a one-to-one
correspondence, except for Vp16.2, as follows: Vp20, Vp20.5, Vp25, Vp4l, Vp45, and
Vp52 correspoded to A168R, A523R, A203R, A625L, A430L, and A430L of PBCV-1,
respectively [26]. Vp16.2 may be a species-specific protein. There is no information
about the biological functions of these proteins except for Vp52, Vp45, and Vp41, all of
which are related to the major capsid protein Vp54 of PBCV-1 or its homologs.
Interestingly, some of the CVK2 capsid proteins were processed at their N-terminal
regions by two different proteolytic activities [26].

Fractionation and separation of the viral proteins by gel electrophoresis made it
possible to detect and assign various enzyme activities to individual protein bands using
zymography methods [27, 28].  So far, several active enzymes have been detected in
the CVK2 viral particles, including chitosanase, chitinase, protein kinase, RNase and
superoxide dismutase.

CHITINASES

When CVK2 proteins were separated into the capsid and core particle fractions as
above [25, 26], and separated and assayed by SDS-PAGE with chitosan or chitin as
substrate in the gel matrix [27], several enzymatically active bands with molecular
masses ranging from 35 to 70 kDa were detected in the core fraction. Of these, a 65-kDa
band had the strongest chitosanase activity and a few bands in the 50- to 60-kDa range
showed chitinase activities.

Chitinase catalyze the hydrolysis of chitin, a linear homopolymer of p-1,4-linked N-



acetylglucosamine (GIcNAc) residues. The enzyme is produced by a wide range of
organisms, including bacteria [28-30], fungi [31], higher plants[32, 33], insects[34],
crustaceans[35], and some vertebrates. Bacteria produce chitinases to meet nutritional
needs. In most cases, they produce several chitinases to hydrolyze the diversity of
chitins occurred in nature. A major role of the chitinases produced by fungi,
crustaceans, and insects is to modify the structural constituent, chitin, of these
organisms durihg developmental processes or morphogenesis[36]. The proposed role
of plant chitinases is a defencé mechanism against chitin-containing pathogens [33].

Based on amino acid sequence similarities, the chitinases from various organisms
are classified from class I to class V [37). These classes can be grouped into two
families of glycosyl hydrolases, family 18 and 19 [38, 39]. When a chitinase
hydrolyzes a B-1,4 linkage, the GlcNAc at the reducing end contains an asymmetric
carbon 1, which exists as two different stereoisomers, o or f_ Chitinases of family 19
invert the anomeric configuration of the hydrolyzed GlcNAc residue, while chitinases of
family 18 retain the anomeric configuration [40]. Chitinases from Class I, II, and IV
are of plant origin and comprise the family 19 glycosyl hydrolases [36, 41]. Class III
chitinases are mainly plant and fungal origin [41] and belong to the family 18 glycosyl
hydrolases. Class V is mainly comprised of bacterial chitinases, which also belong to
the family 18 glycosyl hydrolases. Such wide variations in the structure and function of
chitinases raise interesting questions about the evolution of those enzymes.

A few ORFs identified in the chlorovirus PBCV-1 genome, A181R, A182R, and
A260R show significant amino acid sequence homology with chitinases of various
organisms [14]. A single gene corresponding to A181R/A182R was cloned and
characterized from chlorovirus CVK2 [42]. The CVK2 gene (vChti-1) codes for an
open reading frame of 2,508 bp, corresponding to 836 amino acids (aa). The predicted
amino acid sequence contained two sets of a family 18 catalytic domain that is
responsible for chitinase activity. Each of the domains showed amino acid sequence
homology to different chitinases of the bacterial subfamily C [43]: The first catalytic
domain exhibited a high level of similarity to the catalytic sequence of
Saccharopolyspora (Streptomyces) erythraeus (30% identity), whereas the second
domain resembled that of the Ewingelle americana chitinase (34.7% identity). The
two catalytic domains are connected by short linker sequences rich in proline residues
(Fig. 2). This structure suggested different origins for the two domains of vChti-1



Fig. 1. Electron micrographs showing digestion of the Chlorella cell wall by
“chloroviruses. (A) The cell wall is digested at the attachment point (arrow). (B)
Chloroviruses also digest isolated Chlorella cell wall fragments. Bar marker
represents 0.2 pm.

. Pro-rich PVDPK ,
N' o Reglonl Regionz  region repeat: Reégionl Regnonz | C

Fig. 2. Composite structure of the chlorovirus CVK2 vChti-1 chitinase.
Regions 1 and 2 conserved in the catalytic domain of family 18 glycosyl hydrolases
are indicated by hatched boxes. A Pro-rich region and PVDPK repeats are also
shown [42].



chitinase [42]. Recently, a similar composite structure of a chitinase A181/182R
~ encoded by chlorovirus PBCV-1 has also been reported for [44]. The first catalytic
domain on a C-terminal-truncated derivative of vChti-1 generated exclusively
chitobiose from chitotetraose, chitohexaose, and colloidal high-molecular mass'chitiri in
the enzyme reaction, a typical characteristic of an exochitinase. In contrast, N-
acetylglucosamine was produced from chitobiose as well as chitooligosaccharides by
the second catalytic domain on an N-terminal-truncated derivative of vChti-1.
Therefore, the second domain possessed N-acetylglucosaminidase activity as well as
endochitinase activity. ~ The presence of two catalytic domains with different
enzymatic properties n the viral enzyme seems to be necessary for hydrolyzing natural
substrates in nature in a cooperative fashion.

The vChti-1 gene is expressed in virus-infected cells from 120 min p.i., and its 94-
kDa protein product is not incorporated into the virion but remain in the medium after
cell lysis [42]. |

A260R, another chitinase gene identified on the PBCV-1 genome, was also
characterized with respect to its structure and expression [44]. The predicted amino
acid sequence of A260R chitinase showed high similarity (36%) to that of fungal
chichinases from Aphanocladium or Trichoderma. This gene is expressed late in
infection, and the 55-kDa protein is enzymatically active and integrated into PBCV-1
virion. Both endochitinase and exochitinase activities were found with A260R
chitinase. The optimal temperature of the enzyme reaction is 50 °C for both vChti-1
and A260R chitinases, while the optimal pHs are 4-6 for the former and 5-9 for the

latter, respectively.

CHITOSANASES

‘Chitosanase catalyzes the hydrolysis of chitosan, partially or fully deacetylated chitin.
Searching the PBCV-1 ORFs identified A2921 showing significant homology with
chitosanases from various microorganisms [14]. A CVK2 gene corresponding to
PBCV-1 A292L was cloned by using PCR where oligonucleotide primers synthesized
according to the A292L sequence were used. The cloned gene of CVK2 (vChta-I)
encodes 328 aa with a predicted molecular mass of 37 kDa; the gene was cloned and
characterized [45]. The predicted amino acid sequence of an N-portion (174 aa) of this

gene product showed 22 to 25% identity with chitosanases of various bacteria including



Nocardioides sp. N106 and Streptomyces sp. N174. Especially a region around the
active center containing E107 and D125 of the family 46 of glycosyl hydrolases is-
highly conserved among these chitosanases. The vChra-1 gene was expressed in
CVK2-infected cells late in infection. Western blot analysis with specific antisera raised
against the vChta-1 protein identified two proteins of 37 and 65 kDa in virus-infected
cells:  The larger protein, which was most likely produced by read-through into a
downstream gene, was packaged in the virion, while the smaller protein remained in the
cell lysate. Therefore, the C-extension of the 65-kDa protein may function as a virion-
targeting signal. This signal can be used to package a protein of interest into the virion.
Therefore, the larger 65-kDa chitosanase assembled into the virion presumably
functions at the beginning of the infection, while the smaller 37-kDa chitosanase
remained in the host cytoplasm where they most likely aids in the digestion of the host
cell wall prior to viral release (Fig. 3).

Both large and small proteins showed strong chitosanase activity in zymography
assays. The specific chitosanase activity of the 65-kDa enzyme in the CVK2 virion
was 10 U/mg protein, and a total of 2,500 units of the enzyme activity was recovered
from a 1-liter Chlorella culture. The optimal PH and temperature of vChta-1 activity
- with glycol chitosan as a substrate are 5-8 and 50 °C, respectinely. vChta-1 can act on
chitosan-oligosaccharides larger than tetramer and the major products are dimmers and
trimers.  Since no GIoN is produced by the enzyme reaction, vChta-1 is an
endoglycosidase.

VAL-1 AND vAL-2

All the chitinase and chitosanase genes mentioned above are widely conserved in
chloroviruses, suggesting the possible importance of them in viral replication. However,
cells of Chlorella strain NC64A, a predominant laboratory host strain, treated with the
vChti-1 chitinase and/or vChta-1 chitosanase did not show any significant
morphological changes [42]. These results suggest that other potential enzymes
encoded by chloroviruses might be involved in host cell wall digestion. To detect such
cell wall-degrading activities, E. coli lysates expressing chlorovirus CVK2 genes on a
cosmid contig were subjected to a halo-forming assay with Chlorella NC64A cells as 2
substrate. ~As a result, two different algal-lytic activities (VAL-1 and vAL-2) were
found on the CVK2 genome [46]. The gene for vAL-1, one of the two activities,



Table 1. Polysaccharide-degrading enzymes encoded by chloroviruses

Gene Enzyme activity  Celllysis  Expression Localization

vAL-1 ND ++ Intermediate Cytplasm

vAL-2 ND ' ++ ND ND

vChta-1 Chitosanase + Late Virus particle/
Cytoplasm

vChti-1 Chitinase + Intermediate Cytoplasm

A260R Chitinase ND Late ~ Virion

A94L B-1,3-Glucanase ND Early Cytoplasm

(;)véh&-léomfﬁﬁoﬁ protein ——

¥

selective incorporation into the virio -

Fig. 3. A predicted mechanism for alternative expression of the CVK2 vChta-1
gene. The smaller protein (37 kDa) expressed from vChta-1 only retains in the
cell lysate, whereas the larger protein (65 kDa) formed by read-through into an
adjacent downstream ORF (ORF245) is incorporated into the virion. It
presumably function at the beginning of infection. '




encoded an ORF of 349 aa, which was homologous with PBCV-1 A215L and CVNI1
CL-2 (reported as alginate lyase [47]). The nucleotide sequence identity was 97%
between VAL-1 and A215L and 93% between vAL-1 and CL-2. Due to the major
difference in repetition of a PAPK motif after amino acid position 58, the size of vAL-1,
CL2, and A215L varies 349 aa, 334 aa, and 322 aa, respectively: although in a few
positions P is replaced with T or S, a PAPK motif reiterated 10 times, 6 times, and 3
times in VvAL-1, CL2, and A215L, respectively. Except for the PAPK region, the
overall amino acid sequence is highly conserved (more than 95% identity) among the
three and substituted residues are almost always of the same amino acid families, The
VAL-1 gene was expressed at relatively early stages of the virus life cycle; transcripts
and translation products appeared at 60 min p.i. and 90 min p.i., respectively. The
VAL-1 protein was not incorporated into the viral particles but remained in the cell
lysate, suggesting its role in the digestion of the cell wall before viral release at the final
stage of infection. Cell wall materials isolated from Chlorella strain NC64A were
actually digested by VAL-1 under physiological conditions and degradation products
were detected on TLC.  The degradation products could be only separated under TLC
conditions for uronic acids and the detailed nature or structure of them is not known.

In addition to Chlorella strain NC64A, vAL-1 lysed cells of four C. vulgaris strains
as well as Chlorella sp. SAG-241-80 [46, 48].

The characterization of VAL-2 is now under investigation.

B_1,3-GLUCANASE

An ORF (A94L) of PBCV-1 encodes a protein of 364 aa residues, whose sequence
shows 26 to 30% amino acid identity with family 16 endo-B 1,3-glucanases from
~several bacteria including Bacillus circulans [49, 50]. The catalytic site of family 16
endo-f 1,3- and endo-B_1,3-1,4-glucanases contains the sequence
E(LIV)DLIV)X, EX,(GQ)(KRNF) X(PSTA). The PBCV-1 A94L ORF contains a
EIDIFETPycEr sequence, including the three critical amino acids Glu(234), Asp(236),
and Glu(239). A94L is clearly more similar to B_1,3-glucanases than to B 1,3-1,4-
glucanases. A94L protein produced in E.coli cells hydrolyzed the B _1,3-glucan
- laminarin and had slightly less hydrolytic activity on B_1,3-1,4-glucan lichenan and
barley B-glucan. The highest enzyme activity was attained at 65 °C and pH 8 [51].
Both the A94L mRNA and protein appeared 15 min after PBCV-1 infection and



disappeared 60- and 120 min p.i., respectively, indicating that this gene ia an early gene.
Approximately 50% of chloroviruses contained the A94L gene.

Enzymes that degrade f§ 1,3-glucans are widely distributed among bacteria, fungi,
and plants where they participate in many physiological functions, including B-glucan
mobilization in fungi [52] and fungal pathogen-plant interactions [53]. Virus-encoded
pB_1,3-glucanases have never been reported so far.

FUTURE PROSPECTS

 The polysaccharide-degrading enzymes encoded by chloroviruses are listed in Table
1. At least some of these enzymes may function to digest the host cell wall at the
initial stage and/or the final stage of the virus replication cycle. The activities of these
enzymes apparently contribute to host-selection by viruses, because a good correlation
was seen between the virus-sensitivity and the lytic enzyme-sensitivity of Chlorella
strains [48]. Since the Chlorella cell wall is generally known to be composed of very
heterogeneous sugars and usually resistant to enzymatic digestion [54], one can expect
unique activities or novel substrate specificity of these viral enzymes. In fact, vAL-1
by itself degrades cell wall materials isolated from the host Chlorella cells and produces
acidic sugars, probably uronic acids, so that it is most likely a novel enzyme.
Moreover, the viral chitinases and chitosanases showed composite structures and have
composite enzyme activities. To understand their potential activities, further detailed
enzymological characterization of these enzymes is required.

These enzymes may be able to be utilized in the degradation and recycling of hﬁge
amounts of natural biomass materials that consist of very hetelogeneous
polysaccharides and are indigestible by usual enzymes such as cellulase, glucanases,

chitinases, and chitosanases.
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