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ABSTRACT:. R67 dihydrofolate reductase (DHFR) shares no sequence or structural homology with
chromosomal DHFRs. This enzyme arose recently in response to the clinical use of the antibacterial drug
trimethoprim. R67 DHFR is a homotetramer possessing a single active site pore. A high-resolution crystal
structure shows the homotetramer possesses exact 222 symmetry [Narayana, N., et aNgfl FxB)ct.

Biol. 2, 1018-1025]. This symmetry dictates four symmetry-related binding sites must exist for each
substrate as well as each cofactor. Isothermal titration calorimetry studies, however, indicate only two
molecules bind: either two dihydrofolate molecules, two NADPH molecules, or one substrate and one
cofactor [Bradrick, T. D., et al. (199®iochemistry 3511414-11424]. The latter is the productive ternary
complex. To evaluate the role of S65, Q67, 168, and Y69 residues, located near the center of the active
site pore, site-directed mutagenesis was performed. One mutation in the gene creates four mutations per
active site pore which typically result in large cumulative effects. Steady state kinetic data indicate the
mutants have alteragl, values for both cofactor and substrate. For example, the Y69F R67 DHFR displays
an 8-fold increase in th&, for dihydrofolate and a 20-fold increase in tKg, for NADPH. Residues
involved in ligand binding in R67 DHFR display very little, if any, specificity, consistent with their
possessing dual roles in binding. These results support a model where R67 DHFR utilizes an unusual
“hot spot” binding surface capable of binding both ligands and indicate this enzyme has adopted a novel
yet simple approach to catalysis.

Dihydrofolate reductase (DHFR)educes dihydrofolate R67 DHFR was initially crystallized as a dimet)(More
(DHF) to tetrahydrofolate using NADPH as a cofactor. It recently, a crystal structure of the active homotetramer was
catalyzes an important step in folate metabolism since reported, both as an apoenzyme and as a binary complex
tetrahydrofolate is involved in the synthesis of thymidylate, with folate ). Each monomer of R67 DHFR possesses a
purine nucleosides, methionine, and other metabolic inter- five-stranded -barrel fold that has subsequently been
mediates. DHFR is a target for clinically important drugs identified as occurring in SH3 domaiAstlhe R67 DHFR
such as methotrexate and trimethoprim since efficient inhibi- tetramer displays a toroidal shape with a pore that traverses
tion of its activity culminates in blockage of DNA synthesis the length of the protein. This pore has been identified as
and cell death. the active site by difference Fourier maps describing bound

Trimethoprim (TMP), an active site-directed inhibitor of folate. While a shared active site between protomers is not
chromosomally encoded bacterial DHFRS, is used to treatsurprising, only one active site per oligomer is quite unusual.
bacterial infections. Resistance to trimethoprim (TMP) has Other examples of one binding site per oligomer include the
been observed and correlated with the production of novel AIDS protease3), 3,5,3,5-tetraiodot-thyronine (T;) bind-
DHFRs encoded by R-plasmids. Type Il R-plasmid-encoded ing to transthyretin4), and bisphosphoglycerate binding to
R67 DHFR is genetically and structurally unrelated to the central pore in hemoglobim)(
chromosomal DHFRs; thus, a comparison of its properties A 222 symmetry operator occurs at the center of the active
with those of chromosomal DHFR can elucidate differences gjte pore; this dictates that for each binding site, there must
in their catalytic strategies. be three symmetry-related sites generated by t8@tions
along thex, y, andz axes. Once a ligand binds, however,

. I;'Lhi)s research was supported by NSF Grant MCB-9808302 (10 then R67 DHFR no longer possesses 222 symmetry. As long
"% To whom correspondence should be addressed. Phone: (865) 974-2S the asymmetry does not affect lattice interactions, overall
4507. Fax: (865) 974-6306. E-mail: Izh@utk.edu. 222 symmetry in the crystal can still be preserved by
1 Abbreviations: DHFR, dihydrofolate reductase; wt, wild type; disordering where the asymmetric molecules random]y

TMP, trimethoprim; DHF, dihydrofolate; NADP and NADPH, _ R E ; e i ;
oxidized and reduced nicotinamide adenine dinucleotide phosphate occupy the four symmetry-related binding sites. This situation

respectively; NMN, nicotinamide mononucleotide; MTA buffer, 100 describes the R67 DHFRlate complex 2). Difference
mM Tris, 50 mM MES, and 50 mM acetic acid polybuffer; ITC,
isothermal titration calorimetry; CD, circular dichroism. Mutant
enzymes containing amino acid substitutions are described by the wild- 2 The amino acids in the first monomer are labeled78, those in
type residue and numbered position in the sequence, followed by thethe second monomer 16178, those in the third monomer 26278,
amino acid substitution. For example, Q67C R67 DHFR describes the and those in the fourth monomer 30378. For brevity, when a single
GIn67 — Cys mutant. residue is mentioned, all four symmetry-related residues are implied.
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Ficure 1: Stereodrawing of the active site pore in R67 DHFR. The Foll molecule was obtained from Protein Data Bank entry 1VIF. The
NMN molecule was docked into the R67 DHFR®I1 complex using DOCK (E. E. Howell et al., manuscript submitted for publication).
Residues 6569 are labeled for one monomer (bottom right). The same residues repeat three additional times due to the 222 symmetry. A
second Q67 residue is labeled at the bottom left; a second 168 residue is labeled at the middle right. Green denotes carbon atoms, blue
nitrogen atoms, red oxygen atoms, magenta phosphorus atoms, and black water molecules.

maps for bound folate show low density in the pore and the backbone NH of a symmetry-related 168 residue is
describe overlapping density from two folate molecules proposed to interact indirectly with the N8 of folate through
bound in two asymmetric sites (Foll and Fol2), each at 1/4 water molecule 124. A possible role for partial exclusion of
occupancy. solvent during catalysis may also be associated with 168.
Our binding studies using isothermal titration calorimetry S65 and Y69 lie further from the 222 symmetry operator;
(ITC) show only two molecules bind concurrently, most thus, the binding surface contributed by each of the four
likely due to steric constraints. The combinations of bound symmetry-related residues is separate (i.e., they do not pair
molecules include two substrates (dihydrofolate or folate), up with a symmetry-related S65 or Y69 residue on the active
two cofactors (NADPH), or one substrate and one cofactor site pore surface to provide two contiguous surfaces as do
(6). The latter is the productive, ternary complex. Cofactor Q67 and 168). A role for S65 and Y69 in binding folate has
inhibition is not typically observed (within the range of assay not yet been proposed; however, the hydroxyls from their
concentrations that were used) as negative cooperativityside chains are pointing toward the pore and could be
occurs between two bound NADPH molecules (macroscopic candidates for hydrogen bond formation.
Kq values of 2.5 and 9%xM). Substrate inhibition is also Specific interactions between R67 DHFR and the cofactor
not typically observed as positive cooperativity between two have not been observed in a cocrystal structure; however,
bound dihydrofolate molecules occurs (macroscolic reduction of the pteridine ring by the nicotinamide ring of
values of 125 and 8.8M). This model indicates each half- NADPH would require the NMN moiety (nicotinamige
pore can accommodate either DHF and folate or NADPH, ribose-P)) to bind near the center of the pore. A model for
presumably with different orientations. bound NADPH was initially proposed by Narayana et al.
Serine 65 (S65), glutamine 67 (Q67), isoleucine 68 (168), (two folates and one NADPH); however, subsequent ITC
and tyrosine 69 (Y69), as well as their symmetry-related binding studies indicated it must be incorrect as only two
residues, are near the center of the active site pore andigands bind ). A more recent computational docking study
contribute substantially to the surface as shown in Figure 1. using DOCK (docking based on van der Waals interactions;
Residues near the center of symmetry interact with each other7, 8) and SLIDE (docking based on H-bond formation;
in pairs (Q67 and 168), while residues further away from 9—11) predicts roles for all four residues in binding NMN
the symmetry operator form individual binding surfaces (S65 (E. E. Howell et al., submitted for publication). Briefly, the
and Y69). For example, two Q67 residues form hydrogen hydroxyl group of S65 may form a hydrogen bond (through
bonds with each other at the “floor” of the active site, while an intermediary water molecule) to one of the ribose OHs
the other two symmetry-related Q67 residues form a similar (O2) as well as to one of the oxygens of thd®2) in NMN.
hydrogen bonding pair at the “ceiling” of the pore. Q67 has Q67 may form a H-bond to one of the ribose OHs (02
been proposed to form extensive van der Waals interactionsthrough its NE2 group as well as form van der Waals
with the pteridine ring of folate in the R67 DHFRIate interactions with several atoms of the nicotinamide ring
crystal structured). (Density for only the pteridine ring of  through its side chain. 168 may form a pair of H-bonds
folate was observed, suggesting fvaminobenzoic acid-  between its backbone NH and O groups with the O and NH
Glu tail is disordered.) Two 168 residues also interact with of the carboxamide moiety of the nicotinamide ring, respec-
each other on the “right-hand side” of the pore as well as a tively. Several van der Waals interactions are also predicted
symmetry-related pair on the “left-hand side” of the pore. between 168 and the ribose anddPoups. The OH of Y69
The backbone NH group of 168 is proposed to be involved may form a H-bond (through an intermediary water) to an
in hydrogen bonding to the 4-oxo group of folate. In addition, oxygen off the Pgroup. Y69 may also form several van der
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Waals interactions through its CD1 and CE1 atoms with the lyse E. coli cells containing the Q67C mutant gene. Each
ribose OHs. protein was purified to homogeneity as determined by SDS

Howell et al. (manuscript submitted for publication) PAGE.

propose numerous residues in R67 DHFR play a dual role Steady State KineticsSteady state kinetic data were
in binding. For example, Q67 from both the B and D subunits obtained using a Perkin-ElméBa spectrophotometer inter-
has several contacts with the pteridine ring of substrate, whilefaced with an IBM PS2 computer according to Howell et
Q67 from the A and C subunits has several predicted contactsal. (17). The computer program UVSL3 (Softways, Moreno
with the nicotinamide ring of the cofactor (see Figure 1). Valley, CA) was used to collect and analyze data. Assays
Other residues proposed to be involved in binding both were performed at 32C in a polybuffer containing 50 mM
ligands are 168 and Y69. This plasticity in binding is MES, 100 mM Tris, and 50 mM acetic acid at pH 7 (MTA
proposed to form a hot spot binding surface and allows an buffer) (18). This polybuffer maintains a constant ionic
unusual mechanism for ligand binding and catalysis. Hot strength from pH 4.5 to 9.5. Assays were performed by the
spots for proteir-protein interactions have been noted and addition of substrate (DHF) and cofactor (NADPH) followed

evaluated by mutagenesis and statistical analyisds 4). by the addition of enzyme to initiate the reaction. To obtain
A general trend proposed is the presence of residues thakcar and Kn values for each mutant, the concentration of
are amphipathic. 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 analyzed as described by Cleland

To evaluate the role of S65, Q67, 168, and Y69 residues
in binding specificity as well as catalysis, mutant R67 DHFR
genes were constructed and the effects of the mutations

assessed. (19). . . . :
Protein and ligand concentrations were determined spec-
MATERIALS AND METHODS trophotometrically. For all mutants, extinction coefficients

were determined using the biuret assa@)( Ligand con-

Construction and Expression of Mutant R67 DHFRs.  centrations were determined using the following extinction
synthetic R67 gene, carried in pUC8, has been previously coefficients: 28 000 M! cm™ at 282 nm for DHF 21) and
described 15). Site-directed mutagenesis using the appropri- 6220 Mt cm™ at 340 nm for NADPH 22). The molar
ate primers was employed to construct S65A, Q67Y, Q67C, extinction coefficient used to assess DHFR reduction of DHF
168M, 168Q, 168L, Y69F, and Y69H mutations in the R67 was 12 300 M! cm™ (23).
DHFR gene by the PCR-based protocol outlined in the |sothermal Titration CalorimetryBinding affinities and
Quickchange kit from Stratagene. The PCR-based reactionsthe enthalpy associated with binding were monitored using
used in site-directed mutagenesis, required two complemen-isothermal titration calorimetry (ITC) as previously described
tary oligonucleotide primers containing the desired mutation. (6, 24). Briefly, measurements were carried out on a Microcal
The coding strand sequences for each nucleotide primer areOmega ultrasensitive isothermal titration calorimeter equipped
as follows: S65A, 5GGCTCACCCGGGUGCA)GTACA- with a nanovoltmeter for improved sensitivity and connected
GATCTATCC-3; Q67Y, B-CCGGGCTCAGTATAT) ATC- to a circulating water bath for temperature control. The data
TATCCTGTTGCGGC-3 Q67C, 5-CCGGGCTCAGTA were automatically collected by an IBM personal computer
(TGC)ATCTATCCTGTTGCGGC-3 168L, 5-GGGCTC- running DSCITC data acquisition software and were ana-
AGTACAG(TTG) TATCCTGTTGCGGCG-3 168M, 5-GG- lyzed using Origin software provided by the manufacturer.
GCTCAGTACAGATG) TATCCTGTTGCGGCG-3 168Q, The design and operation of this instrument have been
5'-CCCGGGCTCAGTACAGCAG)TATCCTGTTGCGG- described by Wiseman et a5). Samples typically consisted
CG-3; Y69F, B-GGGCTCAGTACAGATQTTC)CCTGT- of ~90—100uM tetramer in MTA buffer (pH 8). Measure-
TGCGGCG-3 and Y69H, 5GGGCTCAGTACAAATC ments were performed at 28€. Addition of ligand to buffer
(CAT)CCTGTTGCGGCG-3 only was performed to allow baseline corrections. Data were

Concurrent removal of 8glll site allowed utilization of ~fit to an interacting sites model where the stoichiometry of
Bglll restriction digests to screen for candidate mutant genesigand binding was set equal to 2.
(except for the S65A mutant). To verify the presence of the  Gel Filtration StudiesGel filtration studies, at pH 5 and
mutation and to determine that no extraneous mutations8, were carried out at 4C on a Pharmacia FPLC system
occurred in the R67 DHFR gene, the DNA was sequenced using a Superose 12 (HR 10-30) column with a flow rate of
using an ABI PRISM Dye Terminator Cycle Sequencing 1.0 mL/min. The column was equilibrated in MTA buffer.
Ready Reaction kit from Perkin-Elmer (University of Ten- Standard curves at pH 5 and 8 were produced by plotting
nessee Sequencing Facility, Knoxville, TN). the log molecular mass of protein standards (Pharmacia

Escherichia colkcells (strain SK383) containing the mutant calibration kit) versuiay. This alloyved de_termination of the
genes were grown in a modified version of TB mediu6)( molecular mass and thus the oligomeric state of each R67
Cells were grown to late stationary phase in the presenceDHFR mutant. The, is defined as
of 200 ug/mL ampicillin and 20ug/mL TMP. Cells were
lysed using an alkaline lysis method (except for the Q67C
variant), and Sephadex G-75, DEAE-Fractogel, and DEAE-
Sephacyl chromatography steps were used in protein puri-whereVe is the elution volumeVy is the void volume, and
fication as previously describedf). In a final purification Vs is the bed volume of the column matrix.
step, either a Mono-Q or a HiQ anion exchange columnwas pH Titration of Tryptophan Fluorescenc&o monitor a
used on a Pharmacia FPLC system. Sonication was used t@H-dependent equilibrium between tetramer and two

Kav = (Ve = V\)/(Vg — V) 1)
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Table 1: Comparison of Steady State Kinetic Values for R67 DHFR Variants at pH 7.0

DHFR species (pH 7) Keat (573 Kmenr) (M) Kmnnaopry (uM) KmorrmutantKm@HRwt KmaopHymutanfKmnADPHW
wt R67 DHFR 1.3+ 0.07 5.8+ 0.02 3.0+ 0.06 - -
S65A R67 DHFR 1.1%#0.10 4.0+ 0.51 2.9+ 0.57 0.69 0.97
Q67H R67 DHFR (pH 8) 0.022+ 0.003 0.16+ 0.01 0.02&8+ 0.001 0.027 0.009
Q67C R67 DHFR 0.1& 0.016 55+ 10 26+ 4.0 9.5 8.7
168L R67 DHFR 0.32+ 0.06 24+ 3.0 26+ 4.0 4.2 8.7
168M R67 DHFR 0.1A4 0.03 25+ 3.0 21+ 3.0 4.3 7.0
Y69F R67 DHFR 2.5+ 0.04 444+ 2.1 66+ 2.6 7.6 22
Y69H R67 DHFR 0.014£ 0.002 46+ 4.5 176+ 6.0 7.9 59

aValues from refl5. b Values from ref24.

protonated dimers in wild-type or mutant R67 DHFRs, given containing the mutant genes and screened for the ability to

by the following equation confer resistance to trimethoprim. All mutant genes except
< the Q67Y construct provided resistance to the antibiotic at
T+ 2nH™ == 2DH, ) 20 ug/mL. Only the Q67H, 168Q, and Y69H mutant genes

could not confer TMP resistance at TMP concentrations of

tryptophan fluorescence was monitored as a function of pH =50 ug/mL.

on a Perkin-Elmer LS-5B luminescence spectrome2éy. ( The correct molecular masses for the Q67C, 168L, I168M,

The emission spectra for the DHFRs (excitation at 295 nm) and Y69F mutants were confirmed by electrospray ioniza-

were measured from 300 to 450 nm at each pH during thetion mass spectrometry (ESI-MS) on a Thermo Finnigan

titrations. The intensity-averaged emission wavelength, LCQ-DECA ion trap. The correct mutation site was con-

for each emission spectrum was calculated using the equatiorfirmed for each of these mutants by digestion with the
endoproteinase GIuC. The resultant peptide mixtures were

0= () (1) (3) desalted with a C18 ZipTip and directly infused into the ion
) _ _ ) ) trap mass spectrometer. The peptide containing the suspected
wherel is the intensity and is the wavelength27). [Alis mutation site was isolated, and MS/MS was performed to

an integral measurement that is less sensitive to noise. Datgpiain sequence information. To ensure the Q67C mutant
were fit to the following equation despribing t_he _Iinkage did not form a disulfide bond with a symmetry-related
between the tetramer and protonated dimer equilibr@@t ( cysteine residue, an exact mass of the intact protein was
obtained by ESI-MS on an lon Spec Fourier transform-ion
Flugps = { (Flug — Flug)I[H] “ (4KoveraProl[ —1 + cyclotron resonance mass spectrometer. These data and a
(1 + 8Ky eraProd [H] M 4 Flug (4) novel technique for detecting mutation sites in the intact
protein are described in detail in a separate report (manuscript
where Koveran = ([tetramer][HP)/([dimer]H2,?) in units of in preparation). The Q67C mutant had a measured mass of
M, M2, or M3 for n= 1, 1.5, or 2, respectively; Flgis the 8405.15 Da (monomer), consistent with all the cysteines
observed fluorescence; R[luand Fly: are the calculated  being reduced.
limits for dimer and tetramer fluorescence at low and high  Steady State Kinetic AnalysBteady state kinetic data are
pH, respectively; andPy is the total protein concentration  given in Table 1 for mutant and wt R67 DHFRs. All kinetic
in terms of dimer 26). The program SAS (statistical analysis data were obtained at pH 7 with the exception of the data
software) was employed to fit the data using nonlinear for Q67H R67 DHFR. This mutant was constructed and
regression. To facilitate comparison, the data were normal- characterized at pH 8 as previously describ@d).( The
ized by fitting to the equatiofrapp = (Yobs — YpH 8)/(Ypr 5 — kinetic values for the S65A mutant are comparable to those
You 8), WhereFappis a fractional value between 0 and 1 and of wt R67 DHFR. In contrast, the Q67H mutation tightens
Yobs Ypu 8 @ndYpw 5 are the optical values associated with  pinding to DHF and NADPH by 36- and 110-fold, respec-
the observed pH and the pH limits of 8 and 5, respectively. tively. This is the only mutation that tightens binding. The

Circular Dichroism.Circular dichroism spectra of mutant  Q67C mutation weakens binding to both DHF and NADPH
and wt R67 DHFRs in 10 mM KEPO, at pH 5.0 and 8.0 by approximately 9-fold. The 168L and 168M mutations have
were obtained at 22C using an Aviv 202 circular dichroism  similar effects, weakening binding to DHF and NADPH by
spectrometer. The cell path length was 1 cm. Ten spectragpproximately 4- and #9-fold, respectively. The Y69F
were acquired per sample using 1 nm steps and 2 smutation weakens binding to DHF and NADPH by 8- and
integrations, and an averaged spectrum was calculated. Arp0-fold, respectively, while the Y69H mutation weakens
essentially flat buffer baseline scan was then subtracted frompinding to DHF and NADPH by approximately 8- and 60-
the average protein scan. The CD data are described as meafold, respectively.
residue ellipticity by taking 108 Da as the mean residue e changes ibothNADPH and DHFK,, values suggest
molecular mass. the Q67, 168, and Y69 residues play a dual role and
RESULTS contribute to binding of both ligands. Furthermore, since the
[Km@HPpmutanl/[ Kmorrwd  ratio and the KmnaopHmutanl/

The S65A, Q67Y, Q67C, 168M, 168Q, 168L, YEIF, and [KnnaorHywd ratio are mostly similar, these residues display
Y69H mutant genes were constructed and sequenced awery little specificity for DHF versus NADPH binding. For
described above. To evaluate which mutations were mostexample, in the context of 36110-fold tighter binding of
functional,E. colicells were transformed with plasmid DNA ligands in the Q67H R67 DHFR, there is only a 3-fold
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preference for NADPH binding. Also for the Y69F R67
DHFR, in the context of 7.622-fold weaker binding, there
is only a 3-fold preference for DHF binding. The largest
preference observed is a 7.5-fold preference for substrate
binding over NADPH, which occurs in the Y69H mutant.

Effects onk.q are variable and depend on the residue and
the particular substitution. No significant effects are observed
for the S65A mutant, while for the Q67 mutants, a loss in
activity is observed. Since substantial substrate and cofactor
inhibition is observed for the Q67H mutant, Ks, value is
given at pH 8 and is derived by global fitting of kinetic data
by FITSIM (24). For wt DHFR, k., at pH 8 is 8.8 min?,
indicating a 6.8-fold decrease in activity is associated with
the Q67H mutation. For the Q67C mutant, a 13-fold decrease T T T T
in keatis observed when compared to that of wt R67 DHFR
at pH 7. A Q67Y mutant was also constructed; however,
protein production levels were low, and the gene did not
confer TMP resistance upon hdst coli, implying dimin-
ished catalytic efficiency. For the 168 mutants, the 168M
substitution has a slightly larger effect &gn;with an 8-fold
decrease, while the 168L mutant exhibits an only 4.2-fold
decrease. An 168Q mutant was constructed; however, the
ability of the gene to confer TMP resistance was minimal,
and an initial protein purification gave low yields with G
marginal activity, suggesting less conservative substitutions 0 2 4 6 8
decrease catalytic activity more dramatically. For Y69 [NADPH] / [168L DHFR]
substitutions, the Y69F mutant was conservative and resultede, ; . ». |1¢ fitration involving NADPH binding to 168L R67
in a 2-fold enhancement &, However, the Y69H mutation  pHFR. Panel A shows the series of peaks generated from the heat
decreasedt., approximately 90-fold. These results indicate liberated upon NADPH binding. As the protein approaches satura-
the binding surface contributed by residues—68 is tion, less of each subsequent addition is bound, so the peaks
involved n stablization of he transiton sate B hona s hacl o e s o e s

A low level of substrate 'nh'b't'on was Observed, for the_' C(i‘a?:tor/protein tetramer molar rat?o. The smooth line shows the
I68L mutant, and a more noticeable level was associated withfit to the data for a model which describes ligand binding to two
the 168M mutant. These observations indicate that the ternaryinteracting sites exhibiting negative cooperativity. Average values
complex may be slightly different in these mutants and/or for KsandAH are given in Table 2. Note the heat associated with
the degree of cooperativity between ligands may have the first peak in panel A was not included in panel B or in the data
changed. analysis.

ITC. To determine the effect of selected mutations on
ligand binding and cooperativity, isothermal titration calo-
rimetry was employed to monitor NADPH binding. Best fits

Time (min)

(=]

50 100 150 200
— r ' 1 1 v 1

0.0 1

-0.5 1 b

pcal / sec

-1.57

kcal/ mole of injectant

Table 2: Comparison dfq4 Values Describing Binding of NADPH
to R67 DHFR Variants at pH 8.0 Monitored by ITC

of wt R67 DHFR data indicate it binds two NADPH  DiFRspecies  Ky(uM)  KelKe (calimol) experiments
molecules, with negative cooperativitg)( Figure 2 shows  \re7 priFp 251015 38 —86L002 5

a representative ITC titration between 168L R67 DHFR and 95+ 4 —5.8+£25

NADPH. Best fits of the data for all the mutants, which yield S65A R67 DHFR 3.6:0.05 30 —9.1+0.06 2

Kq values as well as th&H associated with binding of oo e 0_02971 8:808 03 :471:218:‘11(2) 5
NADPH, are given in Table 2. All the mutants display 0.62+ 0.11 —25+0.40

negative cooperativity between two bound NADPH mol- 168L R67 DHFR 23+2.1 23 -5.640.12 2
ecules. Except for Q67H R67 DHFR, all mutants display 520+ 54 —46+035

weaker affinity for NADPH in comparison to the wt values. oo Re/ PHFR 491& %51 3t ii;?i 8:83 ?

Finally, the difference in affinity between the two bound

NADPH molecules remains relatively the same (from a 38-
fold difference between wt sites to a 23-fold difference
between Q67H and 168L sites). This latter observation
indicates the cooperativity between two bound NADPH
molecules is not affected much by the mutations.

Gel Filtration. To eliminate the possibility that the changes
in catalytic efficiency described above might be due to
alterations in the oligomeric state of the mutant R67 DHFRs,

aThe ITC fit reports microscopic constants @ndky); however,
the K4 values below are the macroscopic constaktsandKy). The
statistical relationship between microscopic and macroscopic constants
is Kq1 = Y2kg1 andKqz = 2kq (28). Values reported for all mutants are
fit to an interacting sites model which sets the ligand stoichiometry at
2.0.° From ref6. ¢ From ref24.

an FPLC Superose 12 column as a dimer, and at pH 8.0, it
elutes as a tetramer. The mutant proteins have estimated

their elution patterns at pH 5 and 8 were analyzed using molecular masses similar to those of wt R67 DHFR at pH
molecular sieving chromatography. Values corresponding to 5.0 and 8.0. The amino acid sequence predicts molecular
the estimated molecular mass of mutant and wt R67 DHFRsmasses of 16 860 and 33 720 Da for dimeric and tetrameric
are shown in Table 3. At pH 5.0, wt R67 DHFR elutes from R67 DHFR, respectively2@). Abberant molecular mass
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Table 3: Calculated Molecular Masses for R67 DHFRs As
Determined by Molecular Sieving Chromatography

MW (Da)

DHFR species pH 8.0 pH 5.0
wt R67 DHFR 40006t 990 26000+ 920
S65A R67 DHFR 4000&: 600 26000+ 300
Q67C R67 DHFR 41008 110 29000+ 230
168L R67 DHFR 4300Qt 980 29000+ 930
168M R67 DHFR 42000t 160 27000+ 950
Y69F R67 DHFR 4300@- 990 26000+ 920
Y69H R67 DHFR 4000G: 760 28000+ 620

1.0 4
0.8
0.6

app

0.4 +
0.2

0.0

pH

Ficure 3: pH titration of R67 DHFRs monitored by fluorescence.
The intensity-averaged wavelengtid[] for wt and Y69F R67
DHFRs © and0O, respectively) was monitored as a function of
pH. The protein concentration of wt and Y69F R67 DHFRs was 2
uM. The data were each fit to eq 4, and best fit values are listed in
Table 4. For ease of comparison, data were convertéglo

Table 4: Best Fit Values for the pH-Dependent Dissociation of
Tetramer into Two Dimers As Monitored by Fluorescence

Koverall (:Kazn/Kd) for
n= 3in units of M

1.2x 103+ 4.00x 107
22k 1018+ 4.14% 107
5.73x 1071+ 1.62x 10714
1.04x 1008+ 7.12x 1071
4.7% 10%+1.13x 10713
2.02< 10718+ 8.12x 107

DHFR species

wt R67 DHFR
S65A R67 DHFR
I168L R67 DHFR
168M R67 DHFR
Y69F R67 DHFR
Y69H R67 DHFR

estimates determined by gel filtration are not unusual as they,

hydrodynamic volume or shape of the molecule as well as
the size affects elutior2Q).
pH Titration of Tryptophan Fluorescencgo examine any

subtle effects the mutations might have had on the tetramer

to two dimers equilibrium, steady state tryptophan fluores-
cence was monitored as a function of pH. Symmetry-related
H62, H162, H262, and H362 residues located at the dimer
interfaces are involved in stabilizing tetrameric R67 DHFR.

Titration of these residues results in tetramer destabilization
and protonated dimer formation. Since W38 also occurs at
the dimer-dimer interfaces, tryptophan fluorescence can be
used to monitor whether the W38 environment is solvent-
exposed (dimer) or buried in a hydrophobic environment
(tetramer).

The pH titration data for mutant and wt R67 DHFRs are
listed in Table 4. TheKoeran Values for each mutant are
similar to those for wt R67 DHFR with the best fit occurring
whenn = 3, wheren corresponds to the number of protons
added to the dimerdimer interfaces resulting in dissociation.
To aid comparison, the data were convertedrg, values,
and the profiles for the wt and Y69F mutant DHFRs are
shown in Figure 3. Minimal changes might be expected for
the 168 and Y69 mutants as they are not near the dimer
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Ficure 4: Assessment of secondary structure in R67 DHFRs by
CD. Panel A displays the scans of various representative DHFRs
at pH 8 where the proteins are tetrameric: wt R67 DHFR, (
Q67C R67 DHFR {--—), 168L (— — —), and Y69H R67 DHFR
(—-—). Panel B displays the scans at pH 5 where the proteins are
dimers: wt R67 DHFR <), Q67C R67 DHFR +{--—), 168L
(= — —), and Y69H R67 DHFR<-—). Data are presented as the
mean residue ellipticityd, by taking 108 Da as the mean residue
molecular mass.

dimer interface. Q67 is, however, at the bottom of the
dimer—dimer interface, and mutation of this residue could
alter the stability of the tetramer. THey, plot for Q67H
shows that the mutation slightly destabilizes the tetra@@r (
Alteration (or removal) of the Q67Q367 interactions by
the Q67H mutation may be the mechanism of destabilization.
In this study, the data for the Q67C mutant visually appeared
to display a titration (data not shown); however, since the
overall signal change was small and pre- and post-transition
slopes were present, the fitting program could not obtain a
fit with reasonable errors. Thus, quantitation of H&eral

for the Q67C mutant was not obtained. For the other mutants,
e Fapp plots clearly show that the mutations minimally
perturb the tetramer to two dimers equilibrium.

Circular Dichroism.To evaluate the effect of the mutations
in the active site pore on the overall secondary and tertiary
structure of R67 DHFR, CD spectra were obtained at pH
5.0 and 8.0 and are depicted in Figure 4. For most cases,
smaller signals are observed for the mutants than for wt,
particularly at pH 5. The CD data are consistent with the
protein being folded and alteration of the conformation (i.e.,
oligomerization state) as a function of pH. The differences
in the CD signal may reflect subtle changes in the structure
and/or different contributions of aromatic groups to the signal
due to altered local environments associated with the
mutations 80).

DISCUSSION

The S65, Q67, 168, and Y69 Residues Comprise 47% of
the Binding SurfaceSingle mutations in the R67 DHFR gene
result in four mutations per homotetramer. Since R67 DHFR
possesses a single active site pore, the effect of four
concurrent mutations on the ligand binding surface can be
profound. For example, the cumulative effect of four
mutations at either K32, W38, or H62 at the dimeimer
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interfaces results in destabilization of the tetramer such thatdepending on the extent of interaction between ligands. Thus,
only dimers are formed3(—33). For the mutations in the these studies also address the relationship between ligand
study presented here, the S65 residues contribute 5% of thecooperativity and symmetry effects in R67 DHFR.
binding surface, Q67 residues 14%, 168 residues 19%, and The effects of symmetry and interligand cooperativity can
Y69 residues 9%. The total surface area (Connolly) contrib- be unrelated if the binding sites are separate. For this simple
uted by the S65, Q67, 168, and Y69 residues is 47% of the situation, a mutation should alter bolty values equally.
total available (generated from residues 32, 36, 46, artl 64 However, if the ligands interact when bound, then symmetry
69). Thus, large effects on ligand binding may be expected effects and ligand cooperativity are expected to show some
for mutations at these residues. degree of linkage. This is especially true if the ligands bind
A corollary of four mutations occurring simultaneously near the center of the active site pore near the 222 symmetry
per active site pore is that mutations most likely need to be operator. For the case of negatively interacting sites, typified
conservative to not have very profound effects on protein by NADPH binding, the first NADPH is proposed to bind
structure and/or function. For example, the Y69F mutant is and cross the center of symmetry in R67 DHFaR. (This
quite active, while the Y69H mutant is not. In a second results in loss of a symmetry-related site and a weakened
example, the 168L and 168M mutants have similar steady affinity for the second NADPH molecule. The effects of
state kinetic values, and both are less efficient than wt R67 mutations on this model rely on steric hindrance, so if the
DHFR. However, the 168Q mutant gene only conferred position of the NADPH bound first is not drastically altered
resistance to a low level of TMP, and from an initial by the mutation, minimal effects on NADPH cooperativity
purification of the 168Q mutant protein, it was clear that its may be expected. If the position of the NADPH bound first
activity level was quite low (data not shown). is greatly altered, the position of the NADPH bound second
How Can the Effect of the Mutations Be Understoda?  could also be altered, and this difference reflected by a larger
E. coli chromosomal DHFR, mutations in the DHF binding change irkq. That the cooperativity between bound NADPH
pocket affect DHFKy values by 1706-0.5-fold, while Kq molecules changes minimally in our series of mutants
values for NADPH are concurrently altered 3-3845-fold suggests the relative position of the bound NADPH pairs
(34 and references therein). The general trend observed inmust not be too drastically altered with respect to each other.
these mutants is that DHF, but not NADPH binding, is  The extent of linkage between symmetry and cooperativity
affected. A similar trend is observed for mutations in the between NADPH and DHF can be broached by considering
NADPH binding pocket with up to 23-fold increases for the steady state kinetic data. When binding is assessed using
NADPH Ky values, while DHFKq values are altered by up  the kinetic data in Table 1, the Q67, 168, and Y69 mutations
to only 4-fold. These results indicate the effects of the can be seen to alté, values for both NADPH and DHF.
mutations are mostly local, and focus on the ligand whose The Y69F mutant displays 8-foldeakerbinding to DHF
contacts are disrupted. Lesser to no effects are observed o@nd 22-foldweakerbinding to NADPH than wt. In contrast,
binding of the second ligand. when compared to wt values, the Q67H mutant displays 36-
In contrast to the above effects of mutations in chromo- and 110-foldtighter binding to DHF and NADPH, respec-
somal DHFR, R67 DHFR shows a different pattern. The tively. In the context of these changeskn, which vary by
symmetry in R67 DHFR dictates that the effect of a mutation Up to 3 orders of magnitude, the ability of the mutations to
on a binding site must be paralleled by a similar effect at preferentially alter NADPH versus DHF binding appears to
the symmetry-related sites. This is most clearly seen in thebe marginal. For example, the Q67H mutathances
ITC data which monitor binding of two NADPH molecules. NADPH binding (compared to DHF) by only 3-fold, while

From an examination of the binding data in Table 2, the
mutations at Q67, 168, and Y69 clearly alter both NADPH
binding events. For the Q67H mutant, both NADPH mol-

the Y69F mutantwweakenNADPH binding (compared to
DHF) by 3-fold. The I68L and 168M mutants all have an
approximately 2-fold preference for DHF binding, while the

ecules are bound approximately 100 times mtaghtly.3 In Y69H mutant has a 7-fold preference for DHF binding.
contrast, for the 168L mutant, both NADPH molecules are Agdain, while changes are observed, the differential effects
bound approximately 10 times momseakly While the they have on binding one ligand versus the other are orders
effects of the various mutations on tKg values range over ~ Of magnitude lower. However, in contrast to the ITC data,
3 orders of magnitude, the difference in affinity between the Which essentially showed no change in the cooperativity
bound NADPH pairs is barely altered. A ratio Kf, (for between two bound NADPH molecules, the kinetic data
the second NADPH) tdq; (for the first NADPH) ranges ~ hint at some minimal alterations in cooperativity between
from a 23-fold (Q67H and 168L) to a 38-fold difference (wt). NADPH and DHF.
An effect on theKy/Kg; ratio that is this small suggests the The issue of whether the mutations exert their effect by
mutations influence the affinity for NADPH at both sym- affecting both the NADPH and DHF binding sites or by
metry-related sites to an equal extent. affecting the cooperativity between ligands may be a moot
The ratio of Ky to Kg for pairs of bound NADPH point if cooperativity is an important component in catalysis
molecules may also be considered a measure of the Coopfor this enzyme. Consider a multipoint attachment model to
erativity between bound NADPH molecules. This alternative, describe ligand binding3@). In this model, at least three
linked point of view states that when binding of one ligand Points are required to bind the ligand with sufficient

is altered, binding of the second ligand may also be changeduniqueness for a reaction to display stereospecificity. A two-
point attachment would allow rotation and result in racemic

product mixtures. If numerous attachment points in R67
DHFR involve NADPHDHF interactions, then cooperativity
is an essential part of the mechanism. The resulting transition

3 Tighter binding for the Q67H mutant may arise from stacking
interactions between the imidazole ring and the folate pteridine ring
(or the NADPH nicotinamide ring)36—37).
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Ficure 5: Thermodynamic analysis of binding. Panel A shows a
plot of TAS vs AH for various mutant R67 DHFRs and various
ligands. Values for NADPH binding to the mutants described in
this study are given b®. Values for binding of various ligands to
wt R67 DHFR were taken from re, while values for binding of
various ligands to Q67H R67 DHFR were taken from gef
Twenty-three different data points are given. The slope of the line
is 0.90, and the correlation coefficient is 0.82. Panel B shows a
plot of AH vs AG where there is no correlation.

state in R67 DHFR requires some degree of interaction
between the pteridine ring of DHF and the nicotinamide ring
of NADPH. This view would be more consistent with an
endoconformer of the transition state (where the nicotina-
mide ring overlaps the more bulky side of the pteridine ring)
than with anexo conformer (with minimal overlap of the
pteridine and nicotinamide ring89, 40). Theendotransition
state for DHFR has been shown to be&kcal/mol more
stable than theexo transition state due to the inter-ring
interactions41). Theexomodel describes the transition state
associated with chromosomgl coli DHFR as this active
site constellation constrains how ligands bind and funnels
the transition state toward tlexoconformer. In contrast to

Biochemistry, Vol. 40, No. 38, 200111351

Alteration of the ligand or the enzyme can be expected to
result in different degrees of hydrogen bonding and van der
Waals contacts which in turn can alter the degrees of freedom
of the ligand and amino acid side cha#B(44). The former
would affectAH and the latteTAS. Solvent reorganization
may be involved in the effects of different ligands and mutant
enzymes onAH and TAS (45, 46). Finally, any proton
exchange between enzyme and buffer to which ligand
binding may be coupled could also be perturbed by use of a
different ligand or a different mutant and result in a
concomitant change in the thermodynamics of ligand binding.
With these caveats in mind, one observation from Figure 5
is that most of the wt interactions’] are enthalpically driven,
while most of the mutant interaction® @ndd) possess both
enthalpic and entropic contributions. In addition, the most
negativeAH values arise during binding of two ligands per
active site pore in the wt enzyme (R67 DHERIF-NADP™,

R67 DHFR2folate, and R67 DHFRCB3717), providing
some support to the notion that liganligand interactions
may be important to binding and, ultimately, catalysis.

What Are the Roles of the S65, Q67, 168, and Y69
ResiduesTrom the steady state kinetic analyses, it is clear
that the Q67, 168, and Y69 mutations affect bath and
keatvalues. The S65 mutant did not alter kinetic or ITC values
significantly, indicating it does not interact directly with
ligands. Alternatively, from the docking results using SLIDE,
S65 may interact indirectly with ligands through an inter-
mediary water molecule, and perhaps the S65A substitution
is not sufficient to perturb the water structure.

There are several patterns observed for mutations at Q67,
168, or Y69. The most benign mutation is Y69F, as kag
is slightly enhanced while thea/K, is decreased. This result

those for chromosomal DHFR, the results obtained in theseindicates that Y69F destabilizes both the ground and transi-

mutagenesis studies are consistent witreadomodel for
the transition state in R67 DHFR. Interligand NOE NMR
data also favor this mode#®) as do docking studies focused
on generating a ternary complex model by Howell et al.
(manuscript submitted for publication).

How Unigue Are the NADPH and DHF Binding Sites?
Using computer docking algorithms, a model of the R67
DHFR-NMN-Foll ternary complex has been proposed (E.
E. Howell et al., manuscript submitted for publication). Using
a symmetry operation to overlap the two proposed binding
sites indicates that the nicotinamide ring of NADPH occupies
a position very similar to that of the N5- and N8-containing
ring of the pteridine ring of folate. This partial overlap of
sites also predicts that the mutations will have effects on
binding both DHF and NADPH.

Enthalpy-Entropy CompensationBinding of NADPH
produces exothermic ITC isotherms for all the mutants. From
the Ky values given in Table 2, values fakG can be
calculated using the relationshipG = —RT In K,, where
K, is the association constant and equalksglFrom this,
TAS can be calculated from the relationshiyes = AH —
TAS A plot of AH versusTASis reasonably linear as shown
in Figure 5, while a plot oAH versusAG shows no trends
(Figure 5B). Additional data points describing binding of
DHF, folate, CB3717 (a folate analogue), and NADIA

tion states, although the former more than the latg8).(
This behavior minimally corresponds to a “uniform binding
effect” and may indicate a slight “enhancement of an
elementary step’4(7). All the other mutations (except Q67H)
show decreasekl,; values and even greater decreasdg h

Km values. These results indicate destabilization of the ES
complex and even greater destabilization of the transition
state. This would correspond to a “differential binding effect”
(47). The last mutational pattern occurs with the Q67H
mutant. Tighter binding to NADPH and DHF is observed
as well as a decreaség; value @4). While tighter binding

of NADPH and DHF in the Q67H mutant may imply ligand
binding in wt R67 DHFR involves some degree of ground
state destabilization, the concurrent tighter binding of ligand
at the symmetry-related sites results in substantial cofactor
and substrate inhibition.

Is R67 DHFR a Primitte Enzyme®ur results indicate
R67 DHFR provides a very different active site constellation
than chromosomal DHFR or most other enzymes. The 222
symmetry of the structure, combined with the single active
site pore, generates an unusual approach to catalysis. One
consequence of this symmetry is that the presence of four
symmetry-related mutations can profoundly affect catalysis.
Therefore, it is difficult for this enzyme to acquire mutations
that facilitate catalysis and evolve to a high efficiency. Also

various binary and ternary complexes are also shown for wt linked to the symmetry is the proposal that interligand

and Q67H R67 DHFRs (data taken from r&sand 24).
These additional points strengthen the linear correlation
betweemM\H andTASas well as extend the observable range.

cooperativity may be quite important in binding. The ability
of the ligands to interact may somewhat mitigate the
necessity of the ligands to bind to unique sites in the enzyme.
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Instead, the enzyme appears to possess a binding hot spot21.
that can accommodate (with some degree of overlap) both 22.

folate and NADPH. Finally, the above data are consistent
with the notion that R67 DHFR utilizes aandoconformer
of the transition state, involving cooperativity between

ligands during binding. All these observations suggest R67

DHFR is a good model for a primitive enzyme.
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