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New and improved therapeutics are needed for Bacillus anthracis, the etiological agent of anthrax. To
date, antimicrobial agents have not been developed against the well-validated target dihydrofolate reduc-
tase (DHFR). In order to address whether DHFR inhibitors could have potential use as clinical agents
against Bacillus, 27 compounds were screened against this enzyme from Bacillus cereus, which is identical
to the enzyme from B. anthracis at the active site. Several 2,4-diamino-5-deazapteridine compounds exhibit
submicromolar 50% inhibitory concentrations (ICs,s). Four of the inhibitors displaying potency in vitro
were tested in vivo and showed a marked growth inhibition of B. cereus; the most potent of these has MIC;,,
and minimum bactericidal concentrations at which 50% are Kkilled of 1.6 pg/ml and 0.09 pg/ml, respec-
tively. In order to illustrate structure-activity relationships for the classes of inhibitors tested, each of the
27 inhibitors was docked into homology models of the B. cereus and B. anthracis DHFR proteins, allowing
the development of a rationale for the inhibition profiles. A combination of favorable interactions with the
diaminopyrimidine and substituted phenyl rings explains the low IC;, values of potent inhibitors; steric
interactions explain higher IC;, values. These experiments show that DHFR is a reasonable antimicrobial
target for Bacillus anthracis and that there is a class of inhibitors that possess sufficient potency and
antibacterial activity to suggest further development.

Although known for years to cause sporadic life-threat-
ening disease, Bacillus anthracis, the etiological agent of
anthrax, has recently attracted attention as a potential bioter-
rorism weapon. The highly virulent nature of anthrax necessi-
tates that prophylactic treatment with antibiotics be started
prior to the presentation of symptoms to have the greatest
efficacy. While fluoroquinolones and cephalosporins are cur-
rently recommended for the treatment of anthrax, these treat-
ments have serious limitations, including the lack of indication
for children and the development of resistance (2, 6, 8).

Dihydrofolate reductase (DHFR) has been a widely recog-
nized antimicrobial drug target as it plays a key role in the
generation of the DNA base dTMP. Specifically, DHFR cata-
lyzes the reduction of dihydrofolate, using NADPH to form
tetrahydrofolate and NADP™. B. anthracis exhibits a natural
resistance to trimethoprim (TMP), a clinically used antibacte-
rial DHFR inhibitor, due to a lack of affinity between the
enzyme and the inhibitor (2). In fact, most reported cases of
DHFR insensitivity to antibiotics stem from changes of resi-
dues at the active site. For example, mutations of active-site
residues also occur in strains of Plasmodium falciparum resis-
tant to pyrimethamine and cycloguanil (23). Trimethoprim re-
sistance reported to occur in bacteria, including Streptococcus
pneumoniae (1, 12) and Staphylococcus aureus (7), also involves
amino acid substitutions. In both cases, although other muta-
tions may modulate the degree of resistance, active-site muta-
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tions of Ile100Leu and Phe98Tyr, respectively, were necessary
for resistance. At positions homologous to these two residues,
Bacillus cereus and B. anthracis DHFRs (DHFR. and DHFRp,,
respectively) contain phenylalanine, explaining the natural resis-
tance of the Bacillus enzymes to TMP.

In spite of the resistance to TMP, other classes of DHFR
inhibitors may inhibit the enzyme with sufficient potency to
have potential use as clinical agents. In this report, we present
data that show 98% sequence identity between the DHFR
proteins of B. cereus and B. anthracis, allowing both proteins to
be evaluated as drug targets. B. anthracis and B. cereus are
closely related genetically (15) but exhibit different phenotypes
after infection; infection with B. cereus, usually as a food con-
taminant, causes endophthalmitis, bacteremia, septicemia,
endocarditis, pneumonia, and meningitis (10). The B. cereus
DHEFR protein was cloned, expressed, and purified. Twenty-
seven inhibitors were tested using an in vitro enzyme assay;
four inhibitors were tested in antibacterial assays, and all of
these showed growth inhibition of B. cereus. Two inhibitors
with the lowest 50% inhibitory concentrations (ICs,s), other
than methotrexate, showed MICs, values of 1.6 and 2.6
pg/ml and minimal bactericidal concentrations at which
50% of strains are killed (MBCs,s) of 0.09 and 1.4 pg/ml
against the B. cereus strain. Finally, we built homology mod-
els of the B. cereus and B. anthracis DHFR proteins, docked
all of the tested inhibitors, and developed a structure-activity
relationship (SAR) that explains the enzyme inhibition results.
These results show that antifolates are capable of inhibiting the
Bacillus DHFR enzyme as well as inhibiting the growth of
Bacillus in culture.
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MATERIALS AND METHODS

Materials. All materials used were reagent grade, unless otherwise stated. The
substrate, DHF, was a gift from Eprova (Switzerland). B-NADPH was purchased
from Sigma and resuspended in sterile water for enzyme assays. Methotrexate
(compound 1), trimethoprim (compound 19), and pyrimethamine (compound
24) were purchased from Sigma and resuspended in a 50% dimethyl sulfoxide
(DMSO) solution for enzyme assays. Twenty-six inhibitors were kindly provided
by the Rosowsky laboratory (Dana-Farber Cancer Institute, Boston, MA), and
one inhibitor (compound 18) was provided by the Gangjee laboratory (Duquesne
University). These inhibitors were resuspended in a DMSO and sterile water
solution at various concentrations. The synthesis and preparation of the inhibi-
tors have been described previously for compounds 2 and 10 (17), 3 (20), 4 to 9
(18), 11 to 16 (19), 17 (16), 18 (9), 20 and 22 (18), 21 and 23 (17), and 25 to 27
(21) (see Fig. 3 to 5 for compounds of groups 1 to 3).

Sequence homology analysis and alignment. The B. anthracis DHFR protein
was used as a probe in a BLAST search to find the closest bacterial sequences
and structural homologs. Protein sequence information for the following organ-
isms was gathered from the Protein Data Bank at the National Center for
Biotechnology Information (NCBI): B. cereus, accession number AAP09158; B.
anthracis, accession number AAT40581; Escherichia coli, accession number
AANT78554; and Homo sapiens, accession number NP00782. T-Coftee (13) was
used to perform the primary sequence alignment.

Cloning. The sequence for the B. cereus DHFR gene was PCR amplified (LA
Taq polymerase; Takara) from genomic DNA (ATCC 14579) obtained from the
Bacillus Genomic Stock Center (Department of Biochemistry, The Ohio State
University) with primers from Integrated DNA Technologies (IDT). The gene
included 486 nucleotides and encoded a protein of 162 amino acids. The forward
primer 5'-GCTCATATGATTGTTTCATTTATGGTCGCTATG-3' and reverse
primer 5'-GCACTCGAGTTGTCGCTTCTCATATACATGATAATA-3" were
used under standard PCR conditions, with an annealing temperature of 50°C.
The gene was inserted into the pET41 vector (Novagen) to include a six-His tag
at the C terminus for nickel affinity column purification. The expression plasmid
was created by digesting the vector and insert with the restriction endonucleases
Ndel and XhoI (New England Biolabs), followed by ligation with T4 DNA ligase.
Competent DH5« cells (Invitrogen) were transformed, and a circularized-plas-
mid-containing insert was recovered and sequenced to ensure that no errors were
generated in the PCR. Competent BL21(DE3) cells (Novagen) were trans-
formed with purified plasmid for recombinant protein expression.

Recombinant protein overexpression and purification. BL21(DE3) transfor-
mants were grown in Luria broth (LB) containing 30 pg/ml kanamycin at 37°C
with shaking at 250 rpm to mid-logarithmic-phase growth, and expression was
induced by the addition of isopropyl-B-p-thiogalactopyranoside (IPTG) to a final
concentration of 1 mM. Recombinant protein expression was extended for 6 h at
37°C. Expressed cells were harvested by centrifugation at 10,000 X g for 10 min
and placed at —80°C until cell lysis occurred. To harvest proteins, the cell pellet
from 1 liter of induced cells was resuspended in 15 ml of Bug Buster (Novagen)
for chemical lysis. The cell suspension was placed on an orbital shaker for 20 min
at room temperature in the presence of 2 mM phenylmethylsulfonyl fluoride
(PMSF). The cell extract was centrifuged at 50,000 X g for 20 min, and the
clarified supernatant was passed through a 0.45-pm filter (Millipore) before it
was loaded onto a 6-ml nickel affinity column (Fast Flow nickel resin; QIAGEN)
for single-step purification to homogeneity. The column was preequilibrated with
buffer (50 mM Tris [pH 7.0], 50 mM KCl) and eluted using a 0 to 250 mM
imidazole gradient over 10 column volumes after being washed with 5 column
volumes of the equilibration buffer. Fractions containing purified DHFR, as
determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis with silver staining, were pooled and exchanged into a buffer
containing 50 mM Tris-HCI (pH 7.0), 50 mM KCI, 0.5 mM EDTA, and 10 mM
dithiothreitol. Protein was frozen using an ethanol-dry ice bath and stored
at —80°C.

In vitro inhibition assays. Enzyme activity assays were performed at 25°C by
monitoring the rate of enzyme-dependent NADPH consumption at an absor-
bance of 340 nm over a period of several minutes. Reactions were performed in
the presence of 20 mM TES [N-tris(hydroxymethyl)methyl-2-aminoethanesul-
fonic acid; pH 7.0], 50 mM KCI, 10 mM 2-mercaptoethanol, 0.5 mM EDTA, and
1 mg/ml bovine serum albumin. Saturating cofactor and substrate concentrations
(100 pM NADPH and 1 mM DHEF, respectively) were used in the presence of a
limiting concentration of enzyme. After an incubation period of 5 min in the
presence or absence of the inhibitor, the reaction was initiated with the
addition of dihydrofolate. The reactions were performed a minimum of four
times to determine the average rate and 50% inhibitory concentration values
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with standard deviations in the presence of various concentrations of inhib-
itor near the ICs,.

Antibacterial assays. Spores (Bacillus Genetic Stock Center) were added to a
petri dish of LB agar in the absence of antibiotic selection in a sterile environ-
ment. Three drops of LB were added to rehydrate the spores. The plate was
streaked with a sterile tip, and a second plate was streaked from the first and
placed in a 37°C incubator overnight. A third plate was streaked to isolate single
colonies. A culture (50 ml) was inoculated from the single colony and grown
overnight at 37°C with shaking at 225 rpm.

The optical density at 600 nm (ODyg) of the log-phase culture was esti-
mated from the ODy, of the stationary-phase growth. A 1:100 dilution of an
overnight culture was grown until the ODyg, reached 1.0, and the numbers of
CFU were determined by plating 100 wl of 1072, 104, and 10 ° dilutions of
the log-phase culture. The numbers of CFU determined for cultures at an
ODyg, of 1.0 were used to estimate appropriate dilutions for plating test
cultures in the presence and absence of the inhibitor.

To monitor cell growth in the presence and absence of the inhibitor, methods
described previously were used as guides (24). A 1:100 dilution of an overnight
culture at stationary-phase growth was grown until the ODg, reached 1.0. From
the mid-logarithmic-phase culture, 6 X 10° cells were added to 1-ml test cultures
in the presence or absence of an antibiotic ranging in concentration from 0.11 to
21.1 pg/ml. Cultures were grown for 9 hours, and the ODgy, was monitored
during that period to determine MICs, values for each inhibitor tested. For
control cultures, the corresponding volume of DMSO was added.

The numbers of CFU were determined by adjusting the cultures from the
growth inhibition assay to an ODg, of 1.0 and then diluting the cultures further
to 107, 107>, and 10~° cells/ml. One hundred microliters from each dilution was
plated on an LB agar plate and incubated overnight at 37°C. Single colonies were
counted from the respective plates, and the numbers of CFU/ml of cells were
calculated.

Homology modeling. Using the 3D-JIGSAW (3) server and an automated
approach, homology models of DHFRg,. and DHFRg, were determined based
on the structure of E. coli DHFR, the closest known homolog. Both homology
models were superimposed to detect any differences. Since there was no signif-
icant difference between the models, one model was minimized with SYBYL
(Tripos, Inc.). Methotrexate (MTX) bound to DHFRg. was modeled using
FlexE (Tripos, Inc.). Briefly, ensembles of the protein active site were pre-
pared by molecular dynamic runs using a radius of 2.5 A around the ligand
bound in the active site for 1,000 fs. The inhibitor, MTX, was docked to the
ensemble with an incremental ligand construction and scored using the em-
pirical scoring function available in FlexE. The modeled enzyme-bound MTX
was brought into XtalView to analyze the SARs of the inhibitors. Briefly, the
inhibitors were individually minimized using SYBYL. The 2,4-diaminopyrimi-
dine ring common to each inhibitor was superimposed on the diaminopyrimidine
ring of MTX, and the remainder of the structure was manipulated through any
rotatable bonds to place the conserved derivatized phenyl group in the hydro-
phobic pocket.

RESULTS

Sequence comparisons. DHFRy_ is used as a model for
DHFRy, since the two proteins are 98% identical (Fig. 1a).
Both species of DHFR include a 486-nucleotide open reading
frame that encodes a 162-residue protein. Only three residues,
Val77Ala, Ile130Met, and Ile138Val, all of which are periph-
eral to the binding pocket, differ between the species (Fig. 1b).
Val77Ala and Ile138Val occur on separate (3 strands and are
involved in hydrophobic packing between strands. Ile130Met is
located within a relatively unstructured loop region on the
protein.

Protein analysis. The purified DHFR, fusion protein in-
cluded two extra residues (L and E) at the C terminus, which
resulted from inclusion of the restriction site Xhol, followed by
a six-His tag for nickel affinity column chromatography. The
resulting fusion protein consists of 170 residues with an ap-
proximate size of 20 kDa. The average specific activity of the
DHFRg, protein is 11.1 = 1.9 units/mg (n = 9), which is
comparable to the specific activities of other species of DHFRs
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a)
B.cereus 1 --MIVSFMVAMDENRVIGKDNNLPWR-LPSELQYVKKTTMGHP------- LIMGRKNYEA
B.anthracis 1l --MIVSFMVAMDENRVIGKDNNLPWR-LPSELQYVKKTTMGHP------- LIMGRKNYEA
E.coli 1 ---MISLIAALAVDRVIGMENAMPWN - LPADLAWFKRNTLNKP------- VIMGRHTWES
H. Bapiens 1 MVGSLNCIVAVSQNMGIGKNGDLPWPPLRNEFRYFQRMTTTSSVEGKQNLVIMGKKTWES

By 3 o 3 k% 3, ¥k * . .11 ¥ . R B I
B.cereus 51 I---GRPLPGRRNIIVTRNEGYHVEGCEVV-HSVEEVFEL------ CKNEEEIFIFGGAQ
B.anthracis 51 I---GRPLPGRRNIIVTRNEGYHVEGCEVA-HSVEEVFEL------ CKNEEEIFIFGGAQ
E.coli 50 I---GRPLPGRKNIILSSQPGTD-DRVIWV-KSVDEAIAA------ CGDVPEIMVIGGGR
H. sapiens 61 IPEKNRPLKGRINLVLSRELKEPPQGAHFLSRSLDDALKLTEQPELANKVDMVWIVGGSS

* *** *** s . : *-::.‘ i : :.**
B.cereus 101 IYDLFL--PYVDEKLYITKIHHAFEGDTFFPEIDMINWEKEIFVEKG- - -LTDEKNPYTYYY
B.anthracis 101 IYDLFL--PYVDKLYITKIHHAFEGDTFFPEVMDMTNWKEVFVEKG- - -LTDEKNPYTYYY
E.coli 99 VYEQFL--PKAQKLYLTHIDAEVEGDTHFPDYEPDDWESVFSEFH- - -DADAQNSHSYCF
H.sapiens 121 VYKEAMNHPGHLKI.FVTRIMQDFESDTFFPEIDLEKYKLLPEYPGVLSDVQEEKGIKYKF
- : * **--*-* * * % **- : L : . ]
B.cereus 156 HVYEKQQ
B.anthracis 156 HVYEKQ-
E.coli 154 EILERR-
H.sapiens 181 EVYEKND
.2 *

(11, 22, 25). Purification produced a total of ~150 mg of
expressed protein per liter of cells. Protein was determined to
be soluble at concentrations in excess of 25 mg/ml. DHFR_ is
a single polypeptide as determined by both SDS-PAGE (Fig.
2) and native gel electrophoresis.

Evaluation of enzyme inhibitors. In order to obtain SAR
information for these species, 27 inhibitors were screened for
binding DHFR, using a standard spectrophotometric enzyme
assay. All of the inhibitors include a 2,4-diaminopyrimidine
scaffold, which is believed to compete with dihydrofolate to
bind a conserved glutamic acid residue (Glu 28 for DHFRy,.)
in the active site. The enzyme inhibitor assays were repeated at
least four times to give ICs, values with standard deviations.
The screened inhibitors exhibited a broad range of ICs, values
between 24 nM and greater than 1 mM (Table 1).

The inhibitors are divided into three groups, based on their
structural class. Group 1 contains pteridines, 5-deazapteri-
dines, a quinazoline, and a pyrrolopyrimidine (Fig. 3). Com-
pound 1 (MTX) is highly potent (ICs, = 24 nM), but other

FIG. 1. (a) Alignment of the DHFR, sequence with that of DHFRs
from B. anthracis, E. coli, and Homo sapiens (Protein Data Bank accession
numbers AAP09158, AAT40581, AAN78554, and NP000782, respec-
tively). Sequence identity with DHFR . is shown in bold. Gaps included to
maximize alignment are shown as dashes. Residue numbers are shown to
the left of the alignment. The consensus symbol (*) indicates sequence
identity, colons indicate sequence conservation, periods indicate semicon-
served residues, and arrows indicate residues that comprise the active site
occupied by the ligand. (b) Model of DHFR . showing residues that differ
from DHFRg, in ribbon form. Methotrexate is modeled in the active site.

pteridine compounds (compounds 11 to 17) display ICs, values
that range from 2.2 to >1,000 wM. The single quinazoline
(compound 3) yields an ICs, value of 1.1 uM, but the 5'-
deazapteridines (compounds 2 and 4 to 10) yielded ICs, values
ranging from 0.27 to 1.9 wM; and four of these compounds (2,
6, 7, and 8) were selected for in vivo testing. Interestingly,
compound 16, which is very similar in structure to compound
15, binds weakly and has an ICs, value that far exceeds 100
M. This decrease in ICs, value is attributed to the presence of
the methyl group extending from the diaminopteridine ring.

The second group of inhibitors (compounds 19 to 24) rep-
resents pyrimidine derivatives with ICs, values between 37 and
>1,000 uM. Both TMP (compound 19) and pyrimethamine
(compound 24) are included in this group (Fig. 4). The third
group of inhibitors, representing complex diaminonaphtho-
quinazoline derivatives (compounds 25 to 27), showed no in-
hibition of DHFR_, even at concentrations greater than 1 mM
(Fig. 5).

Enzyme-inhibitor assays with clinically used DHFR inhibi-
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FIG. 2. Twelve percent SDS-PAGE showing the purification of
recombinant DHFRy.. Lane T, cell extract from BL21(DE3) cells
transformed with DHFRy, expression plasmids; lanes 13 to 21, frac-
tions from the nickel affinity chromatography column; MW, molecular
weight markers (molecular weights are indicated at the left in thou-
sands). The bottom edge of the gel is indicative of the dye front.

tors such as methotrexate (compound 1), trimethoprim (com-
pound 19), and pyrimethamine (compound 24) show ICs, val-
ues of 24 nM, 43 pM, and greater than 100 mM, respectively.
The values for methotrexate and trimethoprim in this study
compare well, within experimental error, with those reported
by Barrow et al. (2) for Bacillus anthracis Sterne DHFR (12.2 =
3nM and 77.3 = 20 uM, respectively), further emphasizing the
similarity of DHFR, and DHFRg,.

Antibacterial assays. Four of the most potent compounds
(2, 6,7, and 8) were tested in standard growth inhibition assays
and were found to inhibit the growth of B. cereus in culture.
The values for the MICs, and MIC,, relative to those for
control cultures were determined experimentally (Table 2).
Bacterial growth was monitored by recording the optical den-
sities at 600 nm prior to the addition of antibiotic and every
hour for up to 10 h after the addition of antibiotic to capture
the lag, log, and stationary phases of growth in the presence
and absence of the inhibitor (Fig. 6a and b show these curves
for compounds 2 and 8). The compounds are sensitive to light
and temperature and appear to degrade after overnight incu-
bation at 37°C; therefore, cultures were covered with alumi-
num foil to minimize light exposure, and incubation times did
not exceed 10 h.

The MBCs required to kill 50 and 90% of the bacterial
strains were also determined for all four compounds (Table 2;
Fig. 6c and d depict data for compounds 2 and 8). Cultures that
were grown as described above were plated in order to deter-
mine the numbers of CFU that survived in the test cultures
relative to those in the control cultures. Compound 8 is the
most bactericidal, as determined by the MBCs, and MBC,,,
values of 0.09 wg/ml and 3.8 pg/ml, respectively.

A number of necrotic cells appeared in the cultures with
higher concentrations of inhibitor. These cells most likely con-
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tribute to the overall turbidity of the culture but are incapable
of forming colonies on agar plates, explaining the lower
MBC,, values relative to the MICs, values shown in Table 2.
The MBC,, values in all of these experiments are =2.5 times
the MICs, values, as has been noted in detailed studies
investigating the accuracy of MBC determinations (24) and
in numerous studies of Staphylococcus aureus (14) and pneu-
mococci (26).

Homology modeling results. Since there is no structural in-
formation for DHFRg. or DHFRg,, we created homology
models of both DHFR, and DHFRy_ based on the structure
of an Asp 27-to-Glu 27 mutation of the well-characterized E.
coli DHFR (Protein Data Bank no. 1IDRA) (4) using the pro-
gram 3D-JIGSAW (3). E. coli DHFR was chosen as a parent
structure because it has 39% overall identity with DHFR . and
61.5% sequence identity (the remaining residues are consid-
ered similar) within the active site. Ramachandran plots of the
homology models show that 99.4% of the residues fell within
acceptable ranges. Ile 93, which is peripheral to the active site,
has backbone angles that fall outside the allowed regions. Min-
imization of the two models independently did not yield any
conformational differences, and the two models were superim-
posed with no apparent structural differences, allowing for the
modeling results to pertain to both species. All compounds
were modeled in the active site, and interactions with the
active-site residues were assessed to interpret the results of the
in vitro enzyme assays.

Methotrexate (compound 1) was docked into the active site

TABLE 1. ICs, values for inhibitor compounds

Group Compound Mean ICs, += SD?
1 1 (MTX) 0.024 % 0.021
24 0.27 = 0.10
3 1.1 £0.34
4 0.60 = 0.11
5 1.67 = 0.98
6" 0.51 = 0.51
7 0.88 = 0.13
8 0.35 + 0.035
9 1.85 +0.29
10 1.90 = 1.36
11 482 + 1.16
12 6.32 +5.29
13 2.26 = 1.73
14 7.58 = 1.70
15 17.61 = 0.78
16 >1 mM
17 16.67 = 0.33
18 2522 +19.2
2 19 (TMP) 42.96 + 9.20
2 3733 + 258
21 69.29 + 24.4
22 73.73 £ 13.1
23 150.23 = 13.1
24 (PYR®) >1 mM
3 25 >1 mM
26 >1 mM
27 >1 mM

“ Inhibitor tested in vivo.
b ICs, values are expressed in wM unless otherwise noted.
¢ PYR, pyrimethamine.
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FIG. 3. Group 1 compounds, including pteridines, 5-deazapteridines, a quinazoline, and a pyrrolopyrimidine, tested as DHFRg,. enzyme inhibitors.

using FlexE (5) and an ensemble of molecular dynamic snap-
shots to simulate a flexible protein model (Fig. 7a). The pro-
tonated N-1 and the amino group at position 2 of the diami-
nopyrimidine ring appear to form the expected hydrogen
bonds with Glu 28; other hydrogen bonds are apparent be-
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FIG. 4. Group 2 diaminopyrimidine compounds tested as DHFRy. enzyme inhibitors.

tween Tyr 102 and the carbonyl of Met 6. Additional van der
Waals interactions are formed between the pteridine ring and
Met 6, Phe 96, Ala 8, and Thr 115. The bridge region forms van
der Waals interactions with Asn 47, which may also form a
hydrogen bond with the carbonyl of Phe 96 and aid in the
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OMe
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FIG. 5. Group 3 compounds, including the complex diaminonaph-
thoquinazoline, tested as DHFR, enzyme inhibitors.

proper positioning of Phe 96 in the active site. The phenyl ring
fits nicely in a hydrophobic pocket comprised of Ile 51, Leu 55,
Leu 29, and Val 32. Arg 58 forms hydrogen bonds with one
carboxylic acid group, whereas the second appears to extend
into solvent.

Interactions between inhibitors and residues in the active
site. Aside from methotrexate, compounds 2 to 10 have the
lowest ICs, values, with compound 2 exhibiting an ICs, value
of 272 nM. Figure 7b shows a model of compound 2 bound in
the active site. The diaminopyrimidine rings in compounds 2 to
10 are expected to form many of the same interactions as the
diaminopyrimidine ring of methotrexate, including the same
hydrogen bonds and van der Waals interactions. The addi-
tional methyl group on the pyridopyrimidine ring appears to
make a hydrophobic interaction with Phe 96. The 2’ methoxy
group forms van der Waals interactions with a small hydro-
phobic pocket comprised of Leu 21, Trp 23, and Ile 117. The
5" methoxy group forms van der Waals interactions with Leu
29 and Val 32. The differences between compounds 2 to 10
reside in the type of chain at the 5’ position and the length of
the chain. The alkyl chain generally binds in a hydrophobic
environment comprised of Leu 29, Leu 55, and the backbone
of Lys 33. Since the alkyl portion of the chain is relatively long
(greater than three carbons), either the acetylene (compounds
2 and 10) or ether (compounds 4 to 9) linkage allows the same
approximate degree of flexibility for the terminal group of the
chain. The terminal group, whether a COOH or a COO ethyl,
appears to be capable of forming hydrogen bonds with either
Arg 58, Arg 53, or Lys 33. The similarity in the ICs, values in
this series, despite the differences in the chain types and
lengths, most likely reflects the flexibility of the tail as well as
arginine side chains in forming this important stabilizing inter-
action.

The other compounds in group 1 include several pteridines
(compounds 11 to 17) and a pyrrolopyrimidine (compound
18). Again, the pteridine rings of these compounds are ex-
pected to form the same interactions as the pteridine ring in
methotrexate. The two-atom bridge forms van der Waals in-
teractions with Phe 96 and Asn 47. For compounds 11 to 15,
the substituted naphthyl rings appear to make hydrophobic
interactions with Leu 29, Val 32, Ile 51, and Leu 55. The
decrease in the affinity of these inhibitors relative to that of
methotrexate could be caused by the loss of the interactions of
the glutamate tail, including the salt bridge formed with Arg
58, or the projection of the hydrophobic naphthyl ring into the
solvent exterior. The dibenzazepine ring of compound 17 likely
forms hydrophobic contacts with Ile 51, Ala 50, Lys 46, and
Leu 21 and additionally explores a larger hydrophobic binding
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pocket defined by Leu 21, Lys 46, Trp 23, and Ile 15, usually
left vacant by the standard single-phenyl ring inhibitors.

Pyrimidine inhibitors in group 2 (compounds 19 to 24), il-
lustrated by the model of compound 20 in the active site (Fig.
7c), generally have ICs, values between 37 and 73 M, with the
exception of compounds 23 and 24, which have values of 150
and >1,000 pM, respectively. The higher ICs, values for com-
pounds 19 to 22, relative to those observed with the pteridines
and the 5-deazapteridines are explained by the inability of the
single-pyrimidine ring and single-atom bridge to place the phe-
nyl ring in the hydrophobic pocket normally occupied by the
p-aminobenzoic acid ring of MTX. Pyrimethamine (compound
24), a common antifolate, exhibits very poor binding to
DHFRy,.. The chlorophenyl group projects directly into the
space occupied by Asn 47, causing steric interactions. Addi-
tionally, pyrimethamine does not utilize the hydrophobic
pocket comprised of Ile 51, Leu 55, Leu 29, and Val 32. How-
ever, the ethyl group projecting from position 5 of 2,4-diami-
nopyrimidine has revealed a further small hydrophobic binding
pocket defined by Leu 21 and Trp 23. Trimethoprim (com-
pound 19) forms the canonical interactions between the di-
aminopyrimidine ring and Glu 28, Tyr 102, Met 6, Ala 8, and
Thr 115; however, the trimethoxyphenyl ring does not appear
to extend fully into the hydrophobic pocket and may exhibit
steric conflict with Asn 47, possibly explaining its lower po-
tency.

The inhibitors that comprise group 3 are generally ineffec-
tive due to steric interactions with residues in the binding
pocket (Fig. 7d shows compound 23 in the active site). Phe 96
normally forms hydrophobic contacts with the bicyclic ring
structure of the diaminopyrimidine rings of the more potent
analogs, yet in these inhibitors, there are steric interactions
with Phe 96. Asn 47 also appears to form steric interactions
with the multiple-ring structures of these inhibitors.

DISCUSSION

Infections from Bacillus organisms, including B. cereus and
B. anthracis, present a threat that could potentially be con-
trolled with prophylactic antibiotics. With the inclusion of B.
anthracis in the list of category A pathogens, research to find
stable and effective antibiotics that can be delivered to a broad
population including children has become a greater concern.

In this report, we present data showing the validity of dihy-
drofolate reductase as a drug target for two different microbes,
B. cereus and B. anthracis, sharing 98% sequence identity for
this enzyme. The residue differences are conservative. Purified
DHFRp, was shown to be stable and soluble at high concen-

TABLE 2. MICs and MBCs determined in antibacterial assays”

Compound MICs, MICy, MBCs, MBCy,
2 2.6 10.5 1.4 3.9
6 11.3 21.2 5.5 12.2
7 3.6 1.2 15 7.7
8 1.6 4.4 0.09 3.8

“ Values are expressed in uM.
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FIG. 6. Growth inhibition of B. cereus. Growth curves are shown for control cultures (without the inhibitor present) and for several cultures
containing different concentrations of compound 2 (a) and compound 8 (b). Bactericidal concentrations were determined for compound 2 (c) and

compound 8 (d).

trations and to have catalytic activity comparable to those of
other species of DHFR. Using 27 inhibitors with a 2,4-diami-
nopyrimidine scaffold, we describe an SAR model supported
by structural evidence based on homology models of DHFR,
and DHFRg.. Four inhibitors that were potent in vitro were
also shown to be potent in vivo; two of the most potent inhib-
itors display growth inhibition with a correspondingly high
degree of cell death.

Inhibitory profiles have been developed previously for many of
these compounds against Pneumocystis carinii (DHFRp.), Toxo-
plasma gondii (DHFR-,,), Mycobacterium avium (DHFRy,), and
rat liver DHFR (rIDHFR). Clearly, methotrexate (compound
1) is a very potent compound, but it possesses a high degree of
mammalian cell toxicity and is currently used for the treatment
of human cancer; therefore, it is not a viable option for the
treatment of anthrax. Compound 2 is potent against DHFR,,
DHFR,, and DHFRy,, (ICs4s of 0.87, 0.072, and 0.041 uM,
respectively); it is less potent against rat liver DHFR (25 uM),
yielding some selectivity (17). Inhibition data for compounds 4
to 6 show that an alkyl tail with four methylene carbons is most

potent toward Bacillus DHFRs, but for DHFR,,, there was
little difference in inhibition among alkyl tails with chain
lengths of five to eight carbons (18). Data for compounds 7 to
9 show that an alkyl tail with six methylene carbons is most
potent against DHFR;,, and DHFR 1, (18), although the dif-
ferences in 1Cy, values as the lengths of the alkyl tails varied
were smaller. Against DHFRy,, compound 8 (tail length of
four carbons) was one of the most potent compounds. Com-
pound 3 is most potent against DHFRy, (ICsq = 0.039 pM);
the 1Cs, value for DHFR, was similar to that for DHFRp,
and rIDHFR (9). Compound 17, the dibenzazepine, has sub-
micromolar ICs, values against all three pathogenic species:
DHFRp,, DHFRy,, and DHFR,;,. The value for DHFRg, is
closer to that for rIDHFR (4.4 uM) (16). Compound 18 has
relatively high ICs, values for all species, including DHFR .
but with the exception of DHFR, (ICsy = 8.1 pM) (9). Com-
pounds 21 to 23 have submicromolar ICs, values for DHFRp,,
DHFRy,, and DHFRy,,; the values for rat liver and DHFRg,
are higher (17, 18). This profile is expected, since compounds
21 to 23 are TMP analogs and the ICs, for TMP against
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FIG. 7. Models of several DHFR inhibitors interacting with residues in the active site. (a) Methotrexate (compound 1) (yellow); (b) compound
2 (cyan); (c) compound 20 (salmon); (d) compound 23 (orange). (b, ¢, and d) Characteristic group 1, 2, and 3 inhibitors, respectively.

DHFR, is much higher than those for these other species.
These studies have shown that a class of DHFR inhibitors is
capable of inhibiting the enzyme with sufficient efficiency to
suggest further development of DHFR inhibitors for potential
clinical use against B. cereus and B. anthracis. The inhibitors
tested in these studies are potent, but specificity must also be
incorporated in an effective inhibitor. Interestingly, compound
2 exhibits low activity (ICs, = 25 wM) against rat liver DHFR
(17) and exhibits submicromolar affinity for DHFR,, suggest-
ing that it may be a good lead for further development for
increased potency and selectivity. Among the residues which
strictly comprise the DHFR, or DHFRy, active site and are
intimately involved in substrate binding, there are several key
differences that can be exploited in the development of specific
inhibitors. Met 6 in DHFR . is replaced by an isoleucine in the

human form of DHFR, Asn 47 is replaced by a Thr, and Ala 50
is replaced by a serine in the human form. Two phenylalanine
residues in human DHFR (Phe 31 and Phe 34) are replaced by
smaller hydrophobic residues (Leu 29 and Val 32, respec-
tively). These residues may be critical to the development of
potent antimicrobials specific for DHFRy, or DHFRg,. In
addition, structural information will be valuable for further
insight into the development of new inhibitors.
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