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injection of the anti-y-enolase autoantibodies resulted inreti-
nal damage in rats [9]. On the other hand, Schwartz and
her colleagues reported that T cell-mediated autoimmunity
plays a crucial role in the progression of glaucomatous optic
neuropathy in mice and rats, and suggested possibility of
immunotherapy for neuroprotection against glaucomatous
optic neuropathy [10,11]. Taken together, immunological
investigation of the glaucomatous optic neuropathy may lead
to the development of a novel concept for the treatment of
glaucoma in addition to the presently used IOP-lowering
treatments.

Herein, we present evidence that neurofilament protein
may be a novel autoantigen that is involved in autoimmunity
and leads to the development of glaucomatous opiic nenropa-
thy. Also, our immunological analysis revealed that there was
a statisfical association between the HLA class II allele and
the presence of autoantibodies directed against neurofilament
protein in patients which suggests that there is HLA-linked
genetic control of autoimmune glaucoma.

2. Materials and methods
2.1. Fatients

Tn this study, 65 patients with glancoma were subjected
to analysis. The mean age (£S.D.) in the patients was
61.3 & 12.6 years old (range, 2278 years old). The patients
included 34 males and 31 females. In 30 of the 65 patients,
the glaucoma was diagnosed as normal tension glaucoma
(NTG) based upon (1) open iridocorneal angles without any
peripheral anterior synechia, (2) no evidence of elevation in
intraocular pressure (>21 mmHg), (3) the presence of glauco-
matous (or glaucoma-like) changes in visual fields and optic
nerve appearance and (4) exclusion of any other causes of
optic neuropathy. The remaining 35 patients were diagnosed
as having primary open angle glaucoma with glaucomatous
optic neuropathy and had a history of high intraocular pres-
sure (>21 mmHg). Additionally, in this study, 42 patients
with Vogt-Koyanagi-Harada disease (VKH), 31 patients
with Behget's disease (BD) with ocuiar complications, 30
patients with the opticospinal form of multiple sclerosis (OS-
MS) and 30 patients with the conventional form of multiple
sclerosis (C-MS) were subjected to immunological analysis.
Sixty-nine normal healthy volunteers were used as healthy
controls in the present study. Peripheral venous blood sam-
ples were immediately subjected to serum separation and
stored at —80°C before use. All subjects were unrelated
Japanese living in Japan and informed consents were obtained
from all subjects prior to blood sampling. This study was done
according to the tenets of the Declaration of Helsinki.

2.2. Immunoscreening

A rat retinal ¢cDNA expression library was purchased
from Strategene (La Jolla, CA, USA). The immunoscreening

method used was a modification of our published methods
[12,13]. Sera were diluted in Tris-buffered-saline (TBS).
Recombinant phages at a concentration of 1 x 10%15cm
plate were amplified for 6h at 42°C, then transferred
onto nitrocellulose filters Hybond-c extra (Amersham,
Buckinghamshire, England), pretreated with isopropyl
b-p-thiogalactoside (Wako, Osaka, Japan), and incubated
for an additional 3 h at 37 °C to transfer the encoded proteins
onto the filter membranes. Membranes were then removed
from plate and blocked with 5% (w/v) skim milk/TBS. After
washing with TBS containing 0.05% Tween 20 (IBS-T),
membranes were incubatedin 2 h at 27 °C. This was followed
by incubation in horseradish peroxidase (HRP)-conjugated
mouse anti-human IgG (Southern Biotechnology Associates
Inc., Birmingham, AL) for 1h at room temperature. The
membranes were washed in TBS-T and TBS and incubated
with ECL RPN 2106 (Amersham) for 1 min, and exposed
to autoradiographic film to detect any amtibody-reactive
phage plaques. Positive recombinant clones were subcloned
and retested for sera reactivity as described above. A total
of 1.5 x 105 recombinant clones were screened, using sera
from three glaucomatous patients.

2.3. Sequence analysis of identified cDNA clones

Immunoreactive phage clones were subjected to in vivo
excision of pBluescript phagemid, using the ExAssist helper
phage/SOIR strain system (Stratagene). Plasmid DNA was
purified, using QIAGEN Plasmid Midi Kits (Tokyo, Japan)
¢DNA inserts were sequenced, using an ABI Prism (Perkin-
Flmer, Norwalk, CT) automated DNA sequencer and for
sequence alignments we used BLAST software on NCBI and
Genone Net.

2.4. Enzyme-linked immunosorbent assay

Detection and tituration of antibodies reactive to purified
bovine neurofilament protein (PROGEN, Heidelberg, Ger-
many) were done, using a direct enzyme-linked immunosor-
bent assay (ELISA). Microtiter plates (96-well) (NUNC,
Denmark) were coated with neurofilamemt protein in PBS
(pH 7.4) for 10h at 4°C. The plates were then washed with
PBS containing 0.05% Tween 20 (PBS-T) and blocked with
5% skim milk/PBS for 2h at room temperature. The plates
were washed with PBS-T and incubated for 2 h at room tem-
perature with serum samples diluted at 1:100 with 1% skim
milk/PBS. The plates were washed in PBS-T and 100 l of
HRP-conjugated mouse anti-human IgG diluted at 1:2000
with 1% skim milk/PBS was added to each well and then
followed by incubation at room temperature for 1h. The
plates were washed with PBS-T, and 100 pl solution of o-
phenylenediamine (Sigma Fast: Sigma Chemical Co., St.
Louis, MO) was added to each well. After 15 min, the reaction
was stopped by adding 100 pl of 4M H2804, and the opti-
cal density (OD) at 490 nm was determined, using a Model
550 microplate reader (Bio-Rad, Hercules, CA). Thereactiv-
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ities of autoantibodies are expressed as the relative value of
the OD unit in which the OD vaiue for the serum sample of
patient TT was estimated to be 100 OD units.

2.5. HLA-DRBI] typing

Extraction of genomic DNAs was performed by sodium
dodecyl sulphate and proteinase C treated peripheral blood
cells from 55 patients with glaucoma and 57 healthy con-
trols. HLA-DRBI1 genes were amplified by polymerase chain
reaction (PCR) method and typed by the PCR-restriction
fragment length polymorphism (RFLP) method as described
elsewhere [14].

3. Results
3.1. Identification of immunoreactive cDNA clones

With a serum sample obtained from a patient with NTG
(a 58-year-old man), 4.0 x 10° phage plaques in the rat
retinal ¢cDNA library were immunoscreened. Seven posi-
tive immunoreactive clones were identified. Their partial
sequences of inserted DNAs and subsequent computer anal-
ysis revealed that they were derived from two different
sequences. The deduced amino acid sequences of six clones
were identical to rat neurofilament protein and another clone
encoded for the Wiskott-Aldrich syndrome proteins fam-
ily verprolin homologous protein3 (WAVE3). Thus, our
immunoscreening studies revealed the presence of anti-rat
neurofilament protein IgG antibodies in a patient with NTG.

3.2. Comparison of the prevalence of anti-bovine
neurofilament IgG in sera from patients with glaucoma,
other diseases and healthy controls

To determine if the autoimmunity directed against the
neurofilament protein is associated with glaucomatous optic
nerve damage, serum samples obtained from 65 glaucoma-
tous patients, 42 patients with VKH, 31 patients with BD, 60
patients with MS and 69 healthy controls were tested for their
reactivity to neurofilament protein. Because purified human
neurofilament protein was not available for the present stud-
ies, bovine neurofilament protein (68-kD light subunit) was
purchased from PROGEN (Heidelberg, Germany) and was
used for the following experiments to determine the levels of
antibody titers in ELISA in sera from the various patients and
normal volunteers. Computer analysis of the deduced amino
acid sequences demonstrated by the homology of the 68-kD
light subunit of neurofilament (NF-L) between bovine and
human, human and rat, rat and bovine was 78-81%.

Fig. 1 shows scatter grams of individual serum tters of
the anti-NF-L IgG. The results were expressed as the relative
value of OD unit. To determine the cut-off level for positiv-
ity of anti-NF-L in the 69 healthy controls, titer levels were
measured. The mean (4=S.D.) titer level of the anti-NF-LIgG
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Fig. 1. Distribution of the titer of anti-bovine NF-L IgG antibodies in patients
with glaucoma (Gla), Vogt—Koyanagi—Harada disease (VKH), Behget’s dis-
ease (BD), opticospinal form of multiple sclerosis (OS-MS), conventional
form of muitiple sclerosis (C-MS) and healthy controls (HC). Data were
expressed as the relative value of optical density (OD) unit in which the
OD value for the serum sample of patient TT was estimated to be 1000D
units. To determine the cut-off level for the positivity of anti-NF-L IgG, the
levels were measured in 69 healthy controls. The mean (S8.D.) titer level
of the anti-NE-L IgG was 7.5 8.7. Thus, we regarded the mean value plus
two times the standard deviation (24.9), as the cut-off level for this ELISA
analysis (indicated by the line).

was 7.5+ 8.7. Thus, we regarded the mean value plus two
times the standard deviation, 7.5+ 8.7 x 2=24.9, as the cut-
offlevel for this ELISA analysis. The prevalence of anti-NF-L
IgG in patients and healthy controls is shown in Table 1. Our
ELISA experiments showed that the measured titer levels of
anti-NF-L IgG were higher than the cut-off level, found in 12
(18.5%) of the 65 glaucomatous patients and in four (5.8%)
of the 69 normal controls (P =0.022, Fisher’s exact test). The
difference in the percentage of antoantibody-positive subjects
was statistically significant between these two groups.

Table 1
Prevalence of anti-NF-L IgG evaluated by ELISA in sera from patients with
glaucoma, disease controls and healthy controls

Diagnosis Anti-NF-L IgG positive donors Frequency (%)
Glaucoma 12/65 185"

VKH 0142 0.0

BD 231 6.5

0S-MS 1/30 33

C-MS 2130 6.7

HC 4/69 58"

VK1, Vogt-Koyanagi-Harada disease; BD, Behget’s disease; OS-MS, opti-
cospinal form of multiple sclerosis; C-MS, conventional form of multiple
sclerosis; HC, healthy control.

* Statistically significant difference in frequency of anti-NF-L 1gG autoan-
tibodies between HC and glaucom groups (P=0.022, Fisher’s exact test).
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Table 2
Allele frequency of HLA-DRB1 in patients with glaucoma and normal
controls
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Table 3
Difference between anti-NF-L IgG positive patients and negative patients in
frequency of DRB1 alleles

Allele Glaucoma Control subject P-value
n=>55) (n=57)
n AF n AF
DRB1*0101 8 0.145 9 0.158 NS
DRB1*0301 1 0.018 1 0.018 NS
DRB1#¥0401 1 0.018 1 0.018 NS
DRB1#0403 2 0.036 2 0.035 NS
DRB1*0405 16 0.291 12 0211 NS
DRB1#0406 4 0.073 5 0.088 NS
DRB1*0410 2 0.036 2 0.035 NS
DRB1*0802 4 0.073 3 0.053 NS
DRB1*0803 10 0.182 12 0.211 NS
DRB1*¥0901 17 0301 15 0.263 NS
DRB1#¥1101 1 0.018 3 0.053 NS
DRB1#¥1201 1 0.018 4 0.07 NS
DRB1¥1301 1 0.018 1 0.018 NS
DRB1#¥1302 8 0.145 9 0.158 NS
DRB1*¥1401 2 0.036 0 0 NS
DRB1%¥1405 4 0.073 3 0.053 NS
DRB1*¥1406 3 0.055 0 0 NS
DRB1#¥1501 8 0.145 8 0.14 NS
DRB1*¥1502 16 0.201 14 0.246 NS
DRB1*¥1602 1 0.018 1 0.018 NS

AT allele frequency; NS: not significant; Chi-square test.

We measured antibody titer levels of anti-NF-L IgG in
serum samples obtained from patients with various ocular
diseases. ELISA studies showed that the titer levels higher
than the cut-off value were found in none (0%) of the 42
patients with VKH, two (6.5%) of the 31 patients with BD,
one (3.3%) of the 30 patients with OS-MS and two (6.7%) of
the 30 patients with C-MS. As shown in Table 1, there were
no statistically significant differences in the prevalence of the
titer levels of anti-NF-L IgG that were higher than the cut-off
level between the normal controls and each group. The age
distribution is not significantly different between anti-NF-L
1gG positive and negative donors in each group of patients as
well as healthy controls (data not shown).

3.3. HLA-DRBI allele frequency

There were no statistically significant differences in the
allele frequency of HLA-DRB1 between normal controls
and the combined glaucomatous patient group (Table 2).
We divided the glaucomatous patients into two groups based
upon their anti NF-L IgG titer levels. In the anti NF-L IgG
positive group, which was composed of patients with anti
NF-L IgG titer levels higher than the cut-off level, HLA-
DRB1*1502 allele was observed in seven (583%) of the
12 patients. On the other hand, in the anti-NF-L IgG neg-
ative group, which was composed of patients with anti-NF-L
IgG titer levels equal to or below the cut-off level, the allele
was only found in seven (16.3%) of the 43 patients. The dif-
ferences in prevalence of anti NF-L IgG were statistically
significant between these two groups (£<0.05, Chi-square
test) (Table 3).
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Allele Anti-NF-L IgG Anti-NF-L IgG P-Value

positive patients negative patients

(n=12) (n=43)

n  Frequency n Frequency
DRBI*0i101 1 0083 5 0.116 N§
DRB1#¥0301 0 0.000 1 0.023 NS
DRB1¥0401 0 0.000 1 0.023 NS
DRB1#0403 O  0.000 2 0.047 NS
DRB1¥0405 4 0333 10 0.233 NS
DRB1¥0406 O  0.000 4 0.093 NS
DRB1*0410 0 0.000 2 0.047 NS
DRB1¥0802 O  0.000 4 0.093 NS
DRB1*0803 2  0.167 6 0.14 NS
DRB1*¥0901 2  0.167 11 0.256 NS
DRB1¥1101 1 0.083 0 0 NS
DRB1*¥1201 0  0.000 1 0.023 NS
DRB1*¥1301 1 0.083 0 0 NS
DRB1*¥1302 2  0.167 6 0.14 NS
DRB1*1401 0  0.000 2 0.047 NS
DRB1¥1405 1 0.083 3 0.07 NS
DRB1¥1406 2  0.167 1 0.023 NS
DRB1¥150t 1 0.083 7 0.163 NS
DRB1¥1502 6 0.500 9 0.21 <0.05
DRBi*1602 0 0.000 1 0.023 NS

NS: not significant; Chi-square test.

4. Discussion

Recent studies have revealed that glaucomatous optic neu-
ropathy may be caused by many risk factors such as ischemia,
genetic background, glutamate and immune response in addi-
tion to intraocular pressure [1]. Among these, involvement
of the immune response in the pathogenesis of glaucomatous
optic neuropathy has been the focus of investigations. Several
investigators have reported the presence of autoantibodies
in glaucomatous patients [5-8,15,16]. Also, recent studies
have suggested that T cell-mediated immune response might
play a crucial role in the progression of glaucomatous optic
nerve damages in animal experimental models [10,1 1,17,18].
These findings have shed light on new aspects for under-
standing of the pathogenesis and treatment of glaucomatous
optic neuropathy. Based on these findings, we conducted a
series of experiments in the present study in an atiempt 10
further elucidate a role for involvement of autoimmunity and
the immunogenetic background, in glaucomatous optic nerve
damage.

In previous studies, Western blot analysis was used for the
identification of autoantibodies in serum samples obtained
from glaucomatous patients [5-8,16]. These methods are
useful for identification of autoantibodies directed against
antigens that have a large amount of expression. However,
this method has a potential risk in that it can exclude the
detection of important antigens if the autoantigens are barely
expressed. For thisreasonitis possible thatautoantigens asso-
ciated with the progression of glaucomatous optic neuropathy
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may escape detection of a Western blot analysis. Thus, in
order to better understand the immunological mechanisms of
glaucomatous optic neuropathy, more sensitive and reliable
technique needs to be applied. In the present study, we applied
SEREX method to the identification of glaucoma-associated
autoantigens. This molecular biological method enabled us
to detect autoantigens regardless of whether the expression
was very low, and to easily accomplish subsequent molecular
cloning of genes that encode for the autoantigen.

With the aid of the SEREX method in our previous studies,
we have been able to identify disease-associated autoanti-
gens in patients with VKH and cancers {12,19-21]. In VKH,
T helper 1 type T cells-mediated cellular immunity plays
a dominant role in the pathogenesis [22,23]. In cases of
glaucoma, some investigators have suggested the involve-
ment of T cell-mediated cellular immunity play a role in
the neuroprotection against glaucomatous optic neuropathy
whereas T helper 2 type T cells-mediated humoral immunity
should be regarded as the main cause for the production of
autoantibodies [11,17]. Thus, presently, our understanding
on immunological mechanisms associated with glaucoma-
tous optic neuropathy is far from satisfactory. Therefore, we
considered the use of SEREX to be suitable for our aims of
elucidating the mechanism of autoimmunity in glaucoma.

In the present study, we identified neurofilament proteins
as the candidate target autoantigens associated with glau-
coma. Neurofilament proteins are known to be major inter-
mediate filaments that are present in the nervous system and
construct the axonal cytoskeleton. So far, three types of sub-
units for neurofilament have been identified; the 68-kD light
subunit (NF-L), the 160-kD medium subunit (NF-M) and the
200-kD heavy subunit (NF-H). NF-L. constructs the back-
bone of neurofilament while NF-M and NF-H are localized
on the periphery of NF-L. Targeted disruption of the NF-L
gene results in reduction of radial growth of neuronal axons
[24]. It has been reported that abnormal accumulation of neu-
rofilament is the pathological hallmark of some neurodegen-
erative diseases such as amyotrophic lateral sclerosis (ALS),
Lewy-body-type dementia and Parkinson’s disease [25-27].
The presence of autoantibodies directed against NF proteins
has been reported in patients with progressive MS [28,29].
From the viewpoint of glaucoma, it has been reported that
expression of NF proteins in retinal ganglion cells reduced in
glaucomatous patients [30,31].

In our study, use of the SEREX method and a serum sam-
ple of a patient with normal tension glaucoma, allowed us
to identify neurofilament protein as a candidate autoanti-
gen associated with glaucomatous optic neuropathy. Our
results showed a statistically significant difference between
the prevalence of anti-NF-1. IgG in normal controls and glau-
comatous patients, but not between normal controls and other
diseases such as VKH, BD and MS. In glaucoma, retinal gan-
glion cells and their axons specifically deteriorate whereas
it is the uveal tissues that are mainly involved in VKH.
However, in BD and MS as well as glaucoma, optic nerve
damage dose occur. Thus, our positive results that showed
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the prevalence of a high titer of anti-NF-L IgG in glaucoma-
tous patients might suggest that this immune response may be
associated with a certain sub-group of glancomatous patients.
One of the most important points that need to be addressed
concerns what mechanisms segregate this sub-group of glau-
comatous patients with regards to the immunological reaction
against NF-L. This question may be partially answered by
our additional results for the typing of HLA class II alleles
in glaucomatous patients.

The association between glaucoma and HLA class [T allele
has been previously reported [32,33]. In the present study, we
document the frequency of HLA-DRBI allele in Japanese
glancomatous patients for the first time. A statistically sig-
nificant difference was revealed in the allele frequency of
HLA-DRB1*¥1502 between the anti-NF-L IgG positive and
negative groups in glaucomatous patients. Our finding sug-
gests that specific HLA class I alleles or genes in with a
strong linkage with disequilibrium with HLA-DRB1%1502
may play an important role in the production of autoantibod-
ies in glaucomatous patients. The presence of autoantibodies
reactive to retinal and/or optic nerve antigens may result
from prolonged exposure of the immune system to autoanti-
gens caused by glaucomatous optic nerve damage. However,
we cannot exclude another possibility that the autoantibody-
associated immune response may deteriorate (or inhibit) the
progression of glaucomatous optic neuropathy. Taken into
consideration together, we can hypothesize that the immuno-
genetic background associated with HLLA class 11 alleles may
control susceptibility to autoimmunity. Our hypothesis may
shed new light for understanding the presence of autoantibod-
ies in glaucomatous patients. Further studies are necessary to
elucidate the relationships between HLA class II alleles and
the immunological abnormality in glancoma.

In conclusion, we have identified neurofilament proteins
as a novel autoantigens associated with glaucomatous optic
nerve damage. This autoimmunity was found in some but
not all glancomatous patients, and was not found in patienis
with other ocular diseases. HLA-DRB1*1502 allele was also
significantly associated with high titer of anti-NF-L IgG in
glaucomatous patients, suggesting the importance of HLA
class IT-linked genes in the development of autoimmunity in
glaucoma.
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Tetragenococcus halophila originally isolated from soy sauce is a halophilic lactic acid bac-
terium which can grow under 4 M sodium chloride. 7. halophila chaperonin composed of a core
moiety of chaperonin 60 (cpn60) and a lid moiety of chaperonin 10 (cpn10), is thought to contrib-
ute to host halotolerant capability. In this report, we reconstituted and characterized the core
complex of I. halophila chaperonin by using a recombinant 7. halophila cpn60 (Tcpn60) over-
expressed in Escherichia coli. The reconstitution of Tcpn60 was performed in the presence of
10 mM MgCl,, 2 mM ATP and 0.8 M (NH,),SO, and the resultant oligomer was purified by gel fil-
tration chromatography. Electron microscopy of the reconstituted Tepu60 revealed a double
toroidal tetradecameric structure that is characteristic of bacterial cpn60. The I. halophila tetra-
decamer cpn60 exhibited an ATPase activity and a refolding activity of both chemically and ther-
mally denatured enolases under wide range of salt concentrations. Furthermore, we demon-
strated that heterologous expression of Tcpn60 allowed the normal growth of host Escherichia coli
cells under salt stress conditions and this effect was further enhanced by co-expression with
Tepnl0. These results suggested that Tepn60 contributes to the halotolerance property of T.

halophila cell as a tetradecamer complex, probably associated with the Tcpnl10 complex.

[Key words: chaperonin 60, halophilic, Tetragenococcus halophila, GroEL, reconstitution]

The lactic acid bacterium Tetragenococcus halophila is
a tetrad-forming gram-positive coccus showing moderately
halotolerance. 7. halophila can grow under salt concentra-
tions ranging from 0.5% (0.086 M) to 30% (5.1 M) (10%
[1.71 M] is optimum) and is suitable for use in brine fer-
mentations such as the brewing of soy sauce (1). However,
little is known about the halotolerance mechanism of mod-
erately halophilic bacteria, particularly lactic acid bacteria.
Robert et al. (2) have indicated that compatible solutes such
as glycine betaine prevent the accumulation of sodium ions
to a level inhibiting growth. They also showed that the con-
centration of potassium ions instead of sodium ions in-
creased under high salinity conditions with compatible sol-
utes. This suggested that the intracellular environment still
suffers from high salinity even with protection by compati-
ble solutes. We are interested in the mechanism of how
cellular proteins can be protected from denaturing by high
salinity in T. halophila cells and have studied on the ma-
chinery of T halophila molecular chaperones (3-5).

Chaperonins are molecular chaperones and are a family
of ubiquitous proteins highly conserved among almost all
organisms from prokaryotes to eukaryotes (6). The function
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of chaperonins is to assist correct folding of nascent pro-
teins or refolding of denatured proteins (7, 8). In addition to
this function, chaperonins contribute to the maintenance of
cell homeostasis, under various conditions including high
salinity.

The structure and function of chaperonins have been well
studied in Escherichia coli, GroEL that comprises identical
subunits of tetradecamer GroEL (referred to as Tepn60 in T,
halophila, formerly GroEL in Ref. 3) and heptamer GroES
(Tepnl0 in 7. halophila, formerly GroES in Ref. 3). The tet-
radecamer GroEL consists of two heptameric rings stacked
back to back on top of each other (9, 10). The GroEL com-
plex forms a cylinder and makes an interior dome cavity
with a lid-like component of the GroES complex, which
affords an important space for the chaperonin function (11).

In order to study the function of chaperonins, it is indis-
pensable to obtain the correct form of the chaperonin oligo-
meric complex, which is the tetradecamer core moiety of
the cpn60 cylinder as a minimum unit with chaperonin ac-
tivity. In the present study, we realized the reassembly of re-
combinant 7. halophila cpn60 (Tcpn60) to the tetradecamer
cylindrical complex showing ATPase and refolding activities
under a wide range of salt concentrations. The functionality
of Tepn60 was also examined together with that of Tcpnl0
in vivo by heterologous expression in E. coli.



VoL. 99, 2005

MATERIALS AND METHODS

Plasmids and strains  E. coli strains used in this study are
listed in Table 1. To construct plasmid pET-CPN60, the Tcpn60
gene was amplified from genomic DNA isolated from 7. halophila
JCM5888 by PCR with a set of primers, Tepn60-F (5'-TCAGAA
GCATATGGCAAAAGATATTAAATTTTCAG-3") and Tcpn60-R
(5'-TCGCTCGCTCGAGTACTGITCA-3"). For pET-CPNS, a frag-
ment corresponding to the Tepnl0-Tepn60 operon was amplified
with the primers, Tepn10-f (5'-TTGGAGGGACATATGGTGTTA
AAACCATTA-3") and Tepn60-R. Each PCR product was digested
by Ndel and Xhol and ligated into the pET-14b expression vector
(Novagen, Madison, W1, USA) treated with the same restriction
enzymes. The resultant plasmids were transformed into E. coli
BL21(DE3) (Novagen).

Expression of Tepn60 gene in E. coli  E. coli TH-CPN60 was
grown at 37°C in 2xYT medium (1.6% tryptone, 0.5% yeast ex-
tract and 0.5% NaCl) supplemented with 50 pg/ml ampicillin. When
the absorbance at 600 nm of the culture reached 0.5-0.6, iso-
propyl-1-thio-B-D-galactopyranoside (IPTG) was added to final
concentration of 1 mM. After additional incubation for 3 hat 37°C,
the cell peliets were harvested by centrifugation at 9000xg for 20
min and stored at —80°C.

Purification of recombinant Tcpn60  The cell peliets were
resuspended in 2 volumes of 20 mM Tris-HCI (pH 7.4) containing
10 mM imidazole, 500 mM NaCl, 1 mM PMSF and 10 pg/ml leu-
peptin. After sonication, cell debris was removed by centrifugation
at 9000x g, the supernatant was loaded onto a nickel affinity col-
umn (Amersham Pharmacia Biotech, Uppsala, Sweden) and the
column was subsequently washed with 10 ml each of the follow-
ing buffers: 20 mM Tris-HCl (pH 7.4), 10 mM imidazole, 500 mM
NaCl; 20 mM Tris—HCI (pH 7.4), 10 mM imidazole, 200 mM KCI,
2 mM ATP, 5mM MgCl,; 20 mM Tris-HCl (pH 7.4), 30 mM imi-
dazole, 500 mM NaCl. In the washing step, MgATP was added to
remove any bacterial DnaK bound to the recombinant Tepn60 (12).
The proteins bound to the column were eluted with 20 mM Tris—
HCI (pH 7.4) containing 500 mM NaCl and 500 mM imidazole.
Fractions containing His,-tagged Tcpn60 were pooled and ap-
plied to a Sephadex G-50 (Amersham Pharmacia Biotech) column
(1x15 cm) or dialyzed with Slide A-lyzer cassette (Pierce, Rock-
ford, IL, USA) in 50 mM Tris-HC! (pH 7.4), 10 mM MgCl, and
100 mM NaCl (buffer A) and then concentrated by ultrafiltration
(Millipore, Bedford, MA, USA). The concentrated sample of His,-
tagged Tcpn60 was then applied to a TSK G4000SW,, gel fil-
tration column (7.8 mm, inner diameter x 30 cm; Tosoh, Tokyo)
equilibrated with buffer A. The column was developed by the same
buffer at flow rate of 0.5 ml/min and monitored by ultraviolet ab-
sorption at 280 nm. The maximum volume injected was 100 pl.
Fractions (0.5 ml each) containing monomeric Tepn60 were col-
lected and concentrated to >32 uM by ultrafiltration (Millipore)
for subsequent use in the reconstitution experiment.

Reconstitution of Tepn60  Reconstitution experiments of the
Tcpn60 monomer into the oligomer were performed according to
the methods previously reported (13-15) with some modifications.
Briefly, the concentrated monomeric Tcpn60 (>32 uM protomer)
was mixed with a solution containing Tris—HCl (pH 7.4), MgCl,
and ATP so that the final concentrations were 50 mM, 10 mM and
2 mM, respectively. Then, ammonium sulfate was added gradually
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to the monomeric cpn60 solution to a final concentration of 800
mM and the mixture incubated for 60 min to promote reassembly
of Tepn60. Additional ammonium sulfate was then added to be
60% saturation to precipitate the oligomer. After centrifugation,
the Tepn60 oligomer pellet was dissolved in 50 mM Tris-HCI (pH
7.4), 10 mM MgCl,, 100 mM NaCl and 0.2 mM ATP (buffer B).
Then, the reconstituted oligomers were isolated by TSK G4000SW,,
gel filtration column chromatography at a flow rate of 0.5 ml/min
with buffer B.

Determination of native molecular weight  The native mo-
lecular weight of the Tcpn60 was determined by TSK G4000SW,,
gel filtration column chromatography at a flow rate of 0.5 ml/min
with a molecular weight standards kit (Sigma, St. Louis, MO,
USA) including thyroglobulin (669,000), apoferritin (440,000), al-
cohol dehydrogenase (150,000) and carbonic anhydrase (29,000).

Electron microscopy  The morphology of the reconstituted
Tcpn60 was examined by negative-staining using 0.5% uranyl ace-
tate in a JEM 2000EX electron microscope (JEOL, Tokyo) at 100
kV. .

Secondary structure of the recombinant Tepn60  The pu-
rified Tcpn60 oligomer (4.1 uM protomer) and monomer (3.6 M
protomer) were dialyzed against 50 mM Tris-HCl (pH 7.5) and
analyzed with a JASCO J-720 spectropolarimeter (JASCO, Tokyo)
using a cuvette with a path length of 0.1 cm (far-UV) at 25°C. El-
lipticity was measured from 200 to 250 nm at 1-nm intervals, cor-
rected for buffer base lines and converted to molar ellipticity (¢)
that is expressed as deg-cm?- dmol™.

ATPase activity The ATPase activity of Tcpn60 was mea-
sured by quantitation of Pi released from ATP using a modified
malachite green assay (16). The assay mixture contained 50 mM
Tris—HCI (pH 7.5), 10 mM MgCl,, 2mM ATP, 50 mM KCl and 36
pg of the purified Tepn60 oligomer and monomer. The reactions
were terminated by the addition of perchloric acid after incuba-
tions at 30°C for 0, 10, 20 and 30 min. The samples were put on ice
and centrifuged briefly. The inorganic phosphate produced by ATP
hydrolysis was quantitated by mixing the sample with malachite
green and ammonium molybdate solution followed by measuring
the absorbance at 620 nm using 96-well microplates. All data pre-
sented were corrected for spontaneous ATP hydrolysis under the
conditions tested.

Salt requirement for Tepn60 ATPase activity ~ To determine
the salt-dependence of Tcpn60 ATPase activity, Tcpn60 was added
to 50 mM Tris—-HC, pH 7.5, containing 10 mM MgCl, and 50 mM
KCl at 30°C and supplemented with various salts as indicated in
the legend of Fig. 5. Activity at 10 mM MgCl, and 50 mM KCl is
set to 100%.

Refolding assay of guanidine—HCI denatured enolase
Yeast enolase (26 uM; Sigma) was denatured with 8 M guanidine—
HCI (Gdn-HCl) and 2 mM DTT in 50 mM Tris-HCI (pH 7.5) at
30°C for 30 min. The denatured enolase was rapidly diluted with
50 mM Tris—HCI (pH 7.5) containing 10 mM Mg acetate, 20 mM
KCl and 2 mM DTT so that the final concentrations of enolase and
Gdn-HCI were 0.2 uM and 60 mM, respectively, in the absence
and presence of the indicated concentration of NaCl. Refolding of
the denatured enzyme was done at 30°C with the reconstituted
Tepn60 tetradecamer and ATP at the respective final concentra-
tions of 0.4 uM and 2 mM. The final volume of the refolding mix-
ture was 500 pl. The activity of the refolded enolase was measured

TABLE 1. E. coli strains used in this study

Strain Genotype Source
BL21(DE3) F-, ompT, hsdSg(rymy) gal, dem (DE3) Novagen
PET14 BL21(DE3) carrying pET14b (amp) This study
TH-CPN60 BL21(DE3) carrying pET-CPN60 (amp, cpn60) This study
TH-CPNS BL21(DE3) carrying pET-CPNS (amp, cpni0, cpn60) This study
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as described below, and the refolding efficiency was evaluated as
the specific activity of refolded enolase relative to that of untreated
enolase.

Reactivation of thermally inactivated enolase  Yeast eno-
lase (Sigma) was thermally inactivated at 53°C for 30 min in 50
mM Tris-HCI (pH 7.5) containing 10 mM MgCl, and 20 mM KCl.
Reactivation was examined at 30°C by diluting the inactivated
enolase with 50 mM Tris—HCI (pH 7.5) containing 10 mM MgCl,,
20mM KCI and 2mM DTT in the presence and absence of the
reconstituted Tepn60 tetradecamer of 0.4 uM. ATP was added to a
final concentration of 2 mM. The final volume of the reaction mix-
ture was 500 pl. The activity of the reactivated enolase was mea-
sured, and the reactivation efficiency was evaluated as the specific
activity of reactivated enolase as a percentage of that of enolase
before inactivation.

Measurement of enolase activity =~ The activity of enolase
was measured at 25°C using 2-phosphoglycerate (2-PGA) as the
substrate (17). The enzyme solution (40 pl) was mixed with 0.96
ml of substrate solution (1 mM 2-PGA in 50 mM Tris—HCI [pH
7.5] and 1 mM MgCl,). The activity was determined as the in-
crease in absorbance at 240 nm as a function of time.

Growth of recombinant E. coli under high stress conditions
A single colony of E. coli PET14, TH-CPN60, or TH-CPNS was
inoculated into 20 ml of LB medium containing 20 pg/ml of am-
picillin at 37°C overnight. The pre-cultures were then diluted into
200ml of LB broth containing 1 mM IPTG 200 pg/ml ampicillin
and 0.86 M NaCl and incubated at 37°C in shaking incubator. Cell
growth was measured at OD,.

Other methods  Proteins were analyzed by polyacrylamide
gel electrophoresis either in a 9% polyacrylamide gel containing
0.1% SDS or in a 6% polyacrylamide gel without SDS. Gels were
stained by Coomassie Brilliant Blue (18). Protein concentration
was determined by the method of Bradford (19) with bovine serum
albumin as a standard.

RESULTS

Cloning and overexpression of Tepn60 in E. coli
Tepn60 was overexpressed in E. coli as Hisg-tagged fusion
proteins. SDS-PAGE analysis of the cell extract from E.
coli TH-CPN60 showed an IPTG-induced major band at the
62-kDa position after IPTG induction which was not de-
tected in the cell extracts of E. coli PET14. It was suggested
that the 62-kDa band represented His.-tagged Tepn60 since
its molecular size was in agreement with the molecular
mass calculated from the deduced amino acid sequence of
the His, fusion protein.

Purification and reconstitution of oligomeric recombi-
nant Tepn60  The fusion protein of Tepn60 with the
N-terminal Hisc-tag was partially purified by nickel affinity
chromatography. Since SDS-PAGE of the fraction purified
by affinity chromatography showed some impurities, gel fil-
tration column chromatography with TSK G4000SW,; was
used as an additional purification step and yielded the Tcpn60
protein showing a single band upon SDS-PAGE (Fig. 1A,
inset). The retention time in the gel filtration chromatogra-
phy revealed that the molecular size of the recombinant
Tepn60 corresponded to the monomer instead of the oligo-
mer.

Reconstitution of the Tepn60 oligomer was first attempted
using Mg** and MgATP. However, a2 major shift in the ap-
parent molecular size was not detected in the gel filtration
chromatography analyses (Fig. 1A). Thus ammonium sul-
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FIG. 1. Qel filtration chromatography profiles of the recombinant
Tepn60 upon TSK G4000SW,, gel filtration chromatography fol-
lowed by SDS-PAGE analysis of fractions (inset). (A) Purified recom-
binant Tcpn60 monomer. (B) Tcpn60 after incubation with MgATP
and ammonium sulfate. (C) Rechromatography of the peak at 15 min
in panel B. Protein elution was monitored by absorption at 280 nm.
The arrows indicate the elution position of standard proteins: thyro-
globulin (T, 669 kDa), apoferritin (Ap, 440 kDa), alcohol dehydroge-
nase (Al, 150 kDa) and carbonic anhydrase (C, 29 kDa). The numbers
at the top of the SDS—polyacrylamide gels indicate the retention time
(min) of fractions from the gel filtration chromatography.

fate was then added stepwise to the solution previously sup-
plemented with MgCl, and ATP to a final concentration of
800 mM. Further additional ammonium sulfate was added
to 60% saturation to precipitate the Tcpn60 protein. Then,
the reconstituted Tepn60 solution was applied onto a TSK
G4000SWy; gel filtration column. As shown in Fig. 1B,
two distinct peaks were observed. The first peak was eluted
before thyroglobulin, indicating that this protein was eluted
as a large oligomeric complex, while a second peak corre-
sponded to the original monomer. SDS-PAGE analysis re-
vealed that both peaks contained a 62-kDa protein subunit
of Tcpn60 (Fig. 1B, inset).

The first peak was collected and then concentrated to 6.4
puM by ultrafiltration. The apparent molecular size was de-
termined to range from 800 to 880 kDa, by second round gel
filtration chromatography (Fig. 1C) that is nearly identical
to the theoretical molecular size of the tetradecamer. The
protein band of these fractions contained a 62-kDa protein
subunit of Tepn60 (Fig. 1C, inset). The reconstituted oligo-
mer was further analyzed by 6% native PAGE and migrated
aberrantly slower than that of the monomeric fraction. This
coincided with the result of gel filtration and suggested that
the Tepn60 oligomer was obtained.

Electron micrograph of the reconstituted Tepn6{ oligo-
mer  Electron microscopy of the reconstituted cpn60
oligomer revealed a number of particles with two types of
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FIG. 2. Electron micrograph of the reconstituted Tcpn60 oligomer. (A) Top view of the Tepn60 oligomer displaying the ring shape. (B) Side
view of the Tepn60 oligomer displaying the rectangular shape. The scale bar represents 50 nm.
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FIG. 3. The circular dichroism of the recombinant Tepn60 tetradecamer (thick line) and monomer (thin line). The respective protein concentra-
tions of the tetradecamer and monomer were 4.1 UM and 3.6 M as protomer concentrations. The path length and the resolution were 0.1 ¢cm and

0.2 nm, respectively. Spectra were measured four times and averaged.

forms showing toroidal (Fig. 2A) and rectangular structures
(Fig. 2B). Careful observation revealed that the toroidal ring
consisted of seven small subunits and the rectangle con-
sisted of four stripes. These images correspond to typical
top and side views of the chaperonin core complex, respec-
tively, which represent the well-known double toroidal tetra-
decamer structure of natural chloroplast and bacterial cpn60.

Secondary structure of the Tcpn60 tetradecamer and
monomer The secondary structure of the Tcpn60 tetra-
decamer and monomer was analyzed by circular dichroism
(CD) spectroscopy in the far-UV from 200 to 250 nm (Fig. 3).
Both CD spectra displayed the double minimum of the tran-
sitions at 208 and 222 nm, characteristics of a-helices. The
helix contents of the tetradecamer and monomer estimated
by the ellipticity were almost identical, suggesting no sig-
nificant change in secondary structure during the in vitro re-
constitution reaction.

ATPase activity of the Tepn60 tetradecamer and mono-
mer The ATPase activity of the reconstituted Tcpn60
tetradecamer was measured and compared with that of the

monomer (Fig. 4). The ATPase activity of the reconstituted
oligomer was about eight times higher than that of the
monomer, suggesting that Tepn60 functioned in the tetra-
decameric form. No significant ATPase activity was ob-
served in the absence of MgCl,, indicating that magnesium
is essential for the ATPase activity. Thus, the subsequent ex-
periments were performed using 10 mM MgCl,. The ATPase
activity was measured under various concentrations of KCl
and NaCl (Fig. 5). The activity increased markedly in the
presence of KCI and remained stable up to 1 M, the highest
concentration in this test. On the other hand, NaCl did not
promote the ATPase activity, which decreased gradually
with increasing NaCl concentration. The ATPase activity
was also measured at various concentrations of NaCl and a
constant KC1 concentration (50 mM). As a result, the ac-
tivity decreased with increasing NaCl concentration higher
than 50 mM.

Refolding activity of the reconstituted Tcpn60 tetra-
decamer The refolding activity of the reconstituted
Tcpn60 tetradecamer was analyzed using chemically and

109



34 TOSUKHOWONG ET AL.

W
1

[
T

ATPase activity
(mmole Pi released/mg protein)

—
T

0 10 20 30
Time (min)
FIG. 4. ATPase activity of the recombinant Tcpn60 tetradecamer
(circles) and monomer (triangles). The assay mixture contained 50

mM Tris-HCI (pH 7.5), 10 mM MgCl,, 2mM ATP, 50 mM KCl and
36 ng of the purified Tepn60 tetradecamer and monomer.
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FIG. 5. ATPase activity of Tcpn60 under various salt concentra-
tions. The Tcpn60 tetradecamer was supplemented with various salts
as indicated below. The recombinant Tcpn60 was incubated in 50 mM
Tris—HCI buffer pH 7.5 with 10 mM MgCl, with increasing KCI con-
centrations (circles), NaCl (triangles) and NacCl in the presence of 50
mM KCl (squares). ATPase activity at 10 mM MgCl, and 50 mM KCl
was set to 100%.

thermally denatured enolases as substrates. The chemically
denatured enolase spontaneously recovered up to about 60—
70% of its initial activity. In the presence of ATP (2 mM)
and the Tepn60 tetradecamer (0.4 uM), enolase activity was
recovered to 86%, suggesting the refolding activity of the
reconstituted Tcpn60 tetradecamer (Fig. 6). Incubation of
enolase at 53°C for 30 min decreased its activity to less than
30%. Figure 7 shows the reactivation of thermally inacti-
vated enolase by Tcpn60 in the presence of ATP. The ther-
mally denatured enolase was gradually reactivated, while no
recovery of its activity was observed in the absence of chap-
eronin. The refolding activity was measured under various
concentrations of NaCl (Fig. 8). The activity decreased with
increasing NaCl concentration but significant activity was
detected at 1.2M NaCl, the highest concentration in this
experiment.

Effect of heterologous expression of Tepn60 and Tepn10
on growth under salt stress conditions The effect of
the heterologous expression of Tepn60 and Tepnl0 in E.
coli on the growth under salt stress conditions was exam-
ined (Fig. 9). The growth of strain PET14 (vector control)
exhibited a very long lag phase of about 12h under 5%
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FIG. 6. Time course of refolding of Gdn—HCl-denatured enolase
in the presence (circles) and absence (triangles) of the reconstituted
Tepn60 tetradecamer (0.4 M) and 2 mM ATP at 30°C. The activity of
the refolded enolase was measured and the refolding efficiency was
evaluated as the specific activity of refolded enolase relative to that of
untreated enolase.
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FIG. 7. Time course of refolding of thermally inactivated enolase
in the presence (circles) and absence (triangles) of the reconstituted
Tepn60 tetradecamer (0.4 pM) and 2 mM ATP at 30°C. The enzyme
concentration was 0.2 uM. The activity of the reactivated enolase was
measured, and the reactivation efficiency was evaluated as the specific
activity of reactivated enolase as a percentage of that of enolase before
inactivation.
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FIG. 8. The effect of various NaCl concentrations in the refolding
of Gdn-HCl-denatured enolase with Tepn60. Refolding was assayed
10 min after dilution as measured by the increasing absorbance at 240
nm, A4,,/min for 0.2 uM of native enolase corresponding to 100% re-
folding. Results are expressed as the relative percentage of refolding
activity. Refolding in the absence of chaperonin (triangles); refolding
in the presence of reconstituted Tepn60 and 2 mM ATP (circles).



VoL.

99, 2005

ODGOD

0 L ! 1 1 ) 1 i —

0 5 10 15 20 25 30 35 40
Time (h)

FIG. 9. Time course of cell growth of the recombinant E. coli
PET14, TH-CPN60 and TH-CPNS in LB medium containing 5%
(0.86 M) NaCl. Overnight cultures of the bacteria grown at 37°C in
Luria-Bertani medium were diluted to an optical density at 600 nm
(OD,q) of 0.05. Cultivation of strain TH-CPN60 (closed circles), TH-
CPNS (open circles) and PET14 (triangles) was carried out in a shak-
ing incubator at 37°C. Aliquots were removed at various time intervals
to measure cell density (ODgy).

NaCl. As observed in E. coli TH-CPN60, expression of
Tepn60 shortened the prolonged lag-phase to the level of
normal lag-phase observed under non-stress conditions. As
observed in E. coli TH-CPNS, co-expression of Tcpn60 and
Tepnl0 showed a higher promotive effect on the growth.
These results suggested that the expression of Tcp60 en-
abled the E. coli cells to rapidly adapt to the salt stress con-
ditions and the efficiency was higher when expressed to-
gether with Tepnl0.

DISCUSSION

There is little available information about the oligomeric
form of moderately halophilic cpn60 or lactic acid bacteria
cpn60. There is only one report of the moderately halo-
philic Pseudomomas sp. #43 in which the purified GroEL
was observed as various oligomeric forms which partially
dissociated to the monomeric form during electrophoresis
(20). In this study, the gel filtration chromatography anal-
ysis (Fig. 1A) and native PAGE analysis indicated that
Tepn60 expressed in E. coli existed in the monomeric form
rather than the expected natural form of the tetradecamer.
The CD spectrum showed that the Tepn60 monomer was
correctly folded as well as the reconstituted cpn60 oligomer
(Fig. 3). However, the E. coli-expressed Tcpn60 could not
form the oligomer spontaneously. This suggested that the
lack of oligomerization was not due to misfolding of the
monomer Tcpn60 subunit.

The lack of the oligomer may be due to the dissociation
of the oligomer during the extraction or purification step as
observed in Pseudomonas sp. #43 (20), mammalian mito-
chondrial chaperonin 60 (21), Thermus thermophilus HB8
(22), and Thermoanaerobacter brockii (23). At present, it
is difficult to determine why the recombinant Tepn60 oligo-
meric form was unstable and spontaneously dissociated into
the monomeric form during the purification step. One possi-
ble reason for the dissociation of the Tcpn60 oligomer might
be the release of nucleotides (15). It has been reported that
the in vitro reconstitution of some cpn60s from various
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microorganisms is achieved in the presence of MgATP or
MgATP with ammonium sulfate (13-15). Based on these
previous studies, we performed the reconstitution to obtain
the functional oligomer in the same manner. After various
attempts using reconstitution methods in which ammonium
sulfate was added to the cpn60 solution containing MgATP
with some modifications (14), we finally obtained the re-
constituted Tepn60 oligomer showing the well-known dou-
ble toroidal, tetradecameric structure of the bacterial chap-
eronin core complex upon electron microscopy (Fig. 2).
However, even after the reconstitution reaction, a major
fraction of Tcpn60 still remained as the monomer as shown
by the gel filtration (Fig. 1B), suggesting that another factor
may be required to increase the yield of the oligomer. Struc-
tural cooperation with the co-chaperonin (Tcpnl0) complex
may also be important as found in the natural form of chap-
eronin complex.

The tetradecamer Tcpn60 complex showed much higher
ATPase activity than the monomer (Fig. 4), although each
subunit contains an ATP binding site. This agrees with some
previous studies such as that on E. coli GroEL (13) or
Mycobacterium tuberculosis GroEL (24) and suggests that
the quarternary structure of cpn60 is very important for the
ATPase activity. The effects of salts on the ATPase activity
of the Tcpn60 tetradecamer were examined in detail (Fig, 5).
Tepn60 exhibited no ATPase activity in the absence of mag-
nesium ions. The requirement for magnesium ions for the
ATPase activity has been reported to involve coordination
of the nucleotide as the cofactor to facilitate the hydrolysis
of ATP by cpn60 (25). Potassium ions also markedly en-
hanced the ATPase activity of Tcpn60 and the activity was
maintained up to 1 M potassium chloride, which the maxi-
mum concentration used in this experiment. On the con-
trary, the ATPase activity decreased with increasing sodium
chloride concentration. Furthermore, in the presence of po-
tassium ions, sodium ions showed an antagonistic effect on
the activation of Tepn60 ATPase activity by potassium ions.
These halophilic properties of Tcpn60 ATPase activity may
reflect a bioenergetic aspect of the halophile in which potas-
sium ions are accumulated inside the cell instead of sodium
ions (26). The inhibitory and antagonistic effects of sodium
ions have been found for chaperonins from other halophiles,
e.g., Pseudomonas sp. #43 (20) and Haloferax volcanii (27).

Under low salt condition, the reconstituted Tcpn60 tetra-
decamer not only enhanced the refolding rate of the chemi-
cally denatured enolase, but also reactivated the thermally
inactivated enolase to over 50% of its initial activity. In
efforts to elucidate the mechanism by which the protein is
refolded, significant differences between chemically and
thermally denatured enolases have already been reported. It
was suggested that the thermal denaturation process of eno-
lase is irreversible, whereas the chemically denatured eno-
lase is in dynamic and various unfolded states and has
native secondary structure which can be disrupted (28-30).
Our result is consistent with that observation. The activity
of chemically denatured enolase used for this refolding assay
spontaneously recovered from 0% to more than 60% of its
initial activity within 5 min. On the other hand, heat-dena-
tured enolase did not show any recovery of activity greater
than 25% of the initial activity. These results imply that a
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major fraction of the chemically denatured enolase was in
the reversible state which can be refolded to the natural
form, whereas the heat treatment changed the enolase mole-
cule into the irreversibly-denatured form. The refolding of
chemically denatured enolase by Tepn60 was decreased sig-
nificantly with increasing NaCl concentration. Another fac-
tor, e.g., Tcpn10, may be required to function efficiently as a
molecular chaperone under high salinity conditions.

The contribution of Tepn60 to salinity adaptation was
also observed in vivo by the heterologous expression system
of the Tepn60 gene in E. coli (Fig. 9). Overexpression of the
Tcpn60 gene enabled the host cell to rapidly adapt to the salt
stress condition and the effect was increased by co-expres-
sion with Tcpn10. This suggested that the 7. halophila chap-
eronin proteins actually contribute to maintenance of the
native state of various proteins in the cell growing under salt
stress conditions. The same type of effect has been observed
in E. coli transformed with the T halophila molecular chap-
erone DnaK (5).

In order to gain a better understanding the role of the
chaperonins in relation to salinity stress tolerance, further
studies with the reconstituted Tepnl0 complex should be
necessary. Substrate specificity of Tepn60 would also be ex-
amined both in vitro and in vivo. This knowledge should
shed light on the function of chaperonins in the moderately
halophilic and halotolerant lactic acid bacteria.
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Abstract

In nature, bacteria are exposed to many different
stressful conditions. Genetic and physiological
adaptation of bacterial populations permits survival
in environments with rapidly changing conditions.
This review presents two aspects of bacterial cells
under stressful conditions: biofilm formation and
entry into viable but nonculturable (VBNC) state.

Introduction
In the natural environment, bacteria are constantly
exposed to variable and stressful conditions. When
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bacteria are transported from one environment to another, they are confronted
by the changes in temperature, nutrient level, salinity, salt condition, pH, and
many other factors (1). Many pathogenic and commensal bacteria are capable
of transitioning between life in the environment and in the human host, and all
must be able to adapt to sudden shifts in nutrient availability as well as to
primary and secondary host immune defenses (2). Bacteria have evolved
numerous adaptive mechanisms to facilitate their survival under changing
environmental conditions. As a response to nutrient depletion, copiotrophic (3,
4), heterotrophic bacteria may undergo considerable morphological,
physiological, and chemical changes (5-10). In fact, to survive energy- and
nutrient-deprived conditions, non-spore-forming, heterotrophic bacteria are
known to undergo an active adaptation program (10).

One such mechanism is phase variation, which occurs when the expression
of a given factor is periodically altered such that it is either "on" or "off."
These variations are generally spontaneous and reversible and occur at
relatively high frequency (>10'5 per generation) (11). Factors that are
controlled by phase variation are often associated with the cell surface and
include structures such as flagella, fimbriae, outer membrane proteins, and
exo- and lipopolysaccharide (11). Vibrio cholerae can shift to a rugose colony
morphology from its, normal translucent smooth colony morphology in
response to environmental stress including nutrient starvation (12, 13). The
rugose strains produce more exopolysaccharide (EPS) than the smooth colony,
acquired resistance to osmotic and oxidative stress, and promote biofilm
formation (12-14). The similar phenomenon has been observed in Vibrio
parahaemolyticus strains (15-17). Biofilm formation occurs on virtually any
surface in any environment in which bacteria are present. These include natural
(18) and industrial (19) ecosystems and infections (20-24). From an ecological
standpoint, growth as a biofilm offers survival advantage in bacterial
pathogenecity (20, 24-26).

The viable but nonculturable (VBNC) state is also thought to be a survival
strategy adopted by bacteria when exposed to hostile environmental stress (I,
27-30). In the VBNC state, bacteria cannot be recovered by standard culture
methods, but the cells still display active metabolism (31, 32), respiration (3 D),
membrane integrity (33) and gene transcription with specific mRNA
production (34).

In this review, we will discuss the bacterial survival strategy under stress
conditions, focusing on biofilm formation of V. cholerae and the entry into
VBNC state of several pathogenic bacteria.

Biofilm formation

Bacteria predominantly exist in sessile communities rather than as free-
living cells. These communities develop as biofilms on all surfaces in aqueous
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environments. Biofilm formation is linked to development and differentiation
in microorganisms at large, possibly also more broadly to multicellular
biological differentiation systems (2). Development is not restricted to so-
called higher organisms. Developmental processes in bacteria include
differentiation of a single cell, such as the swarmer-to-stalk transition by
Caulobacter crescentus and spore formation by Bacillus subtilis. As we learn
- more about microbial biofilm formation, it is becoming clear that this is yet
another example of a bacterial developmental process (35, 36). Like other
developmental systems, building a biofilm requires a series of discrete and
well-regulated steps. These stages include attachment of cells to a substrate,
the growth and aggregation of cells into microcolonies, and the maturation and
maintenance of architecture (37, 38). While the stages of biofilm development
appear to be conserved among a wide range of microbes, the exact molecular
mechanisms may differ from organism to organism. One such different
mechanism has been observed in V. cholerae that biofilm formation is
associated with phase variation of colony morphology (12-14).

Phase variation of V. cholerae in response to stress conditions

V. cholerae is the causative agent of cholera, which in its most severe form
is characterized by profuse diarrhea, vomiting, and muscle cramps. V. cholerae
strains have been divided into two groups, Ol and non-O1, based on their
ability to cause cholera epidemics. To date, there have been seven recorded
pandemics of this severe dehydrating diarrheal disease caused by V. cholerae
strains of serotype O1, and it was therefore assumed that only this serotype has
epidemic potential. The new serogroup, designated O139 synonym Bengal, is
the first recorded serogroup other than Ol to cause epidemic cholera. V.
cholerae 0139 closely resembles V. cholerae O1 biotype El Tor strains of the
seventh pandemic (39-42). The major differences between V. cholerae O139
and O1 are the composition and lengths of the O side chains of the cell wall
lipopolysaccharide (LPS) and the presence of a capsular polysaccharide (CPS)
in 0139 strains that is not found in V. cholerae O1 strains (43-45). Serological
and genetic studies suggested that CPS of O139 V. cholerae has the same
repeating unit as the O antigen (46, 47).

We have shown that V. cholerae O1 and V. cholerae 0139 underwent
phase variation from smooth colony to rugose colony when incubated at low
temperature under starvation (Fig. 1). We found that several other stress
conditions including high osmorality, high concentration of antibiotics, acidity
and freezing can also convert V. cholerae to rugose phase variant. The rugose
form of V. cholerae was first described in 1938 by Bruce White, who
recognized that it might serve as a survival form of the organism (48). Rice et
al. (49) suggested that the V. cholerae rugose phenotype represents a fully
virulent survival form of the organism that can persist in the presence of free
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Figure 1. Photomicrograph of V. cholerae 0139 rugose (arrow) and smooth (arrow
head) colonies.

chlorine and that this phenotype may limit the usefulness of chlorination in
blocking the endemic and epidemic spread of cholera. Morris et al. (50)
subsequently showed that the rugose variant can cause cholera in orally
challenged human volunteers and retains its colonial morphology after passage
through the human host. More recent studies have shown that epidemic strains
of V. cholerae switch from the smooth to the rugose phase more frequently
than clinical isolates (51), and that this phase transition increases the resistance
of the organism to osmotic, oxidative and acidic stress (12-14, 52).

EPS production and biofilm formation by rugose variant of

V. cholerae

Rugose colony-forming V. cholerae O1 produces EPS materials
recognized as a heavy, fibrous, electron-dense, ferritin-stained layer
surrounding the cells (Fig. 2A), but smooth colony-forming V. cholerae O1 did
not appear to have this EPS layer surrounding it (Fig. 2B). Like V. cholerae
01 rugose strain, V. cholerae 0139 rugose strain was also shown to produce
EPS recognized as heavy electron-dense layer surrounding the cell in addition
to a thin electron-dense layer of capsule (Fig. 2C and D). It has been reported
that exoploysaccharide (EPS) synthesis is involved in the formation of three-
dimensional biofilm architecture in several bacterial species; EPS colanic acid in
Escherichia coli (53) and EPS alginate in Pseudomonas aeruginosa (54, 55).

To determine whether EPS production of V. cholerae is related to biofilm
formation, V. cholerae O1 and 0139 rugose variants were cultured overnight
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Figure 2. Thin section of V. cholerae O1 and 0139 stained with polycationic ferritin.
O1 rugose strain was surrounded by a thick, electron-dense slime layer (A) and the
absence of this layer on O1 smooth strain (B). A thick, electron-dense slime layer in
addition to a thin electron-dense layer of capsule on O139 rugose cells (C) and no slime
layer on 0139 smooth strain (D). Bars, 0.5 zm.

in liquid medium at static condition. We found that rugose variants produced a
continuous biofilm on the colonized surface and culture tube walls. The
biofilm of rugose variants of V. cholerae was clearly visible on the surface of
medium and culture tube wall after static incubation, whereas smooth variants
did not have the biofilm-forming property and produced a homogenous
suspension of bacteria (Fig. 3). Scanning electron microscopic examination
revealed that the surface of the biofilm was completely covered with a layer of
rod cells embedded within a polymeric matrix (Fig. 4A). Throughout the
biofilm, cells were interconnected by a finger-like glycocalyx matrix that
extended from the substratum to the outer boundaries of the biofilm.
Interestingly, some of the surface of the biofilm was covered by a twisting long
filamentous growth of bacteria (Fig. 4B). To investigate the ultrastructural
changes of bacteria in biofilm and planktonic counterparts, we sampled biofilm
and culture media containing planktonic cells from the same tube after 2 days
incubation. Thin-sectioning electron micrographs of V.cholerae cells in biofilm
revealed the typical rod-shaped cells with a uniform distribution of electron-
dense ribosomal and nucleic acid material through out the cytoplasm, seeming
to be normal (Fig. 5A). On the other hand, thin-section micrograph of
planktonic V. cholerae cells from culture media showed that most of cells were
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Figure 3. Homogenous bacterial suspension of V. cholerae 0139 smooth strain in a
static culture (A) and biofilm formation of rugose 0139 under the same culture
conditions (B).

Figure 4. Scanning electron micrographs of biofilm formed by V. cholerae rugose
strain. (A) Most of the surface has been colonized by rod cells, and finger-like
projections of extracellular polymeric material are present. (B) The presence of
twisting filamentous or rounded cells on biofillm. Bars, 1 zm.

rounded and contained less internally staining material and probably lost
integrity. These cells were probably dead after only 2 days incubation (Fig.
5B). Bacteria in biofilm maintained the normal ultrastructure after 12 days
incubation without addition of new nutrient (Fig. 5C). In a murine infection
model, it was shown that uropathogenic E. coli (UPEC) is able to replicate
intracellularly, forming highly organized biofilm-like community of coccoid
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Figure S. Thin-sectioning electron micrographs of V. cholerae cells. Cells in 2 days
old biofilm, rod-shaped, with a uniform distribution of electron-dense ribosomal and
nucleic acid materials throughout the cytoplasm (A). Two days old planktonic cells,
mostly rounded, containing less internally staining materials (B). Cells in 12 days old
biofilm showing the normal ultrastructure (C). Bars, 1 4m.

bacteria that ultimately filled most of the cytoplasm, creating a bulge on the
bladder surface giving the appearance of a pod (24, 56). Bacteria within the
superficial umbrella cells can escape into the bladder lumen in a process
termed fluxing. Often, these fluxing bacteria are filamentous (56). Recruited
polymorphonuclear leukocytes (PMNs) fail to gain access to the intracellular
bacteria and to pagocytose the filamentous bacteria. Intracellular growth and
filamentation provided an advantage to the bacteria in evading infiltrating
PMNs (26). Biofilm formation and biofilm related morphological change such
as filamentation appear to confer the advantage to survive the stress conditions
in both host and external environments to organisms. ,
Molecular genetic analysis of V. cholerae biofilm formation demonstrated
that EPS production requires a chromosomal locus, vps (Vibrio polysaccharide
synthesis), that contains sequences homologous to carbohydrate biosynthesis
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