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ABSTRACT

A series of orotyl and fluoroorotyl-peptides were

tested as possible drugs against the opportunistic yeast

Candida albicans. None of the peptides were toxic; however,

two seemed to be transported into the cells, based on
competition of transport assays with fadioactive peptide
trimethionine. The most promising of the drug-peptides,
fluoroorotyl-leucyl-leucine, was a competitive inhibitor
of trimethionine uptake with a K; of 5 x 10-4 M. By this
criterion fluoroorotyl-leucyl-leucine seemed to be
getting into the cells through the oligopeptide transport
system. It was shown that even though fluoroorotyl-leucyl-
leucine was transported into cells, it was not toxic
because the drug, fluoroorotic acid, was not released from
the peptide. Fluoroorotic acid, by itself, was inhibitory
to the pyrimidine biosynthetic enzyme activities of the
yeast cell. It was concluded that fluorocorotic acid is
carried into cells via the oligopeptide transport system
and if fluoroorotic acid were released from the peptide,
it should be inhibitory to the'enzymes of the yeast. This
was the first instance that a fluorinated pyrimidine was
shown to be carried into cells by way of the oligopeptide

permease.
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CHAPTER 1

INTRODUCTION

Species of Candida appear as common infectious agents
in man. They are also one of the most prevalent micro-
organisms responsible for infection in patients weakened by
cancer, immunosuppressive therapy, radiation treatment or
other debilitating conditions. According to one survey
(22), 58 percent of all fungal infections in compromised
patients was due to Candida. Progress in chemotherapy of
deep-seated fungal infections, in general, and in candidosis,
in particular, have lagged far behind the advances in the
development of antibacterial antibiotics during the past
decades. The most widely used anti-mycotic drugs have
shortcomings. Amphotericin B is toxic to the kidneys of
the host (29) and fluorocytosine (5-FC) results in the
problem that resistant strains arise readily (5).

The toxicity of fluorinated pyrimidines such as 5-FC
and fluorouracil (5-FU) to mammalian (10, 14, 23, 24),
bacterial (11, 21, 23), and fungal cells (5, 6, 21, 23) is
well known. Fluoroorotic acid (5-F0) is also toxic to
mammalian and bacterial cells (7, 10, 14, 21, 23, 24);
however, there has been only one report on the toxicity of
5-FO to fungal cells (21). It has been reported that 5-FO
does not enter cells readily (7). This suggested that
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capacity to penetrate may play a role in the poor toxicity
of 5-FO to fungal cells. It has also been reported that
some compounds enter cells via the transport systems of
other substances. Ames and co-workers (1) have shown that
a substance that is not transported into cells entered the
cells through the oligopeptide permease when presented as
part of an oligopeptide. They have termed this phenomenon
"illicit transport."

In the present work, a series of fluoroorotyl-peptide
conjugates were used to explore this approach in fulfilling
the great need for an anti-candidal agent. It was hoped
these peptides would overcome the suggested lack of pene-
tration of 5-FO by carrying 5-FO into the yeast through
the peptide transport system,

The peptides were specifically designed for activity
against Candida, using the known information on the
oligopeptide transport system of Candida (27, 28). Besides
being lethal to the pathogen, the drug-peptides should be
relatively innocuous to the host. This has also been taken
into account in the design of the peptides, based on the
studies on the transport of peptides in mammals (12, 16).
That is, the peptides should only be transported into the
yeast and not into the host.

It was hoped that by using specifically designed
drug-peptides the penetration capability of 5-FO could be

increased; in addition, the targeting of 5-FO could be



achieved. This approach represented a unique and novel

attempt to solving the problem of anti-candidal drugs.

In this study it has been shown that a peptide can
carry a fluorinated pyrimidine into cells. However, the
drug-peptides were found not to be toxic because 5-FO was
not released from the peptide by the enzymatic activities

of the yeast cell.



CHAPTER 11

MATERIALS AND METHODS

Organism

Candida albicans WD 18-4, a methionine, lysine double

auxotroph was used in all experiments. The organism was
supplied by Dr. Alvin Sarachek of Wichita State University.
The yeast was maintained on YEPD agar slants: 1 percent
yeast extract (Difco), 2 percent Bacto-peptone (Difco),

2 percent dextrose and 2 percent agar (Difco). It was
transferred each month to a fresh slant, incubated 24 hours

at 37°C and stored at 4°C.

Chemicals

Refer to reference 3 for the synthesis of radioactive
trimethionine (Met-Met-(14C)Met or Metz). The Amersham
Corp. of Arlington Heights, Il1l. was the supplier of
(6-14C) orotic acid monohydrate (OA), 59 Ci/m. Fluoro-
orotic-2-14C-acid, 7.9 Ci/m, was purchased from ICN
Pharmaceuticals, Inc., Irvine, Ca. 9271S5. Phosphoribosyl-1-
pyrophosphate (PRPP), lithium chloride, orotidine-5-
monophosphoric acid (OMP), 6-azauridine-5-monophosphoric
acid (azaUMP) and dithiothreitol (DTT) were from Sigma.
Uridine-5-monophosphate (UMP) was purchased from Calbiochem,
La Jolla, Ca. Orotic acid and 5-FO were bought from
P-L Biochemicals, Inc., Milwaukee, Wisconsin 53205.
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Polygram Cel 300 Polyethyleneimine cellulose (PEI cellu-
lose) plastic backed TLC plates (20 x 20 cm) were purchased
from Brinkmann Instruments, Inc., Westbury, New York 11590.
Fluorocytosine was a gift from Dr. Fred Naider, College of
Staten Island, CUNY, Staten Island, New York. The follow-
ing drug-peptides were synthesized by Drs. Ti and Naider at
the College of Staten Island: orotyl-leucyl-leucine (OL,),
orotyl-glycyl-glycine (0G,), orotyl-glycyl-glycine benzyl
ester (0G,0Bz1), orotyl-glycyl-glycine tertiary butyl ester
(0G,0TB), orotyl-methionyl-methionine methyl ester
(OM,0Me), fluoroorotyl-leucyl-leucine (FOL;), fluoroorotyl-
leucine (FOL), N-e-fluoroorotyl-lysyl-leucine (FOLL),
fluoroorotyl-leucyl-leucine tertiary butyl ester (FOL,0TB),
fluoroorotyl-leucine tertiary butyl ester (FOLOTB),
fluorotyl-glycyl-glycine benzyl ester (FOG,0Bz1l). The
manuscript describing the methods of syntheses is in prepara-
tion. Leucyl-leucyl-leucine (Leuz) was from Bachem, Inc.,
Torrance, Ca. 90505. The amino acid residues of all pep-
tides were all of the L configuration. Dimethyl formamide
(DMF) was purchased from Fisher Scientific., All other
chemicals were reagent grade or the purest commercially

available.

Minimum Inhibitory Concentration Assays

A. Growth of cells. Medium used was Yeast-N-Base

without amino acids (Difco) (67 mg/ml) containing 30 percent
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dextrose, 300 ug/ml methionine and 300 ug/ml lysine. This
was filter-sterilized and kept 4°C. For growth 0.5 ml of
this was placed into 4.5 ml sterile dH,0 contained in a
Klett tube, loop inoculated from a slant and grown at 37°C
to at least 100 Klett Units. Growth was followed by the
Klett-Summerson Photoelectric Colorimeter as an increase in
turbidity at 400-420 nm (blue filter). Aeration was
accomplished by vigorous shaking on a rotating shaker

(200 rpm).

B. Standardization of cell density. For each assay

(i.e., each microtiter plate), cell density had to be
standardized in order to make valid comparisons among
assays. A portion of the cells grown to at least 100 Klett
Units were resuspended in blue broth (see C. below) accord-
ing to the formula:

total volume of cells, in blue broth, needed for one assay _
final Klett Unit of the cells

the volume of cells to be resuspended in that volume of blue

broth.

C. Blue broth. Yeast-N-Base without amino acids

(13.4 mg/ml), 6 percent dextrose, 60 ug/ml methionine, 60
ug/ml lysine was prepared, adjusted to pH 7.2 and 8 ug/ml
bromphenol blue was added. The medium was filter-sterilized
and kept at 4°C. In some assays bromthymol blue was used

as the pH indicator and the solution was adjusted to 7.0.



D. Procedure. Tissue Culture Microtiter (flat

bottom) Plates (Costar, Cambridge, Mass.) were used in

the assays. The plates have eight rows (A-H) and 12 wells
per row. Sterile dH;0 (50 pl) was placed in wells 1-11 of
each row and 50 ul of the drug solution was placed in the
first well of each row. Serial 1:2 dilutions were then
made across a row with a microdiluter. Duplicate rows
were run for each drug to be tested. The drugs were
standardized so that a drug-peptide contained in a well had
the same molar concentration as that of the base compound
to which toxicity was being compared. Base compound was
either 5-FC or 5-FO. Blue broth (50 ul), containing cells
was then added to wells 1-11 of each row. The plates were
incubated in a humid chamber at 37°C. Plates were read at
24 and 48 hours. The last wells of a pair of rows having
no growth were reported as the minimum inhibitory concen-
tration (M. I. C.).

In some assays where the solubility of the drug-
peptide was in question, this modification of the above
method was used. Wells 2-11 received 50 ul of sterile dH30.
Drug-peptide solution (100 ul) was placed in well 1 of each
row. Serial 1:2 dilutions were then made and blue broth,
containing cells, was added to the wells. This modification
allowed for the use of double the volume of a half-as-
concentrated drug-peptide solution.

In all assays well 12 of each row was used for the



proper controls: a cell-free control to test for the

sterility of the medium and a medium-containing-cells

control to see if the cells were growing properly.

Transport Studies

A, Growth of cells.

1. Trimethionine and orotic acid assays. The
medium used in all experiments was Vogel's-N-Medium (35)
modified by the addition of inositol (36 ug/ml), pantothenic
acid (2 pug/ml), pyridoxine HC1 (4 ug/ml), thiamine HC1
(4 ug/ml), biotin (0.5 ng/ml), and the exclusion of NH4NO<.
Isoleucine (Ile) (6.56 mg/ml) was added as the nitrogen
source. The medium was autoclaved 15 minutes at 121°C and
sterile solutions of methionine (10 ug/ml), lysine
(10 pg/ml) and dextrose (2 percent) were added aseptically.
This final growth medium was designated Vogel's-Ile. For
starter culture 25 ml of Vogel's-Ile, contained in a 125 ml
flask, was loop inoculated from a slant. Cells were grown
18-24 hours at 37°C and aerated by vigorous stirring with a
magnetic stirring bar or a rotating shaker (200 rpm).
A 7-10 percent inoculum was made from the starter culture
into fresh medium contained in a 500 ml side-arm flask.
This inoculum gave an initial Klett reading of 20-25 Klett
Units. The culture was grown 6-8 hours (40-60 Klett Units)

at 37°C and aerated as above.
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2. Fluoroorotic acid assays. Vogel's-Ile was pre-
pared as described above. Yeast-N-Base without amino acids
and (NH4),SO04 (Difco) (1.7 mg/ml) supplemented with
methionine (10 uwg/ml), lysine (10 ug/ml), and dextrose
(2 percent) was prepared and filter-sterilized. A sterile
solution of Ile (6.56 mg/ml) was added aseptically as the
nitrogen source. Vogel's-NH,NO: was prepared exactly like
Vogel's-Ile; however, isoleucine was excluded and NHyNOgz
(2.05 mg/ml) was substituted. Cells were grown as described

above for Vogel's-Ile.

B. Assazs.

1. Trimethionine and competitors. Cells were har-
vested by filtration using a Millipore Apparatus with a
filter of 47 mm diameter and 0.45 um pore size, washed
twice with cold dH;0 and resuspended in cold dH20. The
density of the cells was adjusted so that a 1:10 dilution
gave a Klett Unit of 30 (1.4 mg dry weight cells/ml). The
cells were kept on ice until assayed. For the uptakes,
cells were incubated 10 minutes at 37°C, with stirring,
then added to an equal volume of a reaction mixture. The
reaction mixture, which was likewise incubated, contained
dextrose (2 percent), citrate-phosphate buffer (pH 3.5,
0.012 M), and radioactive Mets (6.06 x 10°° M, 1 Ci/m).
At various time intervals 500 pl portions were removed and

applied to filters (Millipore Corp., 25 mm, 0.45 um)



supported by a Millipore or a Yeda (Yeda Scientific

Instruments, Rehovot, Israel) manifold. The filters were
then washed twice with cold dH,0. The reaction mixture
with the cells in it was at 37°C and stirred during
sampling. The filters were placed in Bray's Solution (8)
and radioactivity was counted with a Searle IsoCap/300
6868 Liquid Scintillation System or a Beckman LS 7000.

Competition of transport assays was done the same
way as with Metz alone. However, the drug-peptide to be
used as the competitor was included in the reaction
mixture prior to the cells being added. The drug-peptides
were dissolved either in water or DMF.

2. Orotic acid and competitors. Cells were pre-
pared as outlined above. An equal volume of cells were
added to a reaction mixture containing dextrose (2 percent),
citrate-phosphate buffer (pH 3.5, 0.012 M). This was
incubated, with stirring, at 37°C for 10 minutes. Radio- |
active orotic acid was added at a final concentration of |
5 x 109 M and at various time intervals 500 pl portionms
were removed, applied to filters, washed twice and counted.
In some experiments the specific activity of the orotic
acid was reduced to conserve the radioactive stock.

Competition of transport assays was done exactly
as outlined above except the competing drug-peptide was

added a few seconds before orotic acid.
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3. Fluoroorotic acid. Fluoroorotic acid (1 Ci/m)
transport assays were done at 1 x 1075 or 5 x 10°9 M
final concentrations. Citrate-phosphate buffer was used
at a range of pH values: 2.6, 3.0, 3.5, 4.0, 4.5, 5.0,
6.0, 7.0, 7.3, 8.0. At pH 5.5 sodium-phosphate buffer
was used at a 0.05 M final concentration. In those assays
where 5-FO was added last to the reaction mixture, the
methods were identical to that of orotic acid. In one
assay a reaction mixture composed of dextrose (2 percent),
citrate-phosphate buffer (pH 3.5, 0.012 M) and 5-FO
(1 x 10-4 M) was prepared. An equal volume of cells, which
was incubated 10 minutes with stirring, was added to this

and the procedure was the same as with Metz assays.

Enzyme Assays

A. Growth of cells. Yeast-N-Base without amino

acids (Difco) (67 mg/ml) with 30 percent dextrose,
methionine (300 ug/ml), lysine (300 ug/ml) was prepared at
a volume of 100 ml and was filter-sterilized. This was
added to 900 ml of sterile dH0, 100 ml was removed, placed
in a 500 ml flask and loop-inoculated from a slant. The
culture was grown 19 hours at 37°C with vigorous stirring
with a magnetic stirring bar. This culture was used to
inoculate the 900 ml of sterile medium, grown to mid-log

(9 hours) at 37°C and aerated as above.
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B. Extraction of cells. Cells were harvested by

centrifugation (9000 x g), washed once with cold 0.9 per-
cent NaCl, resuspended in 20 ml of Tris buffer (pH 8,

0.05 M). The cell suspension and glass beads (40 gm,
Sigma Chemical Co., 75-100 um diameter) were added to the
50 ml size omnimixer stainless steel cup (Ivan Sorvall
Corp.). The suspension was kept on ice and homogenized

at top speed for five minutes, low speed for one minute,
and then another 10 minutes at top speed. The glass beads,
unbroken cells and cell debris were removed by centrifuga-
tion (25300 x g). The supernatant fluid was dialyzed
overnight against Tris buffer (pH 8, 0.05 M) at 4°C. The
resulting solution was used as a cell extract (CE). Pro-
tein determination was carried out by the BioRad Protein
Assay (BioRad Labs, Richmond, Ca.). The protein content
of the cell extract was 3.36 mg/ml. The cell extract was
frozen until just prior to use and the remainder was

immediately refrozen.

C. Procedure (References 31, 32). Reaction mixture

containing, as final concentrations, PRPP 0.2 mM, MgCl, 4
mM, Tris buffer (pH 8) 45 mM, DTT 0.7 mM was prepared and
CE was added at a final concentration of 0.56 mg/ml. The
reaction mixture was incubated for 15 minutes at room
temperature and at 37°C for an additional 10 minutes.

Orotic acid, at 15 Ci/m, was added at a final concentration
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of 0.3 mM. The final volume of the reaction mixture was

36 ul. Samples (7 ul) were removed at various time points
and placed into 3 ul of a 150 mM EDTA, S mM azaUMP solution
to stop the enzymatic processes. These were kept in an ice
water bath until spotted onto TLC plates.

To spot the samples 4 pl of each time point was re-
moved and spotted onto TLC plates. The spots were dried by
gently blowing cool air with a hair drier. Each spot was
then overlaid with 4 ul of a solution containing 1 mM OMP,
1 mM UMP, 3 mM orotic acid.

Thin Layer Chromatography plates were developed in a
glass chamber; solvent was 0.2 M lithium chloride. After
developing, the plates were thoroughly air dried and spots
were localized under ultraviolet light and outlined with a
pencil. The spots corresponding to the known Rg values of
OMP and UMP were cut out with a scalpel. The cut-outs were
placed in 0.5 ml of a 0.1 M HC1, 0.2 M KC1 solution con-
tained in a minivial. The vials were shaken on a rotating
shaker (200 rpm) for 30-60 minutes., Bray's Solution (5 ml)
was added to each minivial and counted for radioactivity.

The procedures for competition experiments were
identical to what is outlined above except that the
competitor was added a few seconds prior to the addition of
orotic acid. The competitors used were 5-FO and FOL; which
were included in the assays at four, five and eight fold

higher molar concentrations to that of orotic acid.



CHAPTER III

RESULTS

Minimum Inhibitory Concentration Assays

To determine the toxicity of the drug-peptide
conjugates, the minimum inhibitory concentration assay
was performed on representative peptides. The results
are listed in Table 1. The fluorocytosine was toxic at
1.25 ug/ml. This is similar to the known toxicity of the
drug (6). Fluoroorotic acid was not toxic to levels of
320 ug/ml, which is considered to be non-toxic (19).
Orotyl-leucyl-leucine, FOL,, FOL, FOLL, and F0G,0Bzl were
also non-toxic. Fluoroorotic acid, which is known to be
toxic in other systems, was not toxic to Candida, pre-
sumably because of poor capacity to penetrate. The fact
that the drug-peptides were not toxic, however, served
as a reason to determine whether these compounds were
transported. We wanted to show that the peptides could

be used to carry 5-FO into the cells.

Transport Studies

A. Trimethionine. A powerful method of determining

if two substances enter a cell through the same transport

system is to do competition of uptake assays. To decide

whether any of the orotyl-peptides and fluoroorotyl-peptides

14
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Table 1. Minimum inhibitory concentration assays of
drugs and representative drug-peptides.a

Minimum
Inhibitory
Drug Concentration
Fluorocytosine 1.25
Fluoroorotic acid 320
Orotyl-leucyl-leucine 320
Fluoroorotyl-leucyl-leucine 320
Fluoroorotyl-leucine 320
N-e-Fluoroorotyl-lysyl-leucine 320
Fluoroorotyl-glycyl-glycine benzyl ester? 320

aData for fluorocytosine and fluoroorotic acid are
expressed in micrograms per milliliter. Data for the
drug-peptides are expressed in microgram equivalents per
milliliter. The drug and drug-peptides were standardized
so that there was the same molar concentration of the
drug within assay wells.

by thank Sam V. Lewis for the data.



could enter Candida, competition of the transport of

Metz with the peptides was carried out. The transport
assay for Metz has been well characterized (28). The
structures of the drug-peptides are an orotic acid
conjugated to a dipeptide through the amine terminus of
the dipeptide. The peptides were sufficiently similar
to a tripeptide, and it was expected that they would
compete with the transport of trimethionine. Accordingly,
each of the drug-peptides was tested to see if they com-
peted with Metz., Competition would indicate that the
peptides were entering the cells through the peptide
transport system. For the competition experiments a
control Mets uptake (no competitor) was done. Initial
rates of uptake of Met, with and without competitor were
calculated and percent inhibition of the initial rate of
uptake of Metsz was derived. Most of the drug-peptides
were water soluble; however, all but one of the peptides
that were blocked at the carboxy terminus needed to be
solubilized in DMF. An appropriate DMF control was done
for these uptakes. Figure 1 shows the results of the
experiments with OL, and 0G;. Orotyl-leucyl-leucine
inhibited the uptake of Met; while 0G; did not. Orotyl-
glycyl-glycine tertiary butyl ester, which was water
soluble, did not inhibit the transport of Mets (Figure 2).

Orotyl-glycyl-glycine benzyl ester and OMpOMe were dissolved

in DMF. In these two cases the final concentration of DMF
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in the reaction mixture was 0.9 percent. Therefore, a
0.9 percent DMF control was done and gave an inhibition
of 43 percent when compared with the control Met; uptake
(Figure 2). The inhibition seen with the two peptides
was no greater than the inhibition given by DMF. The
inhibition observed was then attributed to the DMF; these
peptides were considered to be non-inhibitors of tri-
methionine transport (Figure 2).

The results of the fluoroorotyl-peptide competition
assays are found in Figure 3. Fluoroorotyl-leucyl-leucine,
FOL, FOLL, FOL,0TB, FOLOTB, and FOG;0Bzl were tested
against Metz., Fluoroorotyl-leucyl-leucine, FOL, and FOLL
were water soluble. From the graphs it can be seen that
FOL, inhibits Mets uptake, although not as well as OLj
(Figure 1). Fluoroorotyl-leucine and FOLL did not inhibit
Mets transport. Fluoroorotyl-leucyl-leucine tertiary
butyl ester, FOLOTB and FOG;0Bz1 were dissolved in DMF
and the proper (0.7 percent DMF) control was performed.
None of these peptides was shown to be inhibitory to Met.
transport. The results are summarized in Table 2.

In Table 2 it can be seen that of the peptides
tested, only OL; (67 percent competition) and FOLp (40
percent competition) seem to be getting into the cells by
this criterion. Since FOL; is the peptide that contains
the drug, 5-FO, a Lineweaver-Burk plot was constructed

using Met; and FOL, as its competitor. Fluoroorotyl-
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Table 2. Control and competition of transport assays
with Metz and the drug-peptides.

Control Competitor Percent
Competitor? UptakeD UptakeC Inhibition

Orotyl-leucyl-leucine 0.36 0.12 67
Orotyl-glycyl-glycine 0.74 0.82 0
Orotyl-glycyl-glycine ter-

tiary butyl ester 1.00 1.00 0
Orotyl-glycyl-glycine

benzyl ester 1.00 0.77 23
Orotyl-methionyl-

methionine methyl ester® 1.00 0.60 40
Fluoroorotyl-leucyl-

leucine 0.47 0.28 40
Fluoroorotyl-leucine 0.63 0.63 0
N-e-Fluoroorotyl-lysyl-

leucine 0.63 0.77 0
Fluoroorotyl-leucyl-

1euci¥e tertiary butyl

ester 0.63 0.63 0
Fluoroorotyl-leucine

tertiary butyl esterf 0.63 0.63 0
Fluoroorotyl-glycyl-

glycine benzyl esterf 0.63 0.63 0
Leucyl-leucyl-leucine 0.43 0.11 75

8A11 competitors are at 10-fold higher molar concen-
tration to that of Met3 in the final reaction mixture.

bThe data given are the initial rate of uptake of
Metz expressed in nanomoles of Metz taken up per milligram
dry weight of cells per minute.

CInitial rate of uptake of Metz in the presence of
the competitor.

drRatio of competitor uptake to control uptake sub-
tracted from 100.

€Dissolved in DMF. The final concentration of DMF
in reaction mixture was 0.9 percent.

fDissolved in DMF. The final concentration of DMF
in reaction mixture was 0.7 percent.
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leucyl-leucine was at a 10-fold higher molar concentration
to that of Metz. By showing competitive inhibition of
transport there would be further evidence that FOL, was
entering the cells through the peptide transport system,
The results of this experiment are in Figure 4. From the
data it can be seen that FOL, is indeed a competitive
inhibitor of trimethionine uptake. The Ky of Metsz is

3.3 x 10°5 M and the Ky of FOL, is 5 x 1074 M.

B. Orotic acid. To see if any of the drug-peptide

conjugates could possibly enter the cells through the
orotic acid transport system, competition studies were
carried out. Control OA uptake containing no competitor
in the reaction mixture was considered as 100 percent. As
above, this was used to calculate percent inhibition of
uptake by the drug-peptides. Orotyl-leucyl-leucine, 0Gjp,
and 0G,0TB were the orotyl-peptides tested; none of them
inhibited the transport of OA (Figure 5). Fluoroorotyl-
leucyl-leucine tertiary butyl ester and FOLOTB were not
inhibitors of orotic acid uptake. Again, these were
dissolved in DMF and control transport assay (0.1 percent
DMF) was done (Figure 5). Fluoroorotyl-leucyl-leucine, FOL,
FOLL (Figure 6) were also non-inhibitors. The results
indicated that none of the drug-peptides inhibited the

transport of OA.
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leucine; Metz = Trimethionine?
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To answer the question whether 5-FO gets into cells,
5-FO0 was used as a competitor of OA. At 20-fold molar
excess to orotic acid 5-FO competed only 33 percent with
the uptake of OA. This indicated that 5-FO does not
enter cells readily via the orotic acid transport system.
This was an interesting result as it was already shown that
5-FO was not toxic to Candida. The reason may then be due
to the poor penetration of 5-FO. The results are sum-

marized in Table 3.

C. Fluoroorotic acid. To gain direct evidence for

the transport of 5-FO, radioactive (1 Ci/m) was utilized.
A range of pH values was used to get the best conditions
for uptake. Cells grown in Vogel's-Ile were assayed at
the various pH values found in Figure 7. The data
indicate that 5-FO was not taken up under conditions

where uptake of orotic acid, peptides, amino acids and
sugars could readily be detected. The data points were
scattered and no initial rates of uptake could be calcu-
lated. In order to see if different media could improve
uptakes, cells grown in Yeast-N-Base with Ile as the
nitrogen source were assayed. Uptakes were done at pH

3.5 with either 5-FO added last to the reaction mixture or
with the cells added last. These were done to see if
there was a difference in transport between the two methods.

It was felt that there may be a need for the cells to be



Table 3. Control and competition uptakes with orotic
acid and drug-peptides.

Control Competitor Percent
Competitord Uptakeb Uptake€ Inhibitiond

Orotyl-leucyl-leucine 30 30 0
Orotyl-glycyl-glycine 30 30 0
Orotyl-glycyl-glycine

tertiary butyl ester z0 30 0
Fluoroorotic acid (20xM) 30 20 33
Fluoroorotyl-leucyl- ~

leucine (7xM) 68 64 6
Fluorocorotyl-leucine (16xM) 68 58 15
N-e-Fluoroorotyl-1lysyl- —

leucine 30 30 0
Fluoroorotyl-leucyl-

leucine tertiary

butyl ester® 53 53 0
Fluoroorotyl-leucine

tertiary butyl ester® 30 35 0

4A11 competitors are at 10-fold higher (unless
otherwise stated) concentration to that of orotic acid
in the final reaction mixture.

bThese data given are initial rates of uptake of
orotic acid expressed in picamoles of orotic acid taken
up per milligram dry weight of cells per minute.

CInitial rate of uptake of orotic acid in the
presence of competitor.

dRatio of competitor uptake to control uptake
subtracted from 100.

€Dissolved in DMF. The final concentration of
DMF in the reaction mixture was 0.1 percent.



©® pH 6.0
eé\VpH 5.5
/V
<7

T

\z

H

6+ o pH 5.0
v PH 4.9 \
©.
v:>~<::::v~_~_-__
2+
0+ [0} pH 4.0

]
()

?4f+

o]
40
v 9
T T
N oo
o o

1
(o]

Fluoroorotic Acid Uptake (pmoles x 102/mg cell)

N

\
]
|
\

&-k—

Time (Min.)

Figure 7. Fluoroorotic acid transport assays--
cells were grown in Vogel's-Isoleucine. Fluoroorotic
acid was at a final concentration of 5x10-5 M and assays
were done at pH values shown. -



"energized" by being incubated with dextrose before re-

ceiving the substrate, 5-FO. The uptakes (Figure 8) were
no better than those cells grown in Vogel's-Ile and assayed
at pH 3.5 (Figure 7). The cells grown on Yeast-N-Base

with Ile as the nitrogen source were also assayed at pH
values 7.0 and 7.3. This was done to see if physioclogical
pH could improve transport. The uptakes were again poor
(Figure 8).

Cells grown in Vogel's-NH4NOz were also tested for
transport. It was thought a richer nitrogen source could
improve transport. The assays were done at pH values seen
in Figure 9. Fluoroorotic acid was not taken up by these

cells,

Enzyme Assays

Orotic acid is a precursor in the de novo pyrimidine
biosynthetic pathway (31). The two enzymes responsible for
converting OA to OMP then to UMP are called orotate
phosphoribosyl transferase (PRTase) and orotidylate
decarboxylase (ODCase). The enzymes catalyze the reactions
(1) and (2) respectively:

orotate + PRPPS===O0MP + PP; (1)
OMP ——>UMP + CO, (2)
The activity of these two enzymes was tested for in a cell

extract of Candida. Orotidine-5-monophosphoric acid

production versus time is plotted in Figure 10. Orotic
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Figure 9. Fluoroorotic acid transport assays--
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acid was the substrate in the control assay. In the
competition experiments, FOL,, at five-fold higher con-
centration, did not compete with OA for the production of
OMP. Fluoroorotic acid, which was at four- and eight-fold
higher concentration than OA, was an effective and dose
dependent inhibitor of OMP production. Similar results
were obtained with ortidylate decarboxylase (Figure 11).
Fluoroorotyl-leucyl-leucine did not compete at all while

5-FO inhibited the conversion of OMP to UMP.
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CHAPTER IV

DISCUSSION

The increasing use of immunosuppressants, cytotoxic
drugs, antibiotics, and corticosteroids has resulted in an
increase in opportunistic infections. A group of organisms
frequently encountered in compromised hosts are the fungi
and Candida is the most reported species causing infection
(22). With the problems inherent in the most widely used
anti-mycotic drugs (5, 29), it was decided to explore the
use of drug-peptide conjugates to help in the treatment of
fungal infections.

The approach of using peptides as carriers of a drug
has several advantages. It can result in a 100-1000 fold
concentration of the toxic agent in the cell (2). The
peptide transport systems of microorganisms tolerate
changes in the side-chains and end-groups of the peptides
(16, 18). In addition, a peptide is easily modified
chemically (18). The latter two could be exploited to
target drugs to the pathogen.

To design drug-peptides specific for the pathogen
and to be safely used in the compromised host, information
on the transport of peptides in the biological systems
involved was required. The transport systems of the
host's gut (12, 16), microbial flora, particularly of

35
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E. coli (16), and Candida (27, 28) have been studied.
Structural specificities of the oligopeptide transport

in the three systems are summarized below:

Side chain N-terminal C-terminal
specificity amino carboxyl
Mammalian broad free group may require
gut required free group
E. coli broad protonatable no requirement
group for a free
required group
Candida broad no requirement free group
for a free required
group

The results of the studies on the structural specificities
of transport have led to this hypothetical model for an
anti-candidal drug-peptide conjugate (28):

D-residues may

be inserted in This residue
these positions must be L

Amine

terminus \\

can be used Q Q 0 Must be

as an —> NHZ-QH-C-NH-QH-C-NH-QH-C-OH'6—-free carboxyl
attachment R R R

point \\\ R /f

Side-chains should preferably
be hydrophobic. Toxic agents
can be attached in these
side-chains

The idea of a "magic bullet'" was first proposed by

Ehrlich (9). He envisioned the bullet to be a chemical
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compound that was not toxic to the host but specifically
searched for and killed the invading organism. This
coincides with the approach proposed here. A model is

presented below (4):

Yeast

cell Not

wall transported
Transport

Yeast Carrier-drug

cell

membrane

The use of carriers for "smuggling" (30) poorly
transported substances into cells is not a new one.
Attachment to macromolecules (20) and the use of liposomes
(17) have been attempted to overcome permeability problems
in mammalian systems. Several investigators (1, 18, 27)
have shown that peptides can carry toxic and poorly trans-
ported moieties into microbes. Lichliter (27) showed that
methionine peptides containing ethionine and norleucine
could serve as the methionine source for a methionine
auxotroph of Candida. Fickel and Gilvarg (18) saw that
homoserine phosphate could enter E. coli as dilysyl-
homoserine phosphate. Ethionine, norleucine and norvaline

were more toxic to Salmonella typhimurium when presented

as part of peptides than as free amino acids (1). 1In
addition, Ames and co-workers (1) have shown that

histidinol phosphate (HOLP) could be transported in as
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diglycyl-HOLP via the peptide transport system. Peptides
have also been shown to carry toxic amino acid anticapsin
into Candida (25).

Fluorocytosine is a known and effective drug
against a variety of systemic fungal diseases (5, 6). For
the working hypothesis presented here this would be the
logical toxic agent to be used. By putting 5-FC on a
specifically designed peptide, targeting of the drug
could be realized. This has been achieved (33). However,
it was discovered that the drug peptides were unstable
under test conditions. It appeared the peptides were
hydrolyzed extracellularly and 5-FC was subsequently
transported into Candida. This, of course, defeated the
purpose of the peptide carrier.

To overcome the instability problems of the 5-FC
peptides, 5-FO peptides were synthesized. Fluoroorotic
acid was selected because it could easily be linked to
the o or ¢ amino group of a peptide and the bond used in
conjugation was expected to be stable. The 1list of orotyl
and fluoroorotyl-peptides appears in the chapter on
Materials and Methods.

In order to delineate the toxicity, to decide whether
the peptides were transported into the cells and to look at

the metabolism of the peptides, a three-pronged approach

was utilized. Minimum inhibitory concentration assays

would give information on the toxicity of the peptides,
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competition of transport assays would answer questions
about the transport of the peptides and in vitro enzyme
assays in the presence of the peptides would tell us
about the metabolism of the drug-peptide conjugates.
Toxicity assays by the method of Fisher and Armstrong
(19) showed that the peptides tested and 5-FO were not
toxic to the yeast. Possible reasons for the non-toxicity
were (1) the non-transport of the peptides and 5-FO,

(2) transport and non-toxicity of the peptides and 5-FO,
and (3) transport and the failure of the peptides to be
cleaved thereby not releasing the drug.

The poor transport of 5-FO has been reported (7).
Evidence supporting this was the poor competition of 5-FO
with OA (Figure 6, page 25) and the direct assays of
radioactive 5-FO uptake (Figures 6, 7, and 8, pages
25, 28 and 30, respectively). Although different condi-
tions were employed to optimize 5-FO transport, these
efforts were unsuccessful. A pH profile for uptakes could
not be constructed, use of a poor (Ile) as well as a richer
(NH4N03) nitrogen source for growth showed no improvement
and "energization" of the cells was not helpful. It was
concluded 5-FO is not toxic to this strain of Candida
probably because of its poor uptake.

Transport of the peptides was assayed indirectly by
competition of transport assays and the data were analyzed

by use of a Lineweaver-Burk plot. Among the peptides
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tested OL, was the best inhibitor of Metz (Table 2, page 21).
A possible explanation of this could be that OL, was recog-
nized by the oligopeptide transport system as a peptide
similar to Leuz. This compound competes especially well
with Metz (Table 2) apparently because of its hydrophobic
nature. Fluoroorotyl-leucyl-leucine was the only
fluorinated peptide to compete with Met3, though the
competition was not as good as with OL,. The high
electronegativity of fluorine may play a role in altering
the configuration of the peptides and the chemistry of
neighboring atoms thus affecting the recognition of the
peptide by the carrier protein. None of the peptides
blocked at the carboxy-terminus competed with Metz transport.
This was expected as a free carboxy terminus is necessary

for transport of a peptide by Candida albicans WD 18-4

(27, 28). An interesting point was the inhibition of Met;
uptake by DMF at 0.9 percent final concentration. At this
level DMF inhibited Metz while at 0.7 percent it did not
(Figures 2 and 3, pages 19 and 20, respectively). Although
the difference between the two concentrations was slight,
there was a pronounced difference in inhibition. This
result served to emphasize the omnipresent need for the
proper controls for uptakes.

Lineweaver-Burk plot analysis showed competitive
inhibition of Mets by FOL;. Although this does not prove

actual transport of the drug-peptide into the cells, it
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does show an affinity of FOL, for the Metz carrier. Since
Met; is transported via a carrier mediated, saturable
system (28), it appears that FOL, is likewise getting
through this particular system.

Competition assays between OA and the peptides
were also done. None inhibited OA uptake indicating that
they were not transported through this system. This was
not surprising as it seemed unlikely that the entry of
such dissimilar compounds occurred by a common system,
There was no inhibition of CA uptake by DMF (Table 3,
page 27).

Fluoroorotyl-leucyl-leucine was not toxic to Candida
but appeared to be transported into the cells. Assuming
the drug-peptide was transported intact and once inside
was not cleaved to release 5-FO, it was still possible
that the intact peptide could be toxic to the cells.
Accordingly, FOL; was tested to determine if it inhibited
the conversion of OA to OMP and UMP. The intact peptide,
under the conditions employed, was not inhibitory (Figures
10 and 11, pages 32 and 34, respectively). This evidence
pointed to the fact that even if the peptide was
accumulated, it would not be toxic via a mechanism in-
volving the major de novo synthesis of pyrimidines.
Whether the peptide could inhibit enzymes other than the

ones tested is not known.
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It is known that once 5-FO gets into cells, it is a
competitive substrate for PRTase and ODCase (7, 13). This
was shown to be also true in Candida (Figures 10 and 11,
pages 32 and 34, respectively). One point worth noting is
that in mammalian tissues PRTase and ODCase exist as a
bifunctional complex (31) which means that OMP does not
accumulate and is quantitatively converted to UMP. How-

ever, in Saccharomyces the enzymes are not found as a

complex and could be resolved by conventional purification
techniques (34). Thus, OMP would be expected to accumulate
and not be converted quantitatively to UMP (31). This was
also the case with Candida (compare Figures 10 and 11)
where more OMP was produced. In addition, 5-F0, once

inside the cells, could be metabolized as outlined below:

PRPP Cop, Reference
5-FO-:>¥—>S-FOMP-—Zé——¢5-FUMP 10, 13
5-FUMP S5 - EJdUMP expected conversion
as seen in the line
below
NADPH + H* NADP+
UMP dUMP 26
and/or
€O,

S-FO—L—>5-FU 10
Ribose NADPH + H* # NADP+
S-FUL‘—>5-FUR 5-FUdR——>F - FdUMp| 15



In both outlines it can be seen that 5-FO is converted to

5-FdUMP. This compound is now thought to be involved in
the mode of action of 5-FC (15); it is a potent inhibitor
of thymidylate synthetase. This enzyme is essential in
DNA biosynthesis because it converts dUMP to dTMP (26).
Since 5-F0 is a substrate for enzymes of Candida, the
non-toxicity of 5-FO appears to be due to its lack of trans-
port. So, if 5-FO is carried in and released from the
drug-peptide, it should be toxic to Candida.

It was already mentioned that FOL, did not inhibit
PRTase and ODCase. It has been observed in our lab that
when FOL, was incubated (90 minutes) with a cell extract
of C. albicans WD 18-4, the breakdown of FOL; to 5-FO and
dileucine was not observed. However, leucine and an
unidentified fluorescent compound (most probably FOL) were
detected. In addition, CHOP cell extract, serum or pure
hog acylase I, even after extended incubation, failed to
release 5-FO from FOL,. These results point to the fact
that 5-FO is not cleaved off of FOL;. The amide bond
formed during conjugation (see arrow below) was expected
to be stable to hydrolysis. However, it is reasonable to
assume that the inability of the 5-FO to be enzymatically
cleaved off of the peptide is the reason for its non-

toxicity.
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The results could be summarized:
1. 5-FO is not toxic, FOL, is not toxic.
Z. 5-FO 1is not transported, FOL, apparently gets in.
3. 5-FO is a substrate for and competes for enzymes
of pyrimidine biosynthesis.
4. FOL2 does not inhibit these enzymes.
a. It is not toxic as an intact peptide.
b. 5-FO is not released from the peptide conjugate
by the cells' enzymatic contents.

Although the peptides that were synthesized and
tested for biological activity were not toxic, it was
shown that the working hypothesis could be realized. That
is, it was shown that 5-F0O can be carried into cells
through the peptide transport system.

Future work on this subject will involve drug-
peptide conjugates with different bond characteristics so
that the drug could be cleaved off more readily. Another
approach will make use of the drug polyoxin D. This com-

pound is an inhibitor of the synthesis of chitin. Chitin
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is a structural macromolecule found in the walls of yeast
and not in mammalian cells. Polyoxin D-peptide conjugates
that will be synthesized are expected to be specific for
the pathogen because of the differences in the cell

envelopes of yeast and mammalian cells.
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