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ABSTRACT: R67 dihydrofolate reductase (DHFR) is a novel homotetrameric protein that possesses 222
symmetry and a single, voluminous active site pore. This symmetry poses numerous limitations on catalysis;
for example, two dihydrofolate (DHF) molecules or two NADPH molecules, or one substrate plus one
cofactor can bind. Only the latter combination leads to catalysis. To garner additional information on
how this enzyme facilitates transition-state formation, the temperature dependence of binding and catalysis
was monitored. The binding of NADPH and DHF is enthalpy-driven. Previous primary isotope effect
studies indicate hydride transfer is at least partially rate-determining. Accordingly, the activation energy
associated with transition-state formation was measured and is found to be 6.9 kcal/mol (∆Hq

25 ) 6.3
kcal/mol). A large entropic component is also found associated with catalysis,T∆Sq

25 ) -11.3 kcal/mol.
The poor substrate, dihydropteroate, binds more weakly than dihydrofolate (∆∆G ) 1.4 kcal/mol) and
displays a large loss in the binding enthalpy value (∆∆H ) 3.8 kcal/mol). Thekcat value for dihydropteroate
reduction is decreased 1600-fold compared to DHF usage. This effect appears to derive mostly from the
∆∆H difference in binding, demonstrating that the glutamate tail is important for catalysis. This result is
surprising, as thepara-aminobenzoyl-glutamate tail of DHF has been previously shown to be disordered
by both NMR and crystallography studies. Viscosity studies were also performed and confirmed that the
hydride transfer rate is not sensitive to sucrose addition. Surprisingly, binding of DHF, by bothKm and
Kd determination, was found to be sensitive to added viscogens, suggesting a role for water in DHF
binding.

Dihydrofolate reductase (EC 1.5.1.3) (DHFR) catalyzes
the reduction of dihydrofolate (DHF)1 to tetrahydrofolate
(THF) using NADPH as a cofactor. Two different protein
scaffolds that catalyze the DHFR reaction have been identi-
fied. The first corresponds to chromosomalEscherichia coli
DHFR, which is the target of the antibacterial drug, trime-
thoprim (TMP). The second DHFR is encoded by an
R-plasmid, which provides resistance to TMP. R67 DHFR
is unrelated genetically and structurally to chromosomal
DHFR. ChromosomalE. coli DHFR has been described as
a well-evolved enzyme with an efficiency of 0.15 (3), while
R67 DHFR has been suggested to be a model for a
“primitive” enzyme that has not yet been optimized by
evolution (4, 5).

The proposal that R67 DHFR is a primitive enzyme arises
from the constraints imposed by its structure coupled with
its use of two substrates (dihydrofolate and NADPH). As

shown in Figure 1, R67 DHFR is a homotetramer with a
single active site pore that is solvent-accessible, except
perhaps at the hourglass center when ligands are bound. The
overall structure possesses 222 symmetry (4). The obligatory
symmetry of the active site results in overlapping binding
sites for DHF and NADPH. This can be seen experimentally,
as R67 DHFR binds a total of two ligands; either two
NADPH molecules or two folate/DHF molecules, or one
NADPH plus one folate/DHF molecule (6). The first two
complexes are dead-end complexes, while the third is the
productive catalytic complex (see Figure 1 for a model). The
ability to discriminate between the homoligand and hetero-
ligand complexes mostly appears to arise from stacking
between the ligands, as well as some contribution from the
enzyme (7, 8). It has been found experimentally that the
greater the enthalpy change associated with formation of the
productive ternary complex, the greater the catalytic ef-
ficiency (9). Other groups have correlated enthalpic effects
with structural tightness (10-12). Another consequence
arising from this particular constellation of structural features
is that introduction of a mutation in the gene results in four
mutations per active site. These mutations typically have
large cumulative effects (9, 13) and make it unlikely that
R67 DHFR uses a general acid in its active site to facilitate
catalysis (as addition of one general acid per gene will result
in four general acids per active site pore). Rather, pre-
protonated DHF from solution is used as substrate (14).
Finally, NADPD isotope effects using an H62C mutant of
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R67 DHFR findDV () kcat using NADPH/kcat using NADPD)
at pH 5.0 equals 3.6( 0.45, and at pH 7.0,DV ) 3.3 (
0.33 (14). These results indicate hydride transfer is at least
partially rate-determining from pH 5-7.

While the 222 symmetry restricts the catalytic strategy of
R67 DHFR, there are some advantages associated with this
symmetry. The first positive feature is expenditure of less
energy and DNA in encoding the genetic information. A
second advantage pertains to the consequences of symmetry
breaking, whereby different properties and packing relation-
ships arise (15, 16). For example, the initial binding of
NADPH to R67 DHFR utilizes the symmetry of the protein
by allowing binding to 1 of 4 symmetry-related sites. Once
bound, NADPH creates a local asymmetric environment in
the active site pore, which results in negative cooperativity
disfavoring binding of a second NADPH molecule or positive
cooperativity favoring binding of DHF (6). Both these
cooperativity patterns strongly favor channeling of the
binding pathway towards the productive ternary complex,
NADPH‚DHF. A third benefit of symmetry is the potential
for multivalent binding (17). Here, once a site is occupied,
the proximity of other symmetry-related sites can enhance
binding by reduction of the associated entropy and/or by
decreasing the dissociation rate (18, 19). This type of effect
appears likely to occur in R67 DHFR (20, 21).

A study of the transition state used by R67 DHFR will
help further deconvolute its catalytic strategy. From inter-
ligand NOEs using NMR, the bound NADP+‚folate complex
is most consistent with use of anendotransition state, where
the nicotinamide ring of cofactor overlaps that of the N5-
containing pteridine ring of substrate (7, 22). The endo
transition state has been proposed to be 2 kcal/mol more
stable than theexotransition state used by chromosomalE.
coli DHFR (23, 24). To garner more information concerning
the transition state and mechanism used by R67 DHFR,
temperature and viscosity effects were studied.

MATERIALS AND METHODS

Protein Purification.R67 DHFR was expressed inE. coli
SK383 cells in TB media (25) containing 200µg/mL
ampicillin and 20µg/mL trimethoprim as previously de-
scribed (26). Briefly, ammonium sulfate precipitation
and ion-exchange column chromatography were used to
purify the protein to homogeneity. Purified samples were
dialyzed against distilled, deionized H2O and then lyophi-
lized. Protein concentrations were determined with a biuret
assay (27).

Fluorescence Quenching.Binding of NADPH to 2.0µM
R67 DHFR was monitored at pH 7.0 in MTA buffer at
various temperatures using tryptophan fluorescence as per
Zhuang et al. (28). MTA is a polybuffer containing 50 mM
MES, 100 mM Tris, and 50 mM acetic acid which maintains
a constant ionic strength from pH 4.5-9.5 (29). Data were
fit to

where Fl is the observed fluorescence;Ltot is the total ligand
concentration; andPtot, Kd, andFo are variables describing
the number of enzyme binding sites, dissociation constant,
and fluorescence yield per unit concentration of enzyme,
respectively (30).

Steady-State Kinetics.Steady-state kinetic data were
obtained using either a Perkin-Elmerλ3a or aλ35 spectro-

FIGURE 1: Structures of R67 DHFR, dihydrofolate, dihydropteroate,
and a model of the productive ternary complex. The top panel shows
the ribbon structure of R67 DHFR (protein data bank file 1VIE;
(4)). The enzyme is a dimer of dimers; the monomer-monomer
interfaces occur on the sides of the structure (sea green+ blue or
chartreuse+ red), while the dimer-dimer interfaces occur on the
top and bottom of the structure (sea green+ red or chartreuse+
blue). The active site pore corresponds to the “doughnut hole” in
the center. The center panel shows a Connolly surface that is related
to the structure shown in the top panel by a 90° rotation along the
y-axis along with deletion of the symmetry-related dimer. This
section describes the pore surface corresponding to the chartreuse
and red monomers in the top panel. Arrows on opposite sides of
the pore indicate where the ligands NADPH (blue) and folate (two
possible docked conformers in cyan and yellow; (22)) can enter
and orient at the center of the pore. The pteridine ring of folate has
a fixed orientation near the center of the pore, while thepara-
aminobenzoylglutamate tail can adopt different conformations (as
shown by the circular arrow), suggesting alternate interactions with
lysine 32 residues (green) on either side of the pore. Also shown
are the isoleucine 68 (red), glutamine 67 (orange), and tyrosine 69
(magenta) residues that line the active site pore forming key contacts
with NADPH and folate. The bottom panel shows the DHF and
DHP structures with atom labels from N1 to N10.

Fl ) Fo - 0.5Fo[Ptot + Kd + Ltot -

[(Ptot + Kd + Ltot)
2 - 4PtotLtot]

1/2] (1)
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photometer interfaced with an IBM PS2 as previously
described (31). Briefly, assays were performed at 30°C in
MTA polybuffer, by the addition of substrate (DHF) and
cofactor (NADPH), followed by the addition of enzyme to
initiate the reaction. To obtainkcat and Km values, the
concentration of NADPH was held constant at a subsaturating
level, while the concentration of DHF was varied. This
process was repeated using four additional subsaturating
concentrations of NADPH. The data were fit globally to the
nonlinear bisubstrate Michaelis-Menten equation utilizing
SAS (statistical analysis software; (8, 32)). The NLINEK
macro for use in SAS is available at http://animalscience.ag.ut-
k.edu/faculty/saxton/software.htm.

The temperature dependence of the steady-state kinetic
behavior of R67 DHFR was studied from 20 to 50°C. The
pH meter was standardized at each temperature and MTA
buffer titrated to pH 7.0. Within error, the extinction
coefficient of the reaction did not change as temperature was
varied (data not shown).

For solutions containing viscogens, the steady-state data
were initially monitored as described above. When it became
apparent that the main variation occurred in theKm for DHF,
data were then collected using saturating NADPH concentra-
tions.

Reduction of the alternate substrate, dihydropteroic acid
(DHP), was also studied. Pteroic acid was purchased from
Schircks Laboratories and reduced to DHP according to
Prabhu et al. (33). NMR analysis confirmed formation of
the reduced species and the simultaneous disappearance of
the oxidized compound. The molar extinction coefficient
used to assess reduction of DHP was monitored and found
to be the same as for DHF reduction, which is 12 300 L
M-1 cm-1 (34). Since this is a poor substrate, higher enzyme
concentrations were used, and Michaelis-Menten conditions
did not apply. Data were fit to eq 2

where [Etot], [Stot], Kd, V, andkcat are the total enzyme and
substrate concentrations, the substrate binding constant, the
initial velocity, and the catalytic rate constant, respectively
(35).

Determination of Substrate pKa Values. The pKa value for
the N5 atom in DHF was determined as per Maharaj et al.
(36). Essentially, the absorbance of a DHF solution (<30
µM) was monitored within 30 s at 228 nm. A range of pH
values were obtained using 0.2 M sodium phosphate buffer
or various concentrations of HCl (<0.25 M). To minimize
any precipitation of DHF near its isoelectric point, DHF was
dissolved first, followed by addition of buffer or HCl.
Titrations were performed at 10, 15, and 20°C. The data
were fit to an equation describing a standard ionization curve
(37). An identical approach was used to determine the N5
pKa of dihydropteroic acid.

Viscosity Measurements.Kinematic viscosity (η/F in mm2/
s) was monitored using a Cannon-Fenske viscometer equili-
brated at 30°C in a Precision Temp-Trol mineral oil bath.
Kinematic viscosity was converted to viscosity (η) by
multiplying by the density of the solution (F in g/mL).
Sucrose (e1.75 M) was added to increaseη to e10.5 cP.

Relative viscosities (η/ηo) were calculated using MTA buffer
as the reference. Trehalose (e1.6 M), also a disaccharide,
was additionally used as a viscogen to determine whether
sucrose had a specific or nonspecific effect.

Isothermal Titration Calorimetry.Affinities and stoichi-
ometries, as well as∆H values, were determined for binding
studies using isothermal titration calorimetry (ITC) as
previously described (6). Measurements were performed on
a VP-ITC microcalorimeter from MicroCal interfaced to a
Gateway PC for data acquisition and analysis. Origin v.5
scientific software was used to analyze the data. The design
and use of this instrument have been previously described
(38). R67 DHFR concentrations typically ranged between
60 and 150µM in MTA buffer (pH 8). Experiments were
performed at least in duplicate. For titrations with sucrose
present, MTA buffer plus sucrose was used in the reference
cell.

RESULTS

What Is the Temperature Dependence of NADPH Binding
to R67 DHFR?To determine the temperature dependence
of the Kd for NADPH, a fluorescence-quenching approach
was employed. Titration of NADPH into R67 DHFR was
performed at a constant temperature, and the data were fit
to obtain aKd value. Dissociation constants were obtained
from 10 to 40°C. As the temperature rose, so did theKd.
The data were then analyzed using the van’t Hoff equation:

where the association constant,Ka, equals 1/Kd, ∆H is the
enthalpy change,∆S is the entropy change,R is the gas
constant, andT is the temperature in degrees Kelvin. Figure
2 shows the resulting plot. The slope of these plots equals
-∆H/R, and∆H is calculated to be-8.6 ( 0.6 kcal/mol.
The linear nature of the plot predicts that the enthalpy change
for complex formation will be independent of temperature

V )
kcat ([Etot] + [Stot] + Kd) - {([Etot] + [Stot] + Kd)

2 - 4[Etot][Stot]}
1/2

2
(2)

FIGURE 2: A van’t Hoff plot describing the temperature dependence
of NADPH binding to R67 DHFR. Binding of NADPH was
monitored by fluorescence quenching, which only describes titration
of a single NADPH molecule. Errors associated with theKd values
are smaller than the symbol size. Best-fit values are given in the
text, as well as in Table 2.

ln Ka ) (-∆H/RT) + ∆S/R (3)
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within the range studied (10-40 °C), with a heat capacity
change (∆Cp) near zero (39, 40).

What Is the Temperature Dependence of R67 DHFR
Catalysis?The steady-state kinetic behavior of R67 DHFR
was also studied and found to be dependent on temperature
from 20 to 50°C. Effects on bothkcat andKm values were
observed. The data were then analyzed using the Arrhenius
equation:

wherek is the rate,A is the pre-exponential factor, andEa is
the activation energy (41). Figure 3 plots the reciprocal
temperature versus lnkcat, as well as lnkcat/Km (DHF). The plots
are linear, consistent with a single rate-determining step being
monitored. The slope for this plot corresponds toEa /R, where
Ea is the activation energy for the reaction. For thekcat plot,
Ea is calculated2 to be 6.90( 0.6 kcal/mol. From the equation
∆Hq ) Ea - RT, ∆Hq

25 for R67 DHFR can be calculated as

6.3 ( 0.6 kcal/mol, and from∆Gq ) -RT ln(kcath/kBT),
∆Gq

25 can be calculated as 17.6( 0.1 kcal/mol (whereh is
Planck’s constant andkB is the Boltzmann constant) (42, 43).
T∆Sq

25 can then be computed as-11.3( 0.6 kcal/mol from
∆Gq ) ∆Hq - T∆Sq.

Temperature Dependence of the N5 pKa in DHF. Since
the pH at which our assays are performed does not occur at
a plateau in the pH profile for R67 DHFR and as this enzyme
reduces pre-protonated DHF (14), we also determined how
temperature would affect the N5 pKa of DHF. The structure
of the substrate, DHF, is given in Figure 1 along with atom
labels. To obtain thermodynamic values associated with N5
protonation, this pKa was monitored as a function of
temperature. While previous studies of organic cyclic
compounds predict that the N5 pKa should decrease with
increasing temperature (44), the N5 titration in DHF was
directly monitored from 10 to 20°C. A typical titration curve
is given in Supporting Information. Above 20°C, DHF
is not sufficiently stable in acidic solutions to continue the
titrations (36); however, the general trend of a decreased
pKa associated with the N5 atom can be observed with
increasing temperature. Specifically, at 10°C, the N5
pKa is 2.86( 0.01, while at 15°C, the pKa is 2.74( 0.03,
and at 20°C, the pKa is 2.69( 0.02. These values compare
with an N5 pKa equal to 2.59, previously obtained at 20°C
(36).

Are There Any Viscosity Effects on kcat/Km? A common
approach to show that the rate of the enzyme under study is
not limited by either binding or release of ligands involves
monitoring the steady-state rate in solutions of varying
viscosities. If ligand binding is the rate-determining step,
increasing the microscopic viscosity will decreasekcat/Km in
a linear fashion (45, 46). Enzymes possessing diffusion-
limited rates typically displaykcat/Km values of 107-108 M-1

s-1 (47). Since thekcat/Km(DHF) value for R67 DHFR is only
3.2 × 105 M-1 s-1, our initial expectation was that binding
would not be rate-limiting. Also, the previous observation
of NADPD isotope effects for our H62C mutant in R67
DHFR (DV ) 3.3 ( 0.33 andDV/Km(DHF) ) 2.7 ( 0.34)
suggested that hydride transfer is at least partially rate-
limiting at pH 7 under both saturating and nonsaturating
substrate conditions (14). To address these issues experi-
mentally, we monitored catalysis in increasing concentrations
of sucrose. No effect onkcat was observed, consistent with
product release not being rate-determining. Surprisingly, clear
effects onkcat/Km(DHF) were seen, as well as a small effect
on kcat/Km(NADPH) (∼2-fold at the highest viscosity). The
results are plotted in Figure 4. Viscogens can have a variety
of effects, including perturbation of solvent structure. Since
the viscogenic effect is predominately observed onkcat/
Km(DHF), a possibility is that the viscogen affects the water
structure, which selectively affects DHF binding. Thus, the
lower value ofkcat/Km(DHF) for R67 DHFR may describe a
rate partially limited by productive enzyme-water-substrate
association. Previous examples of enzymes with lowkcat/Km

values that are at least partially diffusion-controlled include
chorismate mutase fromBacillus subtilisand ACC synthase
(48, 49).

To investigate whether sucrose acts specifically or whether
it acts nonspecifically as a viscogen, trehalose was also used
to alter the solution viscosity. At comparable relative
viscosities (η/ηo), similar kinetic effects were observed using

2 Alternate fits were also employed and provided similar values. To
minimize error propagation, the raw data were also fit directly to rate
) Ae(-Ea/RT). For this nonlinear fit,Ea ) 7.1 ( 0.7 kcal/mol and∆Hq

25

) 6.5 ( 0.7 kcal/mol. An Eyring plot (1/T vs ln(kh/kBT)) was also
used to evaluate∆Hq and∆Sq values, as the slope of this plot equals
∆Hq/R and they-intercept equals∆Sq/R (1). For DHF reduction,∆Hq

) 6.3 ( 0.6 kcal/mol andT∆Sq
25 ) -11.8 ( 0.6 kcal/mol.

FIGURE 3: Arrhenius plots describing R67 DHFR catalysis. Steady-
state kinetic analysis was performed as described in Materials and
Methods. Reduction of DHF and DHP were both studied and are
described byb and2 points, respectively. Errors associated with
the various parameters are smaller than the symbol size. Panel A
describes the lnkcat values, while panel B describes lnkcat/Km(substrate)
data. The inset plots the variance of ln 1/Km(substrate)with inverse
temperature.

kcat ) Ae-Ea/RT (4)
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either trehalose or sucrose (see Figure 4), consistent with
viscosity being the primary variable.

To monitor the effect of viscosity onKd(DHF) directly,
binding of DHF to R67 DHFR‚NADP+ was studied in
increasing concentrations of sucrose using isothermal titration
calorimetry. Table 1 lists the observed values, and a
representative titration is available in Supporting Information.
An approximately 4-fold increase inKd was observed in
buffer containing 1.25 M sucrose (η/ηo ) 5.1). A clear effect
on Kd is observed (including data obtained at 28 and 30°C,
not shown); however, as theη/ηo ratio rises, the ratio between
the Km andKd values increases (from 2- to 3-fold). Values
are not reported using even higher sucrose concentrations
as the observed binding stoichiometry was affected. This may
have resulted from any effects of higher mixing rates on
protein stability or perhaps secondary effects on NADP+

binding.
Use of Dihydropteroate as an Alternate Substrate.The

temperature dependence of dihydropteroate (DHP) reduction
was additionally studied. DHP is a fragment of DHF where
a para-amino-benzoate tail replaces thep-aminobenzoyl-
glutamate (pABA-glu) tail of DHF (see Figure 1). This

fragment diminishes the negative charge to-1 and places
the charge at a different position on the tail. DHP reduction
is much slower than DHF reduction, with akcat value of (4.9
( 0.17)× 10-4 s-1 and aKm(DHP) value of 23( 2.4 µM at
25 °C. These changes reflect an∼10-fold increase inKm

and an∼1600-fold decrease inkcat with respect to DHF
reduction. The temperature dependence of DHP reduction
is also shown in Figure 3. The corresponding activation
energy3 is 14.3( 1.4 kcal/mol.∆Hq

25 can then be calculated
as 13.7( 1.4 kcal/mol with a∆Gq

25 of 22 ( 0.1 kcal/mol
and aT∆Sq

25 of -8.3 ( 1.4 kcal/mol. The various thermo-
dynamic values comparing DHF versus DHP binding and
catalysis are given in Table 2. To determine whether the
reduction in catalytic rate could arise partly from a decrease
in the N5 pKa of DHP, a spectrophotometric titration was
performed as described above for DHF (36). The N5 pKa

for DHP is 2.54( 0.03 at 20°C, indicating no to minimal
change in this pKa compared to DHF.

DISCUSSION

Role of Water.No effects onkcat were observed in our
viscosity studies, consistent with hydride transfer being
at least partially rate-determining. However, an effect was
observed on theKm for DHF with added sucrose or tre-
halose. To determine if theKd for DHF was also affected,
ITC studies were also performed. At low viscosities,Kd(DHF)

did increase with increasing viscosity andKm(DHF) ap-
proximated Kd(DHF) (within a factor of 2). However, as
the relative viscosity increased to 5.1, a greater divergence
was noted betweenKd andKm (∼3-fold), suggesting that the
DHF Km may contain some kinetic terms at higher viscosi-
ties.

If water is involved in a binding interaction, perturbation
of water content should alter binding. For example, closer
contact distances typically exclude water. In binding of
ferredoxin to ferredoxin:NADP+ reductase, Jelesarov and
Bosshard (50) found increasing concentrations of glycerol
resulted in tighter binding. They interpreted this behavior
as arising from dehydration of the protein-protein interface,
which led to tighter binding as water was released. For R67
DHFR, the opposite behavior has been observed, that is,
weaker binding in increasing sucrose concentrations, sug-
gesting water stabilizes DHF binding. This observation is
consistent with previous NMR and crystallography studies,
which have found the pABA-glu tail of DHF/folate is
disordered when bound (4, 7). Also, docking studies pre-
dicted the pABA-glu tail could interact with either symmetry-
related K32 residue in one-half of the pore (22, 51). Finally,
addition of two asymmetric K32M mutations on opposite
sides of the pore can have two topologies; that is, they can
occur on the same dimer-dimer interface or they can exist
diagonally on both dimer-dimer interfaces (see Figure 1 in
ref 20). These two asymmetric K32M double mutant
topologies have been constructed and found to have similar
effects on steady-state kinetic values. If a preferred topology

3 Alternate fits were also employed for DHP reduction and, within
error, were found to provide similar values. For a nonlinear fit to the
equation: rate) Ae(-Ea/RT), Ea ) 10.7 ( 1.8 kcal/mol and∆Hq

25 )
10.1 ( 1.8 kcal/mol. When an Eyring plot (1/T vs ln(kh/kBT)) was
used,∆Hq was found to be 13.7( 1.4 kcal/mol andT∆Sq

25 ) 8.2 (
1.4 kcal/mol.

FIGURE 4: A plot of relative viscosity versus reciprocal relative
kcat andkcat/Km(DHF) values. Relative viscosities (η/ηo) were calcu-
lated using MTA buffer as the reference (ηo). Reciprocal relative
kcat (squares) andkcat/Km(DHF) (circles) values use steady-state kinetic
values in MTA buffer as the reference. Data using sucrose or
trehalose as the viscogen are represented by the filled (b, 9) and
open (O, 0) data points, respectively. A theoretical dashed line is
shown with a slope of 1, consistent with diffusion being the rate-
limiting process forkcat/Km. The solid line displays a slope of 0;
the expected trend if diffusion did not have any effect on catalysis.

Table 1: Formation of the Ternary R67 DHFR‚NADP+‚DHF
Complex As Monitored by Isothermal Titration Calorimetrya

condition
Kd

(µM)
∆H

(kcal/mol) stoichiometry

MTA buffer 1.6( 0.1 -13.3( 0.8 0.85( 0.01
MTA buffer + 0.75 M

sucrose (η/ηo ) 2.0)
3.7( 0.2 -12.8( 1.0 1.1( 0.1

MTA buffer + 1.25 M
sucrose (η/ηo ) 5.1)

6.0( 0.4 -11.3( 1.3 1.0( 0.1

a DHF was titrated into a 1:3.5 (to 1:4) mixture of R67 DHFR:
NADP+ at a pH of 8.0 and 25°C as previously described (6). The
protein concentration ranged from 89 to 130µM. ITC experiments were
performed at pH 8 rather than pH 7 to minimize any contribution to
the enthalpy change from the pH-dependent tetramer to 2 dimers
dissociation (2).
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existed for the pABA-glu tail-K32 interaction, then the
asymmetric mutants would have shown different behavior
(20). These various studies, combined with the present
viscosity studies, support a role for water in binding of DHF.
We have previously proposed solvent-separated ion pairs
(52-56) may exist between the glu tail of DHF and K32
residues in R67 DHFR (20, 57). Solvent-separated ion pairs
would also diminish the desolvation penalty involved in
binding (58). Water-stabilized binding has also been seen
in an antibody-lysozyme interaction (59), as well as ligand
binding to adenosine deaminase (60).

Comparison of Enthalpies DeriVed from Temperature-
Dependent Kinetic Studies and ITC.Previously, a strong
preference for initial binding of NADPH to R67 DHFR,
followed by binding of DHF, has been proposed based on
the relativeKd values, as well as the behavior of site-directed
mutants (6, 20). This preferred binding mechanism will be
used here as well. The enthalpy change associated with
binding NADPH was found to be-8.6( 0.6 kcal/mol using
a van’t Hoff approach. This value compares well with a∆H
of -8.6 ( 0.2 kcal/mol previously monitored by ITC at 28
°C (6), indicating the two approaches converge to similar
answers.

The enthalpy change associated with formation of the R67
DHFR‚NADPH‚DHF complex from R67 DHFR‚NADPH
can be estimated by monitoring the temperature depend-
ence of 1/Km(DHF). The value obtained is-14.1( 0.6 kcal/
mol. This figure compares well with an ITC-derived
∆H value of -13.3 ( 0.9 kcal/mol describing binding
of DHF to R67 DHFR‚NADP+ (25 °C, Table 1). While the
latter is a product-substrate complex, the convergence
of the ∆H values (from ITC and Arrhenius plots) suggests
it is a reasonable mimic of the productive ternary com-
plex.

Construction of a Gibbs Free Energy Diagram.Combining
the above∆G and ∆H values as well as values obtained
from the Arrhenius plot describingkcat allows construction
of a Gibbs free energy diagram at 25°C. The resulting plot
is shown in Figure 5. Formation of the binary and ternary
complexes is clearly enthalpy-driven, while formation of the
transition state contains a large entropic contribution.

Jencks has suggested large entropic components can be
associated with enzyme catalysis, particularly those describ-
ing bisubstrate reactions (61, 62). However, previous studies

have found wide distributions of enthalpy and entropy terms
can be associated withkcat. As examples of bisubstrate
reactions, (a) for peptide bond formation in the ribosome,
∆Gq ) 16.5 kcal/mol,∆Hq ) 17.2 kcal/mol, andT∆Sq )
0.7 kcal/mol (63); (b) for truncated ATP sulfurylase from
Penicillium chrysogenum,a∆Gq value of 17.4 kcal/mol was
calculated as well as a∆Hq value of 16.3 kcal/mol with a
T∆Sq value of-1.1 kcal/mol (at 30°C and where the rate-
determining step describes catalysis of the ternary substrate
complex to the ternary product complex coupled with Mg-
pyrophosphate release) (64); (c) for thymidylate synthetase,
a∆Gq value of 10.6 kcal/mol describing the hydride transfer
rate was determined with a∆Hq of 3.4 and a corresponding
T∆Sq of -7.2 kcal/mol (65); and (d) for the catalytic antibody
29G12 catalyzing a 1,3-dipolar cycloaddition reaction, a∆Gq

value of 17.7 kcal/mol with a∆Hq of 7.1 and aT∆Sq of
-10.6 kcal/mol were observed (66).

As noted above, our Arrhenius data describing R67 DHFR
catalysis indicate that∆Gq is dominated by the entropy term.
Typically, positive∆Sq values are associated with reorga-
nization of solvent (67-69), while studies with ordered water
molecules in active sites suggest entropic values can be
negative but coupled with an approximately equal∆H
contribution ((70, 71) and references therein). Negative∆Sq

terms typically describe loss of translational and rotational
motion in the transition state (1). Since crystal structure and
NMR data indicate minimal motion of R67 DHFR upon
ligand binding (4, 72), changes in ligand orientation are more
likely to describe the large, negative entropic term in R67
DHFR. Additionally, when substrates become more charged
in their transition states (as is likely in DHFR with DHF
protonated at N5),∆Sq is usually negative. Thus, many
factors could be involved in this large, negative∆Sq

term.
Typical hydride transfer reactions have enthalpies of

activation near 8-15 kcal/mol (73). However, activation
energies of 11.9, 5.5, and 3.7 kcal/mol have been calculated
for chromosomal DHFRs fromThermotoga maritima(74),
Bacillus stearothermophilus(75), and E. coli (76). The
E. coli chromosomal DHFR value was obtained at pH 9.0
where the hydride transfer rate is rate-determining (77). At
pH 9, its∆Gq

25, ∆Hq
25, andT∆Sq

25 values are 16.0, 3.1, and
-12.9 kcal/mol, respectively. These values are near those
observed for R67 DHFR, indicating the same general range

Table 2: Thermodynamic Values Describing Binding and Reduction of DHF and DHP by R67 DHFR Monitored by Steady-State Kinetics at
pH 7.0, 25°C

complex value
∆G

(kcal/mol)
∆H

(kcal/mol)
T∆S

(kcal/mol)

E‚NADPHa Kd(NADPH) ) 2.8µM -7.5 -8.6 -1.1
E‚NADPH‚DHFb Km(DHF) ) 2.4µM -7.7 -14.1 -6.4
[E‚NADPH‚DHF]* kcat ) 0.77 s-1 17.6 6.3 -11.3

E‚NADPH‚DHPc Km(DHP) ) 23 µM -6.3 -7.5 -1.2
relative to DHF binding ∆∆G ) 1.4 ∆∆H ) 6.6 ∆(T∆S) ) 5.2

[E‚NADPH‚DHP]* kcat ) 4.9× 10-4 s-1 22.0 13.7 -8.3
relative to DHF reduction ∆∆G ) 4.4 ∆∆H ) 7.4 ∆(T∆S) ) 3.0

a For comparison, ITC values describing binding of NADPH at 28°C, pH 8, areKd ) 2.5µM, ∆G ) -7.7 kcal/mol,∆H ) -8.6 kcal/mol,T∆S
) -0.9 kcal/mol (6). b For comparison, ITC values describing binding of DHF to R67 DHFR‚NADP+ at 25°C, pH 8, areKd ) 1.6 µM, ∆G )
-7.9 kcal/mol,∆H ) -13.3 kcal/mol,T∆S) -5.4 kcal/mol (Table 1). ITC experiments are performed at pH 8 rather than pH 7 to minimize any
contribution to the enthalpy change from the pH-dependent tetramer to 2 dimers dissociation (2). c For comparison, ITC values describing binding
of DHP to R67 DHFR‚NADP+ at 25°C, pH 8, areKd ) 18.3( 0.5 µM, ∆G ) -6.5 ( 0.1 kcal/mol,∆H ) -9.5 ( 0.2 kcal/mol,T∆S ) -3.0
( 0.2 kcal/mol.
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for these reactions. The similarity of these values is likely
coincidence, as chromosomal and R67 DHFRs have entirely
different structures, active sites, and transition states (5, 7,
23, 24).

Finally, use of DHP as an alternate substrate only weakens
binding by 10-fold with respect to DHF. Previous studies
found the glutamic acid moiety of the pABA-glu tail provides
most of the enthalpic signal associated with DHF binding
(57); thus, substitution of glutamate by a carboxylate group
weakens the enthalpic contribution.∆∆H values of 3.8 or
6.5 kcal/mol can be calculated when ITC values or the slopes
in the Arrhenius plots describing 1/Km for DHF versus DHP
binding are compared, respectively. This∆∆H range supports
binding tightness as playing a large role in the decrease in
kcat. For catalysis, a∆∆H of 7.6 kcal/mol is observed
(compared to DHF reduction). These results strongly impli-

cate the pABA-glu tail in correctly docking DHF in the active
site pore pursuant to catalysis. Also, when considering the
terms in the equation∆∆G ) ∆∆H - ∆(T∆S), a greater
contribution from∆∆H can be observed, indicating partial
entropic compensation (45). These results all suggest in-
creases in the range of motion associated with bound DHP
could interfere with catalysis.

Does Protonation Play a Role?Another possible inter-
pretation of the thermodynamic values for R67 DHFR arises
if protonation and hydride transfer are concerted events. To
address this issue, the question of how DHF is protonated
in the R67 DHFR active site needs consideration first. In
one scenario, the predominant species, neutral DHF would
bind and then be protonated. Alternatively, R67 DHFR could
preferentially bind protonated DHF (HDHF). However, this
species is at an extremely low concentration at pH 7. Since
the N5 pKa ) 2.60 (extrapolated to 25°C), the ratio of DHF
to HDHF can be calculated as 2.5× 104 at pH 7. If
protonated DHF is the actual substrate, then the observed
Km is an apparent value. AKm of 96 pM for protonated DHF
can be calculated by dividing the apparentKm by the HDHF
concentration (78). If productive binding of substrate in R67
DHFR indeed utilizes the protonated species, the observed
DHF Km would be expected to decrease as the concentration
of HDHF increases (i.e., decreasing pH). However, in our
H62C mutant,4 the reverse is observed, as theKm(DHF) rises
going from pH 7 to 5 (14). As other ionizations could be
occurring that affectKm, the issue remains unresolved.

To estimate whether the thermodynamic values associated
with protonation of DHF at N5 are at all near the catalytic
thermodynamic parameters, a plot of inverse temperature
versus lnKa of the ionization constant was constructed (79).
While this plot only contains three data points (see Support-
ing Information), it allows estimation of a∆H value for N5
protonation of 6.5( 1.0 kcal/mol. Assuming a heat capacity
of zero, extrapolation to 25°C allows calculation of a pKa

equal to 2.60. The corresponding∆G25 value is 3.6 kcal/
mol with aT∆S25 of 2.9 kcal/mol. While the local environ-
ment could alter the thermodynamic values associated with
protonation of free versus enzyme-bound DHF (79, 80), a
comparison of the DHF protonation values with the values
associated withkcat suggests the enthalpy change associated
with substrate protonation could play a role in transition-
state formation if protonation and hydride transfer are
concerted events. However, the entropic term for DHF
protonation is positive, so this term would fight against the
negative value observed during catalysis, leaving the question
of whether protonation and hydride transfer are concerted
unresolved. Solvent isotope effects could allow further
analysis of this possibility.

Conclusion.In our present studies, as well as our ITC
binding studies (6), R67 DHFR uses enthalpic interactions
to form its NADPH‚DHF complex. However, because R67
DHFR uses a “one site fits both approach” whereby both
ligands are accommodated by a generalized binding surface,
this binding is not optimal (13, 22). Thus, it seems likely
that some adjustment of the complex position and/or orienta-

4 Wild-type R67 DHFR dissociates into inactive dimers as the pH
is decreased due to protonation of His62 at the dimer-dimer interfaces
(2). To cross-link the dimers together and be able to monitor catalysis
at pH < 6.5, disulfide bonds were introduced by the H62C mutation.

FIGURE 5: A Gibbs free energy diagram describing R67 DHFR
catalysis at 25°C. The∆G values for DHF reduction were obtained
from the observedKd(NADPH), Kd(DHF), andkcat values and are shown
in black. The enthalpic contributions were calculated as described
in the text. SinceKm(DHF) could possibly contain kinetic terms, the
Kd for DHF binding to R67 DHFR‚NADP+ was used to mimic
productive ternary complex formation. Use of the poor substrate,
DHP, is shown in gray. The bottom panel shows a bar graph
depicting the differences between DHF and DHP binding and
reduction describing∆∆G, ∆∆H, and∆(T∆S) terms. The binding
differences were calculated using ITC data for formation of R67
DHFR‚NADP+‚DHF and R67 DHFR‚NADP+‚DHP at 25°C, pH
8 (57). ITC experiments were performed at pH 8 rather than pH 7
to minimize any contribution to the enthalpy change from the pH-
dependent tetramer to 2 dimers dissociation (2).
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tion is necessary to reach the transition state, which could
be reflected by theT∆Sq value of-11.3 kcal/mol. In general,
both the 222 symmetry and large active site exposed to
solvent support nonoptimal binding or a loose ground state.
In addition, previous steady-state studies in the presence of
increasing salt concentrations found thatkcat increased (81).
This surprising observation suggested that a salt-sensitive
interaction needed to be broken to reach the transition state,
again consistent with a large entropic contribution associated
with transition-state formation.
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SUPPORTING INFORMATION AVAILABLE

A titration showing determination of the N5 pKa value
for dihydrofolate from absorbance measurements at 20°C,
an ITC titration describing binding of DHF to R67 DHFR-
NADP+ to form a ternary complex in 0.75 M sucrose, and
finally, a van’t Hoff plot describing protonation of the N5
atom in DHF. This material is available free of charge via
the Internet at http://pubs.acs.org.
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