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(1,3)-D-Glucan synthase (E.C.2.4.1.34. UDP-glucose: 1,3--D-glucan 3-f-glucosyl
transferase) catalyzes the polymerization of glucose ([1-3]-B-linkages) using UDP-glucose
as substrate. We have determined optimal in vitro conditions for the assay of (1,3)8-glucan
synthase activity from Aspergillus fumigatus and Candida albicans. These included lysis
of cells in the following for C. albicans, 100mM HEPES, pH 8.0, 10 uM guanosine
5'-0-(3-thiotriphosphate) (GTPyS), 2mMm ethylenediaminetetraacetic acid (EDTA), di-
sodium salt, 5SmM NaF, 250 mm sucrose, and 10mM NaH,PO,; and for A. fumigatus,
50 mMm HEPES, 10 mMm EDTA, 750 mMm sucrose, 10 mM NaH,PQO,, 100 mm cellobiose and
50 um GTPyS. Resulting low-speed supernatants were used as enzyme sources to determine
the optimal in vitro assay conditions. We have characterized the resulting enzyme activities
and tested the optimized assays with known (1,3)f-glucan synthase inhibitors including
cilofungin, papulacandin, aculeacin A, and echinocandin B. We have used both optimized
assays to screen > 1000 extracts of marine macroorganisms and, using bioassay-guided

665

purification, have identified (1,3)f-glucan synthase inhibitors.

During the last three decades there has been a dramatic
increase in the frequency of fungal infections, especially
disseminated systemic mycoses in immunodeficient
hosts!+?, Mycoses in compromised hosts are mainly the
result of opportunistic infections by organisms that are
normally harmless, asymptomatic commensals which can
be, under certain conditions, pathogenic®*. Species of
Aspergillus, Candida, Coccidioides, Cryptococcus, Histo-
plasma, and Sporothrix are important causative agents;
of these, Candida species, especially C. albicans, and A.
Jfumigatus are the most common. Presently, treatments
for fungal infections are limited by few therapeutic
options®, Current drugs include amphotericin B and a
variety of azoles. Unfortunately, amphotericin B is toxic
to humans and clinical resistance to azoles is increasing®.
These observations underscore the clear need for new
antifungal therapeutics”.

The most obvious difference between fungal cells and

+

A wholly-owned subsidiary of Alpha-Beta Technology, Inc., Worcester, MA.

human cells is that fungal cells are encased in a wall that
protects them from an osmotically and, in the case of
pathogens, an immunologically hostile external environ-
ment. One of the essential steps in fungal wall assembly
is the synthesis of (1,3)-linked glucan and its subsequent
incorporation into the cell wall®®. (1,3)f-D-Glucan
synthase (E.C.2.4.1.34. UDP-glucose: 1,3--p-glucan 3-
B-glucosyl transferase) catalyzes the polymerization of
glucose ([1-3]-B-linkages) using UDP-glucose as sub-
strate. Enzyme activity is localized to the plasma mem-
brane, does not require either a divalent metal ion or a
lipid-linked intermediate, and activity is not zymo-
genic”-10:1D),

Recently, we published a prototype high throughput
screen for (1,3)f-glucan synthase inhibitors using
Neurospora crassa crude lysates as enzyme sources and
optimized in vitro enzyme assay conditions'?. However,
the morphologies, virulence, and (1,3)$-glucan synthase
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activities of N. crassa (non-virulent), 4. fumigatus and
C. albicans differ (this manuscript). We believe that a
screen to discover novel (1,3)f-glucan synthase inhibi-
tors to be used in the treatment of C. albicans and/or
A. fumigatus infections should use enzyme activity from
each pathogen.

A number of manuscripts have reported various in
vitro assays for C. albicans (1,3)8-glucan synthase activity
using microsomal membrane preparations (100,000g¢
particulate fractions) as enzyme sources® 191314 None
of the current C. albicans enzyme assays uses crude
lysates or low-speed supernatants and optimized in vitro
conditions. A. fumigatus is a filamentous Ascomycete
with a cell wall similar in structure and composition
to that of N. crassa®®. Unfortunately, very little is
known concerning (1,3)$-glucan synthase activity from
A. fumigatus, and to our knowledge, there are no screens
in place for inhibitors of enzyme activity. Although there
are a number of reports concerning (1,3)B-glucan syn-
thase activity of A. fumigatus'®~'9, there are no reports
in which the optimum in vitro enzyme assay conditions
were systematically determined.

In this paper, we report the optimization of in vitro
assay conditions for (1,3)f-glucan synthase activity from
both C. albicans and A. fumigatus and characterization
of each enzyme activity. In addition, we show that
low-speed supernatants are suitable as enzyme sources
in high throughput screens for (1,3)-glucan synthase
inhibitors. Finally, we present the results of screening

>1000 natural product extracts for enzyme inhibitors.

Materials and Methods

Chemicals

Novozym 234 was obtained from Novo Biolabs
(Bagsvaerd, Denmark). Pronase was purchased from
Calbiochem (La Jolla, CA). UDP-[**C]glucose was
purchased from ICN (Costa Mesa, CA). Peptone, malt
extract, yeast extract, Bacto-Peptone and agar were
purchased from Difco (Detroit, MI). RPMI tissue culture
medium with glutamate and without bicarbonate was
purchased from Gibco (Baltimore, MD). Cilofungin was
a gift from Eli Lilly and Company (Indianapolis, IN);
L-733,560 (a lipopeptide) was a gift from Merck & Co.,
Inc (Rahway, NJ); papulacandin B was a gift from
Professor J. NeuscH, Ciba-Geigy (Basal, Switzerland);
aculeacin A was a gift from Dr. T. SartoH, Toyo Jozo
Co., Ltd. (Tokyo, Japan); and echinocandin B was a
gift from Dr. A. voN WARTBURG, Sandoz AG (Basel,
Switzerland). Laminarinase (from Mollusk), a-amylase
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(Type II-A), and all other chemicals were of reagent grade
from Sigma Chemical Co. (St. Louis, MO).

Culture Conditions

Candida albicans ATCC strain 44807, a clinical isolate,
was obtained from the American Type Culture Collec-
tion (Rockville, MD). Freeze-dried cells were rehydrated
in PYG medium [1% (w/v) peptone, 0.3% (w/v) yeast
extract, 2% (w/v) glucose], transferred to malt extract
agar slants [2% (w/v) malt extract, 2% (w/v) glucose,
0.1% (w/v) peptone, 1.5% (w/v) agar] and incubated at
25°C for seven days. Stock agar slants were stored at
—20°C. Yeast cells were inoculated from slants into
liquid PYG medium (50 ml in 250 ml Erlenmeyer flasks)
and incubated at 25°C for 37 hours with rotary shaking
(180 rpm). Fresh PYG medium was inoculated with
8.5 x 108 cells/ml, final concentration, and incubated at
25°C for 16 to 18 hours with rotary shaking (180 rpm).
Stock inocula were prepared by adding sterile glycerol,
11% (v/v) final concentration, to the cells and placing
5x 107 cells per tube, freezing immediately in dry ice,
and storing at —70°C.

Cell stocks were thawed, inoculated into PYG medium
(1 x 108 cells/ml, final concentration) and incubated at
25°C for 16 to 22 hours with rotary shaking (180 rpm).
Five hundred milliliters (in 2 liter Erlenmeyer flasks) of
Manning and Mitchell’s basic salts medium2® [0.5%
(w/v) (NH,),SO,, 0.02% (w/v) MgSO,-7H,0, 1.4%
(w/v) K,HPO,, 0.6% (w/v) KH,PO,, 0.5% (w/v) NaCl,
1.25% (w/v) glucose, 1x107*% (w/v) biotin] were
inoculated with 1.0 x 107 cells/ml (final concentration)
and cells incubated at 25°C with shaking (180 rpm) for
8 hours (mid-log phase). Cells were harvested by cen-
trifugation (10,000 g, 5 minutes, 4°C) and protoplasts
were released using the procedure of TAFT et al.?V.
Protoplasts were harvested by centrifugation (1,500¢, 5
minutes, 4°C) and washed twice with ice-cold 1.2M
sorbitol. Protoplast pellets were frozen in dry ice and
stored at —70°C.

Aspergillus fumigatus ATCC 16424, a clinical isolate
from a human aspergillosis patient, was obtained from
the American Type Culture Collection (Rockville, MD).
Freeze dried cells were resuspended in 0.3 ~0.4 ml sterile
H,O0, transferred to several 5~6ml MPG slants [2%
(w/v) malt extract, 2% (w/v) glucose, 0.1% (w/v) Bacto
peptone, 1.5% (w/v) Bacto agar] and incubated at 32°C
for four days. Stock agar slants were stored at —20°C.
Conidia were resuspended in 2~3ml sterile H,O,
transferred to 50 ml MPG solid medium in 250 ml flasks
and incubated at 32°C for four days. Agar stock flasks
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were stored at —20°C.

Agar stock flasks were thawed and conidia resus-
pended in25ml YG [0.5% (w/v) yeast extract, 1% (w/v)
glucose]. Conidial suspensions were used to inoculate
liquid YG cultures (200ml in 1 liter flasks) at 1x 10’
conidia per ml, final concentration, and incubated at
32°C with shaking (250 rpm) until mid log phase (~20
hours). Reéulting hyphae were harvested by filtration,
washed twice with ice cold water, ~10mg (wet weight)
was aliquoted into 2ml screw cap tubes, frozen rapidly
in dry ice and stored at —70°C.

(1,3)8-Glucan Synthase Assays
C. albicans: Frozen protoplasts were thawed on ice

and were lysed in various hypotonic buffers by vortexing

two times for 10s with a 30s cooling interval on ice.
Crude lysates or low-speed supernatants (1,000g, 10
minutes, 4°C) were used as enzyme sources. Reactions
were performed in 96-well V-bottom microtiter plates
(Dynatech) containing 1 mm UDP-[**C]glucose (0.05
uCi/assay), 50 ug a-amylase, various additions and cell
lysate (30~70 ug protein) in a final volume of 26 pul.
Reactions were started by the addition of cell lysate
to ice-cold reaction mixtures, incubated at 25°C for
various times, and stopped by the addition of 50 ul 5%
(w/v) trichloroacetic acid (TCA). Reactions were filtered
through glass fibre filters (Printed Filtermat A, Wallac)
that had been previously washed with 1% (w/v) tetra-
sodium pyrophosphate and 5% (w/v) TCA using a
- Milliblot™-D (Millipore) apparatus and washed twice
with water!?, Filters were air dried, wrapped in one layer
of Saranwrap and exposed to a Molecular Dynamics
phosphor screen. The amount of radioactive glucan
bound to filters was quantitated with a Molecular
Dynamics PhosphorImager SI. Pixels were converted to
nmol glucose incorporated into TCA-insoluble product;
the number of cpm per pixel was determined by exposing
a reaction mixture to a phosphorscreen and determining
the number of cpm in an identical mixture using a liquid

scintillation counter. Units of (1,3)f-glucan synthase -

activity are defined as nmol glucose incorporated into
TCA-insoluble glucan per minute incubation at 25°C.
A. fumigatus: Frozen hyphae were thawed on ice and
resuspended in various buffers for lysis. Hyphae were
disrupted by beating with zirconium beads in a Bead
Beater (Bartlesville, OK) for six 30s cycles with two-
minutes cooling intervals on ice. Crude lysates were
centrifuged (8,000 xg, 5 minutes, 4°C) and resulting
supernatants used as enzyme sources. (1,3)f-glucan
synthase activity was assayed as described above for C.
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albicans except that reaction mixtures contained 2.5 mm
UDP-[U-**C]-glucose (0.02 pCi/mm).

Enzyme kinetics

Enzyme kinetic data were processed using EZ-Fit 4.0
Enzyme Inhibition Analysis®>® for MS Windows 3.1 by
Perrella Scientific, Inc. (Amherst, NH). Enzyme inhibitor
data were tested against twelve models and the best fit
reported.

The characterization of the radioactive products was
conducted as previously described with several modifica-
tions! V. (1,3)p-glucan synthase reaction mixture volumes
were increased 10-fold and contained 1 mm UDP-[**C]-
glucose (1.0 u(Ci), 500 ug o-amylase and 300~ 600 ug
cell protein. Reactions were performed in siliconized
microfuge tubes, started by the addition of lysate to
reaction mixtures, incubated at 25°C for 15 minutes,
stopped by boiling 10 minutes and cooled on ice. Reac-
tions were centrifuged (16,000 g, 30 minutes, 4°C), pellets
washed once with ice-cold 95% (v/v) ethanol, twice with
ice-cold water by centrifugation, and incubated at 37°C
overnight in 200 ul SO0 mm acetate buffer, pH 5.4, con-
taining: a). 2mg a-amylase; b). 2mg BSA; ¢). 2mg
laminarinase; or d). buffer only. Reactions were stopped
by the addition of 50 ul 50% (v/v) acetic acid and the
incorporation of radioactive glucose into (1,3)f-glucan
determined using the Millipore filter method described
by GoopAy and DE ROUSSETT-HALL2?Y,

Protein assays
Protein concentrations were determined using BSA
fraction V as standard by the method of BRADFORD?4.

Results and Discussion

There are numerous reports in the literature concerning
in vitro conditions for (1,3)B-glucan synthase activity
from a variety of fungi (e.g.%1°~1425) Various com-
pounds have been reported to stimulate or stabilize
enzyme activity in vitro: for example, GTPyS stimulated
enzyme activity, likely by activating the GTP-binding
subunit, rholp?%2”; EDTA (or EGTA) stabilized
enzyme activity by chelating Ca*>* and Mg?* to prevent
protease activity; NaF stabilized activity by inhibiting
phosphatases; glycerol, sucrose, dithiothreitol or 2-
mercaptoethanol, BSA and inorganic phosphate stimu-
lated enzyme activity by unknown mechanisms®10:14),
Unfortunately, there are no reports that determined the
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Fig. 1.
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Effect of pH of lysis buffer on C. albicans (1,3)B-glucan synthase activity.

Protoplasts were prepared as described in Materials and Methods and were lysed by vortexing in 100 mm
Tris (#), HEPES (OJ), MOPS (A), phosphate (A) or PIPES (M) buffer containing 25 um GTPyS, 3mm EDTA,

and 10mm NaF adjusted to the indicated pH’s.
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Reactions contained 1 mm UDP-[!#C]glucose (0.05 uCi), 50 ug a-amylase, and crude cell lysate (50 ~ 70 ug
protein) in a final volume of 26 ul. Reactions were incubated for 15 minutes at 25°C and the amount of glucan
formed determined as described in Materials and Methods. Each data point represents the average of 4

determinations.

optimal in vitro conditions of (1,3)B-glucan synthase
from either C. albicans or A. fumigatus crude lysates or
low-speed supernatants. Thus, we began to systematical-
ly determine the optimal conditions for assay of each
enzyme activity.

(1,3)B-Glucan Synthase Activity
from Candida albicans

Optimal Buffer and pH

To determine the effect of various buffers on (1,3)8-
glucan synthase activity, we lysed C. albicans protoplasts
as described in Materials and Methods in 70 mM Tris,
MOPS, PIPES, HEPES, or phosphate buffer over their
pK, ranges. Low-speed supernatants were obtained and
the (1,3)B-glucan synthase activity of each supernatant
determined as described in Materials and Methods. The
results presented in Figure 1 show that the optimal pH
for enzyme activity was pH 8.0. Tris and HEPES buffers
equivalently produced the highest specific activities for
(1,3)B-glucan synthase at pH 8.0. Because the pH of
HEPES is more stable at various temperatures than Tris,
HEPES was used in subsequent assays. Varying HEPES
buffer (pH 8.0) concentration from 25 to 150 mM had no
effect on enzyme activity (data not shown).

Buffer Additions

A range of concentrations of GTPyS, EDTA, and NaF
were tested for their effects on enzyme activity by varying
the concentration of one of the compounds in 100 mm
HEPES buffer, pH 8.0, while the concentrations of the
other two compounds remained constant (Table 1).
Enzyme activity doubled with the addition’ of 10 um
GTPyS compared to controls without GTPyS, but
concentrations of GTPyS from 10 to 80 uMm were without
further effect (results not shown). Enzyme activity was
maximal at 2mM EDTA and 5mM NaF; ranges tested
were from 0 to 20 mM (results not shown). ‘

Other additions were tested in buffer containing the
following: 100 mm HEPES, pH 8.0, 10 um GTPyS, 2 mm
EDTA, and 5mM NaF (buffer A). If a compound was
found to stimulate (1,3)B-glucan synthase activity, it was
added at its optimal concentration in buffer used to test
subsequent additions. The compounds listed in Table 1
were added individually to (1,3)B-glucan synthase reac-
tions, over a range of concentrations, to determine the
optimal concentration of each compound in the lysis/
assay buffer resulting in maximum enzyme activity. The
high osmolarity of buffers containing > 500 mM sucrose
or glycerol prevented lysis of protoplasts by vortexing
(not shown), so protoplasts were lysed by sonication.
With addition of either sucrose or glycerol at concen-
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Table 1. Optimal concentrations of various
compounds for maximal C. albicans (1,3)p-
glucan synthase activity®.

Addition Optima! Concentrations
concentration ‘tested

GTPyS 10 uM 10~ 80 um

EDTA 2mMm 1~10mMm

NaF SmMm 5~20mM

Glycerol 250 mm 50 ~ 1000 mm

Sucrose 250 mm 50 ~ 1000 mMm

EGTA 2mm 1~10mMm

NaH,PO, 10 mm 1~50mMm

KCl No Effect I1~5Smm

NacCl No Effect I ~5mm

MgCl, No Effect 1~5mM

BSA 04% (w/v) 02~1.0% (w/v)

a

Protoplasts were lysed by vortexing in buffer
containing 100mMm HEPES, pH 8.0, and various
concentrations of GTPyS, EDTA, NaF, glycerol,
sucrose, EGTA, NaH,PO,, KCl, NaCl, MgCl, and
BSA as described in Materials and Methods. Reac-
tions contained 1 mm UDP-["*C]glucose (0.05 uCi),
50 ug a-amylase, and cell lysate (30 ~ 70 ug protein)
in a final volume of 26 ul. Reactions were incubated
for 0 and 15 minutes at 25°C, and the amount of
glucan formed determined as described in Materials
and Methods. Specific activities (nmol glucose
incorporated into TCA-insoluble product/minute/
mg protein) of lysates were compared to determine
the optimal concentration of each addition.

trations up to 250 mMm, enzyme activity increased and
then plateaved. Buffer containing 250mm glycerol
doubled enzyme activity while the same concentration
of sucrose tripled enzyme activity (results not shown).
EGTA from 0 to 10mM was added to either buffer A
with 250mM sucrose or buffer A minus EDTA plus
250 mM sucrose. The addition of EGTA to buffer A con-
taining EDTA had no effect on (1,3)f-glucan synthase
activity (results not shown). The addition of EGTA alone
in lysis buffer had a similar effect on enzyme activity as
the addition of EDTA. Addition of dithiothreitol up to
10 mM in buffer A with 250 mM sucrose slightly inhibited
(1,3)p-glucan synthase activity (results not shown).
Inorganic phosphate added to buffer A containing 250
mM sucrose increased enzyme activity at concentra-
tions from 0 to 10 mM and slightly decreased activity at
concentrations from 10 to 50 mm. KCl, NaCl, and MgCl,
at concentrations up to 5mwm in buffer A with 250 mm
sucrose and 10mm NaH,PO, did not affect enzyme
activity. BSA, when added from 0 to 1.0% (w/v) to buffer
A containing 250mM sucrose and 10mm NaH,PO,,
increased enzyme activity by ~20% (0.4% [w/v] BSA).
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Table 2. Summary of in vitro properties of C.
albicans (1,3)p-glucan synthase activity.

Property

Linear with time 0~ 60 minutes

Linear with protein 9~80ug
Specific activity 1.26+0.16 nmol, min~?,
, mg~!
Half life at 4°C 2.84+0.6 hours
Lysate activity after 100%
freeze/thaw
100% lysate activity, >25 weeks
—70°C
Assay to assay < +10%
variability
(1,3)B-glucan in product >95%
Ko app 0.4+0.04 mM
V max app 0.0240.0008 nmol, min~?!

When BSA was added to cell lysates, no effect on enzyme
activity was observed (results not shown). Although BSA
slightly stimulated enzyme activity, it also interfered with
protein quantitation in lysates and subsequent filtration.
For these reasons, BSA was not added to buffer in
subsequent experiments.

Properties of (1,3)B-Glucan Synthase Activity from
C. albicans

In order to use the optimized (1,3)-glucan synthase
assay as a screen for enzyme inhibitors, the in vitro
properties of the enzyme activity were determined. The
optimal buffer and additions (e.g., 100 mM HEPES, pH
8.0, 10um GTPyS, 2mm EDTA, SmMm NaF, 250 mm
sucrose, and 10mM NaH,PO,) were used for these
experiments. Acid-insoluble radioactive material synthe-
sized using either crude lysate from vortexed protoplasts
or 1,000g supernatants from bead-beaten protoplasts as
enzyme sources was >95% hydrolyzed by (1,3)f-glu-
canase, showing that the product was (1,3)f-linked
glucan (results not shown). Enzyme activity was linear
for at least 60 minutes of incubation at 25°C and was
linear with protein from 9 ug to 80 ug per assay (15
minutes of incubation-Table 2). These results are similar
to previous reports of enzyme activity from microsomal
membrane preparations (activity linear for ~ 75 minutes,
and with up to 110 ug protein!®. (1,3)f-Glucan synthase
activity from low-speed supernatants of bead-beaten
protoplasts had a specific activity of 1.26 units (mg
protein) ! with a standard deviation of +0.16 (n=6).
The enzyme had a half life of 2.8 4+0.6 hours at 4°C
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(results not shown).

Unexpectedly, enzyme activity survived freeze-thaw-
ing; cell lysates stored frozen at —70°C for up to 25
weeks retained 100% of the initial enzyme activity (results
not shown). This is the first report of a C. albicans
(1,3)B-glucan synthase enzyme preparation retaining

* activity after freeze-thawing. A highly purified (> 1300-.

fold) preparation of enzyme from N. crassa retained ac-
tivity after freeze-thawing (Awald, unpublished results),
but a crude preparation of N. crassa (1,3)f-glucan
synthase was inactivated by freeze-thawing (SELITREN-
NIKOFF and QUIGLEY, unpublished results). The ability
to freeze and thaw lysate preparations is especially im-
portant in developing a screening assay, since one large
batch of lysate may be made and then used for many
screening assays making screening easier and more
reproducible. '

Enzyme Kinetics
The K, .., of (1,3)B-glucan synthase activity with
respect to UDP-glucose was 0.4+0.04mMm which is
within the range reported previously (0.2 to 1.9 mm!%:13:14))

and the V,,, was 0.02+0.0008 nmol, min ™!,

Assay reproducibility
C. albicans protoplasts were lysed by bead beating in
the optimal buffer, centrifuged at 1,000 g, 10 minutes, 4°C

JULY 1998

and the supernatant used as the enzyme source in 24
replicate assays. The standard deviation of enzyme
activity of these replicate assays was 6.8% (results not
shown). Three batches of C. albicans protoplasts were
lysed in the optimal buffer described above and the
low-speed supernatant aliquoted, frozen immediately in
dry ice and stored at —70°C. The frozen lysates from
the three batches of C. albicans were used in 22 separate
experiments in which the effect of 60 um cilofungin on
enzyme activity was assayed ~ 60 times. The assay-to-
assay variability was ~10% (65% +7% inhibition).
A summary of the in vitro properties of (1,3)f-glucan
synthase activity from C. albicans low-speed supernatants
is presented in Table 2.

(1,3)-Glucan Synthase Activity from
Aspergillus fumigatus

To test the effect of various buffers on enzyme activity,
hyphae were lysed and low-speed supernatants were
prepared (as described in Materials and Methods) in
50mm Tris, HEPES, MOPS, Tricine, and phosphate
buffers at pHs ranging from pH 6.4~8.8 according to
the pK, ranges of the individual buffers. All buffers
additionally contained 1mM EDTA, 1M sucrose, and
20 um GTPyS (no enzyme activity was detected without
these compounds-results not shown). Enzyme activity of

Fig. 2. Effect of pH of lysis buffer on A. fumigatus (1,3)B-glucan synthase activity.

Hyphae were obtained as described in Materials and Methods and lysed in 50 mm Tris (¢), MOPS (4),
TRICINE (W), HEPES ([J) or phosphate (A) buffer containing 20 um GTPyS, 1 M sucrose, and 1 mm EDTA

adjusted to the indicated pH.

100% r

80% |

60% r

40%

"% Maximum Activity

20% |

0%

6 6.5 7

7.5 8 8.5 9
pH

(1,3)B-glucan synthase specific activity of each reaction was determined as described in Materials and
Methods and the percent maximum enzyme activity calculated. Each data point represents the average of 4

determinations.
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each extract was determined as described in Materials
and Methods and these results are shown in Figure 2.
Note that hyphae lysed in HEPES, pH 8.0, resulted in
extracts with the highest enzyme activity. To determine
the optimal concentration of HEPES for enzyme activity,
the concentration of HEPES, pH 8.0, in the lysis and

assay buffer was varied from 25 to 500 mM. The highest
specific activity was found using 50 mm HEPES (results
not shown).

Buffer additions

The effect of various compounds on enzyme activity
was determined using a strategy similar to that used for
C. albicans glucan synthase activity. Hyphae were lysed
in 50 mM HEPES, pH 8.0, containing various concentra-
tions of a number of compounds (Table 3). Enzyme
activity increased 185% with the addition of 5 um GTPyS
to lysis buffer. Enzyme activity continued to increase
with the addition of GTPyS up to 50 um (370%), at which
point no further stimulation was observed (results not
shown). We observed a 3-fold greater stimulation by
GTPyS than previously reported for (1,3)f-glucan
synthase activity from A. fumigatus'®!”. This increased
stimulation of activity is most likely due to lysing cells
in the presence of GTPyS instead of adding GTPyS to
the assay buffer after cell lysis.

Sucrose and glycerol were tested separately at
concentrations ranging from 0~ 1M. Enzyme activity
increased up to 220% with increasing amounts of sucrose
(results not shown). Although enzyme activity was
greatest with 1M sucrose, we chose 750 mM sucrose
because the buffer was less viscous and cells lysed com-
pletely. Glycerol also increased enzyme activity, but
less than observed for the equivalent concentration of
sucrose (results not shown). EDTA and EGTA, were
tested at concentrations from 0 to 100mm. EDTA
increased enzyme activity by ~350%; EGTA was less
effective (results not shown). The optimal concentration
of EDTA, 10mMm, was added to buffer for subsequent
experiments.

Several other compounds were tested for their effect
on (1,3)B-glucan synthase enzyme activity in buffer
containing S0mM HEPES, pH 8.0, 750mM sucrose,
10mM EDTA, and 50 um GTPyS (buffer B). Compounds
that significantly stimulated enzyme activity were used
at their optimal concentration in subsequent buffers.
Compounds listed in Table 3 were added individually
over a range of concentrations to buffer B. NaH,PO,
increased enzyme specific activity by ~40% at 10 mm.
MgCl,, NaCl and KCIl were added in concentrations
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Table 3. Optimal concentration of various
compounds for maximal A. fumigatus (1,3)8-
glucan synthase activity®.

Addition Concentrations Optimal.
tested concentration

HEPES 25~ 500 mM 50 mMm

EDTA 0~ 100mm 10 mm

Sucrose 0~1M 750 mMm

GTPyS 0~200 um 50 um

NaH,PO, 0~ 200 mm 10 mMm

Cellobiose 0~100mmMm 100 mm

NaF 0~200mMm Minimal Effect

EGTA 0~ 100 mM 1 mm

BSA 0~1% Minimal Effect

Ficoll 0~3% No Effect

DTT 0~ 100 mM Inhibitory

Glycerol O~1Mm M

Sodium 0~ 100 mMm Inhibitory
tartrate

Cations 0~5mmMm 1 mMm

2 Hyphae were lysed in buffer containing 100 mm
HEPES, pH 8.0, and various concentrations of the
indicated compounds as described in Materials
and Methods. Reactions contained 1 mm UDP-
[**C]glucose (0.05 uCi), 50 ug a-amylase, and cell
lysate (30~ 70 ug protein) in a final volume of
26 ul. Reactions were incubated for 0 and 15
minutes at 25°C, and the amount of glucan formed
determined as described in Materials and
Methods. Specific activities (nmol glucose incor-
porated into TCA-insoluble product/minute/mg
protein) of lysates were detérmined.

from 0 to 5 mM in buffer lacking EDTA. Each compound
increased enzyme activity by ~80% at 1mwm; higher
concentrations produced no further stimulation (results
not shown). The salts increased enzyme activity, but the
addition of EDTA (which increased enzyme activity by
~350%) would chelate them, negating their activating
effect. Therefore, salts were not added to lysis buffer in
subsequent experiments. Cellobiose?® added to lysis
buffer was varied from 0 to 100 mm. The optimal con-
centration was 100 mM, which increased enzyme specific
activity by 200% (results not shown). NaF was added
to buffer B from 0~200mM. Although it has been
reported that NaF increased the specific activity of
(1,3)B-glucan synthase from A4. fumigatus by 72%'®, we
found that NaF did not significantly increase enzyme
activity (not shown). BSA was tested in 0.2% increments
from 0~1% for its effect on enzyme activity. The
addition of BSA to either lysis buffer or reactions did
not significantly increase enzyme activity (not shown).
Sodium tartrate and DTT slightly inhibited enzyme



672 THE JOURNAL OF ANTIBIOTICS

activity while Ficoll did not stimulate or inhibit enzyme
activity (not shown).

Properties of A. fumigatus (1,3)8-Glucan Synthase
Activity

Based on the above results, the final, optimal buffer
for enzyme activity included 50mm HEPES, pH 8.0,
750 mM sucrose, 10mM EDTA, 50 uM GTPyS, 100 mm
cellobiose, and 10mm NaH,PO, and was used in sub-
sequent experiments. Acid-insoluble radioactive material
synthesized using either fresh or frozen cell-lysates was
>97% hydrolyzed by (1,3)B-glucanase treatment, but
resistant to a-amylase treatment, indicating that the
product was (1,3)p-linked glucan (not shown). Enzyme
activity was linear from 0 to 90 minutes and linear with
5~120 ug lysate protein (15 minute incubations). The
half-life of enzyme activity at 4°C was ~5 days. Lysates
could be stored at —70°C for at least 26 weeks (85% of
original activity-results not shown).

The K, ,,, for (1,3)f-glucan synthase activity of
A. fumigatus was 0.43+0.013mm and the V,_ app Was
18 +2.2nmol, min~'. The K,,,, is within the range

of published values (0.4 to 1.9 mm!618.19),

Assay Reproducibility

To determine the assay to assay variability, we pre-
pared cell extracts as described in Materials and Methods
and assayed 96 identical reactions. The standard devia-
tion was 12% and was independent of individual labora-
tory personnel (not shown). The effect of cilofungin on

enzyme activity was tested 12 times; the assay to assay
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variability was 12% (not shown). A summary of the
properties of (1,3)f-glucan synthase activity from
A. fumigatus is presented in Table 4.

Assay Application

In Vitro Enzyme Assays are Sensitive to Known
Glucan Synthase Inhibitors

We used the optimal assay conditions determined
above to test the effect of several well-characterized
inhibitors” of (1,3)B-glucan synthase on enzyme activity.
We determined the inhibition constants of cilofungin and
L-733,560 (MK991) for each enzyme activity as well as
IC;¢s for papulacandin B, aculeacin A and echinocandin .
B. These results are shown in Table 5 (data for (1,3)8-
glucan synthase activity from N. crassa are presented for

comparison). MK991 was a non-competitive inhibitor??

Table 4. Summary of in vitro properties of
A. fumigatus (1,3)p-glucan synthase activity.

Property

Linear with time

0~90 minutes

Linear with protein 5~120 ug
Specific activity 4.8+ 1.3nmol, min~}!,
mg~!
Half life at 4°C ~5 days
Lysate activity after 100%
freeze/thaw
85% lysate activity, >26 weeks
—70°C
Assay to assay variability +12%
(1,3)B-glucan in product >97%

Ko app 0.43+0.013mm
18+ 2.2 nmol, min~!

max app

Table 5. Inhibition constants for (1,3)B-glucan synthase inhibitors®.

C. albicans A. fumigatus N. crassa®

Compound —_——— e T e

i KI app (HM) ICSOC K} app (/lM) ICSOC KI app (ﬂM) ICSOC
Cilofungin 56+7.2 ~8 4.84+0.7 nt 13 ~20
MK 991 23404 nt 15+1.7 nt nt nt
Papalucandin B nt ~8 “~0.09 nt ~ 500
Echinocandin B nt ~31 ~0.2 nt ~4
Aculeacin A nt ~16

~0.01 nt nt

a

C. albicans and A. fumigatus extracts were prepared and (1,3)f-glucan synthase activity determined as described in

Materials and Methods with various concentrations of the above (1,3)B-glucan synthase inhibitors dissolved in

water (MK991 only) or DMSO.
Data for N. crassa are from TAFT et al.39

nt: not tested.

ICs, is the concentration that gave ~50% inhibition of enzyme activity compared to control-reported in ug/ml.
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Table 6. Screening of marine macroorganism extracts for (1,3)B-glucan synthase inhibitors®.

Glucan synthase inhibition® Antifungal activity®
e — e Number of extracts —_— -

C. albicans A. fumigatus C. albicans A. fumigatus
o — 787 57 64
+ - 106 23 nt
- + 36 nt 2
+ + 71 29 28

»  Marine samples were extracted with ethanol, dried and resuspended in DMSO. Extracts were added to lysates of

C. albicans and A. fumigatus (prepared as described in Materials and Methods) and tested for inhibition of

(1,3)B-glucan synthase activity.

(—) indicates no significant effect on enzyme activity; (+) indicates >35% inhibition.

¢ Antifungal activity-Samples inhibiting (1,3)B-glucan synthase activity were further tested for inhibition of fungal
growth using either microtiter broth or agar diffusion assays®*". The numbers indicate the number of extracts that
inhibited growth of the indicated fungi.

nt: not tested.

Fig. 3. Bioassay guided purification of extract HBMYCO 785.

Purification Fraction C. albicans G.S.

ofEﬁgt?Athg&gas IC50 (ug/ml)
with Ethanol Ethanol Extraction ~100
Ethyl Acetate Partition ~84
Butanol Partition >480
Partition Between Ethyl acetate and water| Water Partition >480
i Silica Gel VCC
Heptane:EtOAc:MeOH
queous Phase 80:20:0 ~225
(H,0) 60:40:0 ~52
2 40:60:0 ~60
I 0:100:0 ~80
Partition Between n-BuOH and water 0:50:50 >480
I . 0:0:100 >480
i Yy Organic Phase
queous Phase Organic Phase
(H,0) (n-Butanol)
VCC Silica Gel
\4 Y Y Y
Heptane 80 0 0 0
EtOAc 20 100 50 0
MeOH 0 0 50 100
Weight(mg) 18 <1 21 8

The ethanol extract of sample HBMYCO 785 was partitioned between ethyl acetate and water and the
aqueous phase again partitioned between water and n-butanol (unpublished method of WRIGHT et al.). The
concentration that inhibited C. albicans (1,3)B-glucan synthase activity by 50% was determined for the original
ethanol extract and the three partitions by testing each fraction at 5 concentrations from 0.8 ug/ml to 480 ug/ml
as described in Materials and Methods (see inset). The ethyl acetate partition was further separated by vacuum
column chromatography (VCC), fractions collected and each fraction tested for enzyme inhibition. Note that
the majority of the inhibitory activity was found in the fraction which eluted with heptane : ethylacetate (60 : 40
[v/v]-see inset).
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of both enzyme activities and, consistent with previous
results, had a ~6-fold lower K;,,, against glucan
synthase from C. albicans than that from A. fumigatus.
In contrast, cilofungin was > 10-fold more effective
against enzyme activity from 4. fumigatus. Similar results
were found for the remaining inhibitors, i.e., enzyme
activity from A. fumigatus was significantly more sensi-
tive to each inhibitor. We conclude from these data that
the optimal in vitro conditions determined above result
in (1,3)p-glucan synthase preparations sensitive to known
(1,3)B-glucan synthase inhibitors.

Screening of Natural Product Extracts for 1,3)8-
Glucan Synthase Inhibitors

We screened over 1000 extracts of marine macroorgan-
isms for inhibitors of (1,3)-glucan synthase activity from
C. albicans and A. fumigatus. Samples found to inhibit

either enzyme activity were further tested for inhibition
of growth of C. albicans and A. fumigatus. A summary
of these results is presented in Table 6. Note that 787
samples did not inhibit enzyme activity from either
fungus although 121 of these extracts inhibited fungal
growth (presumably by acting via a mechanism[s] other
than inhibition of (1,3)f-glucan synthase activity). In
contrast, 71 extracts inhibited both enzyme activities and
29 of these, inhibited the growth of both organisms.
Thirty-six extracts inhibited only glucan synthase from
A. fumigatus and two of these also inhibited A. fumigatus
cell-growth. One hundred six extracts inhibited (1,3)p-
glucan synthase activity from C. albicans only and 23 of
these inhibited C. albicans cell growth. As an important
aside, the observation that certain extracts inhibited
enzyme activity of one but not both fungi may underscore
intrinsic differences in enzyme activity from each fungus.

Bioassay Guided Purification of
an Active Extract

Based on the results presented in the previous section,
we purified the active component from a number of
extracts. Figure 3 presents the fractionation scheme of
one extract and the inset shows the results of assay of
each fraction. Note that the majority of inhibitory ac-
tivity was found in the organic phase of the ethyl
acetate/water partitioning and that this activity was
eluted primarily in the heptane/ethyl acetate 60/40
fraction. Subsequent NMR analysis of this fraction
revealed a complex mixture of compounds which were
further separated by reversed phase HPLC (not
presented). This revealed a family of seven compounds
and will be the subject of a subsequent manuscript
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(WRIGHT et al., in preparation).

Conclusions

We have for the first time developed optimized (1,3)8-
glucan synthase assays using both C. albicans and
A. fumigatus extracts which can be used easily for
screening samples with potential antifungal activity. By
using frozen low-speed supernatants as enzyme sources,
the assays are simple and time efficient. These assays are
reproducible from assay to assay and from batch to batch
of lysate. In its present form, the assay is useful for
screening thousands of samples for inhibitors, and with
a few modifications, can be developed into a high-
throughput assay.

We have used the optimized assay to screen thousands
of samples for (1,3)f-glucan synthase activity inhibition
and we have discovered a number of (1,3)B-glucan
synthase inhibitors (WRIGHT ef al., in preparation).
Several extracts have been fractionated and the active
component(s) identified. In several cases, the enzyme
inhibitor was novel and each will be described in
subsequent publications.
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