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ABSTRACT: Pteridine reductase 1 (PTR1) is a novel broad spectrum enzyme of pterin and folate metabolism
in the protozoan parasiteLeishmania. Overexpression of PTR1 confers methotrexate resistance to these
protozoa, arising from the enzyme’s ability to reduce dihydrofolate and its relative insensitivity to
methotrexate. The kinetic mechanism and stereochemical course for the catalyzed reaction confirm PTR1’s
membership within the short chain dehydrogenase/reductase (SDR) family. With folate as a substrate,
PTR1 catalyzes two rounds of reduction, yielding 5,6,7,8-tetrahydrofolate and oxidizing 2 equiv of NADPH.
Dihydrofolate accumulates transiently during folate reduction and is both a substrate and an inhibitor of
PTR1. PTR1 transfers thepro-Shydride of NADPH to carbon 6 on thesi face of dihydrofolate, producing
the same stereoisomer of THF as does dihydrofolate reductase. Product inhibition and isotope partitioning
studies support an ordered ternary complex mechanism, with NADPH binding first and NADP+ dissociating
after the reduced pteridine. Identical kinetic mechanisms and NAD(P)H hydride chirality preferences are
seen with other SDRs. An observed tritium effect uponV/K for reduction of dihydrofolate arising from
isotopic substitution of the transferred hydride was suppressed at a high concentration of dihydrofolate,
consistent with a steady-state ordered kinetic mechanism. Interestingly, half of the binary enzyme-
NADPH complex appears to be incapable of rapid turnover. Fluorescence quenching results also indicate
the existence of a nonproductive binary enzyme-dihydrofolate complex. The nonproductive complexes
observed between PTR1 and its substrates are unique among members of the SDR family and may provide
leads for developing antileishmanial therapeutics.

Pteridine reductase 1 (PTR1)1 is a novel enzyme (tentative
EC number 1.1.1.253) of pterin metabolism in the trypano-
somatid parasiteLeishmania. Isolation of the gene for PTR1
was aided by its amplification in some methotrexate-resistant
strains of the protozoan (1-3). Recent studies indicate that

a major physiological role for PTR1 inLeishmaniais the
salvage of oxidized pterins and folates, for which this
organism is auxotrophic (4-6). PTR1 is likely responsible
for the failure of anti-folate therapeutic strategies targeted
against dihydrofolate reductase (DHFR), since it catalyzes
the same reaction as DHFR and is much less susceptible to
inhibition by several clinically useful DHFR inhibitors (7,
8). A detailed understanding of the mechanism of catalysis
by PTR1 is therefore a desirable goal. This understanding
will assist in the development of effective inhibitors of this
enzyme, which may renderLeishmaniaDHFR vulnerable
as a drug target in this human parasite.
Analysis of the amino acid sequence of PTR1 led to

suggestions (2, 3) that the protein belongs to a large group
of oxidoreductases, which includes the aldoketoreductases
[AKRs (9)] and the short chain dehydrogenases/reductases
[SDRs (10)]. Because of the large evolutionary distance
encompassed by both the AKR and SDR families, unam-
biguous assignment to one family or the other was not
possible on the basis of amino acid sequence similarities
alone. For this assignment, stereochemical and kinetic
information about the reaction catalyzed by PTR1 was also
required. Although both families of oxidoreductases utilize
nicotinamide nucleotides as substrates and generally require
no metal cofactors, AKRs and SDRs have distinct protein
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folds, differing stereochemical courses, and probably different
catalytic mechanisms. The SDRs are B-side dehydrogenases,
and the AKRs are A-side dehydrogenases. The data
presented here demonstrate that PTR1 has the stereochemical
course and kinetic characteristics typical of members of the
SDR family. More than 50 members of the SDR family
have been identified to date (reviewed in ref10). The
proteins are frequently homodimers or homotetramers, pos-
sess a unique N-terminalâ-R-â unit which is involved in
the binding of NADH or NADPH, and typically have a Tyr-
(Xaa)3-Lys motif which has been implicated in catalysis.
PTR1 is a homotetramer (5, 6), with two Tyr-(Xaa)3-Lys
sequences and an N-terminal sequence which is significantly
similar to SDR sequences corresponding to theâ-R-â unit.
One of the most well studied members of the SDR family

is the mammalian enzyme, dihydropteridine reductase (DHPR).
The three-dimensional structures of DHPR (11) and several
other SDRs [3R,20â-hydroxysteroid dehydrogenase (12),
carbonyl reductase (13), and 7R-hydroxysteroid dehydroge-
nase (14)] have been determined by X-ray crystallographic
methods. The structures reveal a conserved core, with
significant structural diversity arising from the highly variant
C-terminal sequences of these proteins. A key feature, based
upon both kinetic and crystallographic evidence, is that the
binding of the nicotinamide cofactor must occur for creation
of a competent enzyme (15).
A strain of Escherichia coliengineered to overproduce

recombinantLeishmania majorPTR1 has provided an
abundant supply of the enzyme (4). Homogeneous PTR1
purified from this bacterial strain behaves in the same manner
as the enzyme isolated from the native protozoan (5), and
was employed in the studies described here.

MATERIALS AND METHODS

Materials. (4S)-[3H]NADPH and (4R)-[3H]NADPH were
generated by published methods using, respectively, glucose-
6-phosphate dehydrogenase (16) and malic enzyme (17).
[1-3H]Glucose 6-phosphate was generated in situ from [1-3H]-
glucose (from Moravek Biochemicals) using hexokinase.
(4S)-[2H]NADPH was generated by the same methods as
(4S)-[3H]NADPH, except that [1-2H]glucose 6-phosphate was
generated in situ from [1-2H]glucose. [2-3H]Malic acid was
generated by reduction of oxaloacetate with [3H]NaBH4

according to a published procedure (18).
The [adenosine-14C]NADPH for isotope partitioning ex-

periments was generated as follows. NAD+ kinase (Sigma)
was used to catalyze the phosphorylation of [adenosine-14C]-
NAD+ (DuPont NEN) by ATP, according to a published
procedure (19). The [adenosine-14C]NADP+ was reduced
using glucose 6-phosphate and glucose-6-phosphate dehy-
drogenase and purified by HPLC (20). The purities of
NADP+, NADPH, folate, dihydrofolate (DHF), and metho-
trexate were routinely confirmed to be>95% by HPLC.
Folate was recrystallized from ethanol/water prior to use.
DHF was either synthesized from folate by dithionite
reduction (21) or purchased from Schircks Laboratories
(Jona, Switzerland). 5-Deaza-5,6,7,8-tetrahydrofolate (5dTHF)
was a gift from C. J. Shih of Eli Lilly Research Laboratories.
Methotrexate was purchased from Schircks or Sigma.
[3′,5′,7,9-3H]Folic acid was from Moravek. The isolations
of homogeneous recombinantL. major PTR1 (5),E. coli

thymidylate synthase (22), and E. coli DHFR (23) were
carried out using methods previously described.
HPLC Methods. Large scale separation of NADP+ and

NADPH was conducted on a semipreparative Exasil C18
column (250× 10 mm) essentially as described by Gready
and co-workers (20). For smaller quantities or for analytical
purposes, NADP+ and NADPH were isolated by reverse
phase HPLC on a 250× 4.6 mm C18 column eluted at 1
mL/min with a mobile phase consisting of 5 mM tetrabu-
tylammonium sulfate, 5 mM potassium phosphate (pH 7.5),
and 28.5% methanol (HPLC buffer A). This HPLC system
was also used for analysis of the folates following isotope
trapping experiments. Nonradioactive NADP+/NADPH and
folates were detected by monitoring UV absorbance at 260
and 295 nm, respectively, using a Waters model 481 LC
spectrophotometer linked to an autointegrator (Waters 740
data module). The retention times during analytical runs
were 12 and 35 min for NADP+ and NADPH, respectively.
The radiolabeled nucleotides produced by the coupled action
of PTR1 and thymidylate synthase (TS) were separated by
reverse phase C18 HPLC using a mobile phase of 5 mM
tetrabutylammonium sulfate, 5 mM potassium phosphate (pH
7.5), and 8% methanol (HPLC buffer B). Proteins were
removed from most samples prior to HPLC by passage
through a Centricon-10 unit.
The substrates and products from the rapid chemical

quench experiments were quantified by HPLC using a
radioactivity flow detector. The HPLC separation was
performed using a BDS-Hypersil C18 reverse phase column
(250× 4.6 mm, Keystone Scientific, Bellefonte, PA) with
a flow rate of 1 mL/min. The HPLC effluent from the
column was mixed with liquid scintillation cocktail (Mono-
flow V, National Diagnostics) at flow rate of 4 mL/min.
Radioactivity was monitored continuously using a Flo-One
radioactivity flow detector (Packard Instruments, Downers
Grove, IL). The analysis system was automated by the use
of a Waters 712B WISP (Milford, MA) autosampler.
Stereochemical Course. The stereochemistry at carbon 6

of the THF produced by PTR1-catalyzed reduction of DHF
was determined by coupling the reaction to TS, an enzyme
known to require the 6R isomer of 5,10-methylene-THF (24-
26). The reaction was conducted under argon in a solution
containing 20 mM sodium 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonate (pH 7), 0.4 mM [2-14C]deoxyuridylate
(dUMP) (45 Ci/mol), 0.5 mM (4S)-[3H]NADPH (680 Ci/
mol), 0.2 mM folate, and 1 mM formaldehyde. (This
concentration of formaldehyde was shown in a separate
experiment to have no effect on the activity of either PTR1
or TS.) The reaction was initiated by addition of 2.8µM
PTR1 and 3.3µM TS. Samples of 0.1 mL were removed
from the reaction mixture at 15 min intervals and frozen on
dry ice. After samples were thawed and treated to remove
proteins, the radiolabeled dUMP and thymidylate (dTMP)
produced were separated by HPLC and quantitated by liquid
scintillation counting.
Spectrophotometric Methods and Rate Assays. The con-

centrations of PTR1 determined using the molar absorbance
at 280 nm calculated from Tyr and Trp content (26.8 mM-1

cm-1) were identical to those measured by the Coomassie
dye-binding method (27). The spectrophotometric rate assay
for NADPH-dependent reduction of pteridines catalyzed by
PTR1 was performed at pH 7.0 and 30°C. Although the
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pH optimum for the reduction of folate by PTR1 is 6.0,
measurements were carried out at pH 7.0 to decrease the
rate of nonenzymatic oxidation of NADPH. The assay buffer
and substrate solutions were made dust-free by passage
through 0.45µm filters, to minimize fluctuations in the initial
velocity measurements. The assays were initiated by the
addition of enzyme, and the rate was measured for 15 s. Less
than 20% of the substrates were consumed during assays,
except those carried out at the lowest substrate concentra-
tions. Data were fit to eqs 1-8 using the program Kaleida-
graph (Synergy Software).
Initial velocities (Vi) were measured at several fixed

concentrations of folate (0.75, 1, 1.5, 3, or 6µM) while
NADPH was varied from 2 to 80µM. Because the order of
substrate binding was not known, initial velocities were also
measured at several fixed concentrations of NADPH (5, 10,
20, or 40µM) while folate was varied from 0.75 to 16µM.
The concentration of PTR1 used for these measurements was
0.33 or 0.66µM. Apparent values of the kinetic parameters
(Vmaxapp and KM

app for each varied substrate, S) were
calculated by nonlinear least-squares regression of the data
(at the fixed concentrations of the second substrate) onto

To determine if the PTR1-catalyzed reaction proceeds
through a substituted or ternary complex mechanism, the
appropriate double-reciprocal plots were examined (28). All
the initial velocity measurements were pooled, andVmax, the
KM for NADPH (KMN), theKM for folate (KMF), and theKd

for NADPH (KiN) were determined from the re-plots of
intercepts ([folate]/Vmaxapp) and slopes ([folate]KM

app/Vmaxapp)
as functions of [folate] using the relationships (29)

and

To determine the order of substrate binding, the patterns
of inhibition by NADP+ and by the stable product analogue
5dTHF were determined with respect to folate and NADPH.
For measurements ofVi as a function of NADPH concentra-
tion, folate was fixed at 30µM, NADP+ was fixed at 2.5, 5,
or 10µM, and 5dTHF was fixed at 20, 40, or 80µM. For
measurements ofVi as a function of folate concentration,
NADPH was fixed at 90µM, NADP+ was fixed at 1, 2.5,
or 5 µM, and 5dTHF was fixed at 10, 20, or 40µM. Vapp

andKM
app for folate and NADPH were calculated at each

concentration of NADP+ and 5dTHF. Data that showed
evidence of competitive, noncompetitive, and uncompetitive
inhibition in double-reciprocal plots (30) were analyzed using
eqs 4-6, respectively,

whereSrepresents the concentration of the varied substrate,
I is the concentration of inhibitor,Voapp is the apparentVmax
in the absence of inhibitor,Ko

app is the apparentKM in the
absence of inhibitor, andKi is the inhibition constant.
Fluorescence Measurements of Ligand Binding. The

binding of NADPH to PTR1 was monitored by fluorescence
energy transfer from the protein to NADPH, using excitation
at aλex of 295 nm and emission at aλem of 450 nm. The
binding of DHF to PTR1 was measured by monitoring the
quenching of the fluorescence emission of the protein, using
a λex of 290 nm and aλem of 340 nm. All fluorescence
measurements were carried out at 30°C, at pH 6, using a
Farrand MK2 fluorescence spectrometer, with 5µM PTR1
unless otherwise noted. The decreased intensity of PTR1’s
fluorescence emission at 340 nm which occurs upon addition
of DHF was corrected for a small amount of absorbance at
this wavelength by DHF. This correction was done by
measuring the decreased intensity of fluorescence emission
of a 7.5µM solution of tryptophan in the same buffer. In
the concentration range of DHF used (0-48 µM), the
decrease due to absorbance was linear, with a 0.18% decrease
of the fluorescence signal per micromolar unit of DHF.
The quantitative analysis of the NADPH fluorescence by

0.5 µM PTR1 was similar to that described by Janin et al.
(31) for binding of NADPH to homoserine dehydrogenase.
Briefly, the data above 5µMNADPH increased linearly with
NADPH concentration, and the values below this approached
this line asymptotically. Differences between the extended
line and the observed fluorescence arising from the NADPH-
PTR1 complex from 0.05 to 0.95µM NADPH were used to
calculate the fraction of PTR1 bound to NADPH (Y). A
plot of (1 - Y)-1 versus [NADPH]total/Y yielded a line of
slopeKd

-1.
The quenching of PTR1 fluorescence by DHF was

analyzed using the relationship

whereF0 andF are the observed fluorescence intensities in
the absence and presence of ligand, respectively,Kd is the
apparent dissociation constant, andS is the concentration of
dihydrofolate.
Isotope Partitioning. To determine if the binary PTR1-

NADPH complex was productive, the complex was pre-
formed by preparing a solution containing 20 or 40µMPTR1
and 20 µM [adenosine-14C]NADPH (1.5 Ci/mol). This
solution was then rapidly mixed with an equal volume of
80 µM DHF and 2 mM NADPH (the chase). The mixture
was incubated at ambient temperature (ca. 22°C) for 12 s
(sufficient for a single turnover), and the reaction was
quenched with 40µMmethotrexate. NADP+ was separated
from NADPH by HPLC, and the HPLC fractions were
analyzed by liquid scintillation counting. Controls for these
experiments included reactions in the absence of PTR1, in
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KM
app+ [S]

(1)

[folate]/Vmax
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+
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the absence of the nonradiolabeled NADPH chase, and with
the [14C]NADPH added to the chase instead of being
prebound to the enzyme.
To determine if the binary complex between PTR1 and

DHF was productive, 20µM PTR1 was incubated with 20
µM [3H]DHF (3 Ci/mol) to form the complex. After this
solution was mixed with equal volume of 100µM NADPH
and 2 mM DHF and incubated for 12 s, an analysis similar
to that described above was done, with the appropriate HPLC
system to separate DHF and THF. To determine whether
the binary complex between PTR1 and folate was productive,
a solution containing 20µM PTR1 and 20µM [3H]folate
(500 Ci/mol) was rapidly mixed with an equal volume of
100µM NADPH and 2 mM folate and analyzed as described
above. Controls were included to demonstrate that radio-
labeled substrates were capable of conversion to products
in the absence of a chase by unlabeled substrates and to verify
the stability of the radiolabeled products during the analysis.
Kinetic Isotope Effects. The deuterium isotope effect on

Vmax, DV, and onVmax/KM, D(V/K), were measured using the
spectrophotometric assay.DV andD(V/K) are defined in the
nomenclature of Northrop (32). To minimize errors arising
from slight variations in enzyme activity or assay conditions,
data were collected at varying [4-1H]NADPH and (4S)-[2H]-
NADPH concentrations on the same day, using 30µM folate.
The data from the 4-deuterated cofactor was fit to

whereVmax,D andKMN,D were, respectively, the values for
VmaxandKMN measured with (4S)-[2H]NADPH. The kinetic
parameters for [4-1H]NADPH were obtained similarly.
The instability of the product THF under the assay

conditions made it challenging to measure the tritium effect
on Vmax/KMN [T(V/K)] arising from the tritium substitution
of the pro-S hydrogen at C4 of NADPH. In our initial
attempts, the fraction of NADPH consumed,f (measured
either byA340 or by liquid scintillation counting of [14C]-
NADPH and [14C]NADP+ following HPLC separation, or
by alcohol dehydrogenase assay), could not be quantitated
with sufficient reproducibility to give the necessary precision.
This was likely the result of the nonenzymatic oxidation of
THF to DHF, resulting in additional rounds of PTR1-
catalyzed NADPH oxidation, slight losses of stoichiometry
at longer reaction times, and variability in the apparent values
of f. The possible regeneration of DHF also caused
uncertainty about the exact DHF concentration, a critical
variable in this experiment. These problems were circum-
vented by coupling the reduction of DHF by PTR1 with the
methylation of dUMP by TS, using enough TS to ensure
that the resulting isotope effects were due only to the PTR1-
catalyzed reaction. Measurements of the production of the
stable product dTMP allowed valid estimates off to be made
with accuracy and precision. Thus, values ofT(V/K) could
be calculated from the observed changes in the specific
activity of residual (4S)-[3H]NADPH and in the ratio of
[2-14C]dTMP to the sum of [2-14C]dTMP and [2-14C]dUMP
produced by the coupled system. The product recycling
method which we employed had an additional advantage. It
ensured that the concentration of DHF remained constant at
all times, because any THF formed was immediately

converted to its 5,10-methylene derivative and oxidized by
TS back to DHF. Hence, it was unnecessary to make
multiple additions of the substrate being reduced to maintain
a constant concentration.
Measurements were made at 0.5 and 60µM DHF. All

reactions were carried out at 30°C in 25 mM Tris (pH 7.5)
under N2, and the mixtures contained 300µM (4S)-[3H]-
NADPH (ca. 15 Ci/mol), 300µM dUMP (3.3 Ci/mol), 2
mM formaldehyde, 1.5µM PTR1, and 1.6µM TS in a
volume of 2 mL. Using these conditions in separate control
experiments, TS turnover was determined to be 10 000 times
faster than PTR1 turnover. The samples were reacted for
1.5 h for the measurements at 0.5µM DHF or for 10-15
min for the measurements at 60µM DHF. To quench each
reaction, 0.66 mL of CCl4 was added to the 2 mL sample
with rapid mixing to denature and inactivate the enzymes.
The organic and aqueous phases were separated by spinning
the mixture in a clinical centrifuge, and the aqueous layer
was removed with a Pasteur pipet.
To allow a determination of the initial specific activity of

(4S)-[3H]NADPH prior to the addition of enzymes, the
absorbance at 340 nm of samples of the reaction solution
(diluted 20-fold into HPLC buffer A) was measured seven
times, and the radioactivity in the diluted samples was
quantitated by counting in Ready Safe scintillation fluid to
2σ values of<0.2%.
The final specific activity of (4S)-[3H]NADPH was

measured by purifying the remaining NADPH from the
reaction mixture by HPLC, using the semipreparative column
described above with a mobile phase of HPLC buffer A.
Fractions containing anA260/A340 ratio of<2.4 were pooled.
The absorbance at 340 nm of the pool was measured seven
times, and seven samples were counted for3H as described
above.
The fraction of NADPH consumed was measured by

quantitating the conversion of [2-14C]dUMP to [2-14C]dTMP.
dUMP and dTMP were purified from the quenched reaction
mixture by HPLC as described above. Fractions containing
either dUMP or dTMP were mixed with 5 mL of Ready Safe
scintillation fluid and counted for14C to 2σ values of<0.2%.
The fraction of conversion was calculated from the relation-
ship

where dpmT represents the total14C disintegrations per
minute (dpm) in dTMP, dpmU represents the total14C dpm
in dUMP, [NADPH]0 represents the initial concentration of
NADPH, and [dUMP]0 represents the initial concentration
of dUMP. The reactions at 60µM DHF were allowed to
proceed to fractional conversion of 0.6-0.8, to allow for
larger values ofRs/Ro (defined below). This, in turn, allowed
for more precise estimates of the near unityT(V/K) values.
The tritium effect onV/K was calculated using the

relationship (33)

wheref is the fraction of NADPH converted to NADP+ (from

[[ 2H]NADPH](Vi)
-1 )

[[ 2H]NADPH]
Vmax,D

+
KMN,D

Vmax,D
(8)

f ) ([NADPH]0/[dUMP]0) × dpmT/(dpmT+ dpmU)
(9)

T(V/K) )
log(1- f)

log[(1- f)(Rs/Ro)]
(10)
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eq 9),R0 is the initial specific activity of NADPH, andRs is
the specific activity of NADPH at fractional conversionf.
Rapid Chemical Quench Experiments. All measurements

were carried out using a Kintek RFQ-3 rapid chemical
quench apparatus (Kintek Instruments, State College, PA).
Each reaction was initiated by mixing 15µL of PTR1 (73
or 160µM) and 1 mM NADPH with an equal volume of
radiolabeled substrate (either 20µM [3H]folate or [3H]DHF).
The solutions were rapidly mixed and then aged (0.2-40 s
for folate or 0.005-60 s for DHF). The concentrations of
enzyme and substrates cited below in the discussion of the
pre-steady state kinetic results and in the legend of Figure
10 are those after mixing and during the enzymatic reaction.
The enzyme reactions were terminated by quenching with
67 µL of 0.78 N KOH to give a final concentration of 0.54
N KOH. The basic quench solution contained 10% sodium
ascorbate (pH 12.7) to prevent THF degradation after
reactions were terminated. The quenched reaction solution
was directly collected into an argon-purged vial for a Waters
WISP autosampler, vortexed, and analyzed by HPLC in
combination with radioactivity flow detection. The sub-
strates and products were quantified by HPLC as described
above. To ensure that the base was quenching the enzymatic
reaction, a control was included with each experiment to
ensure that catalysis was being terminated. This involved
adding the substrate to a premixed solution of base and
enzyme. Samples were collected in vials containing an argon
atmosphere to protect against oxidation during subsequent
analysis. Control experiments were also carried out to
establish the stability of the radiolabeled substrates and
products under the quench conditions employed.

RESULTS AND DISCUSSION

Stereochemical Course. The conversions of DHF and of
folate to THF by PTR1 were accompanied, respectively, by
the stoichiometric oxidation of 1 and 2 equiv of NADPH to
NADP+. The reduction of folate or DHF by (4S)-[3H]-
NADPH catalyzed by PTR1 yielded nonradioactive NADP+.
In contrast, tritium was retained by NADP+ when (4R)-[3H]-
NADPH was used. The opposite results were observed when
(4R)- and (4S)-[3H]NADPH were used for the reduction of
DHF catalyzed byE. coli DHFR. The latter result was
consistent with the previously described chirality preference
for DHFR (34, 35). Thus, PTR1 transfers the 4Sprochiral
hydrogen from NADPH.
It was important to determine whether carbon or nitrogen

is the hydrogen acceptor during PTR1-catalyzed transfer of
a hydride equivalent from NADPH to pteridine substrates.
Early experiments using HPLC analyses to monitor the fate
of tritium from (4S)-[3H]NADPH during PTR1-catalyzed
reduction of folate showed that most of the tritium appeared
in THF, but small variable amounts also appeared in solvent
water (data not shown). Control experiments indicated that
this was likely due to nonenzymatic oxidation of [3H]-
NADPH, [3H]THF, or both, during the reaction and/or HPLC
analysis, but two precedents from related systems indicated
a need for a more conclusive determination of the fate of
the tritium. The NADH-dependent reduction of quinoid 7,8-
dihydrobiopterin catalyzed by the mammalian enzyme DHPR
(36, 37) has been suggested to resemble the reduction of a
flavin (38), in that the hydrogen transferred from NADH

can be freely exchanged with solvent protons (39). Elec-
trolytic or zinc metal reduction of fully oxidized pterins
proceeds via a two-electron, two-proton process (40). The
electrolytic process yields directly a 5,8-dihydropterin in-
termediate, which generally rearranges rapidly to a more
stable 7,8-dihydropterin. It was also important to determine
the stereochemistry at carbon 6 of the THF produced by
PTR1-catalyzed reduction. A coupled enzyme system was
used to settle both the site and stereochemistry of the PTR1-
catalyzed hydrogen transfer to the pteridine.
Both the transfer of hydrogen from NADPH to carbon and

the resulting stereochemistry were demonstrated by coupling
PTR1 to TS, an enzyme known to utilize exclusively the 6R
isomer of 5,10-methylene-5,6,7,8-THF (24-26). TS cata-
lyzes the transfer of tritium from C6 of [6-3H]methylene-
THF to form the stable methyl group of dTMP. The
stereoisomer of THF which corresponds to the 6R isomer
of methylene-THF hasS stereochemistry at carbon 6.
Together, PTR1 and TS effectively catalyzed the time-
dependent transfer of tritium from (4S)-[3H]NADPH into
dTMP. The conversion of [2-14C]-2′-deoxyuridylate to
[3H,14C]dTMP was 42, 61, and 100% complete at 30, 60,
and 240 min under the conditions used; no dTMP was
produced when either PTR1 or TS was omitted. Thus,
PTR1-catalyzed reduction of the 5,6-double bond of DHF
produces (6S)-THF, the isomer produced by DHFR (26). This
result is consistent with the observation that expression of
the PTR1 gene will permit the growth of anE. coli strain
which is deficient in DHFR (∆fol) on a medium lacking
purines and methionine, for which the uncomplemented strain
is auxotrophic (41). The 6Sdiastereoisomer of methylene-
THF (formed from the 6R isomer of THF) is microbiologi-
cally inactive and incompetent as a substrate for several
methylene-THF-dependent enzymes (25). Thus, the absolute
stereochemistry of the hydride transfer to DHF catalyzed by
PTR1 must be like that shown in Figure 1. [The possible
identity of the enzymic acid shown in Figure 1 will be
addressed in a future paper (J. Luba et al., manuscript in

FIGURE 1: Stereochemistry of the PTR1-catalyzed reduction of
DHF.
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preparation).] A similar result, indicating the “natural”
stereochemistry at C6 of 5,6,7,8-tetrahydrobiopterin produced
by PTR1-catalyzed reduction of biopterin, was previously
demonstrated by the efficient coupling of the reactions
catalyzed by PTR1 and phenylalanine hydroxylase (5).
Initial Velocity and Product Inhibition Patterns. The

steady state kinetic analysis employed folate as the pteridine
substrate. The rapid quench studies described below showed
that DHF is an intermediate in the reduction of folate to THF.
It would thus have been preferable to employ DHF, which
only undergoes one reductive reaction, rather than folate,
which undergoes two. However, the steady state kinetic
analysis with DHF is complicated by the significant substrate
inhibition seen with this pteridine (5). Folate was chosen
instead of biopterin because the specific activity of PTR1
for folate was greater at neutral pH.2

When the initial velocities from varied NADPH at several
fixed concentrations of folate (and vice versa) were analyzed
by Hanes-Woolf plots, the lines intersected to the left of
they-axis (Figure 2). This indicates that catalysis by PTR1
proceeds via a ternary complex mechanism, as expected for
a NADPH-dependent reductase which contains no apparent
prosthetic group as an intermediate carrier of the reducing
equivalents. No intersections at the origin were found in
double-reciprocal (Lineweaver-Burke) plots of the data,
either from varying NADPH at several fixed concentrations
of folate or vice versa. Therefore, the kinetic mechanism
of PTR1 is likely to be a steady state mechanism rather than
an equilibrium mechanism. In the Hanes-Woolf plots, the
y-intercepts of the lines are the reciprocals of the apparent
values ofVmax/KM. The apparentVmax/KM depends on the
concentration of the fixed substrate, and the intersection of
the lines defines the negative value of the dissociation
constant of the substrate which binds first (28, 29). We show
below that NADPH binds first during the catalytic turnover
of PTR1. Therefore, the intersection of the lines in Figure
2 occurs at-Kd

NADPH. Values forVmax, theKMs for both
folate and NADPH, and theKd for NADPH were determined
from replots (Figure 3A,B) of the slopes and intercepts of
the lines in Figure 2 (Table 1). The value ofKM for NADPH
obtained in the absence of inhibitors (1.4( 0.2µM) is about
10 times lower than values reported in earlier studies of PTR1
from L. majorandLeishmania tarentolae(5, 6). The higher

values reported earlier may have been due to inhibition by
a low-level NADP+ contaminant (Ki ) 1 ( 0.2µM) of the
NADPH used and/or to the differing pHs employed in the
previous studies.
Product inhibition patterns were employed to test the

suspected order of substrate binding. The inhibition of PTR1
by the product NADP+ is strictly competitive with NADPH
(Figure 4A), indicating that NADPH and NADP+ compete
for the same form of the enzyme. The inhibition of PTR1
by the product NADP+ is noncompetitive versus folate
(Figure 4C). The inhibition by the product analogue 5dTHF
was uncompetitive versus NADPH and noncompetitive
versus folate (Figure 4B,D). The linear dependence of
inhibition upon inhibitor concentration was observed in each
case, and the results of the product inhibition studies are
summarized in Table 2. These results are consistent with
catalysis proceeding mainly via the ordered ternary complex

2 The specific activity of PTR1 for biopterin is highest at pH 4.6,
where the nonenzymatic oxidation of NADPH would be a problem.

FIGURE 2: Dependence of the initial velocities of the PTR1-
catalyzed NADPH-dependent reduction of folate upon substrate
concentrations at pH 7 and 30°C. The concentrations of folate
were (b) 8 µM, (4) 6 µM, (9) 4 µM, (]) 3 µM, ([) 2 µM, (0)
1.5 µM, (2) 1 µM, and (O) 0.75µM.

FIGURE 3: Secondary plots of the apparent steady state kinetic
parameters (slopes and intercepts) from Figure 2. Standard errors
of the slope and intercept values are indicated by the error bars.
(A) A graph of [folate]/Vmaxapp as a function of [folate]. The solid
line indicates the theoretical fit of the data to eq 2. (B) A graph of
[folate]KM

app/Vmaxappas a function of [folate]. The solid line indicates
the theoretical fit of the data to eq 3.

Table 1: Steady State Parameters of PTR1a

substrate
Vmax

(nmol mg-1 s-1)
kcat/KM

b

(µM-1 s-1)
KM

(µM)
Kd

(µM)

NADPH 7.5 ((0.6) 0.16 ((0.04) 1.4 ((0.3) 3 ((1)c
0.46 ((0.02)d

folate 7.5 ((0.6) 0.26 ((0.06) 1.0 ((0.2) e
a These values were measured at pH 7.0 and 30°C. bCalculated

from theVmax/KM value with the indicated substrate using the molecular
weight of theL. major PTR1 monomer (30 538 g/mol).c From the
analysis of the steady state initial velocity data.d From the analysis of
fluorescence intensity transfer data.eDoes not bind to the apoenzyme.
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pathway shown in Figure 5, with binding of NADPH
preceding that of the oxidized pteridine substrate, and
dissociation of the reduced pteridine product preceding that
of NADP+. The fact that 5dTHF acts as a noncompetitive
inhibitor versus folate suggests that 5dTHF binds to both
the enzyme-NADPH and the enzyme-NADP+ complexes.
If 5dTHF were unable to bind to the enzyme-NADPH

complex, the observed inhibition versus folate would have
been uncompetitive.
Ligand Binding. The enhanced fluorescence of NADPH

at 450 nm upon excitation at 295 nm in the presence of PTR1
presumably arises from energy transfer between the enzyme
and bound NADPH (Figure 6A). The fluorescence of the
bound NADPH is quenched upon addition of methotrexate
(data not shown). Addition of DHF (Figure 7) quenched
the intrinsic tryptophan fluorescence of the apoenzyme.
Although the enzyme’s fluorescence also was decreased upon
addition of folate or methotrexate to solutions containing
PTR1 alone, most or all of these decreases were due to
absorbance. Folate and methotrexate each absorb more
strongly at 340 nm than does DHF. The effects of folate or
methotrexate on the intensity of PTR1’s fluorescence inten-
sity was nearly identical to their effects on the fluorescence
of pure tryptophan. These results suggest either that the
affinities of folate and methotrexate for PTR1 alone are much
lower than that of DHF or that formation of either a PTR1-
folate complex or a PTR1-methotrexate complex does not
much alter the enzyme’s fluorescence. The former hypoth-
esis seems more likely, given the quenching by DHF with
the apoenzyme and by methotrexate with the enzyme-
NADPH complex.
The linear dependence of the NADPH-dependent fluores-

cence intensity observed at subsaturating NADPH concentra-
tions in the presence of 5µM PTR1 (Figure 6B) indicated
that NADPH must bind with a dissociation constant (Kd) of

FIGURE 4: Effects of the product NADP+ and of the product analogue 5dTHF upon the initial velocities (Vi) of PTR1-catalyzed reduction
of folate (30µM) by NADPH. Double-reciprocal plots are shown at several fixed concentrations of product or product analogue. When
folate was varied, NADPH was held at 90µM. When NADPH was varied, folate was held at 16µM. Regression of the data upon the
appropriate equation (eq 4, 5, or 6) provided estimates of theKi values in each case. The solid lines represent the theoretical curves at the
various inhibitor concentrations, calculated using the optimized parameters listed in Tables 1 and 2. (A) Initial velocities of the PTR1-
catalyzed reduction of folate at fixed folate, varied NADPH, and several fixed concentrations of NADP+. The NADP+ concentrations were
(2) 0 µM, (]) 2.5 µM, (9) 5 µM, and (O) 10 µM. (B) Initial velocities of the PTR1-catalyzed reduction of folate at fixed folate, varied
NADPH, and several fixed concentrations of 5dTHF. The 5dTHF concentrations were (2) 0 µM, (]) 20 µM, (9) 40 µM, and (O) 80 µM.
(C) Initial velocities of the PTR1-catalyzed reduction of folate at fixed NADPH, varied folate, and several fixed concentrations of NADP+.
The concentrations of NADP+ were (2) 0 µM, (O) 1 µM, and (9) 2.5µM. (D) Initial velocities of the PTR1-catalyzed reduction of folate
at fixed NADPH, varied folate, and several fixed concentrations of 5dTHF. The 5dTHF concentrations were (2) 0 µM, (]) 10µM, (9) 20
µM, and (O) 40 µM.

Table 2: Patterns of Product Inhibition of PTR1-Catalyzed
Reduction of Folate by NADPH

varied
substrate inhibitora

mode of
inhibitionb Ki (µM)c

NADPH NADP+ C 1 ((0.2)
NADPH 5dTHF U 39 ((6)
folate NADP+ N 1.06 ((0.08)
folate 5dTHF N 41 ((12)
a Because of the instability of THF, the product analogue 5dTHF

was used.b The modes of inhibition were as follows: C, competitive;
U, uncompetitive; and N, noncompetitive.cCalculated from the data
in Figure 4A-D.

FIGURE 5: Kinetic mechanism of PTR1.
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,5 µM. The value ofKd was determined to be 0.46 ((0.02)
µM from a quantitative analysis of the fluorescence enhance-
ment observed using 0.5µM PTR1. TheKd estimated in
the fluorescence titration is significantly lower than the rather
poorly defined value (3( 1 µM) estimated from the steady
state kinetic analysis. However, these values are in much
better agreement than either is with theKd value of 130µM
recently reported for PTR1 fromL. tarentolae (6). The
source of the discrepancy between the value reported here
and the value reported by Wang and co-workers is unclear.
A Kd of 130µM for NADPH is much higher than has been
observed with other SDRs and is more than 7-fold higher
than theKM for NADPH (17 µM) reported by the same
workers (6). The discrepancy may be related to the fact that
L. tarentolaePTR1 was obtained from a MalE fusion protein
and may have suffered from structural alterations during
cleavage. Alternatively, this discrepancy may simply reflect
difficulties with the interpretation of fluorescence data as
has been previously noted for binding of NADH to DHPR
(37).

The two intersecting lines shown in Figure 6B describe
the fluorescence of NADPH upon binding to PTR1 and of
excess NADPH. The intersection of the two lines (at 3.2
µM) provides an estimate of the PTR1 active sites available

for NADPH binding in the 5µM protein solution. Values
of the ratio between the concentration of binding sites and
the protein concentration, from this and other titrations, were
consistently 0.5( 0.1. The possible significance of the
substoichiometric ratio is discussed below.
The apparentKd for DHF binding to the free enzyme,

derived by fitting the fluorescence quenching data shown in
Figure 7 to eq 7, is 10 ((2) µM. Since the steady state
kinetics presented above and the isotope partitioning results
discussed below indicate that the enzyme-NADPH complex
is the only productive binary complex, the PTR1-DHF
complex lies off the reaction pathway. TheKd for DHF
binding to the free enzyme is very close to theKi for substrate
inhibition by DHF (5). The nonproductive PTR1-DHF
complex may in part be responsible for that inhibition.
Isotope Partitioning.The steady state kinetic results are

consistent with an ordered ternary complex mechanism. In
this model, NADPH must bind to PTR1 first, followed by
binding of the pteridine substrate. After both substrates are
bound, the redox chemistry ensues, the reduced pteridine
dissociates from the ternary complex of enzyme and products,
and NADP+ dissociates last (Figure 5). However, with DHF
at least, the data from fluorescence quenching indicate that
pteridine binding to PTR1 may occur without NADPH
binding. It was therefore important to test whether such a
binary PTR1-pteridine complex could be catalytically
competent. The partitioning approach developed by Rose
and associates [“isotope trapping” (42, 43)] was employed
to make this determination.
Treatment of a mixture of [14C]NADPH and PTR1 (5µM

each) with 40µM DHF and a 200-fold molar excess of
nonradioactive NADPH resulted in the conversion of about
half (mean of four independent experiments, 46%; standard
deviation, 13%) of the [14C]NADPH to NADP+ (Figure 8).
An insignificant amount of radioactive NADP+ was formed

FIGURE 6: (A) Fluorescence emission spectra of solutions contain-
ing L. major PTR1 (5µM, dashed line), NADPH (5µM, dotted
line), or both (solid line). Excitations were done with a 5 nmband
of radiation centered at 295 nm; the emission slit was also 5 nm.
(B) The increases in fluorescence intensity (F) at 450 nm were
used to analyze NADPH binding to PTR1. The open triangles show
the data for NADPH alone. These measurements were made at a
higher detector sensitivity than the spectra shown in panel A. The
data measured in the presence of 5µM PTR1 (solid circles) above
and below 4µM NADPH were fit to separate straight lines,
intersecting at 3.2µM.

FIGURE 7: Quenching of PTR1 fluorescence by DHF. Excitation
and emission wavelengths were 290 and 340 nm, respectively. The
reduction of emission intensity due to absorbance by DHF at 340
nm (broken line), quantitated using a solution of 7.5µM tryptophan,
was linear over this concentration range. Values for the observed
fluorescence (F) of a 5µM solution of PTR1 (9) were subtracted
from this line. These differences (∆F, O) were fit by nonlinear
least-squares regression of the data to eq 7, yielding aKd of 10
((1.6)µM. The solid line shows the theoretical curve for this fit.
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when the [14C]NADPH was added to PTR1 at the same time
as the DHF and nonradioactive NADPH. Similar results
were obtained when 100µM DHF was used as the trap or
when DHF was replaced by folate (100µM). In contrast
with these results, [3H]folate or [3H]DHF premixed with
PTR1 was not trapped upon the addition of the mixture to
NADPH and excess nonlabeled pteridine substrate. On the
single-turnover time scale, significant conversion of [3H]-
folate or [3H]DHF to reduced radioactive products only
occurred when the enzyme/pteridine mixture was added to
NADPH in the absence of nonradioactive folate or DHF.
The results of the partitioning experiments show that a

significant fraction of the enzyme-NADPH complex is
catalytically competent, but enzyme-pteridine binary com-
plexes probably are not. These results are consistent with
obligatory binding of NADPH to PTR1 prior to pteridine
binding for a catalytically productive ternary complex. They
are inconsistent with a random mechanism in which either
NADPH or pteridine can bind first. Saturating concentra-
tions of folate or DHF trapped only half of the PTR1-
NADPH complex, rather than all of it. In control experi-
ments with [14C]NADPH, all of this substrate was capable
of being converted to product. The fraction of [14C]NADPH
trapped was essentially identical at 40 or 100µM DHF, or
at 100µM folate, concentrations which are much higher than
theKM values for these substrates. Moreover, doubling the
concentration of PTR1 did not increase the fraction of [14C]-
NADPH trapped. This may indicate that only about half of
the enzyme-NADPH binary complex is catalytically com-
petent. It is noteworthy that the fraction of active sites seen
by fluorescence titration of PTR1 with NADPH (0.5( 0.1)
is similar to the fraction of the PTR1-[14C]NADPH complex
which could be trapped.
Kinetic Isotope Effects. The use an isotope effect to test

the kinetic mechanism for PTR1 was appealing because this
approach is insensitive to the existence of nonproductive
complexes and yields information complementary to that
provided by the product inhibition patterns and isotope
partitioning methods. The product recycling method which
we devised to maintain constant concentrations of the second
substrate allowed substantial amounts of the product to be
formed from the first substrate, at either low or high levels

of the second substrate, without the need to make multiple
additions as the reaction proceeds. This approach should
be generally applicable to other competitive isotope effect
measurements, where the appropriate chemical or enzymatic
systems exist to allow product recycling.
At subsaturating DHF, a significant tritium effect [T(V/K)

) 1.8( 0.4] for the PTR1-catalyzed reduction of DHF was
observed (Table 3). At saturating DHF, the value ofT(V/K)
was near unity. It is important to note that the experimental
conditions were designed to ensure that all 5,10-methylene-
THF produced was rapidly and quantitatively converted back
to DHF so that the substantial isotope effect on the reaction
catalyzed by TS (44) would not interfere with the measure-
ment of T(V/K) on the PTR1-catalyzed reaction. The fact
that high concentrations of the second substrate reduce the
observed value ofT(V/K) to unity indicates strongly that
PTR1 is governed by a steady state ordered ternary complex
mechanism (33). The observed isotope effect for an equi-
librium ordered kinetic mechanism should be independent
of the concentration of the second substrate.
A value of 1.6 ((0.2) was measured forDV for folate

(Figure 9), arising from the deuterium substitution of the
pro-Shydrogen at C4 of NADPH. This is probably too low
to be the intrinsic effect and indicates that the rate of
conversion of the ternary enzyme-NADPH-pteridine com-
plex to product is only partially limited by the chemistry of

FIGURE 8: Analysis of the partitioning of the [14C]NADPH-PTR1
complex. A sample containing [14C]NADPH and PTR1 (5µM each)
was mixed manually with an equal volume of 80µM DHF and 2
mM nonradioactive NADPH. After 12 s, the reaction was quenched
by addition of methotrexate. Protein was removed from the reaction
mixture, and a sample was analyzed by HPLC and liquid scintil-
lation counting (solid line) as described in Materials and Methods.
The dashed line shows a similar analysis with a sample in which
the [14C]NADPH was mixed with the enzyme simultaneously with
the DHF and nonradioactive NADPH.

Table 3: Measurement ofT(V/K) of the PTR1-Catalyzed Reduction
of DHFa

[DHF]
(µM)

R0b

(Ci/mol)
Rsb

(Ci/mol) f c T(V/K)

0.5 11.9 ((0.5) 13.5 ((0.4) 0.24 ((0.03) 1.8
0.5 13.95 ((0.15) 15.0 ((0.3) 0.23 ((0.009) 1.3
0.5 12.75 ((0.15) 15.1 ((0.2) 0.27 ((0.005) 2.1
60 18.75 ((0.35) 19.35 ((0.35) 0.62 ((0.01) 1.04
60 9.0 ((0.2) 9.7 ((0.2) 0.841 ((0.007) 1.04
a The definitions ofR0,Rs, andf are given in Materials and Methods.

Measurements were made at pH 7.5 and 30°C. bRepresents the mean
of seven determinations.cRepresents the mean of three to five
determinations.

FIGURE 9: Deuterium isotope effects on the PTR1-catalyzed
reduction of folate. The data were collected at pH 6.0 and 30°C
using the spectrophotometric assay described in Materials and
Methods. The open squares and solid circles represent the data
obtained with deuterium-substituted and unsubstituted NADPH,
respectively. The solid lines are the theoretical fits of the data in
each case to eq 8. The optimized values of the kinetic parameters,
VmaxandVmax/KMN, were 7.9 ((0.6) nmol mg-1 s-1 and 1.9 ((0.3)
nmol mg-1 s-1 µM-1 for unsubstituted NADPH and 5.4 ((0.2)
nmol mg-1 s-1 and 2.2 ((0.4) nmol mg-1 s-1 µM-1 for 4-deuterium-
substituted NADPH, respectively.
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hydride transfer. The turnover rate must also be partially
determined by other steps. The value ofD(V/K) is indistin-
guishable from unity (0.9( 0.2) as expected since the
parameter was measured at 30µM folate which saturated
the enzyme with the second substrate.
Pre-Steady State Kinetics. The reduction of 10µM folate

by an excess of the PTR1-NADPH complex (80µM) was
accompanied by the transient appearance of DHF (Figure
10A). This is a direct demonstration that DHF is an
intermediate in the conversion of folate to THF. Surpris-
ingly, the time course for the conversion of folate to THF
was not well described by monophasic kinetics, but was
rather well described by biphasic kinetics. The theoretical
curve shown in Figure 10A for disappearance of folate is
the sum of two exponentials. The two processes have
apparent rate constants of 3 and 0.15 s-1 and approximately
equal amplitudes (59 and 41% for the rapid and slow phases,
respectively). Note that these pseudo-first-order rate con-
stants are not comparable to turnover numbers, since these
studies were carried out under conditions of excess enzyme,
but they can be compared to the encounter constants (vide
infra). The time course of THF appearance was also poorly
described by a single exponential (Figure 10A). Similar
results were obtained using 10µM folate and 37µM PTR1-

NADPH (data not shown), with rate constants that were about
half the values obtained using 80µM enzyme. At both
enzyme concentrations, DHF was formed from folate and
disappeared on a time scale consistent with its competence
as a kinetic intermediate. The reduction of 10µM DHF by
an excess of the PTR1-NADPH complex also occurred with
biphasic kinetics (Figure 10B), with rapid and slow phases
(rate constants of 1.5 and 0.03 s-1, respectively) of similar
amplitudes (38 and 62%, respectively).
We interpret the biphasic kinetics for reduction of folate

or DHF by excess PTR1 as being consistent with the
existence of two forms of the enzyme-NADPH complex.
Since all of the pteridine substrate was sequestered, with
approximately half reduced slowly despite the presence of a
large excess of enzyme, both forms of the enzyme-NADPH
complex must bind to folate (or DHF) with nearly equal
avidity. This idea is consistent with the fact that only about
half of the PTR1-NADPH complex could be trapped in the
isotope partitioning experiments. The steady state kinetics
are dominated by the rapidly reacting forms of the enzyme-
NADPH complex. The apparent second-order rate constants
for the faster phases of folate and DHF reduction (assuming
that only half of the enzyme present participates in this phase)
are 0.1 ((0.02) and 0.04 ((0.02) µM-1 s-1, respectively.
These values are comparable to the values ofkcat/KM,folate

obtained from the steady state kinetics (0.26 and 0.06µM-1

s-1, respectively).
Comparison of PTR1, SDRs, and DHFR. The stereo-

chemical course and kinetic mechanism of PTR1 are very
similar to those which have been described for many
members of the SDR family. The preference of PTR1 for
transfer of thepro-S hydrogen from NADPH is observed
for all other members of the SDR family which have been
studied (39, 45-51). Members of the AKR family (9) have
been observed, like DHFR, to transfer the A-side hydrogen
of NADH or NADPH (52-55). This stereochemical result,
therefore, resolves the ambiguity regarding whether PTR1
is a member of the SDR family or the AKR family. Amino
acid sequence comparisons (2, 3) indicated that PTR1
belongs to a superfamily of oxidoreductases, but sequence
comparisons alone have been shown to be insufficient to
assign a protein to the AKR or SDR families. For example,
the presence of the Tyr-(Xaa)3-Lys motif is considered to
be diagnostic of the SDRs. However, several proteins with
the SDR fold lack this motif in their primary sequences (56,
57), and two AKRs each have a Tyr-(Xaa)3-Lys sequence
in a surface site distant from the catalytic cleft (58-60). The
steady state ordered ternary complex kinetic mechanism for
PTR1 (Figure 5) is analogous to mechanisms reported for
both SDRs [such asDrosophilaalcohol dehydrogenase (61)
and DHPR (62)] and AKRs [such as aldose reductase (ref
63and references therein)]. Results with several site-directed
mutant forms of PTR1 (41) further support structural
homology between PTR1 and other SDRs.
DHPR, a mammalian member of the SDR family, is

unusual in that it requires a non-ground state substrate,
quinoid dihydrobiopterin. Since theπ electron structure of
quinoid dihydrobiopterin resembles the structure found in
oxidized flavins, the mechanism of DHPR catalysis has been
suggested to resemble the reduction of flavin observed in
flavoproteins (38) such as glutathione reductase (64). This
is supported by the release of3H into solution when (4S)-

FIGURE 10: Rapid quench kinetic analysis of PTR1-catalyzed
reduction of (A) folate and (B) DHF. The concentrations of PTR1
and NADPH were 80 and 0.5µM, respectively. (A) The theoretical
curve for the disappearance of folate is a sum of two exponentials
with time constants of 3 and 0.15 s-1 and approximately equal
amplitudes (59 and 41% for the rapid and slow phases, respectively).
The symbols are (0) [folate], (2) [DHF], and (O) [THF] at a given
time point. The theoretical curve for the appearance of THF is a
sum of two exponentials with time constants of 0.8 and 0.07 s-1

and amplitudes of 39 and 61% for the rapid and slow phases,
respectively. (B) The theoretical curves for the disappearance of
DHF (and appearance of THF, not shown) are each a sum of two
exponentials with time constants of 1.5 and 0.03 s-1 and amplitudes
of 38 and 62% for the rapid and slow phases, respectively. The
solid circles represent [DHF] at a given time point.
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[3H]NADH is oxidized by DHPR (39). In contrast to DHPR,
PTR1 does not utilize quinoid dihydrobiopterin as a substrate
(4, 6). The hydride transfer mechanism used by PTR1 and
the reduction of ground state substrates resemble catalysis
by DHFR, despite the fact that PTR1 is likely to be
structurally homologous to DHPR and not to DHFR. DHFR
has no apparent structural similarity with respect to either
the AKRs or the SDRs. Most SDRs transfer hydride directly
to (from) the carbon of a carbonyl (alcohol) moiety.
A complex kinetic mechanism has been observed for

DHFR (65). Either NADPH or DHF may bind to DHFR
first in the progression to a catalytically competent ternary
complex, and the products may dissociate in either order.
However, the most rapid pathway during steady state
turnover (and therefore the catalytic circuit of highest
conductance) is one in which NADPH binds not only prior
to DHF but also before dissociation of the THF produced
from the previous turnover. Rapid dissociation of the THF
product requires dissociation of NADP+ and binding of a
fresh molecule of NADPH. In contrast to DHFR, PTR1 must
bind to NADPH first and likely releases NADP+ after the
release of the reduced pteridine. As in the case of DHPR
(15), the creation of functional enzyme requires that PTR1
bind to NADPH, but unlike DHPR, a binding site on PTR1
for at least one pteridine substrate (DHF) exists in the absence
of NADPH.
Several pieces of evidence seem to indicate that two forms

of the PTR1-NADPH binary complex exist. Trapping of
the PTR1-[14C]NADPH complex by folate or DHF results
in the oxidation of only about half of the radiolabeled
NADPH to product. The stoichiometry of NADPH binding
sites shown by fluorescence enhancement with PTR1 was
0.5 ((0.1); another population of sites could be present which
was not made evident by this method. Finally, the biphasic
kinetics of folate or DHF reduction by excess PTR1-
NADPH are also consistent with the existence of at least
two forms of this binary complex. The physical meaning
and physiological relevance of this “half-of-the-sites” be-
havior is not clear. Those SDRs whose crystallographic
structures are known have one active site per subunit, distinct
from the subunit-subunit contact surfaces. PTR1 has been
shown to exist as a tetramer in solution (5, 6), like many
other SDRs. Although no steady state kinetic evidence for
either positive or negative cooperativity was observed, each
subunit in the PTR1 tetramer may respond allosterically to
the status of the other subunits. Perhaps that form of the
PTR1-NADPH complex which does not turn over rapidly
must undergo a slow structural rearrangement to allow
catalysis, or perhaps this form is a slowly dissociating dead-
end complex. The available data do not distinguish between
these possibilities. We are not aware of any reports of similar
behavior by other SDRs. In particular, isotope trapping
experiments with the DHPR-NADH binary complex dem-
onstrated stoichiometric conversion of that complex to NAD+

by saturating quinoid dihydrobiopterin (62).
A conformational change has been postulated to limit at

least partially the rate of catalysis by DHPR (62). The crystal
structures of the binary and ternary complexes of 7R-
hydroxysteroid dehydrogenase show that large conforma-
tional changes occur upon substrate binding to the enzyme-
NADPH complex (14). Given the low magnitude ofDV for
PTR1-catalyzed reduction of folate, a conformational change

and/or product release step may also be largely rate-
determining for catalysis by PTR1.
PTR1 differs significantly in both mechanism and primary

structure from DHPR and DHFR. These unique features of
PTR1 may make this enzyme vulnerable to selective inhibi-
tion, a desirable goal for the development of antifolate
therapeutics for treatment of leishmaniasis (8).
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