volving the second cysteine residue is suggested by the in-
stability of the inactive disulfide enzyme. Oxidation of the
enzyme under aerobic conditions could produce the inactive
enzyme, which, in effect, would terminate glycolytic activities.
This possible role among others can be studied in yeast cell-
free systems, by employing the yeast dehydrogenase which
contains only cysteines-149 and -153.
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Circular Dichroic Studies of the Interaction of Dihydrofolate
Reductase with Substrates, Coenzymes, and Inhibitorst

Leo D’Souza and James H. Freisheim*:

ABSTRACT: Streptococcal dihydrofolate reductase shows a
marked aromatic side-chain Cotton effect in the 260-310 nm
region of its circular dichroic spectrum. This effect consists of
at least three distinct ellipticity bands with maxima centered
at 305, 292, and 270 nm. Interaction of the enzyme with
TPNH results in the generation of an extrinsic Cotton effect
at ca. 340 nm and a decrease in the magnitude of the aro-
matic side-chain Cotton effect. Titration of the enzyme
with TPN+ results in a sixfold lower decrease in the side-chain
Cotton effect of the protein as compared to that observed
in the TPNH complex. Binding of dihydrofolate, folate, or
amethopterin generates a large enhancement of the molar
ellipticity of the protein in the 270-315 region but does not
alter the far-ultraviolet dichroic spectrum of the enzyme. The
increase in ellipticity is proportional to the extent of complex
formed. The maximum total change in molar ellipticity at 290
nm for the dihydrofolate—enzyme complex is -+ 828,000 (deg
cm?) dmole—!. This enhancement is, to our knowledge, the

Ihere have been an increasing number of communica-
tions describing Cotton effects and dichroic bands associated

t From the Department of Biological Chemistry, College of Medicine,
University of Cincinnati, Cincinnati, Ohio 45219. Received March 14,
1972. This work was supported by a grant (CA-11666) from the National
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largest change in magnitude observed in an enzyme-substrate
complex. From enzyme-ligand vs. enzyme difference circular
dichroic spectra the dihydrofolate-enzyme complex exhibits a
single maximum at 290 nm whereas the oxidized compounds,
folate and amethopterin, show double maxima in the 290 to
315 nm region. The enhancement of molar ellipticity at 290
nm is 30-409 smaller in the folate and amethopterin com-
plexes as compared to that of the dihydrofolate complex. The
binding of amethopterin at pH 5.9 appears to be stoichio-
metric from circular dichroic titration studies, whereas the
affinity of the enzyme for the inhibitor is reduced at pH 7.5.
The ellipticity differences observed in the various folate
analog complexes are considered to reflect different modes of
attachment of these ligands to dihydrofolate reductase. The
possible involvement of aromatic amino acid residues in the
binding of these folate analog and pyridine nucleotide coen-
zymes is discussed in terms of a mutually facilitated orienta-
tion of the ligand with functional groups on the enzyme.

with optical activity in the aromatic side chains of proteins
(reviewed by Beychok, 1968). The presence of such effects

Cancer Institute, National Institutes of Health. Paper IV in a series on
folate-dependent enzymes.

t Research Career Development Awardee from the National Can-
cer Institute.
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provides a useful approach for investigating conformational
changes in proteins which are not primarily associated with
an alteration in the polypeptide backbone, but rather are
due to localized conformational changes at particular sites.
In addition the asymmetric binding of small chromophoric
molecules to macromolecules which results in the generation
of an extrinsic Cotton effect in the absorption bands of the
bound chromophores (Ulmer and Vallee, 1965) has proven
useful in gaining insight into the nature of ligand-protein
interactions.

Streptococcal dihydrofolate reductase which catalyzes
the TPNH-dependent reduction of dihydrofolate to tetra-
hydrofolate shows a marked aromatic side-chain Cotton
effect in the 260- to 310-nm region of its circular dichroic
(CD) spectrum (Freisheim and D’Souza, 1971b; D’Souza
et al.,, 1972). This effect consists of at least three distinct
ellipticity bands with maxima centered at 305, 292, and 270 nm
and is qualitatively similar to the near ultraviolet CD spec-
trum observed for egg white lysozyme (Glazer and Sim-
mons, 1966; Ikeda er al., 1967; Ikeda and Hamaguchi, 1969).
In the case of lysozyme, the transitions due to tryptophyl
residues contribute most to the magnitude of the aromatic
side-chain Cotton effect (Teichberg et al., 1970). Previous
chemical modification studies by Freisheim and Huennekens
(1969) have indicated the functional importance of tryptophyl
residues in the binding of substrates to chicken liver dihydro-
folate reductase. The positive ellipticity bands in the 260- to
310~nm region of the CD spectrum of streptococcal dihydro-
folate reductase are most probably determined by the aro-
matic side-chain transitions due to tyrosyl or tryptophyl
residues, since the reductase under study does not contain
cystine residues (D’Souza et al., 1972).

Complex formation between dihydrofolate reductase and
TPNH resulted in the generation of a negative extrinsic Cotton
effect at ca. 340 nm (Freisheim and D’Souza, 1971b), an ab-
sorption maximum of the reduced pyridine nucleotide. Con-
comitantly, a decrease in the magnitude of the aromatic
side-chain Cotton effect was observed. These effects most
probably occurred as a result of the induced asymmetry in
the coenzyme molecule upon binding to an aromatic amino
acid rich asymmetric site on the enzyme. The present
communication extends these observations to include the CD
spectra of complexes of dihydrofolate reductase with TPN*,
dihydrofolate, folic acid, and amethopterin, a potent in-
hibitor of the enzyme.!

Experimental Section

Dihydrofolate reductase used in these studies was purified,
from an amethopterin-resistant strain of Streptococcus faecium
according to the procedure of D’Souza et al. (1972). Dihydro-
folate was prepared by the reduction of folic acid (Calbio-
chem) employing the dithionite method of Futterman (1957)
as modified by Blakley (1960). TPNH and TPN* were obtained
from P-L Biochemicals. Tris (Ultra Pure) was obtained from
Schwarz/Mann. Stock solutions of enzyme (2-5 mg/ml) were
stored at —20°. Enzyme assays were performed as described
by D’Souza ef al. (1972).

CD spectra were measured at 25° in a Cary Model 60
spectropolarimeter with a Model 6001 CD attachment. Molar
ellipticities, [6], expressed in units of (deg cm?) dmole~! were
determined from the relationship: [f] = (6/10)(M,/ic), where

! A preliminary account of this work has been published (Freisheim
and D’Souza, 1971a).
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FIGURE 1: CD titration of dihydrofolate reductase with TPN. In-
crements of TPN were added to a 3-ml solution of enzyme in 0.05 M
Tris-HCI (pH 7.5) at the concentrations shown.

6 = the measured ellipticity; M, = the molecular weight of
dihydrofolate reductase; / = cell path length in cm; ¢ =
concentration of the enzyme in g ml~!. All calculations of
molar ellipticity of dihydrofolate reductase and its complexes
are based on a molecular weight of 20,000 for the enzyme
(D’Souzaetal., 1972).

Dissociation constants for enzyme-substrate, enzyme—
coenzyme and enzyme-inhibitor complexes were determined
from Hill plots of the data by relating changes in molar
ellipticity at a given wavelength to substrate, coenzyme, or
inhibitor concentration.

Results

Coenzyme Binding Studies. Results of the CD titration of
dihydrofolate reductase with TPN*, a competitive inhibitor
for TPNH, are shown in Figure 1. Addition of successive
increments of TPN+ to the enzyme solution (curves 3 and 4)
results in a decrease in the magnitude of the aromatic side-
chain Cotton effect. At wavelengths below ca. 290 nm the
spectrum is complicated by the presence of the negative
ellipticity band of TPN+* at 260 nm (curve 1, Figure 1). This
transition is thought to be due to the adenine moiety of TPN
(Tinoco, 1970). The binding of the oxidized coenzyme to the
reductase does not result in any apparent changes in the
220-nm region (not shown in Figure 1), suggesting that no
gross conformational alterations in the polypeptide backbone
occur. The greatest change in magnitude in the aromatic
region of the CD spectrum upon enzyme-coenzyme complex
formation occurred in the 305-nm region. Decreases in
ellipticity of the enzyme at 305 nm upon addition of incre-
ments of TPN are indicated in Figure 2A. The data were
evaluated from Hill plots and a Kp of (6.4 = 0.8) X 10~ M
was obtained with one binding side of TPN per mole of
enzyme. The difference CD spectrum (Figure 2B) shows a
single negative band centered at ca. 305 nm with a maximum
molar ellipticity [6]30; of —800 (deg cm?2) dmole~!.

Folate Analog Binding Studies. Complex formation with the
substrate, dihydrofolate, results in an increase in the ellipticity
values in the aromatic side-chain region of the CD spectrum
of dihydrofolate reductase. At low enzyme concentrations
where the side-chain Cotton effect is not detected, additions
of dihydrofolate result in an increase in the 270- to 300-nm
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FIGURE 2: (A, top) Changes in the molar ellipticity at 305 nm of
dihydrofolate reductase as a function of the concentration of TPN
added. The decreases in ellipticity are plotted as A[f]30; against TPN
concentration. (B, bottom) CD difference spectrum of TPN-dihy-
drofolate reductase complex vs. dihydrofolate reductase. The differ-
ence in molar ellipticity, A[f], obtained by subtraction, is plotted
against wavelength, The maximum difference molar ellipticity,
A[6]30s, is —800 (deg cm?) dmole~1.

region with a maximum centered at ca. 290 nm (Figure 3).
The enhancement in this spectral region generated by sub-
strate binding increases in proportion to the extent of com-
plex formed. The increases in molar ellipticity at 290 nm,
due to complex formation upon addition of increments of
dihydrofolate to the enzyme, are shown in Figure 4A. A
Kp of (8.6 £ 1.1) X 10~¢ m for dihydrofolate was calculated
from the data from Hill plots with a single binding site for the
substrate. This value is in fairly good agreement with the
Ky of the enzyme for dihydrofolate of 7 X 10~¢ M (D’Souza
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FIGURE 3: CD titration of dihydrofolate reductase with dihydro-
folate. The spectra were taken using 10-mm cells containing 3.0 ml
of the indicated solutions (in 0.05 M Tris-HCI, pH 7.5). Dihydro-
folate was added to enzyme solutions at the concentrations in-
dicated.
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FIGURE 4: (A, left) Changes in the molar ellipticity at 295 nm upon
dihydrofolate-dihydrofolate reductase complex formation. The
increases in molar ellipticity, [6lss, are plotted against dihydro-
folate concentration. (B, right) CD difference spectrum of dihydro-
folate-dihydrofolate reductase complex vs. dihydrofolate reductase.
The difference in molar ellipticity, A[f], obtained by subtraction, is
plotted against wavelength. The maximum difference molar el-
lipticity, A[6a00, is + 828,000 (deg cm?) dmole~2.

et al., 1972). The difference circular dichroic spectrum (Figure
4B) shows a single positive band centered at 290 nm with a
maximum molar ellipticity [6l50 of +828,000 (deg cm?)
dmole~1.

Since dihydrofolate absorbs maximally at 282 nm (Blakley,
1960), it would be tempting to interpret the observed effects
in this spectral region solely as a result of an enhanced absorp-
tion of the substrate due to its asymmetric binding on the
enzyme (i.e., an extrinsic Cotton effect). However, since the
enzyme also displays a Cotton effect in the 260- to 310-nm
region, one could conclude that the observed ellipticity en-
hancement may be due to a mutually facilitated orientation of
dihydrofolate with one or more of the aromatic side-chain
residues upon complex formation. An inseparable consequence
of the binding of dihydrofolate may be to effect an enhance-
ment of the ellipticity of the side-chain Cotton effect by induc-
ing a localized conformational change in one or more of the
aromatic amino acid residues of the enzyme.

The negative Cotton effect at ca. 220 nm, due to dehydro-
folate alone (curve 1, Figure 3), is presumably due to the
peptide bond involving the L-glutamate and p-aminobenzoyl
moieties. When increasing concentrations of dihydrofolate
are added to the enzyme a decrease in ellipticity in the 220-
nm region is observed. These effects are, however, due en-
tirely to the effect of the additive contributions of the sub-
strate in this spectral region and no changes in the intrinsic
Cotton effect of the protein at 220 nm occur upon complex
formation with dihydrofolate.

The binding of folic acid to dihydrofolate reductase also
resulted in changes in the near-ultraviolet CD spectrum of
dihydrofolate reductase. The total enhancement of the ellip-
ticity values in the 270- to 350-nm region was, however, less
than that observed for the enzyme-dihydrofolate complex
(Figure 5A). Since folate is a competitive inhibitor for the
dihydrofolate binding site on the enzyme, it is not unexpected
that the effect of folate binding to the enzyme results in changes
in the same region of the CD spectrum as occurs upon sub-
strate binding. The difference CD spectrum (Figure 5B), how-
ever, reveals changes in [A] which are both qualitatively and
quantitatively distinct from that observed for the dihydro-
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FIGURE 5: (A, left) Increases in molar ellipticity at 295 nm upon
formation of the folate-dihydrofolate reductase complex. The en-
zZyme concentration is 6.4 X 10-7 m. (B, right) CD difference spec-
trum of folate-dihydrofolate reductase complex vs. dihydrofolate
reductase. The difference in molar ellipticity, A[f], obtained by sub-
traction, is plotted against wavelength. The two maxima in dif-
ference molar ellipticity shown are A[flae = 265,000 (deg cm?)
dmole~! and A[6}s,0 = +235,000 (deg cm?) dmole~t.

folate complex. Maxima at 290 and 310 nm as well as a
shoulder between 320 and 350 nm are apparent from the
difference spectrum. The maximum molar ellipticity observed
in the folate-enzyme complex at 290 nm of +280,000 (deg
cm?) dmole~! is about 3297 of that observed for the dihydro-
folate complex at the same wavelength (vide supra).
Amethopterin is a potent inhibitor of dihydrofolate reduc-
tase. At neutral pH values the affinity of the enzyme for the
inhibitor is less than that at more acid pH values; in fact, at
pH values of 6 and below, amethopterin is a ‘“‘stoichiometric”
inhibitor of dihydrofolate reductase (Bertino er al., 1964;
Werkheiser, 1961). The observation that this inhibitor inter-
acts with the enzyme on an equimolar basis at low pH has led
to the use of this agent as an active-site titrant in the deter-
mination of molecular weights of purified preparations of the
reductase (reviewed by Blakley, 1969, and by Huennekens
et al., 1972). The binding of amethopterin to dihydrofolate
reductase results in increased ellipticity values in the 270- to
320-nm region of the CD spectrum as was observed in the
dihydrofolate and folate complexes. The difference CD spec-
tra for the amethopterin—enzyme complex at pH 7.5 and 5.9
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FIGURE 6: CD difference spectra of amethopterin-dihydrofolate
reductase vs. dihydrofolate reductase complexes at pH 7.5 (——)
and at pH 5.9 (----- ). At pH 7.5 the two maxima in difference
molar ellipticity are A[flzo0 = -+280,000 (deg cm?) dmole~! and
Alflas = 296,000 (deg cm?) dmole~!. The corresponding maxima
at pH 5.9 are A[6}:00 = +120,000 (deg cm?) dmole~! and A[6}s10 =
+118,000 (deg cm?) dmole—1.
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FIGURE 7: CD titration of dihydrofolate reductase with amethop-
terin at pH 5.9. Increments of amethopterin were added to solutions
of enzyme (1.05 X 10-5 M) in 0.05 M KPO, (pH 5.9). The extra-
polated linear portions of the titration curve intersect at 0.9 mole of
amethopterin/mole of enzyme,

are indicated in Figure 6. As was observed in the folate-
enzyme complex two maxima for amethopterin binding are
evident at both pH values. At pH 7.5 the maxima occur at 300
and 315 nm, while at pH 5.9 the maxima occur at 330 and 310
nm. At pH 7.5 the maximum A[f]5 in the amethopterin com-
plex is +280,000 (deg cm?) dmole!, approximately the same
as that for the A[f]:5 observed in the folate complex. How-
ever, the A[6)300 at 5.9 for the amethopterin complex is only
439 of that observed at the higher pH. The latter effect may
result from a localized conformational change in one or more
of the aromatic amino acid residues as the pH is decreased.
Lowering the pH from 7.5 to 5.9 increases the affinity of the
enzyme for the inhibitor. At pH 7.5 the Kp for the amethop-
terin—enzyme complex is (1.0 = 0.2) X 1078 M, whereas the
binding of the inhibitor at pH 5.9 is stoichiometric (Figure 7).
The dissociation constants (Kp values) for the coenzyme,
substrate, and inhibitor complexes of dihydrofolate reductase
calculated from Hill plots of the respective data are sum-
marized in Table 1. The Kp values were calculated at 305 nm

TABLE 1: Dissociation Constants of Pyridine Nucleotide
Coenzyme and Folate Analog Complexes of Dihydrofolate
Reductase.

Enzyme-X = Enzyme + X

Al6)°
(deg cm?

Xe Kp (M) dmole~!) X (nm)
TPNH*® 4.0 x=0.6) X 107 4,700 305
TPN* 6.4 = 0.8) X 10-¢ 800 305
Dihydrofolate (8.6 = 1.1) X 10—¢ 828,000 290
Folate (3.8x0.4) X 10~ 265,000 290

235,000 310
Amethopterin (1.0 = 0.2) X 10-% 280,000 300
296,000 315
Amethopterin® 120,000 300
118,000 310

¢ Except where noted the buffer employed in each of these

studies was 0.05 M Tris-HCl (pH 7.5) containing between
6.4 X 1077 and 1.3 X 10—% m dihydrofolate reductase. Meas-
urements were made in cells of 1.0-cm path length. > Maxima
of circular dichroic difference spectra of various dihydrofolate
reductase-ligand complexes vs. dihydrofolate reductase in
the same buffer, ¢ Data of Freisheim and D’Souza, 1971b.
¢ Samples in 0.05 M potassium phosphate (pH 5.9).
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for TPN* and TPNH complexes and at 295 nm for folate
analog complexes; the values for each ligand were determined
over an enzyme concentration range of 6.4 X 1077 M to
1.3 X 1075 M. The affinity of TPN+ for the enzyme is ca. two
orders of magnitude less than that of the TPNH complex
and the maximum change in [f]305 is only 179 of that which
occurs in the TPNH-enzyme complex. Dihydrofolate is bound
much more tightly than folate, which contains the fully aro-
matic pteridine ring, whereas the amethopterin complex
exhibits a lesser degree of dissociation than in either the folate
or dihydrofolate complexes at the same pH. The molar ellip-
ticity increase at 290 nm was the greatest for the dihydrofolate
complex. The enhancement in molar ellipticity at 290 nm was
ca. 32% in the folate complex and 43%; in the amethopterin
complex at pH 7.5 of that observed in the dihydrofolate
complex.

Discussion

Interaction of dihydrofolate reductase with TPN*, a com-
petitive inhibitor for the TPNH binding site, results in a six-
fold lower decrease in the region of the aromatic side-chain
Cotton effect than that which occurs in the TPNH complex
(¢f. Table I). Such variations in the magnitude of the respec-
tive Cotton effects may be attributed to steric differences in the
mode of binding of the oxidized and reduced forms of the
pyridine nucleotide coenzymes.

The binding of dihydrofolate to the reductase produces a
maximum change in molar ellipticity at 290 nm of -+ 828,000
(deg cm?) dmole~! (Table I). This extremely large positive
effect is clearly dependent on complex formation with the
substrate, but occurs in a region in which the protein displays
an aromatic side-chain Cotton effect. One might, therefore,
conclude that this rather large enhancement in molar ellip-
ticity results from a mutually oriented asymmetric stacking of
the reduced pteridine ring moiety of the substrate on one or
more of the aromatic amino acid side chains of the protein.

By contrast, the lower molar ellipticities observed in the
aromatic side-chain region upon folate or amethopterin bind-
ing (Table I) might suggest a somewhat different mode of
binding of these oxidized compounds. The presence of two
maxima in the difference CD spectrum of the folate complex
(Figure 5B) and a single maximum in the dihydrofolate com-
plex (Figure 4B) further suggests a difference in the mode of
binding in the respective complexes.

The binding of amethopterin to the enzyme at pH 7.5
results in a difference CD spectrum (Figure 6) qualitatively
similar to that observed in the folate complex. The affinity
of the reductase for amethopterin is greater than that for
folate by one order of magnitude, but the total enhancements
in molar ellipticity in the 290- to 310-nm region are nearly
identical (Table I). At pH 5.9 the binding of amethopterin to
the streptococcal reductase appears to be “‘stoichiometric”
from inhibition studies (D’Souza et al., 1972). At the same pH
the enhancement of molar ellipticity in the 290- to 315-nm
region is less than one-half that observed at pH 7.5 (Figure 6)
although the affinity of the enzyme for the inhibitor is greater
at the lower pH.
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Although the physical basis for the observed qualitative
and quantitative changes in these CD spectral data remains
to be elucidated, the results strongly suggest the involvement
of aromatic amino acid residues in the binding of these
ligands. Chemical modification studies by Freisheim and
Huennekens (1969) and more recently in this laboratory
(Warwick er al., 1972) have indicated the involvement of
tryptophan residues in the catalytic function of dihydrofolate
reductase. The available evidence from these chemical modifi-
cation and fluorescence? studies suggests that tryptophan
residues play an important role in the binding of substrates,
coenzymes, and inhibitors to dihydrofolate reductase.
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