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Abstract

The bifunctional enzyme thymidylate synthase—dihydrofolate reductase (TS-DHFR) from the
protozoal parasite Cryptosporidium hominis is a potential molecular target for the design of
antiparasitic therapies for AIDS-related opportunistic infections. The enzyme exists as a
homodimer with each monomer containing a unique swap domain known as a “crossover helix”
that binds in a cleft on the adjacent DHFR active site. This crossover helix is absent in species
containing monofunctional forms of DHFR such as human. An in-depth understanding of protein—
protein interactions between the crossover helix and adjacent DHFR active site that might
modulate enzyme integrity or function would allow for insights into rational design of species-
specific allosteric inhibitors. Mutational analysis coupled with structural studies and biophysical
and kinetic characterization of crossover helix mutants identifies this domain as essential for full
enzyme stability and catalytic activity, and pinpoints these effects to distinct faces of the crossover
helix important in protein—protein interactions. Moreover, targeting this helical protein interaction
with a-helix mimetics of the crossover helix leads to selective inhibition and destabilization of the
C. hominis TS-DHFR enzyme, thus validating this region as a new avenue to explore for species-
specific inhibitor design.

Introduction

Dihydrofolate reductase (DHFR) is a well-studied enzyme that catalyzes the reduction of
dihydrofolate (H,folate) to tetrahydrofolate (Hfolate) utilizing the reducing cofactor
NADPH. There is a wealth of information available on the structure, dynamics, and
inhibition of DHFR from many species. However, the DHFR domain from the protozoan
enzyme thymidylate synthase—dihydrofolate reductase (TS—DHFR)i is structurally unique.
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Unlike the monofunctional DHFR from most species such as humans and E. coli, TS-DHFR
from protozoan parasites is bifunctional, encoding both TS and DHFR domains on the same
polypeptide connected by a linker of varying length.! Several of these obligate, intracellular
protozoal parasites are members of the Apicomplexa phylum and include Plasmodium
falciparum, Toxoplasma gondii, and Cryptosporidium hominis. While P. falciparumis the
causative agent of malaria, T. gondii and C. hominis are parasites responsible for AIDS-
related opportunistic infections.

The bifunctional enzymes from these apicomplexans all have long TS-to-DHFR linkers. The
three dimensional structures are available for the P. falciparumand C. hominis enzymes and
these structures reveal that contained within the linker is a unique domain termed a
“crossover helix”, which packs against the backside of the DHFR active site.23 Essentially a
swap domain, the crossover helix is involved in protein—protein interactions between one
DHFR monomer and the active site of the adjacent monomer. While kinetic studies on the
bifunctional enzyme from the malaria parasite P. falciparum showed this domain to have no
effect on the enzyme catalysis,* previous work from our lab indicates that the TS-DHFR
crossover helix in C. hominis, is necessary for full DHFR activity and results in a dramatic
impairment in catalytic rate when mutated.®

The position of the crossover helix in C. hominis TS-DHFR is detailed in Fig. LA. Whereas
the crossover helix in P. falciparum TS-DHFR makes few contacts with the DHFR domain,
the C. hominis TS-to-DHFR linker inserts the crossover helix into a cleft at the backside of
the adjacent DHFR active site. The crossover helix makes extensive interactions both with
Helix B of the DHFR active site and the beta sheet domain more distal to the active site (Fig.
1B). Interestingly, two orthogonal faces of the helix contact these two subdomains
separately. While the structure highlights the intimate contacts between nominal DHFR and
this swap domain, little is known about potential mechanisms by which the domain may
modulate enzyme function.

Cryptosporidium hominis causes a serious gastrointestinal disease in AIDS patients and
other immunocompromised individuals, is especially dangerous against children and the
elderly, and has recently been classified as a category B biodefense pathogen,®7 however
there are few effective treatments for the parasite.8:? Although DHFR is an essential enzyme
and is a validated drug target in other parasitic protozoa, the currently available therapeutics
have proven to be ineffective against C. hominis DHFR. With the exception of a recent
study,10 efforts to increase potency have often led to a decrease in species-specificity.11:12
The idea that a novel allosteric site important for catalysis may be targeted for species-
specific inhibitor design is an attractive prospect. In a previous validation study, we utilized
virtual screening to target a pocket near the crossover helix and were able to find
micromolar-range inhibitors of Cryptosporidium hominis thymidylate synthase—
dihydrofolate reductase, ChTS-DHFR.13 A more detailed, comprehensive knowledge of the
role of the crossover helix in enzyme function, and data on the specific interactions
important for this effect, are critical in guiding the initial stages of a rational search for novel
allosteric inhibitors of ChTS-DHFR.

In this study, we utilized a steady-state and transient kinetic approach to characterize
mutants of the crossover helix that may be involved in key protein—protein interactions and
identify the individual faces of the helix that modulate catalytic activity and stability of the
TS-DHFR enzyme. These studies guided rationally designed benzoylurea a-helix mimetics
that allosterically inhibit the enzyme and compromise overall enzyme stability. The results
presented here provide in-depth insights into the role of this critical crossover helix in a
novel bifunctional DHFR, define a molecular mechanism for modulating enzyme catalysis,
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and highlight the potential to utilize biochemical information of a crucial protein—protein
interaction to rationally design an enzyme inhibitor.

Validation of the crossover helix as essential for ChTS-DHFR activity and stability

Alanine mutations were made to the crossover helix on two faces of the helix; the 6 amino
acid residues comprising the side facing Helix B of the DHFR active site (denoted Helix
Face mutant), and the 6 residues comprising the side facing the beta-sheet of DHFR
(denoted Beta Face mutant) (Fig. 1B). A third all alanine crossover helix mutant enzyme
was also examined. Alanine mutagenesis was chosen in order to specifically disrupt amino
acid interactions, while still maintaining helical character.14 The residues comprising the
crossover helix were predicted by nnPredict to be helical for all mutants.®

Recent work from this lab showed that both the Helix Face mutant and the All Alanine
mutant enzymes display have impaired catalytic activity.13 It was unclear whether
interactions on the orthogonal beta-sheet face of the helix were important for enzyme
activity. Fig. 2A shows the complete steady-state analysis for crossover helix mutant
enzymes. Mutations of either face of the helix or the entire face of the helix all cause a
roughly 2-fold decrease in DHFR activity. Interestingly, all of the mutants also cause an
unexpected decrease in activity of the TS domain, the active site of which resides 30 A away
from the crossover helix (Fig. 2B).

In DHFR catalysis, the rate-limiting step is product release, and therefore measuring steady-
state activity does not allow the precise measurement of the chemistry step, hydride transfer.
In order to assess the importance of the crossover helix on the rate of chemistry, a stopped-
flow fluorescence approach was utilized. The DHFR co-factor NADPH and an active site
tryptophan form a FRET pair that is lost upon NADPH consumption. Therefore, on a
millisecond time scale, we can monitor DHFR chemistry corresponding to a loss in
fluorescent signal (Fig. S1t). Single-enzyme-turnover experiments were conducted using
this approach, yielding the rate of hydride transfer for WT (150 + 7 s™1) and for each mutant
(Fig. 2C). Interestingly, both the Helix Face and Beta Face mutant enzymes displayed a
similar kinetic defect as the All Alanine enzyme (16 + 2 s71). This implies that both faces of
the crossover helix, the face interacting with the active site and the face interacting with
regions distal to the active site, are important for enzyme function.

An important feature we noted early on with the crossover helix mutant enzymes in
comparison with WT enzyme was the relatively low yield of protein during expression and
purification. The yield of the mutants was between 0.02 and 0.5 mg per liter of growth for
the mutant enzymes, compared with ~4 mg L1 for WT. Growth at lower temperatures
increased the overall yield of the mutants, signifying a defect in thermal stability for these
mutants. To assess the overall stability of the enzymes, we conducted thermal denaturation
of the proteins, monitored by circular diochroism (CD) absorption at 222 nm. Fig. 3A shows
the decrease in the fraction of folded enzyme as a function of temperature. All of the
mutants showed a significant decrease in thermal stability compared to WT. Using a single-
step transition model to estimate the melting temperature, the mutants showed an average
decrease in stability of 12 °C compared to WT. Importantly, at 37 °C, all of the mutant
enzymes were partially unfolded, whereas the WT enzyme was fully folded.

Using size-exclusion chromatography we saw no effect of this stability decrease on dimer
formation to a lower detection limit of 200 nM (data not shown). However, as protein
instability can also correlate with protease susceptibility,16:17 and this has been specifically
demonstrated for monofunctional TS,18 we sought to determine the degree to which the
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mutant enzymes might be cleaved by common proteases. Limited proteolysis was conducted
with trypsin, in which partial digestion of proteins was quenched at different time points and
run on SDS-PAGE. Interestingly, all of the mutant enzymes were significantly more
sensitive than WT to trypsin proteolysis (Fig. S2t). The experiments were repeated for Glu-
C protease and showed a similar trend, indicating that the sensitivity is not protease-
dependent. The relative amount of proteolysis for each protein was quantitated by measuring
the decrease in intensity of the full-length band as a function of time (Fig. 3B). Overall, the
mutants showed dramatic increases in trypsin susceptibility. The All Alanine and Beta Face
mutants showed virtually no full-length protein left at 15 minutes, while WT retained nearly
80% of full length protein. Interestingly, the Helix Face enzyme showed only moderate
sensitivity compared with the other mutants, retaining nearly 60% of full-length protein at
15 minutes.

Identification of F207A as critical for DHFR chemistry

The initial mutants were part of a larger-scale mutagenesis in which entire faces of the helix
were mutated with the goal of disrupting entire interaction surfaces. To more specifically
focus on the underlying mechanism by which the crossover helix may support catalytic
function, we sought to pinpoint integral amino acids that may disrupt catalytic activity.
Accordingly, we examined mutants of this region containing individual or a small number of
amino acid changes. Our analysis of several enzymes containing a smaller number of
mutations showed that no individual stretch of residues appeared to have a major effect on
steady-state rate, as they each appeared to display only small decreases in ke, (data not
shown). However, we were able to narrow down the defect in hydride transfer to the double
mutant L203A/F207A, and further to a single residue, F207A, that displays nearly the entire
decrease in catalytic activity as the helix mutants containing a larger number of mutations, at
28 + 5571 (Fig. 2C). Importantly, there was only minimal decrease in steady-state rate,
implying that the effect of this residue is specific to the rate of hydride transfer. The stability
of the F207A mutant enzyme was characterized as with the earlier crossover helix mutants,
and did show a decrease in stability of 5 °C compared to WT, although showed no
significant increase in protease sensitivity (Fig. S3t).

Phe207 resides at the base of the crossover helix, and interacts primarily with two
phenylalanines in the beta-sheet domain of DHFR: Phel63 and Phel72. To determine if
Phe207 communicates with the active site by direct modulation of these residues, the two
corresponding alanine mutant enzymes (F163A and F172A) were expressed and analyzed.
Unlike F207A, both the steady-state rates (2.5 s™1 and 2.6 s™1, respectively) and the pre-
steady-state hydride transfer rates (169 s~1 and 154 s™1, respectively) were not significantly
different than WT.

Toward elucidating a structural basis for the loss in activity of the crossover helix mutant
enzymes, we have conducted crystallization trials with all of the mutants discussed. Likely
due to thermal and/or conformational instability, the enzymes containing a larger number of
mutations did not appear to crystallize under a varying range of conditions. However, we
were able to grow 50 um crystals of F207A mutant TS-DHFR enzyme in complex with
DHFR and TS ligands in only one week, and determine the structure at 2.7 A. Pertinent
crystallographic values are included in Table 1.

Compared with the WT crystal structure, there were no global conformational changes in the
F207A mutant enzyme at either the DHFR or TS domains. Overall, the tertiary and
secondary structure motifs were maintained. However, there was a small but significant
change in the position of the crossover helix and Helix B. The crossover helix is shifted up
and away from Helix B of the DHFR active site, and Helix B is shifted slightly away from
the active site, though only at its C-terminus. The effects on the interacting amino acid
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residues of the crossover helix are shown in Fig. 4. All of the residues on the Helix Face are
translated away from the DHFR domain, by an average change in the position of the alpha-
carbon of 1.5 A. The interacting residues near the C-terminus of Helix B are also shifted, but
by less than 0.8 A. The residues near the N-terminus of Helix B are significantly altered,
with the side chains moved away from the crossover helix. Additionally, the residues on the
beta-sheet face of the crossover helix are shifted by an average of 1 A, although the
positions of the interacting residues on the beta-sheet do not appear to be changed. From a
structural perspective, the end result is an overall decrease in the extent of protein—protein
interactions of the crossover helix with Helix B and the beta sheet. Therefore, it appears that
Phe207 acts as an anchor to mediate the helix—helix interactions important for catalysis.

Selection and identification of crossover helix-mimetics as inhibitors of ChTS-DHFR

The analysis presented thus far demonstrates that the crossover helix region is important for
full enzyme activity and overall enzyme stability. Since the crossover helix binds in a pocket
distal to the DHFR active site, the area is intriguing as a novel site for inhibitors. Our data
points to the exciting possibility that an inhibitor designed toward this region may also
decrease enzyme stability. Importantly, our mutational data can inform our choices of
potential small molecule inhibitors.

One attractive idea for designing inhibitors of this region involves using a synthetic mimic
of the crossover helix to bind in the non-active site cleft and thus compete with the crossover
helix-to-DHFR interaction. Recent work on a-helix mimetics has involved the use of
benzoylurea oligomers, which utilize intramolecular hydrogen bonds to favor a linear
conformation and allow projection of side chains analogous to that of a natural peptide helix
(Fig. 5A). This approach has proven successful for inhibiting the Bcl-xL/Bak protein—
protein interaction.19

In theory, any sequence of i, i + 3/4, and i + 7 residues in an a-helix could serve as a basis
for an a-helix mimetic. Therefore we could use as a model amino acids on either face of the
crossover helix as shown in Fig. 1B. However, our mutational data indicate that the Helix
Face mediates steady-state activity, so it is that interaction that we targeted for disruption of
catalytic activity. Additionally, the thermal stability data and crystal structure presented
establish that Phe207 is critical for proper alignment of the entire crossover helix into its
binding cleft, and therefore would likely aid in positioning an a-helix mimetic. Therefore,
we used as a template the stretch of residues on the beta-sheet face (VopoXxXLogaXxxFog7) to
rationally design helix mimics. We hypothesized a possible mechanism of inhibition by
which the helix mimetic would compete with the crossover helix for the beta-sheet
interactions, displace the crossover helix in doing so, and thereby disrupt key helix-face
protein—protein interactions necessary for DHFR activity.

A search of the available library of benzoylurea derivatives for an initial match yielded
mimetics 1 and 2, that both fulfill the requirements of a hydrophobic face and the required
phenylalanine substituent (Fig. 5A). Steady-state Kinetic assays demonstrated that mimetic
1, which approximates an LxxFxxxF mimic, inhibited the enzyme with an ICgq of 800 uM
for DHFR (Fig. 5B). Importantly, mimetic 2 (Fig. 5A), an FxxLxxxF mimic closer in
sequence to the VxxLxxxF motif of the Beta Face residues, showed an increase in potency,
with an 1Cgq of 230 uM (Fig. 5B, Table 2). The compound also inhibited TS, though to a
lesser degree, as anticipated from the steady-state mutational data. This was not a non-
specific effect, as other helix-mimetics with various side chains showed no inhibition of the
enzyme at 1.5 mM. As expected from our mutational analysis, the mimetics, designed to
maintain the interaction at the beta-sheet face, had no effect on the pre-steady-state rate of
chemistry (data not shown).
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To delineate the mode of inhibition, we conducted a steady-state substrate profile for both
DHFR substrates, Hofolate and NADPH, in the presence and absence of mimetic 2. The data
show that the a-helix mimetic acts as a noncompetitive (mixed) inhibitor for Hyfolate; Vinax
decreased in the presence of inhibitor (1.46 + 0.03 pmol min~1 in the absence of compound,
and 0.48 + 0.06 umol min~1 in the presence of 250 pM compound) and the K, increased
(0.8 £0.3 uM versus 13 + 5 pM) (Fig. S4AT). The mimetic also acts as a noncompetitive
inhibitor for NADPH; the Vinax decreased (1.33 = 0.02 pmol min~1 in the absence of
compound, and 0.41 + 0.01 pmol min~1 in the presence of 250 UM compound), whereas the
Km was not significantly altered (3.4 £ 0.4 pM versus4.1 = 1.1 pM) (Fig. S4AT).
Lineweaver—Burk plots better demonstrate the noncompetitive character of the data (Fig.
S4BT). As expected, the same noncompetitive mode of inhibition was obtained for mimetic
1 (data not shown).

To further confirm of the binding site of the a-helix mimetic, we ran steady-state inhibition
assays against the Beta Face mutant enzyme, which no longer contains residues that would
compete with the mimetic for the putative binding site. Mimetic 2 is at least 10-fold more
potent against Beta Face than WT, with an ICgg of ~20 uM (Table 2). Additionally, the
specificity of the lead mimetic was assessed by inhibition assays against the human enzyme.
Importantly, there was no inhibition of human DHFR up to 1 mM mimetic 2, indicating
species-specificity for the C. hominisenzyme (Table 2).

To examine if these inhibitors might exploit the defect in enzyme stability displayed by the
crossover helix mutants and thus exhibit the dual effect of enzyme inhibition and
destabilization, we wanted to examine the effect that the inhibitors might have on enzyme
stability. While spectroscopic interference of the a-helix mimetics prevented the use of CD
to monitor thermal stability, we were able to take advantage of our protease sensitivity
assays as another readout of enzyme stability. As shown in Fig. 5C, mimetics 1 and 2
incubated at saturating concentrations with WT TS-DHFR, render the enzyme dramatically
more sensitive to trypsin proteolysis. A side-by-side experiment with the known DHFR
active site inhibitor methotrexate showed a resistance to proteolysis compared with the
enzyme alone (Fig. 5C), confirming the general stabilizing effect of typical DHFR
inhibitors.

Discussion

Insights into the role of the crossover helix for TS-DHFR function

Thymidylate synthase—dihydrofolate reductase (TS-DHFR) from C. hominis contains a
unique DHFR domain in that the “crossover helix”, a swap domain between DHFR
monomers, packs in a cleft at the backside of the DHFR active site. Here, we have used a
kinetic and biophysical approach to demonstrate that the crossover helix mediates overall
enzyme function. Disruption of crossover helix interactions with the DHFR domain severely
impairs steady-state activity, pre-steady-state hydride transfer, and stability of the protein at
physiological temperatures and in the presence of proteases. It is clear that the presence of
an intact crossover helix is necessary for a fully active DHFR in this parasite.

The stability of the crossover helix mutant enzymes has interesting physiological
implications for the role of the swap domain. It appears that all interactions of the crossover
helix are necessary for stability, as even the F207A mutant enzyme showed a modest
decrease in melting temperature. The important area of the melting curves to note is at
physiological temperature, 37 °C. Whereas the WT enzyme is fully folded, all of the mutant
enzymes are unstable. Moreover, all mutants except F207A are more sensitive to common
proteases. These data all emphasize a role for the crossover helix in imparting stability to the
enzyme under cellular conditions.
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Our mutational analysis highlights the complexity with which DHFR catalysis is modulated
by the crossover helix. While a complete crossover helix is necessary to impart enzyme
stability, the various catalytic activities of the domains appear to be governed by separate
faces of the helix. The enzymes in which the Helix Face of the crossover helix is disrupted
(Ala Helix Face and All Alanine) show a roughly two-fold loss in DHFR activity. The
enzymes in which the Beta Face of the crossover helix is disrupted (Ala Beta Face and All
Alanine) show a two-fold loss in TS activity. Therefore, the crossover helix is able to
modulate both enzymatic activities; interacting with Helix B to stabilize DHFR activity and
with the DHFR beta-sheet to stabilize TS activity. Additionally, DHFR hydride transfer is
unique from these effects as well, as disruption of any of the helix faces lead to a dramatic
rate decrease, regardless of steady-state activity.

The most surprising mechanistic finding from this analysis is that this dramatic impairment
in the rate of hydride transfer could be narrowed down to one key amino acid, Phe207. It is
clear from the X-ray crystal structure of F207A that small but significant changes in the
positioning of the crossover helix are the main effect of the mutant. Viewing the helix as a
rigid body, Phe207 appears to work as an anchor that positions the helix in proper
orientation for catalysis. Indeed, that mutation of the two interacting phenylalanines, which
reside on the beta strand known to confer communication to the active site,29 show no
decrease in activity supports the mechanism that Phe207 works not by modulating specific
DHFR residues, but more globally by positioning the crossover helix in the correct
orientation to the DHFR active site.

The fact that the mutant enzyme F207A affects only the pre-steady-state DHFR rate
highlights the importance of a pre-steady-state or transient kinetic approach; simply focusing
on the steady state rate would only have given information on the rate-limiting step of
product release. The ability to monitor the rate of chemistry at the active site, specifically
hydride transfer, has elucidated a more dramatic effect of mutating the crossover helix.
Clearly the hydride transfer step is much more sensitive to changes in the position of the
crossover helix than the steady-state rate. It is known that the M20 loop in E. coli DHFR
fluctuates at rates comparable to steady-state turnover. It is also established that local
fluctuations of the M20 loop in E. coli DHFR govern to some degree the transient catalytic
rates along the DHFR reaction pathway.2! Our crystal structure suggests that proper
positioning of the crossover helix maintains optimal interactions with Helix B, which is
directly connected to the M20 loop. Together, a possible model of rate enhancement is that
the crossover helix, when oriented properly, allows Helix B and the M20 loop to sample
more productive conformations for the transient rates only, leading to an increased rate of
hydride transfer.

This insight into the role of the crossover helix further differentiates C. hominis TS-DHFR
from the other protozoan species. All protozoan parasitic bifunctional TS-DHFR enzymes
(L. major, T. gondii, P. falciparum, and C. hominis) studied appear to maintain a DHFR
kehem OF ~150 s71.422-24 |t appears that regulation of catalytic function and domain
interactions is highly species specific. While other species (L. major, P. falciparum) utilize
interdomain ligand activation (TS-to-DHFR) and an N-terminal tail to enhance the DHFR
catalytic rate, ChDHFR makes use of a helical swap domain to achieve the same effect.#:24
Additionally, while C. hominis TS-DHFR has not shown the particular type of TS-to-DHFR
interdomain communication, the data presented here clearly indicate a role for the DHFR
crossover helix in TS activity, the active site of which is 30 A away from the swap domain.
None of the amino acids of the crossover helix specifically contact the TS domain, however
multiple amino acids of the returning linker, in sequence directly following the crossover
helix, make specific contacts with non-active site regions of the TS domain. It is possible
that the crossover helix modulates TS activity directly through the DHFR domain, or
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through disruption of the adjacent residues that contact the TS domain. Regardless of the
physical mechanism, this implies that distal regions of the TS domain are important for
ChTS catalysis. We have previously established that ChTS is unusually fast compared to
other orthologs, one determinant of which was found to be unusual positioning of TS
ligands.2>:26 It will be interesting to determine if the crossover helix has a role in TS ligand
orientation, or contributes to TS catalysis by another mechanism. Mutational and structural
research is currently underway to pinpoint the effect of the crossover helix on the TS
domain.

Novel inhibitor development

The use of a-helix mimetics to disrupt protein—protein interactions is an intriguing new
chemical biology focus, combining the specificity of protein helical side chain projections
and the stability and synthetic advantages of small molecules. We used an a-helix mimetic
to serve the dual purpose of allowing us to further probe the mechanism of crossover helix
enhancement, as well as to define a novel non-active site amenable to enzyme inhibition.

First, the kinetic pattern that we observed from incubation of the enzyme with the helix
mimetic confirmed the results from our mutational analysis. Designed to disrupt only the
Helix Face, we observed DHFR steady-state inhibition, with a lesser effect on TS, which is
in line with the Ala Helix Face mutant enzyme data. Importantly, there was no decrease in
the rate of hydride transfer. This helps to resolve a complex interpretation from the mutant
analysis, and confirms that the Beta-Face, and most likely Phe207, are the crucial
interactions mediating the transient rate of hydride transfer, and that the mechanism of rate
enhancement is not directly through the interactions of the Helix Face.

The second notable result from this study was the ability of detailed biochemical data to
guide the rational design of a helical mimetic inhibitor of an important protein—protein
interaction and, as a result, enzyme activity. The activity data on the separate faces of the
crossover helix confirmed the necessity to inhibit the helix—helix interaction, and the
importance of Phe207 in docking the crossover helix led us towards a compound mimicking
a phenylalanine at the third position. These insights allowed for the identification of a mid-
micro-molar inhibitor of this novel cleft without the need for a high-throughput or virtual
screening approach. Importantly, while peptidomimetics have proven useful for inhibition of
enzymes such as proteases,” and a-helix mimetics have shown recent promise for cancer
drug targets via disruption of protein—protein interactions,28:2° to our knowledge this is the
first report of an a-helix mimetic that combines both aspects; inhibiting the catalytic activity
of an enzyme by disrupting a non-active site protein—protein interaction.

The fact that mimetic 2 shows selectivity for ChDHFR over the human enzyme validates
this allosteric region as a potential site for novel therapeutics for the cryptosporidium
parasite. While we view this mimetic as simply a proof-of-concept candidate for a lead
compound, it seems likely that further synthetic design based on the structure of the
ChDHFR helix cleft will yield considerably more potent inhibitors. The three amino acid
stretch used here is not perfectly mimicked; the optimal VxxLxxxF mimic would likely
yield greater potency, as well as substitute the smaller valine for the bulky valine, increasing
ligand efficiency. Additionally, the binding cleft of the crossover helix has an overall
negative electrostatic potential, making neutral or positively charged capping groups
attractive for further inhibitor development (see Fig. S5 in ESIt). Again, this could be
accomplished without an addition of molecular weight, and perhaps the ability to decrease
size based on capping groups such as for instance an amide rather than carboxylate. This
potential compound, with a matched side chain profile and electrostatic surface, is a target
for a larger future effort to increase potency. An integrated approach of obtaining structural
data of enzyme—inhibitor complexes, carrying out larger scale combinatorial synthesis for
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SAR, and utilizing computational modeling, all aimed at better elucidating the enzyme-—
inhibitor interactions crucial for optimal inhibitor activity, will be the most effective course
to generate potent lead compounds for drug design efforts, and is currently underway.

The finding that we were able to destabilize the enzyme target is promising for further
development of inhibitors for this region. Most small molecules that bind to enzymes lead to
an increase in enzyme stability, by providing additional interactions and packing surfaces in
otherwise flexible clefts.3% This has been specifically shown for both DHFR and TS.31:32
Indeed, methotrexate exerted a stabilization effect in our protease assays. However, the a-
helix mimetics presented here clearly exert the opposite effect. The ability to simultaneously
inhibit enzyme activity while rendering it more susceptible to proteolytic degradation
represents a multifaceted approach to targeting ChTS-DHFR under cellular conditions. The
few inhibitors that have disrupted enzyme stability, either directly or indirectly, have shown
promise as lead compounds.33-3°

Significance

The current study validates an allosteric region as crucial for overall function of ChTS-
DHFR, an essential enzyme in the causative agent of cryptosporidiosis. Unique from its
orthologs in humans and structurally similar protozoan parasites, precise packing of the
crossover helix into a non-active site cleft of ChDHFR mediates both stability and multiple
facets of catalytic activity in a complex manner than involves two different faces of the
helix. Importantly, in using a-helical mimetics to probe the function of the crossover helix,
we have identified a surface amenable to species-specific inhibitor design that at once allows
for catalytic inhibition and enzyme destabilization. Given that there is no fully effective
treatment for cryptosporidiosis, this species-unique region provides a starting point for the
development of low-toxicity inhibitors to complement the available active site therapies.

More broadly, we have highlighted the importance of a detailed biochemical approach in
dissecting a protein—protein interaction, and have demonstrated the complexity by which
such an interaction can modulate enzyme activity. The fact that mutational data allowed for
the rational prediction of activity disruption has clear implications for the promise of
inhibitor development based on enzyme structure—function data when the benefit of a
starting compound or scaffold is lacking.

Experimental procedures

Construction and expression of mutations ChTS-DHFR enzymes

Full length C. hominis TS-DHFR gene (derived from a human parasite clone), was encoded
in the pTrc99A-rHCp, provided by Dr Richard G. Nelson and Dr Amy C. Anderson.
Mutations to the crossover helix were made following the QuikChange mutagenesis kit
protocol (Stratagene). Along with single-site and double mutants hamed by their amino acid
mutations, the larger mutant enzymes constructed were: Ala Helix Face (K194A, D198A,
L202A, D205A, 1206A, and R210A); Ala Beta Face (S195A, 1196A, T199A, V200A,
L203A, F207A); and All Alanine (195-208 to alanines). Based on the secondary structure
prediction software nnPredict, all of the mutants containing alanines were predicted to
maintain helical character. WT and mutant enzymes were over-expressed in E. coli (BL21),
grown at either 37 °C or 25 °C, and purified as previously described.

Circular dichroism spectroscopy

Enzymes at a final concentration of 10 UM were incubated in 1x reaction buffer (25 mM
Tris pH 7.3, 25 mM MgCl,) were analyzed for CD absorption by an AVIV
spectrophotometer Model 215 (AVIV Instruments, Inc.). Thermal denaturation was
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monitored by CD absorption at 222 nm. The sample was cooled to 4 °C and a thermal scan
was initiated, measuring absorption at 1 °C intervals to 90 °C, with an equilibration time of
60 seconds per step. The baseline for folded (low temperature) and unfolded (high
temperature) protein was determined by averaging the values from 4-15 °C and 79-90 °C,
respectively, and the fraction folded was calculated. The melting temperature was
determined by fitting the data to a single-step transition.

Protease sensitivity

Enzymes at a final concentration of 10 pM were incubated in protease buffer (50 mM Tris,
pH 8.0). Either trypsin or Glu-C was added to the reaction at a final w/w protease/TS-DHFR
ratio of 1/500 and 1/250, respectively. Aliquots of 20 pL of the protease reactions were
quenched with SDS loading buffer (50 mM Tris pH 8.0, 5 mM EDTA, 10% glycerol, 5% j3-
mercaptoethanol, 2% SDS, 0.02% bromophenol blue) at either 1, 15, or 60 minutes, and
boiled for 5 minutes. The zero time-point was made by adding reaction mix without protease
to SDS loading buffer, and then adding the proper concentration of protease before boiling.
Samples were run on a 15% SDS polyacrylamide gel, and stained with SimplyBlue
SafeStain (Invitrogen). Proteolysis was quantitated using a Molecular Imager FX (BioRad),
calculating the density of the band corresponding to the full-length enzyme, and normalizing
to the zero time-point.

Kinetic analysis of mutant enzymes

Steady-state Kinetic analysis was conducted for each individual reaction (DHFR and TS) by
spectroscopy at 340 nm, as previously described.2? The steady-state rate was determined by
converting specific activity (umol min~1 mg™1 protein) to a turnover number (kg) using the
active enzyme concentration in the reaction. Pre-steady-state kinetics were conducted using
a stopped-flow fluorescence assay on a Kintek SF-2001 apparatus (Kintek Instruments,
Austin TX). The assay utilizes the coenzyme fluorescence resonance energy transfer to
NADPH to monitor the rate of DHFR chemistry. Excitation at 287 nm is absorbed by the
enzyme, the emission at 340 nm is absorbed by NADPH, and the resulting emission is
measured as fluorescence using an output filter of 450 nm. As NADPH is consumed, the
emission signal will decrease as a function of the rate of the reaction. Single-turnover
experiments to measure the rate of chemistry at the active site were conducted, with enzyme
(50 pM) incubated with NADPH (500 pM), and then rapidly mixed with 10 pM H»folate.
Data were collected as 1000 observation points over 50 ms (fast enzymes) or 300 ms (slow
enzymes). The data were fit to a single exponential equation to obtain the DHFR rate
constant.

X-ray crystal structure of F207A mutant enzyme

Pure ChTS-DHFR F207A mutant protein was incubated at a final concentration of 7 mg
mL~1 with 1 mM ligands (dUMP, CB3717, NADPH, and methotrexate) for 45 min on ice
and crystallized by hanging drop vapor diffusion. The successful well solution consisted of
0.04 M ammonium sulfate, 0.12 M lithium sulfate, 0.1 M Tris, and 16% polyethylene glycol
6000. Crystals with approximate dimensions of 0.05 mm x 0.05 mm x 0.1 mm grew in 1
week at 18 °C. Crystals were soaked in successive cryoprotectants of mother liquor with 10,
15 and 20% ethylene glycol for 1 min each and were flash-frozen in liquid nitrogen.
Diffraction data were collected at the Brookhaven National Laboratory on beamline X29.
Our best crystal diffracted to 2.6 A. Data were indexed, integrated, and scaled to 2.7 A using
HKL2000 in a trigonal space group, and were converted to structure factors with truncate,
with five percent of the reflections marked for cross-validation analysis to serve as Rgee.
Phasing was solved by molecular replacement using Amore, with the coordinates of wild-
type ChTS-DHFR (Protein Data Bank entry 1QZF), with waters and ligands removed, as
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the search model. The molecular replacement search confirmed a space group of P3,21, and
indicated four monomers (two dimers) in the asymmetric unit. After a rigid-body fit using
Refmac5 from the CCP4 suite, the initial R-factor was 38.8%. The negative difference
density for the absent Phe207 side chain was clear at 3s in every monomer in the initial
difference density map. Additionally, DHFR ligands were visible in the initial Fo - F
difference maps. The structure was refined using Refmac5;3¢ density modification was
conducted using Solomon,3” and refinement and manual residue and ligand positioning were
carried out in the visualization program COOT.38 After addition of waters in Refmac5,
group B-factor refinement in CNS,3° and geometry optimization, the final Rg,c was 22.2 and
Reree Was 27.3. All refinement statistics are reported in Table 1. The structure is deposited in
the Protein Data Bank as entry PDB 3HJ3.

Analysis of a-helix mimetics

Benzoylurea derivatives that mimicked crossover helix side chain projections were
synthesized as described previously.1® Steady-state inhibition assays were conducted as
above, with the addition that the helix mimetic was incubated with enzyme and substrates
for 30 minutes prior to initiation of the reaction. As the compounds were brought up to stock
concentrations in DMSO, the same volume of DMSO was added as a control for the reaction
without inhibitor, and all rates were normalized to this “DMSO blank”. For determination of
mode of inhibition, assays were conducted with varying substrate concentration, and the rate
profile and Lineweaver—Burk plot were constructed and analyzed using standard Michaelis—
Menten treatment. Protease sensitivity experiments were conducted as above, with a near-
saturating concentration of helix-mimetic or methotrexate, incubated for 15 minutes prior to
initiation of the reaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Crossover
Helix

Fig. 1.

Crystal structure of the C. hominis DHFR domain highlighting the position of the crossover
helix. (A) The orientation of the two DHFR domains (blue and green) and the TS domain
(gray) of C. hominis TS-DHFR are illustrated in cartoon form (from PDB ID 201P). The
crossover helix (green) is shown packing against the opposite DHFR domain (blue),
between Helix B of the active site and the beta sheet domain. DHFR ligands are shown as
gray sticks. (B) Close-up view of specific crossover helix interactions. Top panel, the Helix
Face of the crossover helix (residues as green sticks: K194, D198, L202, E205, 1206, R210)
interacts with residues of Helix B. Bottom panel, the Beta Face of the crossover helix
(residues: S195, 1196, T199, V200, L203, F207) interacts with residues of the beta sheet
domain. Residues interacting with the faces are shown as blue sticks.
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Fig. 2.

Impaired rates of catalysis in the crossover helix mutant enzymes. (A) DHFR steady-state
turnover rates (ke5t) determined by a spectroscopic assay (WT = 2.7 s™1; Helix Face = 1.6
sL; Beta Face = 2.5 s71; All Alanine = 1.1 s71; L203A/F207A = 2.1571; L203A = 23571,
F207A = 2.5 s71). Values are all represented as the average + standard deviation. (B) TS
steady-state turnover rates (WT = 3.5 s™1; Helix Face = 3.0 s™1; Beta Face = 1.3 s7%; All
Alanine = 1.7 s71; L203A/F207A = 3.7 s71; L203A = 3.3 s71; F207A = 4.0 s71). (C) Single
turnover experiments monitoring the rate of hydride transfer, or kehem, conducted utilizing
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stopped-flow fluorescence (WT = 152 s1; Helix Face = 30 s1; Beta Face = 17 s71; All
Alanine = 16 s71; L203A/F207A = 16 s71; L203A = 157 s1; F207A = 28 s71).
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Fig. 3.

Decreased stability of the crossover helix mutant enzymes. (A) Thermal denaturation
monitored by circular dichroism spectroscopy shows the melting transitions of WT TS—
DHFR (@, T, = 43.6 °C), Helix Face (4, 29.5 °C), Beta Face (¥, 32.0 °C), and All Alanine
(#, 31.9 °C). Data were fit to a single transition curve. (B) Quantitation of limited trypsin
proteolysis of WT and mutant enzymes. Values are normalized to starting full-length
enzyme at time zero. The symbols are as in (A).
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&)

Fig. 4.

Altered crossover helix positioning in the crystal structure of the F207A mutant a least-
squares alignment of F207A (green) with WT ChDHFR (orange) shows a slight but
significant shift in the position of the helix. The alterations in the position of residues of the
Helix Face (top panel) and Beta Face (bottom panel) are highlighted.
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Benzoylurea a-helix mimetics as novel inhibitors of ChTS-DHFR. (A) Crossover helix is
shown in gray, with the side chain residues to mimic shown as sticks (V200, L203, F207).
Benzyolurea mimetics 1 (LxxFxxxF) and 2 (FxxLxxxF) contain a hydrophobic face and
correct phenylalanine side-chain projection for position 207. (B) Dose-response curves of
mimetics 1 (¢) and 2 (), plotted as percent of WT ChDHFR activity remaining. Data fit to

linear equation. (C) Quantitation of limited trypsin proteolysis of ChTS-DHFR in the

absence (@) and presence of 2000 uM mimetic 1 (#), 750 uM mimetic 2 (M), and 100 pM
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methotrexate (x). Based on binding affinities, the concentrations are near-saturating for the
helix mimetics, and saturating for methotrexate. Line is a smooth fit.
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Table 1

Data collection and refinement statistics for the structure of ChTS-DHFR F207A mutant enzyme complexed
with dUMP, CB3717, NADPH, and methotrexate

Valuesin parenthesesarefor highest resolution shell

Resolution limit (A) 2.70

Space group P3,21

Unit cell parameters (A, °) 121.9, 121.9, 342.3, 90, 90, 120
No. reflections used 77 069

Completeness (%) 99.4 (95.1)

Redundancy 5.4 (5.4)

I/sig | 13.8 (3.6)

Rmerge (%) 8.1 (49.1)

No. monomers in asymmetric unit 4

Refinement statistics

Réactor (%) 22.2
Riree (%) 27.3
Total no. of atoms 17 282
No. water molecules 297
RMSD, bonds (A) 0.009
RMSD, angles (°) 1.4
Wilson B factor (A?) 55
Coordinate error, Luzzati (A) 0.36

Ramachandran plot statistics

Residues in most favored regions (%) 88.3
Residues in additionally allowed (%)  10.9
Residues in generously allowed (%) 0.7

Residues in disallowed regions (%) 0.1
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Table 2
ICsp values of mimetic 2 against enzyme targets?
C. hominis  C. hominis Human
Enzyme  DHFR BetaFaceDHFR DHFR  C.hominisTS
ICso (UM) 230+£10 181 >1000 570 + 60

a . S . .
All reactions were run with identical enzyme and ligand concentrations.

Values shown as mean + standard deviation.
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