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Analysis of leukocytes profile

Peripheral blood was collected from heart and EDTA-2K was added.
Leukocyte profiles were analyzed by use of automation instruments (Mitsubishi
BCL Corp., Tokyo, Japan).

Flow cytometric analysis

Peripheral blood was collected from heart and EDTA-2K was added.
Afler lysis for 5 min at 4 °C, subsequent centrifugation (1000xg at 4 °C,
cells) was suspended in HBSS. Bone mamrow cells were prepared from a
shinbone. The cells were incubated with mAb against surface markers (BD
Pharmingen, CA, USA). Gr-1 (RB6-8C5), Mac-1 (M1/70) were used for flow
cytomeiric analysis, and then analyzed with FACSCalibur using CellQuest
software (BD Biosciences, CA, USA).

Neutrophil function assay

Heparinized blood was collected from heart, and neutrophil was prepared.
MPO release and superoxide generation were measured ag described previously
(Ishida-Okawara et al,, 1991).

Measurement of proinflammatory cytokines and chemokine in
plasma

Levels of proinflammatory cytokines IL-1p, IL-6, IL-10, 112, IL-18,
TNF-«, INF~y, MIP-2, soluble ICAM-1, G-CSF, GM-CSF in plasma using
individual ELISA.

Preparation of peritoneal exudate neutrophils and measurement of
cytokine production level by co-cultured neutrophil with CAI¥S

Normal C57BL/6N mice were intraperitoneally injected with 4 ml of 8%

casein in PBS and exudate cells containing resident mactophage or casein~
induced neutrophils were recovered 8 h lavage with 5 ml of PBS. The
exudate cells were put onto M-SMF (Japan Immunoresearch Laboratories

o

Total lenkocyte coun/pl
g
)

(e
~—

Lymphocyte%

Time after CAWS injection (hr)

Co., Lid., Takasald, Japan), centrifuged 1200%g for 20 min at room
tempersture, Neutrophils were suspended (Sx10° cells/ml) in RPMI-1640
medium containing 0.3 mM PMSF and 0.4 pg/ml aprotinin and co-cultured
with 1 mg/ml CAWS for 0.5 to 4 h. At the end of culture, culture supematant
was prepared by centrifugation and levels of cytokines IL-1p, IL-6, IL-10
determined using by ELISA kits.

Measurement of ICAM-1 mRNA expressed in aortic wall after CAWS
injection

The thoracic aortas of mice were was isolated and frozen immediately for
detection of ICAM-1 mRNA. The total aorlic RNA for each mouse was
isolated using ISOGEN (Nippon ene, Tokyo Japan). One microgram of RNA
was reverse transeribed with ReverTra Ace (Toyobo, Osaka, Japan) to obtain
eDNA. Realtime PCR was performed using ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, CA, US) according to the manufac-
ture’s protocol. Primers: and  TeqMan. probes specific for ICAM-1 was
obtained from Assay-on-Demand Gene Expression Products (Applied
Biosystems). For endogenous control, the level of GAPDH in each sample
was measured  using TagMan Rodent GAPDH Control Reagents VIC
(Applied Biosystems). Data analyses were performed on ABI PRISM 7000
SDS software version 1.0 (Applied Biosystems).

Detection of mouse complement 3 (C3) by ELISA and Western
blotting

Peripheral. blood was collected from heart and EDTA-2K was added.
Une pg/ml of C3 monoclonal antibody was costed to ELISA plate for
overnight.” Afier washing, blocking was done by 50% FCS for 1 h
Sample plasma (x100) was added to the plate for 1 h, after washing
peroxidase labeled-2nd antibody (¢1000) was added to the plate. After
washing, o-phenylenediamine chloride was added to the plate for 3 min.
Finally, reaction was stopped 2 N hydrogen sulphate and measured at
490 nm by auto reader (Nippon Bunko, Tokyo, Japan). Western blotting was
petformed by using mouse C3 monoclonal antibody and peroxidase-labeled
anti-Rat IgG as 2nd antibody.

b)

& -

-E

£

4
L b ]
i0 15 20

(=N
~

monocyteSe

= P<0.05

Fig. 2. Change of blood profile afier CAWS injection. Peripheral blood was collected from heart EDTA-2K. Blood profile was analyzed by Mitsubishi Kagaiu BCL
Inc. (a) total leukocyte number, ratio of (b) neutrophil, (c) lymphocyte and (d) monocyte, respectively. N=6 in each group.
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Table 1
Change of Gr-1" cells ratio after CAWS injection

Time after CAWS injection (hr)

0 0.17 0.5 1 4 16
Bone marmow 19.47+5.35 15.85£1.89 9.65+1.14* 1042£1.26% 7.39+197* 11.73+6.58
Peripheral blood 5.24+6.92 5.30+0.36 10.35+2.00* 9.78+3.59 8.06+6.69 6.1245.34
* P<0.05.

Statistical analysis

Results expressed as the mean=SD. Statistical analysis was using Mann~
Whitney U-test. The probability value of <0.05 considered significant.

Results

Observation of coronary arteritis administration of a single
dose of CAWS

We have severe coronary arteritis by daily injection of
CAWS (4 mg/mouse/day) for 5 days. In order to compare
initial events and development of coronary arteritis, the
current studies employed a one shot injection of CAWS at a
dose of 4 mg/mouse. Four weeks after CAWS injection with
this protocol, arteritis was evident in both coronary and aorta,

Profiles of peripheral leukocytes

After CAWS injection, total leukocyte counts were increased
and later returned to baseline levels 4 h (Fig. 2a). The ratio of

a)
40 -
Rit]

20

% relcase

nmoles/min/10® cells

I 1 i

5 10 15 20

Time after CAWS injection (hr)

lymphocytes decreased after CAWS .injection, while ratio of
neutrophils promptly increased (Figs. 2b, ¢c), the ratio of
monocyte increased (Fig. 2d).

Profile of leukocyte by ﬂaiv cytomeiric analysis

To confirm the leukocyte “counts, flow cytometric
analysis of peripheral and” bone marrow cells after
CAWS injection was done (Table 1). Bone marrow cell
numbers the tibia- were significantly increased 4 h after
CAWS injection (data not shown). The ratio of Gr-1 cells
in bone matrow significantly decreased at 0.5, 1, 4 h after
CAWS injection, while the ratio of the cells in peripheral
blood increased suggesting that neutrophils in bone
marrow promptly migrate to peripheral blood CAWS
injection. -

CAWS effect on neutrophil activation

To the functional response of neutrophils after CAWS
injection, MPQ release and superoxide generation were

b)

20

°

Ll

0 L . . i
0 5 10 i3 20
* P<0.05

Fig. 3. Neutrophil activation afier CAWS injection. (a, b) MPO release from neutrophils after CAWS injection. Neutrophils (10° cells/ml) were stimulated in the (a)
absence, or (b) presence of (10 * M) and (5 pug/m). (c, d) Superoxide generation after CAWS injection. Neutrophils (105 cells/ml) were stimulated with © @10 M)

and (5 pg/mi) or (d) PMA (1 pg/mi). N=6 in each group.
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examined (Fig. 3). fMLP-induced MPO release from neu-
trophils was enhanced after CAWS injection (Fig. 3b), while
spontaneous MPO release was not changed (Fig. 3a). In
addition, both fMLP and PMA-induced superoxide genera-
tion was enhanced following in vivo CAWS injection (Figs.
3c, d).

CAWS effects on proinflammatory cytokine production

Since activation of neutrophils was observed, after in
vivo injection of CAWS, proinflammatory cytokines levels
in plasma were measured (Fig. 4). IL-12 p70 production
was increased IL-1@ (b), IL-10 (c), 1L-6 (d) significantly
increased CAWS injection. Levels of MIP-2 and G-CSF in
plasma increased after CAWS injection and 16 h after
CAWS injection (Figs. 4e, f). On the other hand, IL-18,
TNF-o, INF~y, GM-CSF were not detected up to 16 h
after CAWS injection (data not shown). Since IL-1B, IL-
10, -6 was significantly increased, production of these
cytokines by casein-induced neutrophils was also measured
(Fig. 5). IL-6 production was enhanced by exposure of
neutrophils to CAWS (Fig. 5c¢), while IL-11L-10 was
nearly the same in presence or absence of CAWS (Figs.
5a, b). "

L)
~

1L-12 p70 (pgfml)

O
S’

IL-10 (pg/ml)
g 8 &

0
~—

MIP-2 (pg/mi)

20

Time after CAWS injection (hr)

CAWS effect of ICAM-1 expression and soluble ICAM release

Sine ICAM-1 is a marker of activation of endothelial cells,
we ICAM-1 gradually increased in plasma after CAWS
injection (Fig. 6a). In addition, ICAM-1 the thoracic aortic
wall was also significantly increased 16 h after CAWS injection
(Fig. 6b).

CAWS C3 activation

Activation of C3 was examined: (Fig, 7). C3 decreased
time dependently after CAWS injection and gradually
(Fig. 7a). This was confirmed “by Western blotting
analysis (Fig. 7b). These results suggest that neutrophil
activation triggered through complement activation by a
single injection.. o

Discussion

In study, we-focused on neutrophil activation related to
development of coronary arteritis. Single injection of
CAWS at -a dose of 4 mg/mouse induced coronary
arteritis 4 weeks featuring neutrophil accumulation in the
coronary arterial wall. This observation was similar to the

1L-18 (pg/ml)

20

Q 5 0 15 20
¥ P<0.05

Fig. 4. Cytokine after CAWS injection. Heparinized blood was obiained from heart after CAWS injection. Plasma was separated and proinflammatory cytokines level
was measured by ELISA kit. IL-12 p70, (b) IL-1B, () IL-10, (d) IL-6, (¢) MIP-1, (f) G-CSF, respectively. N=6 in each group.
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Blood neutrophils and subsequently monocyte increased,
. w0 while lymphocyte counts decreased. In addition, the ratio of Gr-
E 2000 1 cells in bone marrow decreased, suggesting migration of
§ 1500 ' neutrophils from bone marrow into peripheral blood after
T 1000 CAWS injection. G-CSF after CAWS injection, fMLP-induced
= 00 MPO release from neutrophils was enhanced as was PMA and
fMLP-induced superoxide generation in vivo injection. These
i ) o . ! results suggest that number of blood neutrophils their activation
early after CAWS injection.

1000 Levels of IL-1p, IL-6, and 1L~10 significantly increased
400 in plasma after CAWS injection. These cytokines are also
2 blood leukocytes live C. albicans (Netea et al, 2002;
@ 6o Gasparoto et al., 2004}, The .of -cytokines seems to be
= 400 different depend on {andida ‘strain, component and
e virulence (Villar et al, 2005). With regard to casein-
200 induced neutrophils, IL-6 was significantly enbanced by co-
08 culture with CAWS, but IL-1p and 1L-10 production
0 ! 2 3 4 5 virtually unchanged: in presence of CAWS. These results
suggest IL-6 production especially enhanced by CAWS.
w0 o MIP-2 and G-CSF-in plasma were maintained for 16 h,

a0 neutrophil fevels in blood MIP-2 and G-CSF in blood.
E Because of increase and activation of peripheral neutrophils,
E 200 complement activation products may well be candidate because
S (5a is a chemoattractant for neutrophils (Guo and Ward, 2005).
= Ohno et al. have already demonstrated activation of the lectin
0 completent pathway by CAWS (unpublished), Mullick A. et
0 1 2 3 4 5 al. have confirmed dysregulated cytokine response during C.

L albicans infection (Mullick et al., 2004).

Time after CAWS injection (hr)  * P<0.03 © Soluble ICAM-1, which is a marker of activated endothelial

Fig. 5. Cytokine production by neutrophil. Casein-induced newrophil ~ CClls (fiyama et al, 1999), in blood increased after CAWS
(5%10° cells/ml) suspended in RPMI-1640 containing 0.3 mM PMSF and < IDjection. In addition, ICAM-1 message was significantly
1.4 pg/ml aprotinin and co-cultured with 1 mg/ml CAWS for 0.5to 4 h. cultwre  increased in the thoracic aortic wall 16 h after CAWS injection.
supernatant was prepared by centrifugation and level of cylokine. (8) H~1B, ()  Both systemic and local increases in ICAM-1 could be involved
IL-10 and (c) IL-6, respectively. O not treated by CAWS ® 1 mg/ml of CAWS. 44 gyhsequent endothelial cell lesion development (Di Lorenzo
N=3-6 in each group. :
et al., 2004).

: In summary, increased numbers and activation of peripheral

development of coronary arteritis daily injection of CAWS  blood neutrophils are the initial events after CAWS injection,

(4 mg/mouse/day) 5 days (Nagi-Miura et al, 2004; Ohno,  perhaps followed by macrophage activation and adaptive
2003). , , immune responses. Neutrophil a primary role in biodefense
a) b)
45 ] 12001
e 2t % w000l 2
g 10}
=z ¢ ?:f 800 |
g .l Z o0
z g
§ it 2 400
2} I & wof
L 0 i J, H 3

4] 16 )] 5 10 15 2
Time after CAWS injection (hr) “ P<0.05

Fig. 6. Soluble ICAM-1 in plasma and ICAM-1 mRNA in aoria after CAWS injection. (a) Heparinized blood was obtained from heart after CAWS injection. Plasma
was separated and ICAM-1level was messured by ELISA kit. (b) Total RNA was extracted and mRNA isolated. cDNA was prepared from 1 pg of mRNA. Real-time
PCR was performed and analyzed. GAPDH was used as an internal control. White bar shows not treated by CAWS, black bar shows treated by 4 mg/mouse of CAWS,

respectively. N=6 in each group.
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08

0.6

A490 (nm)

04

* P<0.05
0 '] 5 L

0 5 10 15
Time after CAWS injection (hr)

20

b)

o-subunit
of C3

Time after CAWS injection (hr)

Fig. 7. Mouse complement 3 (C3) was assessed in plasma by sandwich ELISA and Western blotting. 10 mM EDTA freated blood was prepared from heart after CAWS
injection. (8) C3 protein was detected by sandwich ELISA using monoclonal and peroxidase-labeled polyclonal antibody, (b) o chain of C3 was detected by

monoclonal antibody to mouse C3.

against C. albicans or its products. Arteritis induced by CAWS
might be.
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Beta-Mannosyl Linkages Negatively Regulate Anaphylaxis and Vasculitis
in Mice, Induced by CAWS, Fungal PAMPs Composed of Mannoprotein—
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Candida albicans water soluble fraction (CAWS) is a water-soluble extracellular mannoprotein-beta-glucan
complex obtained from the culture supernatant of Candida albicans, which grows in a chemically defined
medium. CAWS induced texic reactions, such as acute anaphylactoid reaction, by intravenous administration
and coronary arteritis by intraperitoneal administration. To clarify the structure responsible for these toxic reac-
tions, C. albicans was cultured in pH- and temperature-controlled conditions and prepared with CAWS with or
without the beta-1,2-linked mannosyl segment (BM). The structure of CAWS was assessed by immunochemical
and spectroscopic methodologies, and we found that CAWS prepared under the natural culture conditions con-
tained only small amounts of BM and CAWS prepared at neutral conditions at 27°C contained a significantly
higher percentage of BM. Both the acute lethal toxicity and coronary arteritis induction was significantly more
severe in the absence of BM. Activation of a complement pathway, the lectin pathway, by CAWS was significantly
stronger in the absence of BM. These facts strongly suggest that BM linkages in CAWS negatively modulate
acute and chronic toxicity of CAWS, and may be strongly related to the lectin pathway of the complement activa-

tion.

Key words

Candida spp. is a medically important fungus that fre-
quently induces deep mycosis and fungemia, especially in
immunocompromised hosts.” Pathogenic microbes have var-
ious toxic mechanisms that are unique to each species and
are essential for survival and evolution. Pathogenic mecha-
nisms of eukaryotic microbes are complicated compared to
those of bacteria and viruses. Although there have been ex-
tensive basic and clinical studies, the major pathogenic fac-
tors for Candida spp. are still unknown and precise charac-
terization of each of the constituents would be valuable.

Cardiovascular disease is one of the most life-threatening
diseases, and various new compounds and new methods of
pharmaceutical care, such as gene therapy and drug delivery
systems, have been developed to treat it. There are several
lines of evidence suggesting that inflammatory cells, particu-
larly macrophages and neutrophils, regulate endothelial cell
function and dysfunction in atherosclerosis, via the release of
mediators that display proinflammatory activity. Analysis of
such diseases by animal models will give promising feedback
to human health.

Murata et al.? reported that Kawasaki-disease-like coro-
nary arteritis was induced in mice by administration of an al-
kaline extract of C. albicans (CADS) isolated from patients
with Kawasaki disease (KD). KD, a disease of unknown
cause that mainly affects children aged 4 and under, was first
reported by Kawasaki in 1967.> The patient presents with
systemic coronary arteritis in nearly 10% of cases. Although
the occurrence of such coronary artery disorders has de-
creased with y-globulin therapy, the mechanism of occur-
rence along with the pharmacological mechanism of treat-

# To whom correspondence should be addressed.

e-mail: ochnonao@ps.toyaku.ac.jp

Candida albicans; arteritis; mannoprotein; beta-1,2-mannan; DBA/2 mice

ment is unknown.” Murata’s murine model has been exten-
sively examined from various points of view, eg anti-
myeloperoxidase antibody production, susceptibility loci,
and histopathological features.>®

Previously, we prepared a water-soluble polysaccharide
fraction of C. albicans released into a culture supernatant
(Candida albicans water-soluble fraction: CAWS) and per-
formed various analyses.” ' The most important point con-
cerning this system is that we use a completely synthetic
medium, named C-limiting medium, to eliminate contami-
nants from the culture medium, such as endotoxins, peptido-
glycans, and nucleic acids. Series of our studies found that
CAWS shows various toxic activities, such as cytokine syn-
thesis by leukocytes, platelet aggregation, lethal toxicity, en-
hancement of side effect of indomethacin, induction of coro-
nary arteritis in mice, and so on. Thus, CAWS may be a
pathogen-associated microbial product (PAMPs) of Candida
albicans.

In a previous study we found that intraperitoneal adminis-
tration of CAWS to mice induces coronary arteritis similar to
that induced by CADS.2~'9 It is of note that CAWS-induced
arteritis showed significant strain dependency: The incidence
of arteritis was 100% in C57BL/6, C3H/HeN and DBA/2
mice, but only 10% in CBA/J mice. The coronary arteritis
observed in DBA/2 mice was the most serious, with the ma-
jority of mice expiring during the observation period.

The coronary arteritis induced by CAWS was accompa-
nied by hypertrophy of the tunica intima, the rupture of elas-
tic fibers and a diffuse invasion by lymphocytes, histiocytes,
fibroblasts, smooth muscle cells and eosinophils of vascular

© 2006 Pharmaceutical Society of Japan
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endothelial cells and the regions surrounding blood vessels.
Based on such characteristics, the coronary arteritis induced
by CAWS was presumed to be proliferative granulomatous
coronary arteritis, and is clearly different from fibrinoid ar-
teritis. In DBA/2 mice, it was observed to cover nearly the
entire periphery of the vessels, and those mice were consid-
ered to demonstrate the most virulent form of coronary ar-
teritis.

Structure of yeast cell wall, such as in Saccharomyces
cerevisiae, Candida albicans, and Schizosaccharomyces
pombe, have been extensively examined and it was found that
the overall structure is quite complex and regulated by ex-
pression of multiple genes.'"'?) According to the results of
NMR and biochemical analyses, CAWS was found to be
composed of a mannoprotein and S-glucan portion, which
are the main components of the C. albicans cell wall.® The
mannoprotein region of Candida albicans is composed of
both N- and O-glycosyl linkages with alfa- and beta-linked
mannosyl residues.'*'¥ Phosphodiester linkages are also in-
cluded. Mannan synthesis is regulated by several specific
glycosyl transferases.'>~" It is also an immunochemical de-
terminant of Candida spp.'®'” It is of note that the structure
of mannan is modulated by various culture conditions, such
as temperature and pH.?%*" The structure of mannan is also
known to be modulated by various stresses. The structure of
mannan is a key molecule for recognition of Candida by host
biodefense system and might be strictly regulated by the
affinity for specific receptors. Analysis of the disease from
the structural point of view is an indispensable study.

In a preliminary experiment, the pH of a culture medium
was measured and it was found that shifted from 5.2 to 2.3 at
the end. In the present study, we have prepared CAWS using
different culture conditions and examined CAWS-induced
anaphylactoid reaction and vasculitis. We demonstrated that
beta-1,2-mannosyl linkages are the negative regulators for
both anaphylactoid reaction and vasculitis.

MATERIALS AND METHODS

Mice Male ICR and DBA/2 mice were purchased from
Japan SLC. The mice were housed in a specific pathogen-
free (SPF) environment and were used in the study at 5
weeks of age. All animal experiments were followed by the
guideline of laboratory animal experiments in Tokyo Univer-
sity of Pharmacy and Life Sciences (TUPLS), and each of
the experimental protocol was approved by the committee of
laboratory animal experiments in TUPLS.

Preparation of CAWS Candida albicans strain
IFO1385 was purchased from the Institute for Fermentation,
Osaka (IFO), stored at 25°C on Sabauroud’s agar (Difco,
U.S.A.) and passaged once every three months. CAWS was
prepared from C. albicans strain IFO1385 in accordance
with conventional methods.”*'? The procedure used was as
follows: 51 of medium (C-limiting medium) was added to a
glass incubator and cultured for 2 d at 27 °C with air supplied
at a rate of 51/min and rotation at 400 rpm. Following the
culture, an equal volume of ethanol was added and after the
mixture was allowed to stand overnight, the precipitate was
collected. The precipitate was dissolved in 250 ml of distilled
water, ethanol was added and the mixture was allowed to
stand overnight. The precipitate was collected and dried with
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acetone to obtain CAWS.

Administration Schedule for Induction of Coronary
Arteritis (10) CAWS (4mg/mouse) was administered in-
traperitoneally for 5 consecutive days to each mouse in week
1. At week 5, the hearts of the animals were fixed with 10%
neutral formalin and prepared in paraffin blocks. Tissue sec-
tions were stained with hematoxylin—eosin (HE) stain.

ELISAs of Candida Typing Sera to CAWS The reac-
tivity of CAWS to serum factors from Candida that consists
of rabbit polyclonal antibodies against Candida cell wall
mannan was detected by ELISA. A solution of CAWS in
50 mm carbonate buffer (pH 9.6) was coated onto Nunc im-
munoplates, which were then incubated at 4 °C overnight.
The plates were washed extensively with 0.05% Tween 20
containing PBS (PBST); unbound sites were blocked by the
addition of 1% BSA containing PBST (BPBST) to wells for
40min at 37 °C and then the wells were washed 6 times with
PBST. Candida serum factors serially diluted with BPBST
were added, and incubated for 60min at 37°C. After 6
washes with PBST, the wells were treated with peroxidase-
conjugated goat anti-rabbit IgG and the 3,3',5,5'-tetramethyl-
benzidine microwell peroxidase substrate system (TMB;
KPL inc). After 45 min, the reaction was stopped with 1N
H,PO,, and then the optical density of each well was read at
450 nm on an automatic microplate reader.

Measurement of Complement Activation The comple-
ment kit for assessment of classical, alternative and MBL
pathway activity was developed by the EU consortium and is
now commercially available (Wielisa COMPL300 Total
Complement Functional Screen kit from Wieslab AB, Lund,
Sweden). The kit was operated by the instructions provided
in the manual with slight modifications. In brief, strips of
wells for classical pathway (CP) evaluation were precoated
with IgM, strips for alternative pathway (AP) determination
were coated with LPS, and mannose binding lectin (MBL)
pathway (MBL-P) strips were coated with mannan. Sera
were diluted 1/101 for the CP and MBL-P assay and 1/18 for
the AP assay in specific buffers, serial dilutions of CAWS so-
lution was added to the diluted sera and incubated. The re-
sulting sera were added to the strips of the kit and were incu-
bated for 1h at 37°C. After washing the strips, alkaline
phosphatase-conjugated antihuman C5b-9 was added and in-
cubated at room temperature for 30 min. Additional washing
was performed, substrate was added, and the wells were incu-
bated for 30min. Finally, absorbance values were read at
405 nm. In each assay, standard positive and negative control
sera provided in the kit as lyophilised material were reconsti-
tuted with distilled water. Complement activity was calcu-
lated using the following formula: activity=100%X{mean
A405 (sample)—mean A405 (negative control)/(mean A405
(standard serum)—mean A405 (negative control). Samples as
well as standard serum and negative control serum were
tested in duplicate at a fixed dilution.

Assay for Anaphylactoid Reaction Indicated dose of
CAWS solution was i.v. administered to ICR mice. The inci-
dence and the severity of the rapid anaphylactoid shock were
assessed within 30 min. For measuring tolerance, low dose
CAWS was i.v. administered to ICR mice 1h prior to induce
anaphylactoid reaction by CAWS (400 ug/mouse).

NMR Spectroscopy HI-NMR experiments were per-
formed with a Bruker DPX 400 equipped with XWIN-NMR
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software. The spectra were recorded using a solution of each
soluble fraction (10 mg/ml) in D,0 at 45 °C with acetone as
an internal standard.

RESULTS

Preparation of CAWS by Various Culture Conditions
Figure 1 shows the data of pH monitoring during Candida
culture in C-limiting medium. The data clearly demonstrated
that at pH uncontrolled natural time course, pH was 5.2 at
the beginning and was lowered to around 2 at the end, thus
the naturally expressed CAWS was produced in this culture
condition. In order to prepare CAWS with modulated man-
nan structure, C. albicans IFO1385 was cultured at either
27°C or 37°C in C-limiting medium. In addition, pH of the
culture medium was controlled at either pH 2.3, 5.2, or 7.0
by automatically added sodium hydroxide solution. The ex-
tracellular mannoprotein fraction was prepared by a previ-
ously established procedure that was the same as natural-
ly produced CAWS. The names of each fraction were
designated as CAWS 27-2.3, CAWS 27-5.2, CAWS 27-7.0,
CAWS 37-2.3, CAWS 37-5.2, and CAWS 37-7.0. The name
of CAWS prepared at natural pH course was designated as
27-(-) and 37-(-), respectively. In addition, CAWS prepared
at 27 °C was designated as CAWS 27s which include 27-2.3,
27-5.2, 27-7.0, and 27-(-), and prepared at 37 °C as CAWS
37s which include 37-2.3, 37-5.2, 37-7.0, and 37-(-). Yield
and some parameters of each CAWS are shown in Table 1.
The structure of the mannan moiety was characterized by the
reactivity to the typing sera and NMR spectral analysis.

pH
D = W R
L

0 8 16 24 32 40 48
Time (hour)

Fig. 1. Monitoring pH of C. albicans IFO1385 Culture in C-Limiting
Medium at 27 °C

One hundred milliliters of C. albicans IFO1385 precultured in liquid to logarithmic
phase was added to 41 of C-limiting medium in a jar fermenter with 41 air/min and
400 rpm stirring. The pH of the culture medium was measured automaticaily with a pH
meter.
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Figure 2 shows relative reactivity to the typing sera no. 5,
6, and 11. Experiments were done using three doses of
CAWS solution adsorbed onto the ELISA plates. The pattern
of reactivity of each CAWS preparation to the sera were sim-
ilar between no. 5 and no. 6. In contrast, reactivity to no. 11
was significantly different. In the cases of no. 5 and no. 6,
comparing the dose to show absorbance 1.0, reactivity of
CAWS 27-5.2 and CAWS 27-7.0 was significantly increased
compared to CAWS 27-(-), and other preparations. In con-
trast, relative activity of CAWS 27-5.2 and CAWS 27-7.0

(A)

H

o REBE~F &

®

s

a RRER BT R

Ir-22

Fig. 2. Reactivity of CAWS Prepared under Various Conditions to Can-
dida Typing Serano. 5, 6, and 11

Each 25, 2.5, or 0.25 ug/ml solution of CAWS was adsorbed on ELISA plate and di-
luted typing sera was added. After appropriate incubation time, plate-bound antibody
was measured by peroxidase conjugated anti-rabbit IgG with TMB reagent. (A) Anti
no. 5; (B) anti no. 6; (C) anti no. 11.

Table 1. Properties of CAWS Prepared by Various Culture Conditions

CAWS Yield (mg/l) Cell (g/D) C (%) H (%) N (%) Factor G Factor C
27-(-) 14730 4.3+0.7 30.1x22.7 55+04 1.6+0.3 —_ <2
27-2.3 132x19 4.0%0.2 27.5%4.7 5.0%0.7 1.60.1 0.73+0.57 0.25+0.1
27-5.2 247x26 3.5+04 28.6%+3.5 52+04 2.8%0.3 ND 0.33+045
27-7.0 38177 34201 18.1x53 4.0+0.8 2.1*0.6 ND 0.71%0.73
37+(-) 84+33 2.0x0.7 26.5+1.8 4804 1.12+0.1 1.24%0.21 0.03%0.02
37-23 160+17 3.3x0.1 18.5%9.1 3.7£1.5 1.1£0.2 0.56x0.16 ND
37-5.2 255+87 3.0+0.2 20327 4.020.7 0.9+0.2 ND 0.1x0.03
37-7.0 263*+12 32405 243*1.1 4.9%0.1 1.5%0.1 0.07£0.01 0.08+0.01

27-(=); cultured at 27 °C without pH control, 27-2.3; cultured at 27 °C and pH was maintained at 2.3, 27-5.2; cultured at 27 °C and pH was maintained at 5.2, 27-7.0; cultured
at 27°C and pH was maintained at 7.0, cell; yield of dried ceils. C, H, N; elemental analysys (carbon, hydrogen, nitrogen), factor G; coutent of 1,3-beta-glucan (rg/mtl), factor C;

content of endotoxin (ng/ml), ND; not detecteq,
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Fig. 3. Proton-NMR Spectra of CAWS in D,0O

(A) CAWS 27s prepared from the 27 °C culture. (B) CAWS 37s prepared from the
37°C culture. Arrow indicates signals corresponding to beta-1,2-mannosyl linkages.

was significantly decreased in the case of typing sera no. 11.
1t is proposed that the specific epitope of no. 5 and no. 6 are
for the beta-1,2-linked mannooligosaccharides, and no. 11
for the alpha-1,2 and 1,6-mannooligosaccharides.”?" These
data strongly suggested that CAWS 27-5.2 and CAWS 27-7.0
contained significantly higher concentration of beta-1,2-link-
ages and reduced concentration of alfa-linkages.

Figure 3 shows NMR spectra of CAWS preparations. Each
of the spectra contained many signals in the anomeric region
{(4.8—35.5), and thus, we could not do complete assessment at
this time. However, comparing the published spectra of the
cell wall mannan moiety of Candida spp. by Professor
Suzuki et al.,®*") major signals could be assigned. Chemical
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Table 2. Anaphylactoid Reaction Induced by CAWS Prepared under Vari-
ous Conditions

CAWS 3200 800 200 50 12.5
27-(-) 33 03

27-2.3 313 0/3

27-5.2 23 0/3 o3

27-7.0 073 03 o3

37-(-) 3 1/3 0/3
37-2.3 33 173 0/3
37-5.2 23 0/3

37-7.0 23 0/3

Indicated dose (gg/mouse) of CAWS was i.v. administered to mice (n=3). Lethality
of each mouse was monitored 30 min later. */*, number of mice, dead/total.

shift around 4.85, shown as arrow in the spectra, would be
beta-linked manno-oligosaccharides. The signal around 4.85
was only detected in the spectra of CAWS 27-5.2 and CAWS
27-7.0. Signals around 5.13 also appeared in those spectra
would be the residues linked to beta-mannosyl linkages. In
contrast, signals around 5.05 which include alpha-mannose
residues was reduced in relation to the substitution of beta-
mannosyl linkages. It is of note that even in the same pH
conditions, CAWS 37-5.2 and CAWS 37-7.0 did not show
such signals, and this observation was strongly supported by
immunochemical reactivity. NMR spectra of CAWS 37-(-),
CAWS 37-2.3, CAWS 37-5.2, and CAWS 37-7.0, shown in
Fig. 3b show simple anomeric signals compared to those of
CAWS 27s. Shibata et al. examined the cell wall mannan
structure of Candida parapsilosis and Candida albicans by
use of controlled hydrolysis and NMR spectroscopy.”?) Com-
paring Proton NMR spectra of C. parapsilosis and C. albi-
cans, that of C. parapsilosis is simple and shows only 5
major signals in the anomeric region of 1D-NMR spectrum.
Those signals correspond to alpha mannosyl linkages. At
least in 1D-NMR spectrum, CAWS 37s resembles that of C.
parapsilosis, also supporting that beta-1,2-linkages are miss-
ing in CAWS 37s. Regulation of beta-1,2-mannosy! linkages
by culture condition is also reported in Candida guillier-
mondii.*® From the data of immunochemistry and NMR
spectra, CAWS 27-5.2 and CAWS 27-7.0 contained signifi-
cantly higher concentrations of beta-1,2-linked manno-
oligosaccharides.

Acute Toxicity of CAWS Prepared by Various Culture
Conditions We have previously shown that CAWS induced
acute anaphylactoid reaction, similar to E. coli O9 LPS and
yeast mannan.’*?*) We compared acute anaphylactoid reac-
tion of various CAWS preparations. As shown in Table 2,
various concentrations of CAWS were intravenously admin-
istered to ICR mice and survival within 30 min was com-
pared. In this experiment, the majority of CAWS prepara-
tions induced almost complete lethal toxicity at doses of
200 ug/mouse. However, CAWS 27-5.2 required 3200 ug for
lethal toxicity and CAWS 27-7.0 did not show any lethal tox-
icity in this experimental condition. These facts strongly sug-
gested beta-1,2-linked manno-oligosaccharide would be a
negative regulator for acute anaphylactoid reaction. To con-
firm the possibility, tolerance induction by CAWS prepara-
tions was also tested. As shown in Table 3, administration of
16 ug of CAWS 27-(-) and CAWS 27-2.3 significantly re-
duced lethality of subsequent high dose CAWS administra-
tion. However, in the case of CAWS 27-5.2, a relatively
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Table 3. Tolerance Induction in CAWS Induced Anaphylacioid Reaction
by Pretreatment with CAWS Prepared under Various Conditions

CAWS 64 16 4 1
27-(-) 13 3/3
27-23 o3 2/3 213
27-5.2 03 2/3 23

Indicated dose of CAWS (ug/ml) was i.v. administered to mice (n=3). CAWS-(-)
was again i.v. administered to each mouse, and lethality was monitored 30 min later.
*/*, number of mice, dead/total.
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Fig. 4. Complement Activation by CAWS

(A) Screening of classical (CP), lectin (MP), and alternative (AP) pathway of com-
plement activation by CAWS. (B) Dose response of CAWS-induced activation of the
lectin pathway of complement. CAWS 27-(~) and CAWS 27-7.0 were used in this ex-
periment. PC; positive control serum, NC; negative control serum.

20ng

higher dose, 64 ug, was required for tolerance induction.
This result also strongly suggested that beta-1,2-manno-
oligosaccharides negatively modulate acute lethal toxicity of
CAWS.

Complement activation and the resulting anaphylactic pep-
tides, C3a and CSa, production are the most commonly pos-
tulated mechanism for acute toxicity. In the preliminary ex-
periments, incubation of CAWS with human sera produced
high concentration of C5a anaphylatoxic peptide. Because of
the difficulty in measuring mouse complement activation, we
used a commercially available kit for human complement ac-
tivation in the present study. Activity of classical, lectin, and
alternative pathways were measured using IgM, mannan, and
LPS-coated ELISA plate and specific reaction buffer sys-
tems. As shown in Fig. 4a, CAWS of 20 to 2000 pg/ml were
added, and it was found that CAWS activated complement
was almost specifically mediated by the lectin pathway. In
this dose range, CAWS 27-(-) and CAWS 27-7.0 did not
show any differences; however, comparing the activity be-
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27+4-) 37-()
27-2.3 37-2.3
2752 37-5.2
27-7.0 1 37-7.0
1 mm
Fig. 5. Histological Analysis of DBA/2 Mice Administered with CAWS

CAWS prepared under various conditions (4 mg/mouse) was administered ip. to
DBA/2 mice for five consecutive days. Five weeks later, the aorta with coronary of
these mice were stained with hematoxylin—eosin.

tween doses of 20 ng and 200 ng shown in Fig 4b, CAWS 27-
(—) showed almost ten times higher activity than CAWS 27-
7.0. These results strongly suggest that beta-1,2-linked man-
nooligosaccharides inhibited complement activation by alfa-
linked mannose residues.

Arteritis Induction by CAWS Prepared by Various Cul-
ture Conditions Intraperitoneal injection of CAWS in-
duced coronary arteritis in mice.>'9 Severity is significantly
dependent on strains of mice and DBA/2 shows the most se-
vere reaction, resulting in death. Coronary arteritis induction
by CAWS prepared as above was compared. CAWS was ad-
ministered 1.p. to each mouse at 4 mg/mouse for 5 consecu-
tive days and sections of coronary artery were prepared at 4
weeks after the final CAWS administration. Figures 5 to 8
show hematoxylin eosin staining of aorta, aortic valve, and
the coronary artery in CAW S-administered mice. CAWS pre-
pared by the standard protocol induced strong inflammation
in this area. CAWS 27-2.3, CAWS 37-(-), CAWS 37-2.3,
CAWS 37-5.2, and CAWS 37-7.0 show similar inflammation.
However, CAWS 27-5.2 and CAWS 27-7.0, both of which
contained higher content of beta-1,2-manno-oligosaccha-
rides, show significantly weaker inflammation. The histology
of the aorta, aortic valve, and coronary artery using higher
magnification (Figs. 7, 8) shows similar phenotypes.

Coronary arteritis was also examined by survival. As
shown in Fig. 9, almost all of the mice that had CAWS ad-
ministered died except for CAWS 27-5.2, in which only one
mouse out of five died. Figure 10 shows the dose response of
survival and corresponding histology of DBA/2 mice admin-
istered CAWS 27-(-). Arteritis was induced even with
250 pg/mouse administration and 2/5 mice died in this con-
dition. Considering the data of survival and histology of
CAWS 27-(—) and CAWS 27-5.2, the relative activity of
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274)
27-5.2
37-(-)
37-5.2

Fig. 6. Comparison of Histology of Aorta in DBA/2 Mice Administered

Native and pH-Controlled CAWS

CAWS 27-(=), CAWS 27-5.2, CAWS 37-(-), CAWS 37-5.2 (4 mg/mouse) were ad-
ministered i.p. to DBA/2 mice for five consecutive days. Five weeks later, the aorta with

coronary of these mice were stained with hematoxylin-eosin.

Coronary artery

Left cusp

Right cusp

27+(-)

27-5.2

37-(-)

37-5.2

500 ¢ m

Fig. 7. Comparison of Histology of Cusp Region of Coronary Artery in
DBA/2 Mice Administered Native and pH-Controlled CAWS

CAWS 27-(-), CAWS 27-5.2, CAWS 37-(-), CAWS 37-5.2 (4 mg/mouse) were ad-
ministered i.p. to DBA/2 mice for five consecutive days. Five weeks later, the aorta with
coronary of these mice were stained with hematoxylin-eosin.
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Coronary artery
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Fig. 8. Comparison of Histology of Coronary Artery in DBA/2 Mice Ad-
ministered Native and pH-Controlled CAWS

CAWS 27-(-), CAWS 27-5.2, CAWS 37-(-), CAWS 37-5.2 (4 mg/mouse) were ad-
ministered i.p. to DBA/2 mice for five consecutive days. Five weeks later, the artery
with coronary of these mice were stained with hematoxylin—eosin.
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Fig. 9. Survival Time of CAWS-Administered Mice

CAWS 27s and CAWS 37s (4 mg/mouse) was administered i.p. to DBA/2 mice for
five consecutive days in the st week. Survival was observed for 12 weeks.

CAWS 27-(-) was at least 20 tumes higher than that of
CAWS 27-5.2. From these findings, CAWS with beta-1,2-
linked mannooligosaccharides showed significantly weaker
inflammatory reaction in this experimental model.
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Fig. 10. Dose Response of Survival Time of CAWS-Administered Mice

CAWS 27-(~) (0.25, 1, or 4 mg/mouse) was administered i.p. to DBA/2 mice for five
consecutive days in the Ist week. Survival was observed for 9 weeks.
Hematoxylin-eosin stain of the aorta with coronary were also shown.

DISCUSSION

Candida albicans is a clinically important fungus and is
known to cause disseminated candidiasis and candidemia in
immunocompromised hosts. Patients with deep mycoses,
such as that induced by C. albicans and A. fumigatus, have
been demonstrated to release B-glucans into the blood. How-
ever, these are present in extremely small amounts, and the
overall structure of the factor G activating substance present
in the blood is unknown.?® The factor G activating substance
has the potential to exhibit various biological activities, but
the details of this are also unknown. In order to clarify these
matters, we first cultured C. albicans in a completely syn-
thetic medium in order to obtain water-soluble limulus factor
G activating substance that is released from the cells, and ob-
tained a water-soluble polysaccharide fraction released into
the culture supernatant (CAWS), which is thought to be simi-
lar to the B-1,3-D-glucan actually present in patient blood.¥
Murata et al. conducted an analysis on children with KD and
found that C. albicans extract (CADS) isolated from the
stool specimens of the patients induced coronary angiitis in
mice that resembled KD.>® During the course of joint re-
search, we found that administration of CAWS according to
this protocol induced a similar coronary angiitis in mice.* '

In the present study, the relationship between culture con-
ditions of Candida and induction of some of the pathologic
parameters, such as acute shock, arteritis, and complement
activation, was examined, and the condition producing beta-
1,2-linkage significantly reduced all three parameters meas-
ured in the present study. It is of note that in the standard cul-
ture medium, C-limiting medium, the pH was acidified dur-
ing culture. Thus, in the present study we have prepared
CAWS in significantly regulated conditions and we analyzed
both activity and structure. We have confirmed that CAWS
prepared under the condition of neutral at 27 °C culture sig-
nificantly reduced activity and is strongly related to the pres-
ence of beta-1,2-mannosyl linkages. These facts clearly
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demonstrated that beta-1,2-linkages are negative regulators
for pathologic parameters, such as acute shock, arteritis, and
complement activation. At this time, the role of beta-1,2-
linkages on the anaphylactoid reaction and arteritis induction
could not be fully clarified. As shown in Table 3, pretreat-
ment of mice with CAWS 27-5.2 induced tolerance in the
CAWS-induced anaphylactoid reaction, but this was less than
that observed with CAWS 27-(-) and CAWS 27-2.3. In addi-
tion, small numbers of beta-1,2-linkages are present in
CAWS 27-(-), which is comparable arteritis to CAWS 27-
2.3. These facts strongly suggest that beta-1,2-linkages cover
the active site, the alpha mannan moiety, of CAWS. Beta-1,2-
linkage itself might not show receptor-mediated, specific and
negative regulatory reactions.

Acute anaphylactoid reaction is known to be induced by
lipopolysaccharide from E. coli O9 (09 LPS), which pos-
sesses the mannose homopolysaccharide as the O-antigen re-
gion.?® Very recently, we compared immunotoxicological
and immunochemical similarity between CAWS and 09
LPS.* CAWS strongly reacted with Candida serum factors,
and the reactivity was found to be partially competed with
09 LPS. CAWS-induced anaphylactoid reaction was inhib-
ited by pretreatment of mice with i.p. injection of CAWS.
The lethality was found to be inhibited by i.v. injection of O9
LPS. Vice versa, O9 LPS-induced acute anaphylactoid reac-
tion in muramyl-dipeptide primed mice was also inhibited by
pretreatment of mice with CAWS. These results suggested
that CAWS and O9 LPS from gram-negative bacteria share,
at least in part, immunochemical and immunotoxicological
activities.

Mannose binding lectin (MBL) is a key molecule for in-
nate immune response.”” Neth et al. analyzed the concentra-
tion of MBL in various inbred strains and found that all of
the strains tested contained MBL.?® The MBL-A and MBL-
C levels in 10 laboratory mice strains were 4 to 12 ug/ml,
and 16 to 118 ug/ml, respectively. Higher concentration of
MBL was detected in patients of rheumatic heart disease.””
Point mutation in MBL is also related to severe atherosclero-
sis.>? In the present study, we have shown contribution of the
complement lectin pathway for the initiation of CAWS-in-
duced anaphylactoid reaction and arteritis. We did not meas-
ure concentration of each complement components, and con-
centration of each component in inbred strains might be re-
lated to the phenotype of anaphylactoid reaction and arteritis.

The anaphylatoxin receptor is a family of G-protein cou-
pled receptors (G-PCR).*" It is well known that signaling of
G-PCR induced cross talk and cross desensitization.*? Cross
desensitization of C5a receptor was reported with receptors
of fMLP, IL-8, LTB4 and so on. Exaggerated inflammatory
phenotype of bleomycin-induced lung fibrosis was shown in
C5 knockout mice. DBA/2 is a strain deficient in C5. Sever-
ity of arteritis might be related to cross desensitization and
may follow anti-inflammatory action of C5a receptor medi-
ated signaling.

In the series of studies, we have analyzed CAWS-induced
arteritis from various points of view. The most striking result
was the significant strain dependency of arteritis as well as
acute anaphylactoid reaction. For example, C3H/HeN is the
most sensitive strain for anaphylactoid reaction but arteritis
is moderate. DBA/2 is completely resistant to anaphylactoid
reaction but shows the most severe arteritis. CBA/J is the
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most resistant strain for arteritis but induced anaphylactoid
reaction (unpublished results). B6 is sensitive to both ana-
phylactoid reaction and arteritis. These facts strongly suggest
that the genes responsible for anaphylactoid reaction and ar-
teritis would be at least in part different, and thus regulated
by multiple genetic factors. However, from the point of early
signaling events, activation of the lectin pathway of the com-
plement by alpha-mannan moiety of CAWS might be key for
both of the activities. Several reports indicated that Candida
albicans could bind to MBL.?"?®
We have shown that CAWS-induced arteritis and anaphy-
lactoid reaction is dependent on strains of mice. In the pres-
ent study, we demonstrated the essential structure to induce
arteritis and anaphylactoid reaction. Strain specificity of both
reactions was independent. We also analyzed the kinetics of
arteritis induction and determined that it is separated into at
least three phases, i.e., early, middle, and late.'? In the early
phase, a variety of biochemical events is induced. In the mid-
_dle phase, remodeling of arteries is induced. In the late
phase, arteritis and coronary arteritis stressed heart function,
resulting in cardiomegaly. Undoubtedly, multiple genes are
involved in arteritis and cardiomegaly. This model proved
very useful for analyzing whole steps of cardiac diseases.
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Fungal ATP-binding cassette transporter regulation
was investigated using Candida glabrata Cdrlp and
Pdhlp expressed in Saccharomyces cerevisiae. Rephos-
phorylation of Pdhlip and Cdrlp was protein kinase A
inhibitor-sensitive but responded differentially to Tpk
isoforms, stressors, and glucose concentration. Cdrlp
Ser?®?, which borders the nucleotide binding domain 1
ABC signature motif, and Ser*®?, near the membrane,
were dephosphorylated on glucose depletion and inde-
pendently rephosphorylated during glucose exposure or
under stress. The S484A enzyme retained half the wild
type ATPase activity without affecting azole resistance,
but the S307A enzyme was unstable to plasma mem-
brane isolation. Studies of pump function suggested
conformational interaction between Ser?*! and Ser®’.
An S307A/S484A double mutant, which failed to efflux
the Cdrlp substrate rhodamine 6G, had a fluconazole
susceptibility 4-fold greater than the Cdrlp expressing
strain, twice that of the S307A mutant, but 64-fold less
than the control null strain. Stable intragenic suppres-
sors indicative of homodimer nucleotide binding do-
main l-nucleotide binding domain 1 interactions par-
tially restored rhodamine 6G pumping and increased
fluconazole and rhodamine 6G resistance in the S307A/
S484A mutant. Nucleotide binding domain 1 of Cdrlp is
a sensor of important physiological stimuli.

Infections caused by Candida sp. are most frequently seen in
immunocompromised individuals, including AIDS and leuke-
mia patients. Candida albicans remains the leading cause of
candidiasis, but the incidence of drug-resistant non-albicans
Candida infections has become an increasingly significant clin-
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ical problem. Candida glabrata is among the most common of
these pathogens (1), with many clinical isolates showing a 16-
to 64-fold higher minimum inhibitory concentration (MIC)' of
fluconazole (FLC) than C. albicans (2). Azole drugs such as
FLC and itraconazole, which target lanosterol 14a-demethy-
lase and block the synthesis of ergosterol, are well tolerated
and widely used in the treatment of fungal disease. They are,
however, fungistatic substrates of pleiotropic drug resistance
(PDR) family ATP-binding cassette (ABC) transporters, and
resistant fungi that overexpress these pumps are frequently
isolated in the clinic (3). The C. glabrata PDR family ABC
transporters Cdrlp and Pdhlp, which efflux azole agents and
structurally unrelated compounds, are among the primary
causes of the intrinsic resistance of C. glabrata to azole drugs
(4-8). The two pumps have >70% amino acid sequence identity
and transport a similar spectrum of substrates, but Cdrlp had
greater drug efflux activity for most substrates. Structural
information on fungal single subunit ABC transporters is ru-
dimentary, and the molecular and regulatory features that
determine their enzyme activity and substrate specificity are
poorly understood. Such information is required for the ratio-
nal design of pump inhibitors and antifungal drugs that are not
pump substrates.

There are few reports of the effects of post-translational
modification on the activity of fungal ABC transporters. Serine
420, a casein kinase-dependent phosphorylation site that de-
termines Saccharomyces cerevisiae Pdr5p turnover (9), is the
only experimentally proven fungal ABC transporter phospho-
rylation site. We have shown that the ATPase activity of Cdrlp
and the drug efflux activity of Pdhlp are regulated by phos-
phorylation (7). Cdrlp cannot be phosphorylated at the position
equivalent to Ser*2?, whereas Pdhlp phosphorylation was reg-
ulated by protein kinase A (PKA) at one or more sites not
homologous to Pdrbp Ser*?°. More than one type of phospho-
rylation therefore occurs in fungal PDR family pumps.

This report describes the differential regulation of C. glabrata
Cdrlp and Pdhlp expressed in S. cerevisicde. Immunological,
physiological, and biochemical methods were applied to site-di-
rected mutants in putative phosphorylation sites and to kinase-
deletion mutants. PKA catalytic subunit isoforms differentially
affected pump phosphorylation, and the effects of the phospho-
rylation of two putative novel sites in Cdrlp were determined. A
phosphorylation site adjacent to the Cdrlp ABC signature motif

! The abbreviations used are: MIC, minimum inhibitory concentra-
tion; FLC, fluconazole; PDR, pleiotropic drug resistance; ABC, ATP-
binding cassette; PKA, protein kinase A; NBD, nucleotide binding do-
main; CSM, complete synthetic medium; Rh6G, rhodamine 6G; p-PKAs,
phospho-(Ser/Thr) PKA substrate; p-Akts, phospho-Akt substrate;
p-Thr, phospho-Threonine; BIM, bisindolylmaleimide 1.

This paper is available on line at http://www.jbc.org
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in nucleotide binding domain 1 (NBD1) affected the extent of
multidrug efflux and the in vitro stability of ATPase activity
while mutation of another cytoplasmic site nearer the membrane
diminished transport at low glucose concentrations. Mutation in
both sites eliminated the pumping activity of Cdrlp, whereas
intragenic suppressors obtained by exposing the double mutant
to FLC partially restored pump function. The Cdrlp NBD1 is a
functional sensor of cell physiology and stress that may regulate
interactions between homodimers.

EXPERIMENTAL PROCEDURES

Yeast Strains and Growth Media—Growth and selection media, and
the methods used to prepare and mutate S. cerevisiae strains express-
ing Pdhlp and Cdrlp, are described in the Supplemental Data section.

Drug Susceptibility Assays—Agar diffusion assays on YPD (Qbio-
gene, Irvine, CA) agar plates, microplate MIC assays in HEPES and
MES-buffered CSM (Qbiogene, Inc.) were performed, and the drugs and
chemical compounds used were obtained as previously described (7).

Analysis of Pump Protein Phosphorylation—Glucose-starved yeast
were obtained by incubation in CSM minus glucose for 3.5 h, and crude
plasma membrane fractions were prepared as previously described (7)
using GTED-20 buffer (10 mmM Tris-HCl, pH 7.0, 0.5 mM EDTA, and 20%
(v/v) glycerol) instead of the previous homogenization buffer. The mem-
brane fractions were analyzed by SDS-PAGE and immunoblotting as
previously described (7) using 1/2000 dilutions of anti-phospho (serine/
threonine) protein kinase A substrate antibody, anti-phospho-(serine/
threonine) Akt substrate antibody, and anti-phospho threonine anti-
body from Cell Signaling Technology (Beverly, MA), together with anti-
rabbit IgG conjugated with horseradish peroxidase secondary antibody
(Amersham Biosciences).

ATPase Assay—Purified plasma membrane fractions were prepared
from cells grown in YPD to early stationary phase (Agpq oy = 7.0-9.0)
and oligomycin-sensitive ATPase activities of samples were measured
as previously described (7).

Fluorometric Assay of Rhodamine 6G Efflux—Log phase (Agp0 nm =
1.5) cells grown in CSM-URA (Qbiogene, Inc., Irvine, CA) medium were
stored overnight on ice. The cells were harvested by centrifugation,
washed twice with distilled water, and then incubated in HEPES buffer
(60 mm HEPES-NaOH, pH 7.0) containing 5 mM 2-deoxyglucose at
30 °C for 30 min to deplete intracellular energy levels. The cells were
preloaded with 15 uM Rh6G for 30 min, washed twice, and resuspended
in HEPES buffer at Agy oy = 15 (1.5 X 10% cells m1™?). Cell samples (50
) were incubated at 30 °C for 5 min and 50 ul of glucose at twice the
final concentration added to start the reaction. After 8 min the cells in
80-ul samples were removed by passage through a Multi-well Filter
plate (Acro Prep, Pall Corp.) placed on a Multiscreen resist vacuum
manifold (Millipore), with a 96-well black flat-bottom microtiter collec-
tion plate (BMG Labtechnologies GmbH, Offenburg, Germany) under-
neath. The Rh6G content of the eluate, combined with two 80-ul washes
with ice-cold HEPES buffer, was quantitated using a POLARstar OP-
TIMA (BMG Labtechnologies) fluorometer (excitation and emission
wavelengths of 485 and 520 nm, respectively) with Fluostar OPTIMA
software and a standard curve of Rh6G in the HEPES buffer.

RESULTS

Antibodies Recognizing Cdrlp or Pdhlp Phosphoryla-
tions—We have previously described the S. cerevisiae strains
CDR1-AD and PDH1-AD, which contain a mutant Pdrlp tran-
scriptional regulator and thus constitutively heterologously hy-
perexpress Cdrlp and Pdhlp, respectively, from the PDR5
promoter (7, 10). Cdrlp and Pdhlp were hyperexpressed at
comparable levels (~10% of plasma membrane protein) and
were readily distinguished as heterologous plasma membrane
proteins on Coomassie Blue-stained SDS-polyacrylamide gels
due to the deletion of seven similar-sized, endogenous pump
proteins. Each strain also showed the expected high level re-
sistance to azole drugs (7). The pumps heterologously ex-
pressed in S. cerevisiae were therefore correctly folded and
should be post-translationally regulated as in C. glabrata, be-
cause these two closely related yeasts have similar intracellu-
lar molecular machinery.

The phosphorylation of both Cdrlp and Pdhlp was detected
by 32P labeling, but the signals were too weak to support more
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Fic. 1. Phosphorylation of Cdrlp and Pdhlp. The Cdrlp and
Pdhlp-expressing yeast strains, CDR1-AD and PDHI-AD, and the
empty vector integrated strain pSK-AD were cultured in YPD medium
from initial A g p = 0.005, 0.015, 0.05, and 0.15 values. After 14 h, the
Agoo nm values of the cultures were measured (indicated at the top), and
crude cell membrane fractions were prepared from the cells. Membrane
samples containing 5 ug of protein were separated by SDS-PAGE, and
the phosphorylation status of pump proteins was analyzed by immuno-
blotting using phospho-protein kinase A substrate (p-PKAs), phospho-
(Ser/Thr), Akt substrate (p-Akts), and phospho-threonine (p-Thr) anti-
bodies. The membrane fraction samples (15 ug of protein) were also
separated by SDS-PAGE and stained with Coomassie Brilliant Blue
R250 (CBB) to show relative protein expression levels. The 170-kDa
Cdrlp and Pdhlp are indicated with a black arrowhead, and the control
100-kDa plasma membrane H*-ATPase (Pmalp) band is indicated with
a white arrowhead. Representative data from several experiments
are shown.

detailed experiments. Neither Cdrlp nor Pdhlp reacted with
phospho-protein kinase C substrates antibody or phospho-ty-
rosine antibodies (7). An anti-phospho-(Ser/Thr) PKA substrate
(p-PKAs) antibody detected phosphorylation of Pdhlp but not
Cdrlp or background ABC transporters in Western blots of
plasma membrane preparations (Fig. 1).

Antibodies with different specificities detected novel phos-
phorylation sites in Cdrlp and Pdhlp. The anti-phospho-Akt
substrate (p-Akts) and anti-phospho-threonine (p-Thr) antibod-
ies recognized the phosphorylation of Cdrlp and Pdhlp ex-
pressed in all growth phases of YPD culture (Fig. 1, black
arrowheads). Cdrlp expression in CDR1-AD decreased slightly
in stationary phase (Fig. 1, CBB staining), whereas the p-Akts
antibody recognition signal increased. Conversely, the p-Thr
antibody gave a stronger signal in the log phase preparation.
Cdrlp is therefore multiply phosphorylated at discrete p-Akts
and p-Thr antibody recognition sites. Pdhlp phosphorylation in
the PDH1-AD strain was readily detected by the p-PKAs, p-
Akts, and p-Thr antibodies, with constant signals obtained
throughout all growth phases of YPD culture. The recognition
of the 100-kDa protein, which co-migrates with the constitu-
tively expressed plasma membrane ATPase Pmalp (Fig. 1,
white arrowheads) by the three antibodies provided an internal
control for both the CDR1-AD and PDH1-AD preparations.

Glucose-sensitive Phosphorylation of Pdhlp and Cdrip—We
previously found that the Cdrlp and Pdhlp pumps were exten-
sively dephosphorylated after a few hours of glucose starvation
and immediately rephosphorylated when 2% glucose was
added (7). The glucose concentration dependence of each re-
phosphorylation was therefore determined (Fig. 24). Early sta-
tionary phase YPD cultures were glucose-starved for 3.5 h and
then treated for 10 min with 10 uM, 1 mm, or 100 mm glucose.
Rephosphorylation of Cdrlp was detected with p-Akts and
p-Thr antibodies, but only after exposure to 100 mm glucose.
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Fic. 2. Glucose-sensitive phosphorylation of Pdhlp. A, early
stationary phase pSK-AD, CDR1-AD, or PDH1-AD cells from YPD
culture were washed with distilled water and glucose-starved in CSM
minus glucose (CSM-Gluc) for 3.5 h. Distilled water (0), 10 uM, 1 mM, or
100 mM glucose was then added to samples of cells for 10 min, and crude
membrane fractions were prepared. Membrane fractions of 5 pug and 15
ug of protein were analyzed by immunoblotting and Coomassie Bril-
liant Blue R250 (CBB) staining, respectively, as described in Fig. 1.
Arrowheads indicate Cdrlp and Pdhlp (black) and Pmalp (white).
Representative data from several experiments are shown. B, PDH1-AD
and its derivative single T'PK gene-defective strains, PDH1-TPK1A
(TPK1 deleted), PDH1-TPK24, and PDH1-TPK3A, and the double TPK
gene-defective strains, PDHI1-TPK1A2A (TPK1 and TPK2 deleted),
PDH1-TPK1A3A, and PDHI1-TPK2A3A were grown in YPD to early
stationary phase (YPD 12 h), some cells were then glucose-starved for
3.5 h and treated with 10 uM glucose for 10 min. The phosphorylation
and rephosphorylation pattern and expression level of Pdhlp in each
strain was detected as described in Fig. 1. Representative data from
several independently isolated clones of each strain are shown.

Pdhlp remained partially phosphorylated after glucose starva-
tion, but all three antibodies detected glucose-dependent re-
phosphorylation at a glucose concentration (10 um) that failed
to induce Pmalp phosphorylation. The different phosphoryla-
tion patterns detected with each antibody indicated that Pdhlp
was also rephosphorylated at multiple sites. The >100-fold
differential in the glucose-dependence of Cdrlp and Pdhlp
phosphorylation suggested that the two pumps were modified
by different kinases/phosphatases or had sites with different
susceptibilities to phosphorylation,

Pdh1p phosphorylation at p-PKAs sites is inhibited by PKA
inhibitors (7). A panel of PKA catalytic subunit (Tpk) single
and double deletion mutants was used to identify the TPK gene
product that regulated Pdhlp phosphorylation in PDH1-AD.
The three genes (TPK1, -2, and -3) encoding these PKA cata-

Phosphorylation of C. glabrata Cdrlp

lytic subunit isoforms can be deleted without lethality, either
singly or up to two at a time (11). In YPD culture, identical
Pdhlp phosphorylation signals were observed, even in the dou-
ble deletion mutants PDHI-TPK1A2A, -TPK1A3A, and
-TPR2A3A (Fig. 2B). In contrast, rephosphorylation at the PKA
and Akt sites was not induced by 10 um glucose in PDHI-
TPK2A3A, and PKA site rephosphorylation was dramatically
decreased in PDH1-TPK1A3A (Fig. 2B). Thus Tpk3p was the
main contributor to glucose-dependent rephosphorylation of
Pdhlp PKA and Akts sites at low glucose concentrations, and
only Tpk2p could augment this process.

Stress Sensitivity of Cdrlp and Pdhlp Phosphorylation—The
glucose-dependent differences in Cdrlp and Pdhlp rephospho-
rylation patterns suggested that the two pumps might be phos-
phorylated in discrete physiological contexts. This hypothesis
was initially tested for Cdrlp rephosphorylation in glucose-
starved CDR1-AD by adding 1 mM glucose together with a
stressor for 10 min (Fig. 34). The 1 mM glucose supplied suffi-
cient ATP as kinase substrate, because the Pmalp band was
strongly phosphorylated even in the absence of Akt site phos-
phorylation of Cdrlp (Figs. 24 and 34). The pump substrate
FLC (45 pg/ml) did not affect rephosphorylation (data not
shown), but oxidative stress (2 mm Hy0,), osmotic stress (500
mM NaCl), and heat shock (42 °C) for 10 min induced p-Akt site
phosphorylation, albeit to a lesser extent than 100 mm glucose
(Fig. 3A). Stress-dependent rephosphorylation was not de-
tected with the p-Thr antibody. Pdhlp in PDH1-AD was highly
phosphorylated in 1 mm glucose, and stress treatments caused
no additional phosphorylation. In contrast, stress with 2 mm
H,0, alone decreased Pdhlp phosphorylation and gave no re-
phosphorylation of Cdrlp. However, Cdrlp phosphorylation
was not affected when the yeast in YPD culture were stressed
(H,0,, NaCl, or 42 °C) for 10 min (data not shown). Under
these conditions, the effects of multiple kinases and phosphata-
ses may have been complex and/or compensatory.

Rephosphorylation of Cdrlp Akt sites was inhibited by the
PKA inhibitors H-89 and amide 14-22 but not by the H-89
homologue H-8, which has a K, for PKA 30-fold higher than
H-89 (12), or the protein kinase C inhibitor bisindolylmaleim-
ide I (BIM) (Fig. 3B). A panel of TPK single or double deletion
mutants constructed in CDR1-AD was tested for the effects of
NaCl- and glucose-dependent rephosphorylation of Cdrlp (Fig.
3C). Apart from CDR1-TPK1A2A and CDR1-TPK2A3A, which
reduced Cdrlp rephosphorylation by about 50% during both
treatments, p-Akts site re-phosphorylation was unaffected.
Thus Tpk2p and to a lesser extent Tpklp and Tpk3p may play
a role with other kinases susceptible to PKA inhibitors in the
rephosphorylation of Cdrlp Akts sites.

Identification of Putative Phosphorylation Sites in Cdrlp—
Modest rephosphorylation signals suggested the presence of
few p-Akts sites in Cdrlp. The p-Akts antibody recognizes
phosphorylated Ser or Thr in the ~S(K/RX3K/R)XX%S/T)
motif and cross-reacts with the phosphorylated ~3(K/R)~%(K/
RIX%S/T) motif (manufacturer’s information). The full size,
single subunit, ABC transporter Cdrlp comprises two nucleo-
tide binding domains (NBD1 and NBD2) that each contain the
Walker A, Walker B, and ABC signature motifs, alternating
with two pairs of six transmembrane segments, as illustrated
in Fig. 4A. We constructed the yeast strains CDR1-M1 to
CDR1-MS9, which expressed equivalent amounts of Cdrlp (Fig.
4B), and each contained a point mutation (S/T — A) at each one
of the nine putative p-Akts recognition sites. Of these sites,
only M2, M4, and M7 may be recognized by the phospho-PKA
substrates antibody (phosphorylated Ser or Thr in RXX(S/D)).
Unlike the essentially normal phosphorylation of Cdrlp p-Akts
sites in the CDR1-M3-CDR1-M9 mutants in 12-h YPD (early
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stationary phase) cultures, Cdrlp phosphorylation was elimi-
nated in CDR1-M1 and >90% inhibited in CDR1-M2 (Fig. 4B).
Rephosphorylation of Cdrlp-M1 and Cdrlp-M2 was not de-
tected in response to stressors plus 1 mm glucose (Fig. 4, C and
D), and 100 mm glucose gave rephosphorylation to about 50% of
the control level in each mutant (Fig. 4D). These results sug-
gested that Ser®®” and Ser?®* are the dominant Akts sites in
Cdr1p. This hypothesis was confirmed by finding, in the S307A/
S484A double mutant strain CDR1-M1,2, that 100 mm glucose
gave no Cdrlp p-Akts site rephosphorylation (Fig. 4E). Thus,
the phosphorylation of M1 and M2 sites responded comparably
to 12-h YPD culture (low glucose) and stressors, whereas glu-

cose-induced rephosphorylation of the two sites occurred inde-
pendently. Interestingly, the S307A mutation of the M1 site
mutation reduced Thr phosphorylation by one-third in 12-h
YPD cultures (Fig. 4B), and the S509A mutation at the mem-
brane-associated M3 site similarly affected Akts site rephos-
phorylation of Cdrlp in 100 mm glucose (Fig. 4E).

Rhodamine 6G Efflux from Pdhlp, Cdrlp, and Point Mutant
Yeast—The effect of the M1 and M2 mutations on energy-de-
pendent drug efflux by Cdrlp was quantitated by comparably
pre-loading CDR1-AD, CDR1-M1, CDR1-M2, CDR1-M1,2 and
AD1-8u" cells with the pump substrate rhodamine 6G (Rh6G)
after 2-deoxyglucose treatment and then stimulating efflux by
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Fic. 4. Phosphorylation sites of Cdrlp detected by the phospho-(Ser/Thr) Akt substrate antibody. A, the nine putative phospho-Akt
substrate antibody recognition sites (p-Akts sites) ~*(K/R)X~3(R/R)XX %S/T) or ~3K/R)"HK/R)X%(S/T) of Cdrlp are shown (M1-M9), with Ser in
black and Thr in gray. The conserved motifs of the nucleotide binding cassette, Walker A, B, and ABC signature, and twelve trans-membrane
domains (TMD) are depicted with gray bars, whereas regions external to the plasma membrane (PM) are shown in black. CDR1-M1 through
CDR1-M9 yeast strains, whose Ser or Thr residues were replaced by Ala at each M1-M9 site, were constructed. B, the phosphorylation patterns
and expression levels of Cdrlp in crude membrane fractions from CDR1-AD and the point mutated derivatives CDR1-M1 through CDR1-M9 grown
to early stationary phase in YPD medium were measured as described in previous figures. The ratios of intensities relative to CDR1-AD (1.0}, given
at the botiom of each panel, were measured using Scion Image. C, CDR1-AD and its derivative mutant strains were glucose-starved for 3.5 h and
treated with 1 mM glueose and 500 mm NaCl for 10 min. The phosphorylation status of the Akt sites in each mutant Cdrlp was analyzed as above.
D, glucose-starved CDR1-AD, -M1, and -M2 yeasts were treated with stressors and 1 mM glucose, or 100 mm glucose for 10 min as indicated in the
top panel. The patterns of Cdrlp phosphorylation were analyzed as above. The relative band intensities are shown for each stress condition. E,
CDR1-AD, the point mutants CDR1-M1 through CDR1-M9, and CDR1-M1,2 were glucose-starved for 8.5 h and then treated with 100 mm glucose
for 10 min. The phosphorylation of Cdrlp was analyzed as above. In B-E, Cdrlp and the equivalent bands from the point mutant derivatives are
indicated with the black arrowhead, whereas the Pmalp band is indicated with the white arrowhead. Representative data, from multiple
experiments using several independently isolated clones of each strain, are shown.

adding glucose (Fig. 5). Fluorometric measurements showed
that the CDR1-M2 strain (half-maximal rate of Rh6G pumping,
2.5 mM glucose; maximal pumping rate, 5-10 mm glucose)
pumped Rh6G at rates up to 80% of the CDR1-AD strain
(half-maximal rate of Rh6G pumping, 1 mm glucose; maximal
rate, 5~10 mM glucose). In contrast, the CDR1-M1 strain re-
quired at least 5 mm glucose for a significant rate of Rh6G
efflux and reached a maximal rate at 20 mu glucose, which was
only 30% that of the CDR1-AD strain. The CDR1-M1,2 strain
showed no glucose-dependent Rh6G efflux, even at 100 mm
glucose. All strains that effluxed Rh6G showed a 30% decrease
in the pumping rate at glucose concentrations between 20 and
100 mm™ glucose.

The pumping activities of Cdrlp and its point mutants were
confirmed by flow cytometric measurement of cellular Rh6G

content, which monitors combined dye uptake and efflux (see
Supplemental Data, Fig. S1). These data also showed that
strain CDR1-M1,2 did not efflux Rh6G even in the presence of
100 mwM glucose and that phosphorylation of the Cdrip-M1 site
may be required for Rh6G efflux at low glucose concentrations.

Lability of ATPase Activity in CDR1-M]1—The Cdrlp drug
efflux pumps were functional in CDR1-M1, CDR1-M2, and
CDR1-MS8 cells and therefore expected to retain significant
ATPase activity on cell fractionation. Plasma membrane frac-
tions from these strains contained equivalent amounts of
Cdrlp proteins, CDR1-M8 had a normal oligomycin-sensitive
ATPase activity with a broad pH profile, but CDR1-M2 showed
a decrease of ~50% in the ATPase activity compared with
CDR1-AD (Fig. 6). CDR1-M8 was chosen as a control, because
the T1007A mutation borders the NBD2 ABC signature motif
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Fic. 5. Glucose dependence of Rh6G efflux by CDR1-AD deriv-
atives. The efflux of Rh6G (mean + S.D., n = 3) by glucoese-starved cells
preloaded in the presence of 2-deoxyglucose was measured by fluorom-
etry as described under “Experimental Procedures.” Strain M1,2 48a
is the CDR1-M1,2 glucose-grown revertant 48a (D32H) described in
Table II.

residue and aligns with Ser®%” of NBD1. The membranes from
CDR1-M1, however, lacked detectable oligomycin-sensitive
ATPase activity. The M1 site may therefore be critical for the in
vitro ATPase activity. Experiments that included ATP during
membrane isolation allowed the recovery of small amounts
(10%) of vanadate and oligomycin-sensitive ATPase activity
compared with the control strain (see Supplemental Data Table
SIII). A statistically significant proportion of this activity (p <
0.01) can be attributed to S307A Cdrlp that survived mem-
brane isolation due to the protective ATP.

Drug Susceptibilities of CDR1-AD and PDH1-AD Derivative
Yeasts—The MICg, values for antifungal agents were deter-
mined for PDH1-AD and CDR1-AD derivative strains to assess
whether the phosphorylation of Cdrlp and Pdh1p affected drug
efflux activity (Table I). As expected, the Pdhlp- and Cdrlp-
expressing strains were more resistant to azole agents than the
control pSK-AD strain but were equally susceptible to flucy-
tosine and amphotericin B, which are not pump substrates. The
flucytosine and amphotericin B susceptibilities for all the
strains were within two dilutions of the values for pSK-AD.
Among the CDR1-AD derivatives, only CDR1-M1 and CDR1-
M1,2 consistently showed lower FLC susceptibilities than
CDR1-AD, giving values that were reproducibly 2-fold and
4-fold lower, respectively. The TPK2 deletion mutants CDR1-
TPK2A, -TPK1A2A, and -TPK2A3A gave detectably greater
azole resistance than the control Cdrlp-expressing strain. Re-
peated testing of Cdrlp phosphorylation in TPK2 deletion mu-
tants found no relationship between the phosphorylation sta-
tus of Cdrlp and the apparent azole resistance (data not
shown). In contrast, the azole resistance of PDH1-AD TPK
mutants was unchanged compared with the control parental
strain. A SCH9 kinase deletion mutant and a HOG1 kinase
deletion mutant of CDR1-AD both gave slightly increased re-
sistance to azole agents. The former showed increased phos-
phorylation of Cdrlp Akts sites, and the latter had an un-
changed phosphorylation pattern compared with the parental
strain (data not shown).

Agar diffusion tests of susceptibilities of CDR1-AD, CDR1-
M1, CDR1-M2, and CDR1-M1,2 to structurally unrelated xe-
nobiotics extended the data on antifungal susceptibility re-
ported in Table I and suggested that the M1 and M2 sites are
synergistic effectors of Cdrlp drug efflux activity (see Supple-
mental Data Fig. 52). Of the 17 compounds to which CDR1-AD

was strongly resistant (7), CDR1-M1 showed increased suscep-
tibility to eight compounds, whereas CDR1-M1,2 had* even
greater susceptibility to these and two other compounds. In
contrast, the susceptibilities of CDR1-AD and CDRI1-M2
were indistinguishable.

The relatively high FLC MIC value for the CDR1-M1 strain
(Table I) can be explained by partially functional mutant Cdrlp
operating at glucose concentrations >5 mum. The lack of Rh6G
pumping by CDR1-M1,2 (Fig. 5), however, seemed inconsistent
with its relatively high MIC for FL.C and other azoles (Table I),
although this was less pronounced in disk diffusion assays.
CDR1-M1,2 was also more resistant to FLC than either
PDH1-AD or the AD1-8u"™ host strain (Table I). Even though
identical FL.C and Rh6G susceptibilities were observed with
three separately isolated clones for each construct under study,
we excluded the possibility that secondary mutations in the
genetic background of the strains might affect susceptibilities
to azoles. CgCDR1-URA3 DNA, obtained by PCR of genomic
DNA of CDR1-AD, CDR1-M1, CDR1-M2, and CDR1-M1,2, was
used to transform the hypersensitive AD1-8u™ strain. All
tested Ura™ transformants that grew normally on 5 ug/ml FLC
(to ensure the incorporation of the CDRI gene) showed FLC
and Rh6G susceptibilities identical to those for the strains
providing the transforming DNA (Table II). The drug resist-
ance of each donor strain was thus conferred by the expression
of Cdrlp and not an extragenic determinant. The unexpectedly
high FLC and Rh6G liquid MICg, values for CDR1-M1,2 were
therefore due to Cdrl-M1,2p overexpression. It was possible,
however, that suppressor mutations were selected during
growth in liquid MIC assays.

Progeny that survived FLC exposure during MIC determi-
nations in buffered FLC-containing CSM-URA medium, using
either glucose or the non-fermentable substrate glycerol as
energy source, were isolated. Sequencing of several independ-
ent isolates showed that the S307A and S484A mutations were
maintained in these progeny independent of the energy source.
In addition, three independently isolated intragenic suppressor
mutations were obtained that did not change the Ser®®” and
Ser*®* background: a AA349 mutation after growth on glycerol
and D32H and V353L mutations after growth on glucose. In
contrast to the inactive parental CDR1-M1,2 strain, all three
suppressor strains showed glucose-dependent Rh6G pumping
comparable to the CDR1-M1 mutant. An Rh6G efflux experi-
ment conducted with the representative suppressor strain
CDR1-M1,2 48a is shown in Fig. 5. The CgCDR1-URAS3 cas-
sette was obtained by PCR of genomic DNA from each of the
three suppressor strains and used to transform strain AD1-
8u~. The Ura™ transformants that also grew on 5 ug/ml FLC
showed FLC and Rh6G resistance comparable to the CDR1-M1
strain (Table II). The suppressor mutation phenotypes there-
fore result from intragenic modification of Cdrlp in CDR1-
M1,2. The selection of the suppressor mutants occurred at a
low frequency (suppressor strains were detectable in <10% of
MIC determinations). This frequency was not high enough to
compromise the MICs for azole drugs and other xenobiotic
substrates of CDR1-M1,2.

DISCUSSION

Phosphorylation of ABC Transporters—Phosphorylation me-
diated by PKA and PKC affects the function of numerous
human ABC transporters, including ABCA1, MDR1, and CFTR
(13-15). We previously demonstrated that PKA-dependent
phosphorylation of C. glabrata Pdhlp was important for drug
efflux and Cdrlp ATPase specific activity was glucose-depend-
ent and possibly regulated by phosphorylation (7). C. glabrata
Cdrlp and Pdhlp have about 70% amino acid sequence identity
with S. cerevisiae Pdr5p and thus belong to the PDR family, the
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FiG. 6. Loss of ATPase activity in

Phosphorylation of C. glabrata Cdrlp

mutated Cdrlp. Plasma membrane
fractions were prepared from pSK-AD,
CDR1-AD, CDR1-M1, CDR1-M2, CDR1-
M1,2, and CDR1-M8 yeast at early sta-
tionary phase of YPD culture. Oligomy-
cin-sensitive ATPase activities of each
fraction were measured at each pH indi-
cated. Experiments were performed sev-
eral times using the membrane fractions
prepared from independently isolated
clones of the yeast. Representative data
for ATPase activities are shown on the

right (mean = S.E., n = 3), and the SDS-
PAGE Coomassie Brilliant Blue R250
(CBB) staining patterns for 5 pg of pro-
tein of each membrane fraction used in
the experiment are shown on the left. The
arrowhead indicates Cdrlp.
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TaBLe I
Antifungal susceptibilities of CDR1-AD and PDH1-AD derivative strains
MICg?
Strain
Fluconazole Miconazole Ketoconazole Flucytosine Amphotericin B
ugiml

pSK-AD 0.5 0.016 0.063 0.5 0.25
CDR1-AD 128 2 4 2 0.5
CDR1-M1 64 2 4 1 0.5
CDR1-M2 128 2 4 1 0.5
CDR1-M3 128 2 4 1 0.5
CDR1-M4 128 2 4 1 0.5
CDR1-M5 128 2 4 1 0.5
CDR1-M6 128 2 4 1 0.5
CDR1-M7 128 2 4 1 0.5
CDR1-M8 128 2 4 1 0.5
CDR1-M9 128 2 4 1 0.5
CDR1-M1,2 32 1 2 1 0.5
CDR1-TPK1A 128 2 4 2 0.5
CDR1-TPK2A 256 4 8 2 0.5
CDR1-TPK3A 128 2 4 2 0.5
CDR1-TPK1A2A 256 4 4 2 0.5
CDR1-TPK1A3A 128 2 4 2 1
CDR1-TPK2A3A 256 4 8 1 0.25
CDR1-SCH9A 256 4 8 0.25 0.25
CDR1-HOG1A 256 4 8 2 1
PDH1-AD 16 0.5 1 1 0.5
PDH1-TPK1A 16 0.5 1 1 0.5
PDH1-TPK2A 16 0.5 1 1 0.5
PDH1-TPK3A 16 0.5 1 1 1
PDH1-TPK1A2A 16 1 1 2 0.5
PDH1-TPK1A3A 16 0.5 1 2 1
PDH1-TPK2A3A 16 0.5 1 1 0.5

2 MICyg, values (ug/ml) were the lowest concentration of drug that inhibited the growth yield by at least 80% compared with the growth yield for

a non-drug control.

largest ABC transporter family in S. cerevisiae (16, 17). The
S. cerevisiae drug efflux transporters Pdrbp, Sng2p, and Yorlp
are all phosphorylated, and casein kinase I phosphorylation of
Ser*?0 in Pdrbp is important for enzyme turnover (9), but the
equivalent site is absent in Cdrlp. Phosphorylation of Thr®'?
and Ser®?? in the D-box linking the two homologous halves of
Ste6p has been implicated in enzyme turnover (18). The Cdrlp
p-Akts antibody recognition sites at Ser®®” and Ser*® are
therefore distinct from the sites affecting Pdr5p and Ste6p
turnover. The Ser®®” and Ser*®* sites appear physiologically
important. They affect the glucose dependence of pump activ-
ity, and glucose-dependent Rh6G efflux was eliminated by the
S307A/5484A double mutation. The expression of S307A,
S484A, and the S307A/S484A double mutant Cdrlps at levels
comparable with the wild type protein implies that misfolding

does not target the mutant proteins for early degradation. The
PKA-dependent phosphorylation of human ABCA1 (13) pro-
vides a precedent for phosphorylation at Ser3%”.

Kinases Responsible For the Phosphorylation of Pdh1p and of
Cdrlp at M1 and M2 Sites—The glucose-dependent rephospho-
rylation of Pdhlp in starved cells was blocked by PKA inhibi-
tors (7) and was primarily affected by Tpk3p and to a lesser
extent by Tpk2p. Antibody recognition of phosphorylated PKA
sites implies that these phosphorylations were direct. Of the
nine putative phosphorylation sites tested in glucose-starved
Cdrlp, only Ser®®” and Ser*® strongly affected the rephospho-
rylation pattern. Unlike Pdhlp phosphorylation, neither site
was recognized by the p-PKA substrates antibody after stress
or at glucose concentrations 100-fold higher than those re-
quired for Pdhlp p-Akts site rephosphorylation. The blockage
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