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ARTICLE INFO ABSTRACT

Keywords: Many antibacterial and antiparasitic drugs work by competitively inhibiting dihydrofolate reductase (DHFR), a
DHFR vital enzyme in folate metabolism. The interactions between inhibitors and DHFR active site residues are known
Trimethoprim

in many homologs but the contributions from distal residues are less understood. Identifying distal residues that
aid in inhibitor binding can improve targeted drug development programs by accounting for distant influences
that may be less conserved and subject to frequent resistance causing mutations. Previously, a novel, homology-
based, computational approach that mines ligand inhibition data was used to predict residues involved in in-
hibitor selectivity in the DHFR family. Expectedly, some inhibitor selectivity determining residue positions were
predicted to lie in the active site and coincide with experimentally known inhibitor selectivity determining
positions. However, other residues that group spatially in clusters distal to the active site have not been previ-
ously investigated. In this study, the effect of introducing amino acid substitutions at one of these predicted
clusters (His38-Ala39-1le40) on the inhibitor selectivity profile in Bacillus stearothermophilus dihydrofolate
reductase (Bs DHFR) was investigated. Mutations were introduced into these cluster positions to change side-
chain chemistry and size. We determined k.,; and Ky values and measured Kp values at equilibrium for two
competitive DHFR inhibitors, trimethoprim (TMP) and pyrimethamine (PYR). Mutations in the His38-Ala39-
1le40 cluster significantly impacted inhibitor binding and TMP/PYR selectivity - seven out of nine mutations
resulted in tighter binding to PYR when compared to TMP. These data suggest that the His38-Ala39-1le40 cluster
is a distal inhibitor selectivity determining region that favors PYR binding in Bs DHFR and, possibly, throughout
the DHFR family.

Pyrimethamine
Distal residues
Drug binding
Inhibitor selectivity

of the inhibitor binding determinants that have been investigated are

1. Introduction located in the active site. However, similar to what has been found for
other enzymes such as HIV protease [14], it is likely that residues

Dihydrofolate reductase (DHFR) catalyzes the NADPH dependent outside of the DHFR active site (distal residues) also influence inhibitor
reduction of dihydrofolate (DHF) into tetrahydrofolate (THF), a pre- binding [15]. A better understanding of how such distal residues affect

cursor in the synthesis of DNA bases [1]. As such, DHFR is the target of enzyme function and inhibitor binding can improve rational protein
inhibitors used to treat bacterial and parasitic infections as well as engineering and drug discovery programs. Therefore, we set out to
cancer. Well-known competitive DHFR inhibitors include methotrexate determine whether distal mutations in DHFR have similar or different
(MTX), trimethoprim (TMP), and pyrimethamine (PYR) [2-5]. Their effects on the binding of two known competitive DHFR inhibitors, TMP
potencies vary across the DHFR family; for example, TMP inhibits and PYR. Previous work has predicted that three amino acid residue
Escherichia coli (Ec) DHFR at lower concentrations than human (Hs) positions (Asn48, Leu49, and Val50, Hs DHFR numbering) in the DHFR
DHFR [6,7]. In this manuscript, we refer to the selective binding of family play a role in determining inhibitor selectivity [16]. These resi-
multiple inhibitors to a single DHFR enzyme as the enzyme’s “inhibitor dues are located in the pC-strand, which is distal to the active site,
selectivity profile”. suggesting that they may act by perturbing amino acid networks [17].

DHFR mutagenesis has revealed key amino acid residues involved in These distal effects can influence an enzyme’s binding properties by
inhibitor binding, catalysis, and conformational motions [2,8-13]. Most perturbing an enzyme’s conformational equilibrium [17-20]. Enzymes
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Abbreviations

DHFR  Dihydrofolate reductase

NADPH Dihydronicotinamide-adenine dinucleotide phosphate

DHF Dihydrofolate

THF Tetrahydrofolate

TMP Trimethoprim

PYR Pyrimethamine

MTX Methotrexate

IPTG Isopropyl-p-D-thiogalactoside

Bs DHFR  Bacillus stearothermophilus DHFR

MTS 3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium

Mt DHFR Mycobacterium tuberculosis DHFR

Ec DHFR Escherichia coli DHFR

Hs DHFR human DHFR

have multiple conformational sub-states that bind inhibitors with
varying affinities, thus the inhibitor selectivity profile can be affected
when a mutation perturbs the sampling of enzyme sub-states [21].

We used the moderate thermophile Bacillus stearothermophilus DHFR
(Bs DHFR) as a model system [22]. As an initial exploratory analysis
following the in silico results, we generated a limited set of mutants in
both the predicted cluster and the active site. The resulting proteins
were expressed and purified and their kc,¢ and Ky values were deter-
mined. We adapted intrinsic protein fluorescence protocols to a micro-
plate reader format to determine direct Kp values for thermostable wild
type and mutant Bs DHFR proteins toward TMP and PYR, using the long
incubation times necessary to reach equilibrium [23].

2. Materials and methods
2.1. Randomized mutagenesis of the Bs DHFR gene

Site-directed and randomized mutageneses were performed on the Bs
DHEFR gene cloned into the pET21a + expression vector (a kind gift from
Judith Klinman) using PCR [22]. Mutagenic primers were created with a
3'overhang, incorporating the desired mutation at least five bases from
the 5’ end [24]. Integrated DNA Technologies, Inc. provided the oligo-
nucleotides for mutagenesis; the sequences can be found in Supple-
mental Table S1. Each mutagenesis reaction consisted of 0.5 pM of the
forward and reverse mutagenic primers, 50-70 ng DNA template, 0.2
mM dNTPs, 0.5 pL (1 U) Phusion DNA polymerase (Thermo Fisher Sci-
entific, Cat #F530S), and 1X HF-buffer (Thermo Fisher Scientific, Cat
#F5308) in a total volume of 50 pL. The PCR reaction was performed
using the following parameters. Initial denaturation was conducted at
98 °C for 5 min, followed by 35 cycles of 98 °C for 30 s, and 72 °C for 6
min, with a final extension at 72 °C for 10 min. After completion of the
PCR protocol, 10 units of Dpnl (Fisher Scientific, Cat # FERER1701)
were added to each reaction followed by an incubation at 37 °C for 1 h.
XL Blue cells were transformed with 1 pL of the digested product using
the protocol described below. DNA plasmids of successful transformants
were isolated and sequenced at the Biology Department of Montclair
State University.

2.2. Chemical transformation of XL1 blue and BL21 strains

Using chemically competent cells, 1-5 pL of wild type or mutated
pET21a + DHFR plasmid were added to 50 pL of the competent cells.
The cells were incubated on ice for 30 min then placed into a 42 °C water
bath for 45 s. The cells were placed on ice for 2 min before adding 0.9 mL
of sterile LB broth preheated to 37 °C. The cells were allowed to recover
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for 1 h at 37 °C with shaking at 225 RPM. The mixture (100 pL) was
spread on sterile LB agar plates with 100 pg/mL of ampicillin and
incubated overnight at 37 °C. Colonies were then picked and suspended
in 5 mL of LB, containing 100 pg/mL of ampicillin, and grown overnight
at 37 °C and 225 RPM. Plasmid DNA was purified using a QIAGEN
MiniPrep kit.

2.3. Expression and purification of Bs DHFR proteins

Cloned wild-type and mutant Bs DHFR genes were expressed in BL21
cells under the control of the inducible T7 promotor [22]. Starter cul-
tures for each protein to be expressed included 5 mL LB with 100 pg/mL
ampicillin and were grown to saturation overnight at 37 °C while
shaking at 225 RPM. The following day, fresh LB (125-500 mL) was
inoculated with 1/100th volume of the saturated overnight culture
volume and grown to an OD600 of 0.6-0.8 at 37 °C and 225 RPM.
Expression was induced with 1.0 mM IPTG, followed by an overnight
incubation at 30 °C and 225 RPM. Cells were pelleted and resuspended
in B-Per Protein Extraction Solution (Thermo Fisher Scientific, Cat #
78243), at a ratio of 4 mL reagent for every 1 g of wet cell pellet, and
incubated at room temperature for 15 min. The cell lysate was centri-
fuged at 15,000xg for 20 min. Protein purification from the soluble
supernatant fraction was done in one step with an SP Sepharose Fast
Flow cation exchange column (Fisher Scientific, Cat # 45-002-934),
using 40 mM HEPES buffer, 1 mM DTT at pH 6.8 to bind and wash
and 40 mM HEPES, 1 mM DTT, and 0.2 M NaCl to elute the protein from
the column [22]. Enzyme concentrations were spectroscopically deter-
mined at 280 nm using the molar extinction coefficient 25,565 M cm ™
[21]. Protein purity was determined by SDS-PAGE analysis.

2.4. Circular dichroism spectroscopy

Bs DHFR mutant proteins were buffer exchanged into 50 mM po-
tassium phosphate at pH 7.4 to remove the high chloride concentration
in the elution buffer. Samples were reduced using a Pierce™ Immobi-
lized TCEP Disulfide Reducing Gel (Thermo Scientific), while vortexing
for 20 min. Upon centrifugation, the reduced Bs DHFR mutants were
diluted to 4.6-6.2 uM in 400 pL of 50 mM potassium phosphate at pH
7.4. Circular dichroism (CD) spectra were collected using an Applied
Photophysics Chirascan with the following parameters: the bandwidth
was 0.5 nm, the wavelength range was 190 nm-280 nm with a step of
0.5 nm, time-per-point was 0.5 s, the baseline was automatically sub-
tracted, and adaptive sampling was enabled. Each sample was scanned
five times and the traces were smoothed with a window scale of five and
averaged. The 50 mM potassium phosphate buffer at pH 7.4 was used for
the baseline and for each scan. The CD signals were converted from
mdeg to molar ellipticity to take into consideration small differences in
enzyme concentrations.

2.5. Determination of kcq: and Ky values

Bs DHFR turnover numbers (k.,) were obtained by tracking the
disappearance of DHF and NADPH cofactor through a decrease in
absorbance at 340 nm in a microtiter plate-based assay (200 pL) using a
Synergy H1 platereader [25]. Saturating concentrations of DHF and
NADPH (100 pM) were used in HEPES buffer (40 mM HEPES, 1 mM
DTT, pH 6.8) and the reaction was initiated by adding enzyme to
0.05-2.05 pM. The slopes of the graphs (absorbance at 340 nm/s) were
converted to velocities (mM/s) using the molar extinction coefficient for
the equimolar mix of DHF and NADPH, 13.2 (mM ! em™) and a 0.46
cm pathlength [25]. The pathlength was determined using the Synergy
H1 pathlength determination software, which measures the absorbance
of water at 900 nm and 977 nm in the 200 pL reaction mixture. The wild
type enzyme was used as a positive control at 50 nM for every mutant
enzyme experiment.

Ky values were determined as above except that enzyme and DHF
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Fig. 1. Cartoon representation of the Hs DHFR (Left, PDB #: 2W3A) in dark grey lines and Bs DHFR (Right, PDB #: 1ZDR) in light grey lines [22]. The alpha carbons
of the Asn48-Leu49-Val50 residues are represented in the Hs DHFR by black spheres, with equivalent residues (His38-Ala39-I1e40) in the Bs DHFR also shown as
black spheres and numbered accordingly. This figure was made using the Match Maker tool of Chimera Software (version 1.11.2) [30].

concentrations ranged between 5 and 15 nM and 234 nM - 120 pM,
respectively and the reaction was monitored using 3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazo-
lium (MTS) (Fisher Scientific, Cat # NC1508746). Following absorbance
at 340 nm at DHF concentrations below 2 pM gave small signal changes
and signal-to-noise ratios. Reduction of MTS by THF produces a for-
mazan product that has a greater molar extinction coefficient at 450 nm
than that of combined NADPH and DHF at 340 nm [26]. For each
experiment, a negative control containing only enzyme, NADPH, and
MTS was monitored and the resulting signal was subsequently sub-
tracted from all other reaction values determined in the presence of
DHF. The Ky was determined by plotting the velocities against DHF
concentration and fitting to the Michaelis-Menten equation in Kaleida-
Graph. Reported steady state values are the average of three replicate
measurements unless specified otherwise.

2.6. Determining Kp by fluorescent equilibrium titration

Bs DHFR enzyme proteins (600 nM) were mixed with 100 pM
NADPH and TMP or PYR at concentrations ranging from 22 nM to 2000
nM in 40 mM HEPES buffer pH 6.8 containing 1 mM DTT. Incubations
were carried out at room temperature for 30 min to allow adequate time
for equilibrium to be reached [27]. Data was collected using a Synergy
H1 microplate reader in fluorescence mode using a Xenon flash light
source from the top face of the microtiter plate. The temperature was set
to 25 °C before taking measurements. The excitation wavelength was
290 nm, while the fluorescence emission was recorded at 340 nm;
emission from NADPH due to fluorescence energy transfer was
measured at 450 nm. The read height was 7 mm, and gain was 140 for
340 nm emission and 110 for the 450 nm emission. Fluorescence
emission intensity at 340 nm or 450 nm was graphed against the cor-
responding inhibitor concentration using Microsoft Excel. Signal aver-
aging of the fluorescence emission intensity was performed with three
measurements that yielded an averaged graph, which constituted one
trial. An inner filter correction was applied to account for any effect the
titrating inhibitor may have had on the fluorescence signal [28]. The
inner filter correction values were determined via the same protocol that
was used to determine the Kp values except that Bs DHFR in the well was
replaced with 150 nM of tryptophan. To obtain the inner filter correction
values, the fluorescence intensity values at each concentration of in-
hibitor were measured and normalized to the fluorescence intensity
obtained in the absence of inhibitor. Finally, all experimental fluores-
cence intensities were corrected by dividing them by their

corresponding inner filter correction values. Kp values were calculated
from the corrected fluorescence intensity vs. inhibitor concentration
data using a modified Morrison equation where Fp,j,: minimum fluo-
rescence signal, Fp,y: maximum fluorescence signal, [E]: enzyme con-
centration, and [I]: inhibitor concentration (Equation (1)) [29]. The Kp
values reported are the result of at least three independent trials.

F= (Fmax *F,nin) * (([E] * [1] +KD) _ \/(;f;]—’_ [I] +KD) - 4[E] [H)

+ Fmin (1)
2.7. Statistical analyses

We used IBM SPSS Statistics 25 to perform Student’s t tests. This was
done, in some cases, to compare a specific Kp for one mutant to the wild
type Kp, demonstrating the effects of the mutation on inhibitor binding.
In other situations, we compared the Kp for TMP to Ky for PYR for a
single mutant. This comparison showed whether there was a significant
selectivity for one inhibitor over the other. Finally, we used Student’s t
tests to compare values for a position rather than a mutation. In these
instances, we combined all values (for example Ky TMP) for one position
(all replacements) and compared to all values for wild type. This allowed
us to determine whether effects at a given position were solely due to the
type of side chain used in the mutation, or if the overall location of the
mutation was the key cause for the observed result.

3. Results

3.1. Steady-state kinetics of DHFR proteins with His38-Ala39-Ile40
cluster mutations

Previous work predicted that three amino acid residue positions
(Asn48, Leu49, and Val50, Hs DHFR numbering) in the DHFR family
play a role in determining inhibitor selectivity [16]. Here we investi-
gated these residue positions experimentally in Bs DHFR. Since the Bs
DHFR sequence was not part of the original in silico analysis, an align-
ment of the Hs and Bs DHFR structures was used to confirm that residue
cluster Asn48-Leu49-Val50 in Hs DHFR is represented by positions
His38-Ala39-1le40 in Bs DHFR (Fig. 1).

Mutations at this cluster were generated using a pool of mutagenic
primers that were randomized at these codon positions. The resulting
mutants were screened for in vivo DHFR activity by determining their
ability to support growth in a DHFR-deficient strain (Supplement;
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19 27

Bacillus stearothermophilus 1 M ISHIVAMDE-NRVIGKD-NRLPW-HLPADLAYFF RPLPGRDNV 64
Bacillu tilis 1 M —---ISFIFAMDA-NRLIGKD-NDLPW-HLPNDLAYF¥ IG---RPLPNRKNI 64
Shewanella oneidensis 1 M R--IAMIAAMAN-NRVIGKD-NKMPW-HLPEDLRHFKAMTLG RPLPGRHNI 65
Deinococc radiodurans 1 M[12]RQI \IAAQTE-NRVIGRD-GGMPW-HLPADFAHFRAL KPLPEF 80
’ 1 M TKKIVAIWAQDE-EGLIGKE-NRLPW-HLPAELQHFKETTLN HAT FDGM--GRRLLPKRETLILTR 68
1 M ARPLAMIAALGE-NRAIGID-NRI RLPADLKHFKAMTLG KPVIMGRKTWDSLG RPLPGRLNLVVSR 67
1 M ISLIAALAV-DRV 5~ NAM LP WESIG RPLPGRKNIILSS 64
meningitidis d: M LK-ITLIAACAE-NLCIGAG-NAMPW-HIPEDFAFFKAYTLG SLP--VKPLPGRRNI 67
acterium tubercul 1 M VG LIWAQAT-SGVIGRG-GDIPW-RLPEDQAHFREITMG 67
ila melanogaster 1 M LR-FNLIVAVCE-NFGIGIR-GDLPW-RIKSELKYFSF 76
1 M VRPLNCIVAVSQ-NMGIGKN-GDLPWPPLRNEFKYFQ NLV I I 78
isoform 1 1 M VGSLNCIVAVSQ-NMGIGKN-GDLPWPPLRNEFRYFQRMTTT [ 7] NLVIMGKKTWFSIPEKNRPLKGRIN 78
tis elegans 1 M RKMNLIVAMDA-EGGIGKN-GVLPW-RIKKDMQYFASVTKN [7 ] NAVLMGRKCWESIPVTRRPLAGRLNIVLSR 76
telium di ideum 1 M KVSIIVAVSK-NNVIGTKAGDIPW-ELPKDLKHFRDTTHG [1] -PCIIGRISLEAFGDL LPNRFNIIVSS 66
ce isiae 1 M[ 5]--PIVGIVACLQPEMGIGFR-GGLPW-RLPSEMKYFRQVTSL 7] NALIMGRKTWESIPPKFRPLPNRMNVIISR 81

1

Thermotoga maritima

[ 3]VAKVIFVLAMDV-SGKIASS

VESW SSF‘EERKNFRKI'I”TE[2] NVVMGRITFEEIG RPLPERLNVVLTR 69

Fig. 2. COBALT sequence alignment of select DHFR sequences from the Landmark Model Organisms database showing the region with the predicted His38-Ala39-
1le40 cluster positions. Bracketed numbers indicate amino acids not shown in the alignment sequence.

Table 1

Steady-state kinetic values of Bs DHFR mutants. All measurements were per-
formed in triplicate and standard errors are shown. Values that are significantly
different from the wild type value as determined by Student’s t-test are indicated
by asterisks as follows: *: p < 0.1, **: p < 0.05, ***: p < 0.01.

Kt 57 K (iM)  kear (wild type)/kear K (wild type)/Knr
(mutant) (mutant)
wild 8.1+0.8 1.6 £ - -
Type 0.4
His38GIn 10+ 2 1.6 + 0.8 1.0
0.5
His38Thr 54+1.1 0.98 + 1.5 1.6
0.07
His38Val 55+04 1.3+ 1.5 1.2
* 0.2
Ala39Ile 4.0 +£0.7 1.5+ 2.0 1.1
*k 0.3
Ala39Arg 4.6 + 1.0 1.1+ 1.8 1.4
* 0.3
Ala39Tyr 6.7 +£ 0.4 2.7 £ 1.2 0.6
1.0
Ile40Ala 6.6 + 1.9 1.8+ 1.2 0.9
1.1
1le40Asn 5.0+ 0.5 1.4 + 1.6 1.1
il 0.5
Ile40Arg 1.5+04 32.+£13 54 0.05
F*kk *

Fig. S1). An alignment of DHFR protein sequences from the Landmark
database showed varying degrees of conservation at residue positions
equivalent to Bs DHFR residues 38-40 (Fig. 2 and Fig. S1) [31]. Position
38 showed a preference for polar or charged side chains, position 39 was
occupied by a variety of residues with some tendency towards hydro-
phobic side chains, and position 40 was dominated by hydrophobic side
chains.

For further analysis, we chose mutants that introduced side chains
with different sizes and chemical characteristics compared to those
found in the Bs DHFR wild type. We then expressed and purified the
proteins, and determined their k., and Ky values. The largest change in
kcat was a five-fold reduction for the Ile40Arg mutant (Table 1). The
other replacements (His38Gln, His38Thr, His38Val, Ala39Asn,
Ala39Arg, Ala39Tyr, Ile40Ala, and Ile40Asn) resulted in only small
changes in catalytic activity. Most of the mutant Ky; values were similar
to that of the wild type Bs DHFR as well. The Ile40Arg mutant was also
the only mutant with a Ky that was significantly higher than the wild
type Ky (¢(2) = 3.93, p = 0.062). The Ile40Arg k.o was measured using
100 pM DHF, which may not be fully saturating given the high Ky, and it
is possible that the k4 is higher than what is reported in Table 1.

Table 2

Kp values for TMP and PYR for wild type Bs DHFR and Bs DHFR mutants are
shown. Values are the average of three measurements unless otherwise noted in
brackets; standard errors are reported. Kp values that are significantly different
from the wild type values are indicated in the Kp columns by asterisks as follows:
*:1p < 0.1, **: p < 0.05, ***: p < 0.01. Asterisks in the Selectivity Score column
indicate that Kp (TMP) is significantly different from Kp (PYR) (*: p < 0.1, **:p
< 0.05, ***: p < 0.01).

Bs DHFR TMP PYR Selectivity
Mutant Score
Kp Kp (wild Kp Kp (wild Kp (rmpy/Kp
(nM) type)/Kp (mM) type)/Kp (PYR)
(mutant) (mutant)
Wwild Type 8.0 + 12+ 4 0.7 £0.2
1.3 (n =4
-9
His38GIn 7.8+ 1.0 23+ 4 0.5 03+01*
1.1
His38Thr 18+2 0.4 2.8+ 4.3 6.5+ 3.0
1.2
His38Val 5.3+ 1.5 7+2 1.7 0.8 +0.4
1.9
Ala39lle 22+7 0.4 4.8 + 2.5 45+1.6
0.6
Ala39Arg 17.8 + 0.4 6+ 4 2.0 3.0+1.9
1.5
Ala39Tyr 14.2 + 0.6 55+ 2.2 2.6 £0.5
0.9 1.7 e
Ile40Ala 28+14 0.3 8.4+ 1.4 3.3+1.8
1.8
Ile40Asn 120 £ 0.07 18+ 4 0.7 6.7 + 2.2 **
30 **
Ile40Arg 150 + 0.05 23 + 0.5 6.9 &+ 3.6 **
20 ** 11

3.2. TMP and PYR binding and selectivity

To determine the effects of amino acid replacements in the His38-
Ala39-11e40 cluster on inhibitor binding and selectivity, we measured
Kp values of the Bs DHFR mutants for the two antifolates, TMP and PYR,
by intrinsic protein fluorescence [32,33]. The Bs DHFR has several
fluorescently-active aromatic residues (9 Phe, 3 Trp, and 6 Tyr), which
allow for tracking of conformational changes by changes in intrinsic
protein fluorescence. NADPH cofactor, which is present in the cellular
environment, was included in the assays at 100 pM to determine phys-
iologically relevant Kp values. Whether or not NAPDH is bound can
impact inhibitor Kp, values; for example, TMP was found to bind L. casei
DHFR 135 times more tightly when NADPH was also bound compared to
when it was not [34]. Kp values were determined at equilibrium by
exciting fluorescently-active residues at 290 nm and recording emission
intensities of NADPH at 450 nm (resulting from fluorescence energy
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Position 38 Position 39 Position 40 Fig. 3. Bar graph representation of TMP (white bars) and
200 ®ok ok PYR (grey bars) Kp data for Bs DHFR mutants. Error bars
*% represent standard error of at least three replicate measure-
180 ments. Asterisks indicate significant differences between
ok TMP and PYR Kp, values for an individual mutant or residue
160 position. *: p < 0.1, **: p < 0.05, ***: p < 0.01. Bars span-
140 ning a residue position indicate a significant difference be-
tween TMP and PYR Kp values when considering all the
’E‘ 120 perturbations that were studied at that position.
c
~ 100
7
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* k%
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* * % %k %k
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resonance transfer) in the presence of different concentrations of TMP or Table 3
able

PYR. The data was corrected for inner filter effects, as was described
previously [2,28,33]. We adapted the intrinsic protein fluorescence
protocols to a Synergy H1 microplate reader to improve throughput,
compared with the original assay performed in a cuvette. An additional
advantage of this approach was that the emission intensity values for
each drug concentration were measured simultaneously. This setup
allowed longer incubation times (>30 min), assuring that the inhibitor:
enzyme:NADPH equilibrium had been reached before measurement
[27].

The wild type enzyme binds TMP with a Kp of 8.0 £ 1.3 nM (Table 2).
Eight of the nine mutations resulted in reduced TMP affinities (Fig. 3).
All three replacements studied at position 40 removed the hydrophobic
side chain and resulted in reduced TMP affinities. Statistically signifi-
cant changes in TMP binding were observed for Ile40Asn and Ile40Arg,
which had 15- and 19-fold higher TMP Kp, values compared to wild type,
respectively (t(2) = 4.33, p < 0.051 and t(2) = 6.26, p = 0.023, Table 2).
At position 39, all mutations introduced bulkier side chains and yielded
2 to 3-fold increases in TMP Kp, regardless of the side chain introduced.
The effects of mutations at position 39 on TMP binding were smaller
than those observed at position 40. The orientation of the position 40
side chain towards the active site may explain the greater impact of
mutations compared to position 39 on TMP binding. Mutations at po-
sition 38 had smaller effects on TMP binding with the introduction of
Thr and Val resulting in slightly decreased and increased affinities,
respectively.

His38-Ala39-1le40 cluster mutations in Bs DHFR had different effects
on the binding of two competitive DHFR inhibitors, TMP and PYR. All
but one mutation resulted in decreased TMP affinities. In contrast, five
mutations (His38Thr, His38Val, Ala39lle, Ala39Arg, and Ala39Tyr)
resulted in increased PYR affinities compared with the wild type (12 + 4
nM). Interestingly, mutants at position 39 had effects of similar
magnitude (2-2.5-fold) but in the opposite direction for TMP and PYR.
At position 38, two of the mutants (His38Thr and His38Val) resulted in
higher PYR affinity, while the His38GIn mutation decreased affinity.
The specific sidechain introduced had more impact on inhibitor binding
at position 38 than positions 39 and 40. Mutants studied at position 40
had minimal effects on PYR binding: the largest change was a 2-fold
decrease in affinity for Ile40Arg. This is in stark contrast to the large
decreases observed in TMP binding for position 40 mutants.

As an overall proxy measure for inhibitor selectivity, we calculated
the ratio of Kp (TMP) to Kp (PYR) as that mutant’s selectivity score.
Defined in this way, a ratio greater than 1.0 indicates that the mutant

Turnover number (k.,) for the wild type, Argl9Asp, and Asp27Asn Bs DHFR
proteins. Slopes of absorbance at 340 nm with time (s) were converted to ve-
locities using the extinction coefficient 13.2 mM ‘cm ™! and a 0.46 cm path-
length [25]. Values represent averages of replicate measurements and are
presented with standard errors. The Michaelis constant was determined using
the redox sensitive MTS reagent as described in methods section 2.5. *n = 2.

keae (571 Km (WMD) Keat witd per/kear  Knt (wild type)/Ky
(mutant) (mutant)
Wild Type 8.1 +£0.5 1.6 + 1 1
0.4

Argl19Asp 0.072 + 17.6 + 110 0.09

0.003 0.7*
Asp27Asn 0.0083 + ND 980 ND

0.0005

binds PYR more tightly than TMP. For the wild type Bs DHFR, the
selectivity score is close to 1 (0.7 + 0.2, Table 2), suggesting there is
little selectivity for either TMP or PYR. Of the nine mutations intro-
duced, five (His38Gln, His38Thr, Ala39Tyr, Ile40Asn, and Ile40Arg)
resulted in a significant preference for one ligand over the other (p <
0.1). Perturbations at positions 39 and 40 appeared to result in PYR
selective enzymes. Selectivities ranged from 2.6-fold (Ala39Tyr) to 6.9-
fold (Ile40Arg), three of which had a Kp that was significantly smaller
for PYR as compared to TMP (Ala39Tyr: t(2) = 14.151, p = 0.005;
Ile40Asn: t(2) = 4.34, p = 0.049; Ile40Arg: t(2) = 5.58, p = 0.031).
Mutations at position 38 also influenced selectivity but were dependent
on the specific sidechain introduced. Like mutations at other positions,
the His38Thr mutation resulted in a large and significant 6.5-fold pref-
erence for PYR, a (His38Thr: t(2) = 4.19, p = 0.052). In contrast, the
His38GIn mutant was found to bind TMP more tightly than PYR
(His38GIn: t(2) = 3.25, p = 0.083), and the His38Val mutant did not
impact selectivity. In total, seven out of nine mutations had a ratio >1,
reflecting an overall tendency for increased selectivity towards PYR
binding upon perturbation to the His38-Ala39-1le40 cluster. All re-
placements at positions 39 and 40 resulted in PYR-selective enzymes.

3.3. Steady-state kinetics of Asp27Asn and Arg19Asp Bs DHFR variants

We additionally introduced two mutations into Bs DHFR at regions
that are catalytically relevant in Ec DHFR (Escherichia coli), the active
site and the Met20 loop. Asp27 is found in the active site of Ec DHFR and
plays a critical role in the protonation of DHF; the Asp27Asn mutation
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resulted in a 300-fold decrease of the hydride transfer step in Ec DHFR
[8,35]. Because Asp27 in Ec DHFR aligns with Asp27 in Bs DHFR
(Fig. 2), we replaced Asp27 of Bs DHFR with Asn to investigate whether
Asp27 also plays a critical role in Bs DHFR catalysis. The k¢, for the
Asp27Asn mutant was found to be 0.0083 + 0.0005 s}, a 980-fold
reduction compared to the wild type, indicating that Asp27 is a crit-
ical active site residue in both Bs and Ec DHFRs (Table 3). Due to the
large reduction in activity, we were unable to determine the Ky of the
Asp27Asn Bs DHFR for comparative analysis.

The Met20 loop is a highly mobile region of bacterial DHFR enzymes
and has been reported to be involved in ligand binding and catalysis
[36]. The Ec DHFR Met20 loop (residues 9-24) has been extensively
studied and critical residues that stabilize the major conformers in
catalysis (the open, closed, and occluded conformations) have been
identified [1,37]. In E. coli DHFR, the Met20 loop adopts different
conformations in response or preparation for NADPH and DHF binding
(open), as well as orienting the two molecules for catalysis (closed) and
THF release (occluded) [1]. It has been suggested that movement of the
Met20 loop is a limiting step in catalysis for bacterial but not mamma-
lian DHFRs, owing to a poly-proline region that locks the mammalian
Met20 loop in a closed conformation. Additionally, amino acid re-
placements in the Ec DHFR have been shown to impact catalysis and
loop motions [1,38,39]. To investigate the role of the Met20 loop on Bs
DHEFR catalysis, we replaced Argl9 in Bs DHFR by Asp. This amino acid
replacement results in charge reversal; the negatively charged Asp is
conserved among Mycobacterium tuberculosis DHFR (Mt DHFR) and
higher organisms at the corresponding alignment position (Fig. 2). The
kcat for Arg19Asp was 0.072 + 0.003 s~L, which was 110-fold lower than
the k¢at of the wild type enzyme (8.1 £+ 0.5 s~1) (Table 3). The Ky for this
mutant was 17.6 £ 0.7 pM, 11-fold higher than the wild type Ky of 1.6
+ 0.4 pM, indicating that substrate binding also was affected by this
mutation.

4. Discussion
4.1. Impact of His38-Ala39-Ile40 cluster mutations on Bs DHFR catalysis

Eight out of the nine mutations of the His38-Ala39-1le40 cluster had
kcat values within 2-fold of the wild type, with non-significant changes in
Ky This finding suggests that substrate binding was not drastically
affected by introducing these mutations and any inhibitor preferences
arising from these mutations are not due to inactivation of the enzyme.
Only the Ile40Arg mutant showed significant changes in both k¢,¢ and
K. To better understand the increased Ky for the Ile40Arg mutant, we
used the Ec DHFR:NADP+:folate structure (PDB #: 7DFR) as a model.
We used the Rotamers function in Chimera to replace the residue that
aligned with Ile40 in Bs DHFR — a valine at position 40 in Ec DHFR —
with an Arg in silico (Chimera version 1.11.2) (Fig. 4) [30,40]. The two
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Fig. 4. (A) The Val40Arg mutation was modeled into the
Ec DHFR:NADP":folic acid structure (PDB #: 7DFR) using
the Rotamer tool in Chimera (version 1.11.2), choosing
the highest probability rotamer determined by the “Dun-
brack backbone-dependent rotamer library” (version
1.11.2) [40]. Predicted steric clashes are indicated by red
dashed lines as determined wusing the Find Cla-
shes/Contacts tool, while blue dashed lines indicate
hydrogen bonding using the FindHBond tool. (B) The
Val40Arg mutation modeled into the Ec DHFR:NADP™:
folate structure (PDB #: 7DFR) using the Rotamer tool in
Chimera (version 1.11.2) and choosing the second highest
probability rotamer [40]. Predicted steric clashes are
indicated by red dashed lines determined using the Find
Clashes/Contacts tool. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred
to the Web version of this article.)

most probable predicted rotamers of Arg40 in the “in silico-Val40Arg
mutant” sterically clashed with nearby moieties, including Phe31 and
folic acid. These clashes may possibly explain the observed increase in
Ky for Bs DHFR Val40Arg when compared to wild type [30,40]. Muta-
genesis studies of Hs DHFR at the Phe34 residue (Phe31 in Bs DHFR)
have implicated it as a ligand-selectivity determinant, as it forms
important contacts with methotrexate and DHF [32]. Therefore, a mu-
tation that results (by domino effect) in an altered position of Phe31 (Bs
DHFR numbering) may contribute to the observed decrease in substrate
affinity. The relatively small changes in kot and Ky (Table 1) suggest
that the cluster mutations did not result in large scale deviations in
structure. Moreover, the CD spectra for the wild type, Ile40Asn, and
Ile40Arg Bs DHFRs shown in Supplement Fig. S2 are similar to each
other and in agreement with previously published spectra for DHFR
[41], implying that mutations at Ile40 did not cause any secondary
structural changes as compared to the wild type Bs DHFR structure.

4.2. Impacts of His38-Ala39-1le40 cluster mutations on TMP and PYR
binding and selectivity

Our results suggest that the His38-Ala39-Ile40 cluster is a distal
determinant for inhibitor selectivity as was previously predicted in the
DHFR family [16]. The residue sidechains of the cluster do not make
direct contact with the inhibitors themselves; yet mutating these resi-
dues results in selectivity toward one inhibitor over another. The liter-
ature has reported on long-distance effects from distal sites in DHFR
catalysis, substrate binding, and product release [1]. Changes to relative
energies and, subsequently, the conformational equilibria, where the
enzyme samples multiple conformations that bind ligands with different
affinities, can perhaps explain these results [18,19]. It is interesting that
the perturbations at this cluster resulted in preference for PYR binding
over TMP, even though both inhibitors occupy the same region of the
active site [42]. A major difference between the two inhibitors is a one
carbon linker in TMP, which adds more degrees of rotational freedom
compared to PYR. It is possible that the mutations affected TMP binding
more due to the compound’s greater flexibility [43,44].

The Mt DHFR has been crystallized as a ternary complex with
NADPH and both TMP (PDB#: 4KM2) and PYR (PDB#: 4KMO) in two
conformations (open and closed), making these structures useful in
understanding of the interactions between DHFR:NADPH and the two
inhibitors [43,44]. By solving the X-ray crystal structures, Dias et al.
found that TMP binding differs between the open and closed confor-
mations and that this difference is greater than what is observed with
PYR [43,44]. Between the two conformations, the trimethoxybenzyl
ring of TMP orients itself toward or away from the active site, causing
interacting sidechains Phe31, Leu50, and Ile120 to reorganize [43,44].
A greater reliance on sidechain reorganization may make TMP binding
more susceptible to perturbations resulting from mutations of a distant
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amino acid [19,20,45]. This may explain why mutations of the
His38-Ala39-1le40 cluster tended to decrease TMP affinity, causing PYR
binding to be preferred.

4.3. Asp27 and Arg19 play similar roles as the equivalent residues in Ec
DHFR

The reduced activity of Asp27Asn was not surprising as all DHFRs
show conservation of a negatively charged residue at this alignment
position (Fig. 2) [1]. Findings by Wan et al. suggest that a negative
charge aids catalysis by increasing the pK, of the active site, allowing
easier protonation of the N5 atom of the pterin ring by a water molecule
[46]. The significant decrease in activity observed for the Bs DHFR
Asp27Asn mutation agrees with the mechanism for Ec DHFR catalysis
presented by Wan and coauthors. CD spectroscopy also showed a change
in secondary structure for Asp27Asn compared to the wild-type protein
(Fig. S3), which could also contribute to the decreased catalytic activity.
We do not report percentages of different secondary structure elements
in the Bs DHFR proteins because analyzing these by CD has been re-
ported to be complicated by the numerous aromatic residues in DHFR
sequences [41].

The Bs DHFR (PDB#: 1ZDR) Argl9 residue spatially overlaps with
the Asp21 residue in Hs DHFR (PDB#: 2W3A) and the Alal9 residue of
Ec DHFR (PDB#: 1RH3) (Fig. 5). In the aligned structures, the residue at
this alignment position points out toward the solvent, and does not show
any sidechain interactions with NADP" in the Ec and Hs structures
(Fig. 5). Therefore, we find it unlikely that the reduced activity for the
Arg19Asp mutant is caused by altered noncovalent interactions.

5. Conclusions

In summary, experimental data support the prediction that the
His38-Ala39-1le40 cluster is a distal region that tunes inhibitor selec-
tivity. Analysis of Bs DHFR mutants at His38, Ala39, and Ile40 indicates
that these replacements can lead to small changes in k. and Ky while
significantly affecting inhibitor affinity and selectivity. We found all
mutations at cluster positions 39 and 40 to increase selectivity for PYR
binding over TMP; that is, the variants had higher affinities for PYR than
TMP. Mutations at this cluster may have affected inhibitor selectivity by
perturbing the preorganization process, where the enzyme samples
multiple conformations in preparation for inhibitor binding and catal-
ysis. It is unlikely that a distal region such as the His38-Ala39-Ile40
cluster uniquely impacts inhibitor selectivity in the DHFR superfamily.
In fact, the same in silico study predicted two additional regions to affect
inhibitor selectivity. Further studies are being conducted to elucidate
their effects on inhibitor selectivity and to further verify the in silico
model. A better understanding of distal regions that dictate ligand

Hs Asp21
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Fig. 5. Cartoon representation of the Bs DHFR (tan, PDB
#: 1ZDR), Hs DHFR (dark grey, PDB #: 2W3A) and the Ec
DHFR with the Met20 loop the closed (light grey, PDB #:
1RH3) conformation. (A) Labels accompany aligned resi-
dues with their native numbering. NADP™ is shown and
labeled in both the Hs (dark grey) and Ec (light grey)
structures. (B) Another view that shows all residues
pointing towards the solvent in crystal structures. Both
panels were made in Chimera (version 1.11.2) using the
Match Maker tool [30].

Bs Arg19

selectivity will be valuable for in silico modeling, protein engineering,
and the drug discovery process.
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