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ABSTRACT The a epimers of pyridine nucleotides are al-
most totally inactive as reductants in dehydrogenase reactions. In
contrast, the R plasmid R67-specified dihydrofolate reductase
(5,6,7,8-tetrahydrofolate:NADP+ oxidoreductase, EC 1.5.1.3)
isolated from trimethoprim-resistant Escherichia coli utilized a-
NADPH and a-NADH in addition to the "normal" 3-epimers. The
enzymes from bacterial and mammalian sources used only 13-
NADPH and ,B-NADH. The K. value for ax-NADPH (16 ,uM) was
4-fold greater than that for .8-NADPH (4 ,AM), while the maximal
velocity of the a-NADPH-catalyzed reaction was 70% of that seen
with the .3-NADPH. P-NADP+ and a-NADP+ were competitive
inhibitors of the R67 enzyme. Pyridine nucleotide analogues such
as deamino- and acetyl-NADPH were used readily by bacterial,
plasmid, and mammalian enzymes, whereas thio-NADPH was used
only by the plasmid enzyme. These data suggest that the enzyme
from R plasmid R67 possesses a pyridine nucleotide binding site
different from that of other dihydrofolate reductases and dehy-
drogenases.

Strains of Escherichia coli that are resistant to high levels of
trimethoprim contain a novel, R-plasmid-specific, dihydrofo-
late reductase (DHFR; 5,6,7,8-tetrahydrofolate: NADP+ oxido-
reductase, EC 1.5.1.3) in addition to the normal chromosomal
DHFR (1-3). The R plasmid R67 enzyme has Km values for di-
hydrofolate and NADPH that are similar to those of the chro-
mosomal DHFR. However, unlike the chromosomal enzyme,
it is insensitive to a variety of inhibitors, including methotrex-
ate, pyrimethamine, and trimethoprim (3). In previous studies,
we have shown that the R plasmid enzyme differs markedly
from other DHFRs (4, 5) and its amino acid sequence shows
almost no homology with the published sequences of other bac-
terial and mammalian DHFRs (ref. 6; see table 4 of ref. 7).
Moreover, the enzyme from plasmid R67 is a tetramer com-
posed of four chemically identical subunits, whereas all known
DHFRs from bacterial and mammalian sources are monomers.
Binding studies demonstrated that the tetramer contains four
folate binding sites but only one NADPH site (8). In this com-
munication, we report another unique property of the plasmid
DHFR, its capacity to utilize a-NADPH as a reductant. These
and other data obtained from studies with cofactor analogues
suggest that this enzyme possesses a pyridine nucleotide bind-
ing site not previously noted in dehydrogenases (9).

MATERIALS AND METHODS
Biochemicals and Enzymes. NADPH, NADP+, NADH, and

NAD+ epimers, nicotinamide-hypoxanthine dinucleotide phos-
phate (NHDPH), oxidized 3-acetvlpyridine-adenine dinucleo-
tide phosphate (AcPvADP+), oxidized thionicotinamide-ade-
nine dinucleotide phosphate (TNADP+), f3-NMNH, a-ketoglu-

taric acid, glucose-6-phosphate dehydrogenase (D-glucose-6-
phosphate:NADP+ 1-oxidoreductase, EC 1.1.1.49) from yeast,
glucose 6-phosphate, isocitrate dehydrogenase [threo-Ds-isoci-
trate:NADP+ oxidoreductase (decarboxylating), EC 1.1.1.42]
from pig heart, DL-isocitric acid, lactate dehydrogenase (L-lac-
tate:NAD+ oxidoreductase, EC 1.1.1.27) from rabbit muscle,
pyruvic acid, and ATP are all products of Sigma. Glutamate de-
hydrogenase [L-glutamate: NAD(P)+ oxidoreductase (deami-
nating), EC 1.4.1.3) from beef liver was from Miles. Formyl-
tetrahydrofolate synthetase [formate:tetrahydrofolate ligase
(ADP-forming), EC 6.3.4.3] from Clostrtidium acidi-urici was
kindly supplied by Jesse Rabinowitz (Univ. of California,
Berkeley). DHFR from Lactobacillus casei was obtained from
the Enzyme Center (Boston). R67 DHFR was purified as de-
scribed (4). Other DHFRs were kindly supplied from within
the Wellcome Research Laboratories: purified from L1210 mu-
rine lymphoma, J. Raper and J. Dann; purified from E. coli RT500
forms 1 and 2, D. Baccanari; purified from rat liver, Proteus
vulgaris, and Crithidiafasciculata, R. Ferone; and partially pu-
rified from Neisseria gonorrhoeae, R. Tansik. Dihydrofolate
was prepared as described by Blakley (10) and stored in 5 mM
HCI and 50 mM 2-mercaptoethanol at -80°C.
DHFR Assay. DHFR was assayed in 50mM potassium phos-

phate, pH 7, at 30°C. Standard assay mixtures contained 70 ,M
NADPH, 45 ,uM dihydrofolate, 12 mM 2-mercaptoethanol, and
sufficient enzymic protein to cause an Awo change of 0.01-0. 10
per 5 min. For kinetic determinations dihydrofolate was 22 ,uM,
2-mercaptoethanol was 6 mM, and the pyridine nucleotide sub-
strate was 0.5 Km to 80 puM when the Km was less than 10 ,uM
or 0.2 Km to 500 ,uM when the Km was higher. When a-NADH,
p-NADH, or /-NMNH was used as substrate, 0.5-cm black-
masked cuvettes were used to reduce A340 by half. One enzyme
unit is the quantity of enzyme required to convert 1 ,umol of
NADPH and dihydrofolate to NADP+ and tetrahydrofolate per
min calculated based on an absorption coefficient of 12,300 liter
molP' cm-' at 340 nm (11). Preparations of a-NADPH that
contained residual -NADPH were treated by addition of py-
ruvate (0.5 mM) and lactate dehydrogenase (4.5 units/ml) to
oxidize /-NADPH to 3-NADP+ before dihydrofolate and DHFR
were added. In other experiments glutamate dehydrogenase (2
units/ml) was substituted for lactate dehydrogenase, and NH4Cl
(0.2 mM) and a-ketoglutarate (0.2 mM) were used with the ap-

Abbreviations: DHFR, dihydrofolate reductase; NMNH, nicotinamide
mononucleotide, reduced; NHDPH, nicotinamide-hypoxanthine dinu-
cleotide phosphate, reduced; TNADP+, thionicotinamide-adenine di-
nucleotide phosphate, oxidized; TNADPH, thionicotinamide-adenine
dinucleotide phosphate, reduced; AcPvADP+, 3-acetvlpyridine-ade-
nine dinucleotide phosphate, oxidized; AcPyADPH, 3-acetvlpvridine-
adenine dinucleotide phosphate, reduced.
* Preliminary results of this study were presented at the meeting of the
Federation of American Societies for Experimental Biology held Mav
31-June 4, 1981, in St. Louis, M1O (41).
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propriate quantity of a-NADPH. When a comparison of the
epimers was made, pyruvate or NH4Cl and a-ketoglutarate were

added to the reaction mixture with /3-NADPH to equalize salt
effects upon the enzymic reaction. E. coli DHFR (1 unit/ml)
was also used to oxidize ,f3NADPH to P-NADP'. The method
of Horecker and Kornberg (12) was used to determine the ab-
sorbance change of the DHFR reaction mixture with a- or (3-

NADPH to ascertain whether there was a difference between
the epimers (13, 14). Dihydrofolate was the limiting substrate
at 10 or 25 ,uM, a- or fNADPH was 70 pAM, and R67 DHFR
was 2.5,uM. The concentration of dihydrofolate had been pre-

viously determined by its A2m and by depletion with E. coli
DHFR (15). NADPH and NADH concentrations were calcu-
lated by using an absorption coefficient of 6,220 liter mol-' cm-'
at 340 nm (12). Kinetic data were analyzed by the method of
Cleland (16).

Determination of Enzymicafly Active Products. Coupled
reactions with glucose-6-phosphate dehydrogenase were used
to demonstrate the presence of the putative product, f3-NADP'.
Dihydrofolate was 35 or 70 AM, R67 DHFR was 0.08 unit (0.08
mg), and NADPH was 35 or 70 AM. After the DHFR reaction
was completed, the total decrease in A340 was recorded for a 1-
ml reaction mixture, then glucose 6-phosphate (10 mM) and
glucose-6-phosphate dehydrogenase (5 units) were added. The
resulting increase in Am0 was recorded.
When the DHFR assay was coupled to the formyltetrahydro-

folate synthetase assay to determine enzymically active tetrahy-
drofolate, the reaction was allowed to deplete dihydrofolate (36
or 72 ,uM), then the mixture was made 1 M with respect to 2-
mercaptoethanol. Samples (100-500 pJ) containing 8-40 nmol
of tetrahydrofolate were immediately added to screw-capped
test tubes containing triethanolamine at pH 8 (100 mM), MgCl2
(10 mM), sodium formate (40 mM), ATP at pH 8 (5 mM), and
sufficient H20 for a final volume of 1 ml. The reaction mixture
was incubated 2 min at 37°C, then formyltetrahydrofolate syn-

thetase (2 units) was added. Incubation continued for 10 min at
37°C before the reaction was stopped by addition of 2 ml of
0.36 M HC1. After 30 min at room temperature the A30 was

recorded and the tetrahydrofolate that had been converted to
5,10-methenyltetrahydrofolate was calculated by using an ab-
sorption coefficient of 24,900 liter mol-' cm-' at 350 nm (J.
Rabinowitz, personal communication).

Preparation of AcPyADPH and TNADPH. AcPyADPH and
TNADPH were prepared by the procedure described by Spec-
tor et aL (17). AcPyADP+ orTNADP+ (6 ,umol), glucose 6-phos-
phate (10 ,umol), glucose-6-phosphate dehydrogenase (3 units),
and Tris HCI, pH 8 (50 ,umol), were mixed in a total volume
of 1 ml, then incubated at 30°C for 3 min. The increase in Aw3
or A4oo was recorded, and the resulting NADPH concentration
was calculated by using the published molar absorption coef-
ficients (liter molP' cm ') of 13,600 at 260 nm and 9,100 at 363
nm for AcPyADPH (18) and 15,000 at 260 nm and 11,300 at 400
nm for TNADPH (18, 19). The mixture was then applied to a

DEAE-cellulose column (1 X 15 cm) as described by Dunn et
aL (20). The products were determined to be essentially pure
by comparison of their molar absorption coefficients with the
published values, by the presence of a single spot when a sam-

ple was chromatographed on Whatman 3 MM cellulose in so-

dium/potassium phosphate, pH 7 (100 mM), and by depletion
of the NADPH analogue by R67 DHFR. The enzymic oxida-
tions were performed by incubating AcPyADPH or TNADPH
(15 ,umol), dihydrofolate (45 ,umol), and R67 DHFR (0.08 unit)
in a total volume of 1 ml containing potassium phosphate (10
,tmol), pH 7. The concentration of NADPH analogue was cal-
culated from the net absorbance change at 363 nm or 400 nm,
using the published molar absorption coefficients for the

NADPH. Neither dihydrofolate nor tetrahydrofolate influ-
enced the absorbance at these wavelengths. The purified prod-
ucts could be stored at 40C for at least 2 weeks without de-
tectable changes in absorbance.

Determination of Transhydrogenase Activity. Electron-
transfer experiments for transhydrogenase activity were per-

formed as described by Huennekens et aL (21). R67 DHFR (6-
12 pmol), NADPH (10 nmol), AcPyADP (30 nmol), dihydro-
folate (1-5 nmol), and TrisHCI, pH 7(50 ,umol) were mixed in
a total volume of 1 ml. An absorbance spectrum of this reaction
mixture was compared to that of the same reaction mixture
without AcPyADP, with special attention directed toward changes
at 363 nm.

RESULTS
DHFR Activity With a- and (-NAD(P)H. No reaction was

detected when the a epimers were tested as substrates with
DHFR from E. coli, L. casei, N. gonorrhoeae, P. vulgaris, rat
liver, L1210 murine lymphoma, or C.fasciculata, even at 25,000-
to 50,000-fold greater enzyme concentrations than were used
to detect the reaction with the epimers. However, both a-

NADPH and a-NADH served as substrates for the R67 R plas-
mid DHFR (Table 1). The reaction velocities, as measured by
decrease in A340, approached those of the 8 epimers. When a-

NADPH was employed as the substrate for the plasmid DHFR
the Vma,, was 70% of the (3-NADPH value. a-NADPH had a Km
of 16 ,LM compared to 4 ,uM for ,B-NADPH (Fig. 1). Because
a-NADPH preparations often contain some /3-NADPH as a

contaminant, the a-NADPH solutions were pretreated with
lactate dehydrogenase, glutamate dehydrogenase, or E. coli
DHFR to oxidize the P-NADPH. The Km and Vma, values were
essentially the same regardless of the method used to remove
the f-NADPH. In all cases the ,B-NADPH represented <7%
of the total NADPH.

Enzymic Characterization of R67 DHFR Products. Be-
cause of the unique properties of the R67 DHFR observed in
these experiments, it was considered prudent to examine the
enzymic reaction products to exclude any possibility that we
were, in fact, studying a reaction similar but not identical to
that catalyzed by the bacterial and mammalian enzymes. The
UV spectrum of each of the epimers showed similar absorption
profiles except that the peak of absorbance of the a epimer oc-

curred at 346 nm rather than 340 nm as observed with the 3-

NADPH (Fig. 2). In separate experiments equimolar quantities
of a- and ,B-NADPH were allowed to become totally depleted
in the presence of the R67 DHFR and the total decrease in AW0
was the same in each case. Thus, the absorbance values for each
epimer were identical at 340 nm. In further experiments, the
products of the reaction were shown to be tetrahydrofolate and
either a- or P3-NADP' as appropriate. The stoichiometry of

Table 1. DHFR activity with pyridine nucleotide analogues
R67 E. coli RT-500 L1210

Activity, Activity, Activity,
nmol/ Protein, nmol/ Protein, nmol/ Protein,

Substrate min Ag min lg min lug
13-NADPH 1.15 1.2 0.41 0.01 1.38 0.12
a-NADPH 0.57 1.2 <0.01 100 <0.01 600
f3-NADH 0.40 12 0.28 0.10 0.22 0.12
a-NADH 0.49 12 <0.01 100 <0.01 600

Activities are amount ofproduct formed per min, calculated by using
a molar absorbance coefficient of 12,300 liter molV' cm-'. All values
were determined in 50 mM potassium phosphate, pH 7, at 300C. Dihy-
drofolate was 22 gM, 2-mercaptoethanol was 6 mM, andNADPH or its
analogue was held constant at 70 ,M.

Proc. Natl. Acad. Sci. USA 80 (1983)
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1/NADPH, FM-1

FIG. 1. Comparison ofDHFR activity ofplasmid R67 when the con-
centration of a-NADPH (i) or (3-NADPH (e) was varied. Enzyme con-
centration was 26 nM. The v was netA340 change per 5 min. Buffer was
10 mM potassium phosphate, pH 7, containing 0.5 mM pyruvate (see
Materials and Methods for details when a-NADPH was used).

substrate depletion and product appearance as measured in a
typical experiment is shown in Table 2. The quantity of a- and
P3-NADPH depleted in the reaction was calculated from the to-
tal decrease in A340. In the case of /3-NADP this figure was ver-
ified by observing the increase in A340 that occurred in the
presence of glucose 6-phosphate and glucose-6-phosphate de-
hydrogenase. In addition, the total quantity of tetrahydrofolate
formed was calculated and its presence was verified by con-
verting tetrahydrofolate to 5,10-methenyltetrahyhdrofolate by
addition of formyltetrahydrofolate synthetase. The discrepancy
in the amount of dihydrofolate consumed and tetrahydrofolate
produced in the presence of a-NADPH may indicate that the
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FIG. 2. Comparison of the spectra of 1&NADPH and a-NADPH. For
each solution 3.2 mg of NADPH was weighed and dissolved in 1 ml of
10 mM potassium phosphate, pH 7. Dilutions were made in the same
buffer.

Table 2. Stoichiometry of product formation by R67 DHFR
Substrate nmol Product nmol

a-NADPH 36* a-NADP 27,t Ot
Dihydrofolate 35§ Tetrahydrofolate 27,t 33¶
3-NADPH 35* 3-NADP 35,t 35t
Dihydrofolate 35§ Tetrahydrofolate 35,t 32T
* Determined by total A340.
tDetermined by decrease in A340.
tDetermined by activity with glucose-6-phosphate dehydrogenase.
§ Determined by enzymic depletion with E. coli DHFR.
IDetermined by activity with formyltetrahydrofolate synthetase.

reaction was pulled to completion only in the presence of for-
myltetrahydrofolate synthetase. There was no decrease in A34o
when components of either the glucose-6-phosphate dehydro-
genase or isocitrate dehydrogenase systems were added to the
products of the DHFR reaction with a-NADPH.

Inhibition of R67 DHFR by a- and ,8-NADP'. Although
DHFR cannot catalyze the oxidation of tetrahydrofolate by
NADP, the binding of NADP+ could be studied by its inhi-
bition of the forward reaction. When either a- or /3-NADP+
was used as an inhibitor of the R67 DHFR, the resulting 1/v
vs. 1/NADPH plot was linear. Each inhibitor was competitive
with NADPH and the Ki value for f3-NADP+ (7 /iM; data not
shown) was 1/3rd of that for a-NADP+ (21 /iM) (Fig. 3).

Comparison of the Activity of Pyridine Nucleotide Ana-
logues. The specificity of the pyridine nucleotide binding site
was investigated in further experiments using other pyridine
nucleotide analogues (Table 3). A study was made to determine
the ability of the R67 enzyme to use pyridine nucleotide an-
alogues without the 2'-phosphate group (NADH) or adenosine
2',5'-phosphate (NMNH) as well as those with substitutions on
the nicotinamide (AcPyADPH and TNADPH) and adenine
(NHDPH) moieties. The Vman values for a-NADH, /3-NMNH,
and TNADPH of the R67 DHFR were 14-25% of the Vmax val-
ues for /3- or a-NADPH, whereas the Vmax values for P3-NADH
and AcPyADPH were 2-9% of those for the NADPH epimers.
The L1210 enzyme required the f3-nicotinamide-ribose moiety
for detectable catalytic activity, but the difference between the
Vmax values with NHDPH and f3-NMNH was only 5-fold. In-

-11/~NADPH, F.M

FIG. 3. 3-NADPH vs. a-NADP+ with plasmid R67 DHFR. Enzyme
concentration and the units of velocity (v) were the same as in Fig. 1.
Buffer was 10mM potassium phosphate, pH 7. a-NADP+ was 0 ,M (0),
19 ,uM (i), and 38 gM (A). (Inset) Plot of a-NADP concentration vs. the
slope [in units of (AA340/5 min)-' gM].
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Table 3. Kinetic constants for DHFRs

R67 E. coli RT-500 L1210

Km, Vmax Kmi, Vmax, Km, Vmax
Substrate A.M relative /IM relative ,uM relative

f3-NADPH 3.9 100 2.7 100 5.3 100
a-NADPH 16.6 68 * - *
13-NADH 82 6 235 20 298 100
a-NADH 490 17 * - *
f3-NMNH 392 17 1,222 0.1 493 40
NHDPH 6.5 80 3.6 50 5.8 210
AcPyADPH 10.3 2 1.3 8 6.9 100
TNADPH 9.4 14 * -*

All values were determined in 50 mM potassium phosphate, pH 7, at 3000. Dihydrofolate was 22 AuM
and concentrations ofNADPH analogue varied. Values represent an average of six determinations for 3-
NADPH and a-NADPH. All other values represent an average of at least two determinations. The coefficient
of variation was 20-38%.
* No reaction at 5,000- to 10,000-fold more enzymic protein than was used to determine the VMax with f3-
NADPH.

creased catalytic activity of NHDPH by the L1210 DHFR was
unexpected, as were the rates with P-NADH and AcPyADPH.
The enzyme purified from rat liver showed the same increased
rates of catalysis. On the other hand, the E. coli DHFR was
considerably more specific in- its requirement for the adeno-
sine-ribose moiety with a decrease to 1/10,000th in Vma, values
in its absence.

Transhydrogenase Effect on This Study. No transhydro-
genase activity could be demonstrated with the R67 enzyme.
Although the protein concentration in this experiment was less
than that used by Huennekens and co-workers (21) to dem-
onstrate transhydrogenase activity by chicken liver and L1210
DHFR, it was higher than in any of the other experiments in
the present study.

DISCUSSION
This report demonstrates that a highly purified enzyme can ef-
fectively utilize the a epimers of pyridine nucleotides. Lactate
dehydrogenase, both H4 and M4 isozymes from chicken liver,
and alcohol dehydrogenase from yeast and horse liver can be
shown to utilize the a epimer, under certain conditions. How-
ever, it is only 1/1,000th to 1/10,000th as effective as the p
epimer (22). The a epimer binds weakly to glutamate dehy-
drogenase but cannot serve as a catalytically effective substrate
for the enzyme (23). In this study, no other DHFR of bacterial,
protozoan, or mammalian origin utilized a-NADPH or a-NADH
as a substrate at any concentration. When the oxidized a epi-
mer was tested for its ability to inhibit the R67 DHFR, it was
only slightly less effective than the p epimer. On the other hand,
analogues of P-NADPH with substitutions on the nicotinamide
or adenosine were less catalytically effective than NADPH as
substrates for the R plasmid enzyme. Km values with f3-NADH
for the enzymes from E. coli and L1210 essentially agree with
previously reported values (24-28).

The unusual catalytic properties of the plasmid enzyme
prompted a careful examination of the stoichiometry of the
products of the reaction. The data obtained in these studies are
consistent with those obtained with bacterial and mammalian
DHFR in that 1 mol of P-NADP+ is produced per mol of p-
NADPH depleted, and 1 mol of tetrahydrofolate is produced
per mol of dihydrofolate depleted when P3-NADPH is em-
ployed as the reductant (29-33). Similarly, about 1 mol of tet-
rahydrofolate was produced per mol of dihydrofolate consumed
when a-NADPH was the substrate. The fact that P-NADP+
produced in the reaction served as a substrate for glucose-6-
phosphate dehydrogenase and that the tetrahydrofolate pro-

duced in the reaction served as a substrate for formyltetrahy-
.drofolate synthetase argues strongly that the products of these
reactions are the conventionally accepted forms. Comparison of
similar stoichiometry of a-NADP+ to a-NADPH was not pos-
sible because there is no enzyme known to catalyze this re-
action (13, 34).

The biological role of a-NADPH is not well understood (22,
35). It has been reported that enzymically generated and chem-
ically synthesized preparations of NAD can contain as much as
20% a epimer (22, 36-38). In addition, both a and X3 epimers
have been reported in cell extracts (36, 39, 40). Because epi-
merization can occur even at low temperatures, the presence
of a-NADPH in cell extracts may be artifactual. Part of the dif-
ficulty in resolving this problem arises from the fact that there
was no specific enzymic method until now for the identification
of the a epimer (34, 39). The R67 DHFR may provide a useful
tool for further investigations regarding the biological preva-
lence and significance of a epimers of pyridine nucleotides.
The origin of the R67 R plasmid DHFR remains obscure.

Previous studies of the amino acid sequence of the R67 DHFR
rule out the possibility that it is a simple variant of chromo-
somal DHFR. We have suggested previously that this enzyme
may have arisen from an oxidoreductase unrelated to the well-
characterized bacterial and mammalian DHFRs (4). Should such
a "precursor" enzyme exist these data suggest that its speci-
ficity was lost also at the pyridine nucleotide binding site. Al-
ternatively, it may be that a unique pyridine nucleotide binding
site has been created by the interaction of the four subunits.
The nature of this binding site can be studied by x-ray crys-
tallography.
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