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ABSTRACT:. R67 dihydrofolate reductase (DHFR), which catalyzes the NADPH dependent reduction of
dihydrofolate to tetrahydrofolate, belongs to a type Il family of R-plasmid encoded DHFRs that confer
resistance to the antibacterial drug trimethoprim. Crystal structure data reveals this enzyme is a
homotetramer that possesses a single active site pore. Only two charged residues in each monomer are
located near the pore, K32 and K33. Site-directed mutants were constructed to probe the role of these
residues in ligand binding and/or catalysis. As a result of the 222 symmetry of this enzyme, mutagenesis
of one residue results in modification at four related sites. All mutants at K32 affected the quaternary
structure, producing an inactive dimer. The K33M mutant shows only-4ld effect onK, values.

Salt effects on ligand binding and catalysis for K33M and wildtype R67 DHFRs were investigated to
determine if these lysines are involved in forming ionic interactions with the negatively charged substrates,
dihydrofolate (overall charge of 2) and NADPH (overall charge of 3). Binding studies indicate that

two ionic interactions occur between NADPH and R67 DHFR. In contrast, the binding of folate, a poor
substrate, to R67 DHFRIADPH appears weak as a titration in enthalpy is lost at low ionic strength.
Steady-state kinetic studies for both wild type (wt) and K33M R67 DHFRs also support a strong electrostatic
interaction between NADPH and the enzyme. Interestingly, quantitation of the observed salt effects by
measuring the slopes of the log of ionic strength versus the ldg.ffn plots indicates that only one

ionic interaction is involved in forming the transition state. These data support a model where two ionic
interactions are formed between NADPH and symmetry related K32 residues in the ground state. To
reach the transition state, an ionic interaction between K32 and the pyrophosphate bridge is broken. This
unusual scenario likely arises from the constraints imposed by the 222 symmetry of the enzyme.

Dihydrofolate reductases (DHFRsjre ubiguitous en- The crystal structure of R67 DHFR was previously solved
zymes that catalyze the NADPH dependent reduction of 5,6- by Narayana et al.2j. Each monomer is a five stranded
dihydrofolate (DHF) to form 5,6,7,8-tetrahydrofolate (THF). S-barrel consisting of 78 amino acids that self-associate to
The formation of THF is important since it is a precursor form the active tetramer. R67 DHFR contains a single active
for purine nucleosides, methionine, and many other metabo-site pore formed from each of the four identical subunits
lites (1). Thus, inhibition of this enzyme results in disruption (Figure 1). This pore possesses 222 symmetry and contains
of DNA synthesis and consequently cell death. Trimethoprim four possible binding sites. Because of steric constraints, the
(TMP) is a clinically important inhibitor of bacterial DHFRs.  pore can only accommodate two ligands simultaneously. Two
However, R67 DHFR, a type Il R-plasmid encoded DHFR, folate molecules were observed by time-resolved fluores-
confers resistance to TMP upon its hosts. This enzyme hascence anisotropy and isothermal titration calorimetry (ITC)
no sequence or structural homology to other known DHFRs. data to bind in the pore. ITC also revealed that only two
Therefore, to gain more insight into the catalytic mechanism NADPH molecules bind in the por&); The active ternary
of this enzyme, the role of ionic interactions in ligand binding complex consists of one molecule of NADPH and one
and catalysis was investigated. molecule of DHF. Preferential formation of the active
complex occurs due to negative cooperativity in binding

T This work was supported by NSF Grant MCB-0131394 (E.E.H.). between NADPH molecules and positive cooperativity
63Bé?olgrenf§i?n?2iﬂ% ?Jttllt(hgé.u Phone: (865) 974-4507. Fax: (865) 974- pbetween DHF and NADPH molecule3)(

* P'resent éddress: Upstéte Inc., 706 Forest St., Charlottesville, VA Beqau_se of the Symm.etry of R67 DHFR’. the active site
22903, pore is lined with a limited number of residues that can

! Abbreviations: R67 DHFR, R67 dihydrofolate reductase; DHF, participate in catalysis including lysine 32, tyrosine 46,

namide adenine dinucleotide phosphate (reduced); PABA-glu, para- ' ' . ’

aminobenzoic acid tail of folate; TMP, trimethoprim; wt, wild-type;  ©6» @nd tyrosine 692). Lysine 32 (K32) in each monomer
MTA buffer, 100 mM Tris, 50 mM Mes, 50 mM acetic acid polybuffer; IS located near the dimedimer interface. The side chain

u, ionic strength; TE buffer, 10 mM Tris, 1 mM EDTA. Mutant  NZ atom of K32 participates in hydrogen bonds with the
enzymes possessing amino acid substitutions are named by the W”d'backbone carbonyl groups of serine 34 and alanine 36 in a
type residue and the numbered position in the sequence. This enzyme . .
is a homotetramer when a single residue is mentioned: all four related SYmmetry related monomeg)( The orientation of the K32

residues are implied. residue in each monomer is such that the side chain projects
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generate mutations in the R67 DHFR gene corresponding
to the amino acid positions 32 and 33 using the Stratagene
QuikChange Mutagenesis Kit were as follows'G&GT-
GACCGCGTACGRAA AAATCCGGAGCCGCC3(K32A),
5GGGTGACCGCGTACGAGGAAATCCGGAGCCGCC-

3 (K32R), BGGGTGACCGCGTACGTAGAAATCCG-
GAGCCGCC3(K32Q), BGGGTGACCGCGTACGATGA-
AATCCGGAGCCGCC3(K32M), and BGGGTGACCGC-
GTACGTAAGATG TCCGGAGCCGCC3(K33M).

Mutants were verified by automated fluorescence DNA
sequencing at the University of Tennessee DNA Sequencing
Facility using an ABIPRISM Dye Terminator Cycle Se-
guencing Kit from Perkin-Elmer. Subsequently, R67 DHFR
mutants were transformed into the SK383 straitestheri-
chia coli for protein expressiong( 7).

Protein Purification. Mutant R67 DHFR genes were

Ficure 1: The active homotetrameric form of R67 DHFR is formed ; i ;
by the self-association of four identical subunits, A (blue), B (green), teXFlJrfssetdi.and thehpmtel.n V.\II_%S pur&fgd ftr Egn;:? (2 gro;/r\]ln
C (magenta), and D (red). K32 and K33 residues are shown in 0 late stationary phase In medig) @ in the

CPK format, and one set of the symmetry related residues arepresence of 20@g/mL ampicillin and 2Qug/mL trimetho-
labeled at the lower right. The side chain of K32 projects into the prim (TMP). K32M mutants were sensitive to the presence
active site pore, while K33 is located on the surface of the protein of TMP and therefore were first grown to visible turbidity
with its side chain projecting away from the active site pore. TWO hagre TMP addition. Purification was achieved by a series
K32 and two K33 residues occur on one end of the pore pointing . - .

toward the viewer (lower right and upper left), while two symmetry  Of Steps including G-75 Sephadex, DEAE-Fractogel, and
related pairs occur on the other end of the pore, pointing away. Hi-Q column chromatography. The final step of the purifica-
The position of the ligands in the central pore is shown in stick tion procedure consisted of FPLC column chromatography
format. The pteridine ring of folate (bottom) comes from the crystal sing a Mono-Q anion exchange column. Purified protein

structure ) while that of the NMN moiety of NADPH (top) derives : : P .
from docking studies4). Carbon atoms are shown in green, oxygen was dialyzed into deionized water and lyophilized for storage

atoms in red, nitrogen atoms in blue, and phosphate in magenta & —20 °C. o ) _
Molecular Sieing Studies.To determine the apparent

into the active site pore and has the potential to participate molecular weights of the K32A, K32M, and K33M mutant
in ligand binding and catalysis (Figure 1). One proposed role proteins, gel filtration using a Superose 12 (HR—BD)
of K32 is an ionic interaction with the'phosphate off the  column on a Pharmacia FPLC was performed &€ 4These
AMP ribose ring of NADPH (ref4 and N. Narayana, studies were conducted at both pH 8 and pH 5 in MTA buffer
personal communication). To understand the role of the K32 (50 mM Mes, 100 mM Tris, 50 mM acetic acid). This buffer
residues in ligand binding, this residue was mutated to maintains a constant ionic strength=t 0.15) from pH 4-10
alanine, arginine, glutamine, and methionine. These muta-(9). TheK,, = (elution volume— void volume)/(bed volume
tions were made to either eliminate the possibility of anionic — void volume) was calculated for protein standards from
contact with the substrates and/or to vary the potential for the Pharmacia Gel Filtration Calibration Kit to generate a
hydrogen bonding. standard curve from which the molecular weight of the R67
Lysine 33 (K33) is located on the surface of the enzyme DHFR variants was determined.
with its side chain projecting away from the protein (Figure  pH Dependence of Oligomeric Staleyptophan residues
1) (). K33 was also mutated to the nonpolar uncharged were used to monitor the intrinsic fluorescence of the lysine
residue, methionine. Since K32 and K33 are the only chargedmutants as compared to wild-type protein to determine the
residues near the active site pore of wt R67 DHFR, pH dependent tetramer to dimer equilibrium. The model for
mutagenesis of these residues to methionine allows inves-—the pH dependent equilibrium of R67 DHFR is
tigation of their importance in forming ionic interactions with

the substrates NADPH and DHF. If these residues are + Koverai

involved in an ionic contact(s) with the negatively charged T+ 2nH" =— 2DH, 1)
substrates, then their replacement should result in weaker

binding. where T is tetramer, D is dimer, DHs protonated dimer,

The importance of K32 and K33 in binding and catalysis andKoveran €qualskK2/Kq. This model is based on the find-
is also illustrated by their conservation in type Il DHFRs ings of Nichols et al. 10), where dissociation of the tetra-
(5). Additionally, both K32 and K33 are proposed by Delphi, mer into dimers is linked to the protonation of sym-
a finite-poisson difference solver, to be involved in generating metry related H62 residues located at the dirgimer
a positive electrostatic potential at the active site that attractsinterfaces.
the negatively charged substrates (NADPH and DHF) and Fluorescence measurements were made using a Perkin-

facilitates binding 4). Elmer LS-5B spectrometer interfaced to an IBM PS/2
computer. Tryptophan residues were excited at 295 nm, and
MATERIALS AND METHODS emission was monitored from 300 to 450 nm using\

MutagenesisA synthetic R67 DHFR gene, cloned into a wt, K32M, or K33M R67 DHFRs in MTA polybuffer. Each
pUCS8 vector 6), was used for PCR mutagenesis reactions. sample was titrated with small aliquots DN HCI, and the
The oligonucleotide primers for the coding strand used to pH was measured over the range of pH43 The intensity
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averaged emission wavelengthi[] for each emission
spectrum was calculated using

a0= Y (LAY (1) (2)

where | is intensity, andl is the wavelength 1(1). The
fluorescence data were fit to eq 5 in Nichols et &0)(using
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linear regression analysis performed by SA®)( The

extinction coefficients used were 28 000 Mcm™! at 282

nm for DHF (17), 6220 Mt cm™* at 340 nm for NADPH

(18), and 12 300 M* cm™* at 340 nm for the reactiori).
Kinetic analysis was also performed to determine ionic

strength effects on the steady-state kinetic parameters for

wt and K33M R67 DHFRs. These assays were conducted at

a nonlinear regression subroutine of the Statistical Analysis 30 °C in TE buffer, pH 7 & = 0.02) with NaCl added to

Systems package (SAS, Cary, NC). Finally, fitting to the
following equation normalized the data:

s YpHB)/(YpH4 B YpHS) ©)

whereFqp, is a fractional value between 0 and 1, arigs
Ypre, and Yous are the optical values associated with the
observed pH and with the pH limits of 8 and 4, respectively.
This same analysis was performed withu[® wild-type
R67 DHFR in MTA buffer pH 8 ¢ = 0.15). NaCl was added

I:app = (Yob

adjust the ionic strength to 0.15, 0.22, 0.32, and 0.42. Salt
effects were also examined using NaFf{om 0.1 to 0.62)
and NaSCNg from 0.1 to 0.18). Salt effects were also tested
with wt R67 DHFR using the alternate cofactor, NADH.
Kinetic assays were monitored at 360 nm to allow the use
of higher ligand concentrations to bracket tg values.
Extinction coefficients at this wavelength were calculated
as 2630 M* cm™ for DHF, 4020 M? cm™! for NADH,

and 5020 M cm™* for the reaction.

to adjust the ionic strength to 0.25, 0.5, and 0.75 to determineRESULTS

salt effects on the pH dependent oligomerization of wild-
type R67 DHFR.

Fluorescence Quenchinginding of NADPH to 2.5«M
R67 DHFR was monitored in TE buffer (10 mM Tris, 1 mM

Effects of Mutations: Molecular Sitng Studies.The
K32A, K32M, K32Q, and K32R mutants provided minimal
resistance to TMP, while the K33M mutant readily allowed
cell growth in media containing TMP. TMP sensitivity has

EDTA, pH 7) using tryptophan fluorescence as per Zhuang previously been observed in mutants that destabilize the

et al. (12). Data were fit to
Fl=F, — 0.5 [Py + Kyt Ligi —
[( Pt Kg + Ltot)2 - 4Pt0tLtot)1/2] (4)

where Fl is the observed fluorescence; is the total ligand
concentration, an®, Kg, andF, are variables describing

active homotetramed(, 20). Therefore, the oligomeric state
of each purified mutant protein was analyzed by the elution
pattern on a molecular sieving column at pH 8 and 5. At pH
8, wt R67 DHFR elutes as a tetramer; however, at pH 5, wt
R67 DHFR elutes as a dimet. The K32M and K32A
mutants have approximate molecular weights at both pH 8
and 5 that correspond to the dimeric form of R67 DHFR

the number of enzyme binding sites, dissociation constant, (data not shown). Since K32 occurs near the dintkémer

and fluorescence vyield per unit concentration of enzyme,

respectively 13).

Isothermal Titration CalorimetrylTC experiments with
NADPH or folate as titrant were performed in TE buffer
pH 7 at 28°C in the presence of NaCl to adjust the ionic

interface, these four symmetry related mutations have a
cumulative effect and destabilize the tetramer. In contrast,
the K33M mutant has similar estimated molecular weights
at pH 8 and 5 to wt R67 DHFR, suggesting that it maintains
the homotetrameric form over the pH ranges of our experi-

strength. Protein concentrations used for these experimentsnents.

varied between 100 and 150M. Binding affinities and

pH Dependence of Oligomeric Stafieo provide a more

enthalpies associated with binding were measured as previ-quantitative evaluation of the effect of the mutations on the
ously described3). Binding of NADPH or folate to wt R67  tetramer to dimer equilibrium, tryptophan fluorescence was
DHFR was measured using a Microcal VP isothermal monitored as a function of pH. Specifically, the tryptophan
titration calorimeter. The data were collected by an IBM 38 (W38) residues that occur at the dimeimer interface

personal computer running DSCITC Software and were fit can be utilized to monitor changes in the local environment
using Origin version 5.0 software. Baseline correction of the since in the tetrameric form of R67 DHFR these residues
data was performed by injecting ligand into buffer. ITC was are buried in a hydrophobic environment, whereas in the

also done with the K33M mutant to determine thel and
the associately values for NADPH binding in MTA buffer
pH 8. Finally, binding of folate to a 1:1 mix of R67 DHFR/

dimeric form of R67 DHFR these residues are solvent
exposed. This equilibrium is linked to the protonation of
histidine residues. Titration of the four symmetry related

NADPH was performed at 13C (in TE buffer, pH 7) as histidine 62 residues located at the dimdimer interfaces
previously reportedd). Instrument design and operation are results in protonation and destabilization of the tetramer into
explained by Wiseman et all4). dimers (0).

Kinetic Analysis Steady-state kinetic data for the K33M pH titrations for wt, K32M, and K33M R67 DHFRs are
mutant were obtained using the computer program UVS shown in Figure 2A. The wt and K33M enzymes show a
(Softways) on a Perkin-Elméli3a spectrophotometer inter- titration consistent with a tetramer (pH 8) to two dimers (pH
faced with an IBM PS/21(5). Kinetic assays were performed 5) transition. In contrast, the K32M (and K32A not shown)
at 30°C in MTA polybuffer pH 7. The kinetic parameters mutant does not, consistent with it remaining dimeric
Kmonr, Kmnapphy, andkea were determined under subsatu- throughout this pH range. The pH titration data for wt and
rating conditions by maintaining a constant concentration of K33M R67 DHFRs were fit 10), and best-fit values are
one ligand while varying the concentration of the other given in Table 1. Th&qyeran Value for the K33M mutant is
ligand. This was done at five or more different subsaturating similar to that for wt R67 DHFR, where the best fit occurs
ligand concentrations. Data were globally fit using a non- with 2n = 3, and 2 represents the number of protons added
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Ficure 2: pH titrations to monitor the oligomeric state of R67
DHFR. Panel A, use of pH to monitor the effect of mutations on
tetramer stability[4[ds the intensity averaged emission wavelength.
At pH 8, wt R67 DHFR is a tetramer, while at pH 5 it is a dimer.
Data for wt R67 DHFR are represented ®ypoints, K32M by,
and K33M bya. Best fits are represented by a solid line for wt
R67 DHFR and a dashed line for K33M R67 DHFRJ). Koyerall
values are given in Table 1 fon2= 3. Since the K32M data do

Hicks et al.

Table 2: Comparison of Steady-State Kinetic Values for K33M and
wt R67 DHFRs in MTA Buffer, pH 7

Km(NADPH) Km(oHr) Keat

DHFR species (M) (uM) (s
wt R67 DHFR 3.0+ 0.06 5.8+ 0.02 1.3+ 0.07
K33M R67 DHFR 124+ 1.8 14+ 0.09 1.7+ 0.13

aFrom Reece et al6}.

Table 3: Binding of NADPH to wt and K33M R67 DHFRs in
MTA Buffer (pH 8) as Measured by ITC

Ka1nabpH) AH; KaznabpH) AH>
DHFR species  («uM) (cal/mol) (uM) (cal/mol)

wt R67 DHFR 2.5+ 0.15 —8600+ 200 954+ 4.0 —5800+ 250
K33MDHFR  194+0.3 —6500+22 630+29 —530+55

aData from Bradrick et al.3).

Binding and Steady-State Kinetic Analysi&teady-state
kinetics were performed with wt and mutant DHFRs (Table
2). Kinetic analysis of the K32M mutant could not be readily
performed due to its low activity. The low activity correlates
with a loss of the active site pore upon dimer formation.
Previous kinetic analysis of dimeric R67 DHFRs indicates
low activity (10, 20); however, the activity of the K32
mutants is even lower, suggesting an additional affect of the
mutation on binding and catalysis. In contrast, steady-state
kinetics could be performed for the K33M mutant. This
mutant displays a 2-fold increase in tkg for DHF and a
4-fold increase in th&,, for NADPH. There was also a slight
increase inke. Additionally, binding of NADPH to this
mutant was monitored by ITC (Table 3). Negative cooper-

not show a transition and the center of mass value correspondsativity is observed during NADPH binding, with one tight

more closely to the wt dimer value, we conclude that the K32M

mutant remains dimeric throughout this pH range. Panel B, effects

of increasing salt on the pH dependent oligomeric state of wt R67
DHFR were monitored at NaCl concentratiorfdv (O), 0.25 M

(@), 0.5 M (©), and 0.75 M {). Addition of salt shifts the titration;
however, the effect is not great. Best-fit values are given in Table 1.

Table 1: Best-Fit Values for the ¥ 2nH* = 2DH, Equilibrium
Monitored by Fluorescence

Koverall(zKazn/ Kd) for
2n = 3in units of MP

25x 10134+ 9.1x 10715
1.1x 108+ 6.1x 10715
5% 104+ 29x 10715
3.8<10%+2.0x 1071
3.% 10+ 15x 1071

DHFR species/condition

wt R67 DHFR

K33M R67 DHFR

wt R67 DHFR (0.25 M NaCl)
wt R67 DHFR (0.5 M NaCl)
wt R67 DHFR (0.75 M NaCl)

to the dimer-dimer interfaces resulting in dissociation of

site and one weak site. The K33M mutation weakens binding
to these sites by 8- and 7-fold, respectively. Together, these
results suggest that K33, located on the surface of R67
DHFR, plays a minor role in binding both cofactor and
substrate in the active site pore.

lonic Strength EffectsSince the role of K32 could not be
evaluated directly through a site-directed mutagenesis ap-
proach, its ability to participate in ionic interactions was
evaluated through salt effects on wt and K33M R67 DHFRs.
Ligand binding was first evaluated, followed by steady-state
kinetic analysis.

Fluorescence Quenching with NADPHhe binding of
NADPH as affected by ionic strength was determined by
monitoring fluorescence quenching. The sensitivity of this
technigue only allows monitoring of binding at the first tight
site,Kq1. As the ionic strength is increased € 0.04-0.27),

the tetramer. Since the K33 residues are located on thethe Kqinapphy also increases (0.3%20 4M). The slope of a
surface of the protein at the edge of the active site pore, thelog—log plot of Kgynappr) Versus ionic strength is 28 0.3

mutation was expected to have a minimal effect on the
oligomeric state of the enzyme. Accordingly, th@ueran
values are similar to wt R67 DHFR.

Tryptophan fluorescence as a function of pH was also
monitored with wt R67 DHFR in the presence of 0.25, 0.5,
and 0.75 M NaCl to determine the effects of salt on the
oligomeric state of the protein (Figure 2B). Addition of salt

(Figure 3). The slopes of these types of plots have previously
been taken to descrili® the number of ionic interactions
involved in binding 21—-23). Because of the highy;
associated with the binding of DHF (128/), Kypwr values
could not be measured using this approach.

ITC with NADPH.To gain additional information on the
effects of ionic strength on NADPH binding, ITC was also

slightly destabilizes the tetramer. At pH 7, where most of used. The shape of the titration curves varied, with a
the kinetic and binding experiments were performed, the sigmoidal plot observed at = 0.02 and a hyperbolic plot

majority of the protein is tetrameric so any observed salt atu = 0.32. At high ionic strength, the second molecule of
effects are not due to a shift in the tetramer to dimer NADPH either does not bind (i.e., cooperativity is altered)
equilibrium. or binding becomes sufficiently weak so that we are unable
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Ficure 3: Log—log plot of Kg41 (vapp) VS ionic strength. Théy
was determined by the quenching of R67 DHFR fluorescence upon
NADPH addition. Errors on the values are smaller than the symbol
size and typically are<10%. As the ionic strength is increased,
Kai aorry iNCreases.

Ficure 5: Effects of ionic strength on the total heat of folate
binding as measured by ITC. The protein concentration was 100
uM for all experiments. The total heat observed upon folate addition
is plotted at various ionic strengthg € 0.15 ©), # = 0.22 Q),

u = 0.27 ), andu = 0.32 ©)).

- A Table 4: ITC Data for Folate Binding to a 1:1 Mixture of R67
3 i DHFRsNADPH at 13°C in TE Buffer (pH 7) in the Presence of
= , Various Salt Concentrations to Adjust the lonic StreAgth
T ] ionic AH no. of
g ] strength Kg (uM) n (cal/mol) experiments
= E 0.02 11.0+40.4 0.95 —131004 180 2
Ny 1 0.07 20.0£#1.0 1.0  —133004 390 2
i 0.15 15204 1.0 —8300+ 67 2
] 0.22 9.5+40.7 098 —5700+ 130 2
-2000 - 7 0.27 13.3:0.8 0.99 —5800+ 150 2
= 4000 o °© 0.32 12.8£08 1.1 —5700+ 100 2
E 3% aThe data were fit to a single site model using the Origin software.
§ 6000 VO -
I 8000 L R i the titrations for folate binding to two sites, suggesting the
e B v occurrence of an additional process during binding. One
7 -10000 - - possibility might involve some effect associated with binding
° | of folate dimers from solution. Dimerization of folate has
-12000 Lol Lo . R ) i
0.01 0.1 1 previously been reported24). Even with this potential
lonic Strength (1) complication, we can qualitatively note the effect of increas-

FiIGURE 4: Effects of increasing ionic strength on binding of ing fonic strength on folate binding by plots of total enthalpy
NADPH fo wt R67 DHFR as mogitored by ITC? As ionic stre?lgth (qTO‘%") Versus f0|at.e concentration. This.pIOt Te"ea's that the
increases, binding weakens as shown in pané{Avalues were binding process is less exothermlc (i.e., _mvolves Iower
able to be measured at all ionic strengths, and errors are smallerenthalpy values) as the concentration of salt increases (Figure

than the symbol size (typically:10%). The correspondingrotal 5). Increasing: has a clear effect; however, we are unable

values decrease as the ionic strength increases as shown in pangh, extract the number of interactions disrupted
B. Experiments were performed at ionic strengths of 0@QR Q.07 P . . .
(D), 0.12 (), 0.15 (), 0.22 ©), and 0.32 @). Binding of folate to a 1:1 mixture of R67 DHFRADPH

was also performed in varying salt concentrations. One folate
to saturate this site. This suggested the use of a single sitemolecule binds to form the ternary complex, and te
model for fitting, and at intermediate valuesaffitting to values in Table 4 show no evidence of a titration. However,
this model gave reasonable fits. (Also, fitting to two sites a titration is observed when theH values are evaluated.
consistently yielded on&y equivalent to the single site At low ionic strength AH remains constant at approximately
model.) Values obtained from these titrations are shown in —13 000 cal/mol. Only one intermediate point was monitored

Figure 4. Kginappry increases from 0.4 to 474M as u before a second plateauAH is observed (at approximately
increases from 0.02 to 0.3. The slope of the-tbmg plots —5800 cal/mol). This titration indicates that folate binding
for Kaqinapphy VErsus ionic strength is 18 0.08. In addition, is salt dependent in the ternary complex, and since the

the total heat evolvedi(.ta) decreases with increasing ionic titration is complete by a of 0.22, the ionic interaction must
strength, consistent with the loss of ionic interactions. These be weaker than those observed in either the two NADPH or
results, in conjunction with the fluorescence quenching data the two folate complexes.
above, indicate that two ionic interactions are involved in  Steady-State Kinetic Analysis in the Presence of Salt.
binding the first NADPH molecule. effects on steady-state kinetics were also performed with wt
Isothermal Titration Calorimetry with FolatéTC was also and K33M R67 DHFRs to investigate further the importance
used to monitor salt effects on folate binding. The poor of ionic interactions in ligand binding and catalysis. As the
substrate, folate, was used in these experiments instead obuffer is changed from MTA to TE, minor differences in
DHF, as salt destabilizes DHF over the time period required K, are noticed. More interestingly, as the ionic strength is
to run an ITC experiment. Folate is similar in structure to increased, the binding of both cofactor and substrate is
DHF except that it possesses a double bond between C7 andveakened. In addition, tHex values increase. Concentrations
N8. In these experiments, we are unable to consistently fit of up to 0.4 M NaCl were used to examine salt effects.
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Table 5: Slopes of the LoglLog Plots forkealKmnaop), Keal Kmorr), Kearw andKms as a Function of lonic Strength for wt and K33M R67
DHFRs in the Presence of NaCl, NaF, or NaSCN

R67 DHFR slope of slope of slope of slope of slope of
species (salt) Keal KmnappHy plot Keal Kmrir plot Keatplot Kmnaoph)plot Kmwr plot
wt R67 DHFR (NaCl) —0.640.09 —0.94-0.03 0.9+ 0.08 1.5+0.1 1.8£0.2
wt R67 DHFR (NaF) —-0.94+0.2 —0.8+0.08 0.9+ 0.2 1.7+ 0.4 1.6+ 0.2
wt R67 DHFR (NaSCN) —-1.64+0.2 —-1.54+0.2 0.7+0.3 2.24+0.2 2.24+0.2
K33M DHFR (NacCl) —0.7+0.03 —0.9+0.09 1.0+ 0.3 1.7+ 0.2 1.9+ 04
"-s FA T ;100‘ _ - T n
= 10¢ : : 0L 3 i
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Ficure 6: Log—log plots of steady-state kinetic values vs ionic

strength. Steady-state kinetics were performed withaytA) and FIGURE 7: Steady-state kinetics were performed with wt R67 DHFR
K33M (@, O) R67 DHFRs in the presence of increasing NaCl in NaF @, 0O) and NaSCN 4, 2) and compared to the kinetic
concentrations. Panels A and B show the effectkgfK with values obtained in the presence of Na@®| ). The plots of log

insets showing the effects on the respectigs. Panel C shows  keafKm Vs log ionic strength reveal a different slope in the presence
the effect of increasing salt dq.. The slopes associated with the  of SCN™. The slopes for these plots are listed in Table 5.
plots are given in Table 5.

To quantify the number of ionic interactions involved in  Similar (Table 5). We conclude that K33 is not the residue
ligand binding and catalysis, ledog plots of the steady-  responding to the presence of sallt.
state kinetic data versus ionic strength were generated. These Effect of Different Salts on Bindind.o evaluate if these
plots are shown in Figure 6, and their corresponding slopessalt effects on wt R67 DHFR are due to a nonspecific and/
are given in Table 5. Surprisingly, there is a linear relation- or a salt specific effect resulting in the disruption of an ionic
ship between ionic strength ardy for the R67 DHFR interaction, kinetic characterization was also performed in
reaction. The slope of the legog plot for the wt enzyme is  the presence of NaF as well as NaS@8-<27). The steady-
0.9+ 0.08. Additionally, slopes of 1.8& 0.2 and 1.5+ 0.1 state data are given graphically in Figure 7. The abbreviated
for the log—log plots of ionic strength versu$monr and Hofmeister series (SCN I7, Br~, CI7, F) indicates that
KmnaorH) are observed for wt R67 DHFR. Finally, since the F~ has a high charge density and a high energy of hydration,
ionic strength effects ork. result in rate enhancements making it least able to compete with a charged ligand for
(slope effects of-1), while salt effects oi, are consistent  binding. CI, in the middle of the Hofmeister series, has a
with weaker binding (slope effects 6f2), the overall effect  neutral effect, while SCN with a lower charge density and
on keafKm is @ net decrease in catalytic efficiency (slope lower energy of hydration, is more able to compete for
effects of approximately-1). These results, in conjunction binding 25—28). Thus, the use of different salts allows
with the above binding studies, suggest a model where two specific anion effects to be discerned from ionic strength
salt sensitive interactions are involved in initial ligand effects. While the absolute values fé¢, and K, are
binding; however, one of these interactions is lost as the somewhat different, a comparison of the slopes for the NaCl
ground state proceeds toward the transition state. and NaF plots yields values within error of each

A comparison of the salt effects on wt and K33M R67 other, suggesting that there is not a significant difference
DHFRs shows that the slopes of the various plots are quitedepending on the anion type (Table 5). However, extending
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Table 6: Steady-State Kinetic Values for wt R67 DHFR with DHFR-NADPH that is compl_ete_by @ of 0.22. (5) Sal_t .
NADH in the Presence of 0.3 M NaCl TE, pH 7 effects are observed by monitoring the steady-state kinetic
Wt R67 DHFR cofactor  Kaeofacon Kontor) Ko behavior of_the wt enzyme in buffers of increasing ionic
(ionic strength) (uM) (M) ) strength. HigherKy, values for NADPH and DHF are
NADH (« = 0.32) 320L 17 250116 071004 observed as the salt concentration increases as well as an
NADPH (4 = 0.32) 26+ 1.3 54+ 25 2.8+0.1 enhancement dk..: (6) Similar salt induced slope effects
are observed for the wt and K33M enzymes. The only
the comparison to NaSCN shows a different slopekiof charged residues near the active site in this mutant are the

Km values, suggesting the presence of specific anion effects Symmetry related K32 residues. (7) Our mutagenesis studies
NADPH versus NADH BindingTo probe whether the'2 implicate only a minor role for K33 in binding illustrated
phosphate off the adenine ribose of NADPH is involved in bY the 2-4-fold weakerKn, values for the K33M mutant.
one of the ionic interactions with wt R67 DHFR, the alternate 1he fold changes associated with the K33M mutant are
cofactor NADH was used in steady-state kinetic analysis. smaller than the obsgrved salt effects. (8) There is a 50-fold
DHF inhibition is noted, particularly at low ionic strengths, €fféct onkealKm(coraconin the presence of NADH at = 0.32,
perhaps arising from weaker binding of NADH and less Suggesting that the'hosphate is involved in an ionic
positive cooperativity between NADH and DHF, which interaction v_wth R67 DHFR. (9) pH titration studies reveal
allows more ready formation of the inhibitory 2DHF that increasing the_(_:oncentratlon of NaCl up to 0.75 M does
complex. Since fitting data sets displaying inhibition using Not affect the stability of the enzyme. _
SAS requires some knowledge of the varids involved Quantitation of the Number of lonic Interactions/bived
(16), we did not pursue them. A qualitative observation is N Ligand Binding.Quantitating the number of ionic interac-
that the rate clearly increases with increasing salt concentra-ions involved in ligand binding was first described by
tion, as do théy, values. That the rate increases using either Record etal., in 1976, using various proteins binding to DNA
NADPH or NADH as cofactor while ionic strength concur- (21). Recently, Park and Raine2) have described the
rently increases suggests that the ionic interaction brokenrequirements for quantitating the number of ionic interactions
going from the ground to transition state involves the PP involved in ligand binding and catalysis using salt-rate
bridge since this is the common negatively charged moiety. profiles. One of the conditions is that an increase in the
There is no obvious DHF inhibition observed when NADH concentration of salt does not cause a decrease in the stability
is used ap = 0.32 and the Steady_state kinetic data can be of the enzyme. pH titration studies with wt R67 DHFR reveal
fit. Table 6 shows that thi,,, for NADH is 12-fold higher that increasing the NaCl concentration up to 0.75 M does
than that for NADPH and that thie. value is decreased Not significantly affect the stability of this enzyme. In
4-fold. This combines to increagg./Kmcoactony50-fold. The addition, to be able to use salt effects to quantitatively
K for DHF is also affected, being 4.6-fold higher. Measure- Monitor ionic interactions, thiee.rshould reflect the chemical
ments ofK,, values for NADH were not made beyond an Step, not product releas@d). Hydride transfer is the rate-
ionic strength of 0.32 due to limitations in the range of the determining step in the R67 DHFR reaction as monitored
spectrophotometer. Hence, letpg plots to evaluate the Dy NADPD isotope effects3). Another preference is for
number of ionic contacts with NADH as compared to the assays to be monitored at the pH optimum to minimize
NADPH were not generated_ An increase M(NADH) as any pH effects. ThlS .Crlt(.?rlon was not met with respe.Ct to
compared tdmnaopr) for R67 DHFR has previously been R67 DHFR, as a_lctlvny increases as the concentrat_lon of
observed by Smith and BurchaR9). Similar fold effects ~ Protonated DHF increases (N¥pof 2.59) 81, 32). This
have also been seenth coli DHFR where R44L and H45Q titration is masked, however, as the active site pore in the
mutations were constructed to evaluate the role of theseWt homotetramer is lost upon dissociation into dimers (Figure
residues in binding the'®hosphate and Pnoieties of ~ 2A). While this criterion was not met, the assay pH was
NADPH (30). The R44L and H45Q mutations altered the carefully maintained at pH 7.0, and any systematic alterations
K4 for NADPH (monitored by fluorescence quenching) by in pH should be minimal and would not be expected to
11- and 6-fold, respectively, while binding of dihydrofolate Propagate into large (unitary) slope effects. Finally, a variance
was unaltered. Effects on the hydride transfer step were 21-0f the anion character should minimally affect the slope of
and 3-fold decreases, respectively. Together, these datghe resulting plots. While the slopes describing steady-state
illustrate the importance of the’-phosphate moiety in  kinetic parameters of R67 DHFR are similar in NaCl and

different DHFR scaffolds by the large effects on binding in NaF, higher slopes foke.a/Kn are observed in NaSCN. A

the absence of this group. different effect by SCN suggests the additional presence
of specific anion effects. A recent study of lysozyme crystal
DISCUSSION structures obtained in different salts (Nal, Naj\&SCN,

The role of ionic interactions in binding and catalysis in and p-toluene sulfonate) shows the presence of common
R67 DHFR has been investigated. The following observa- anion sites as well as specific site33). Binding strategies
tions indicate that ionic interactions play a role in these include contacts with Arg and Lys side chains as well as
processes. (1) Fluorescence quenching and ITC data reveaH-bonds with other residues (either side or main chain). Thus,
that Kgy(nappry inCreases with increasing ionic strength. (2) while specific anion sites do appear to occur in R67 DHFR,
ITC experiments show that the total heat associated with the likelihood of common anion sites remains reasonable.
NADPH binding becomes less negative as ionic strength Another instance of general ionic strength effects augmented
increases. (3) ITC data demonstrate binding of two folate by specific anion effects has also been noted by Lee et al.
molecules is a salt sensitive process. (4) Calorimetry experi-in measuring different salt effects on th& s of histidines
ments show a titration iM\H for folate binding to R67 in Staphylcoccahuclease 34).
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How Many lonic Interactions Are bolved in Ligand
Binding?Log—log plots of KqnappHy VErsus ionic strength,

Hicks et al.

binding is different than ground state binding and that one
salt bridge is broken as the ground state moves to the

from both fluorescence quenching and ITC studies, display transition state.

slopes of~2. These combined results suggest that two ionic

interactions are likely to be involved in binding the first

Which Residues in R67 DHFR Areutsived in lonic
Interactions with the LigandsThere are several possible

NADPH molecule in the presence of NaCl. This is also binding models that would allow two ionic interactions
confirmed by a 50-fold decrease in catalytic efficiency using between R67 DHFR and NADPH. The first model involves

NADH as a cofactor (involvement of -phosphate) as well
as a salt effect ok, using NADH.
We have been unable to obtdfy values for DHF/folate

one K32 residue and one K33 residue binding to different
ionic centers in NADPH. However, from the crystal structure,
K32 appears on the binding surface of the active site pore

by either fluorescence quenching or ITC under various salt making it more likely to be involved in a direct interaction
conditions. However, folate binding under binary complex than K33 @). In addition, our docking studies indicate that
conditions is salt sensitive as shown in Figure 5. In contrast, symmetry related K32 residues are involved in binding both

folate addition to the R67 DHFRIADPH complex shows
no change irKy values coupled to a titration in enthalpy
that is complete by a of 0.22. These results suggest different
salt sensitivities for the R67 DHFR folate and R67 DHFR
NADPH-folate complexes.

The observation that the, for folate binding to the ternary
complex does not vary while a titration iWH is observed
invokes enthalpy-entropy compensatior85—38). In this
process, the unvaryingy describesAG asAG = —RTIn
KawhereK, is the association constant and equal&1For
a titration inAH to occur, coupled with a constaAG value,

NADPH and DHF, while no direct interactions are predicted
for K33 (4). Further, the salt effect observed for the K33M
mutant is similar to the salt effect observed in wt R67 DHFR.
In the K33M mutant, symmetry related K32 residues are the
only positively charged residues remaining near the active
site pore that possess the potential to be involved in ionic
interactions with the substrates. Thus, this model can be
eliminated. A second model involves two K32 residues, each
from a different monomer of R67 DHFR, contributing
separate ionic interactions. K32 (monomer A) could interact
with the 2-phosphate, while K32 (monomer C) would

suggests a compensating change in entropy (from theinteract with the pyrophosphate bridge (Figure 1). This model
relationshipAG = AH — TAS). These results suggest a appears reasonable and is similar to a docked model of
catalytic strategy to minimize effects on the productive NADPH (ref 4 and unpublished results).

ternary complex as compared to the nonproductive com- A model for folate/DHF binding is less clear. From
plexes. Specifically, binding of folate at low salt involves at examination of the crystal structure, the two carboxylate
least one ionic interaction, which is lost py= 0.22. Loss groups from the Glu tail of DHF cannot span across the end
of the ionic interaction could readily be compensated for by of the pore to interact with two K32 residues from different
a decreased desolvation penalty. In other words, ions aremonomers in R67 DHFR. This limitation suggests that only
strongly solvated, and to form an ion pair, both ions must one ionic interaction can occur per bound DHF/folate. We

be desolvated; this process opposes ion pair forma8én (
Why Does k: Increase with Increasing lonic Strength?
In the kinetic studies with wt and K33M R67 DHFRs, an
increase inkqy is observed with increasing ionic strength.
This observation is unusual as Park and Rair&3 (ote

were unable to support this model by quantitating the number
of interactions involved in the formation of the two folate
complexes. Also, the ITC data for folate addition to R67
DHFR-NADPH did not quantitate the number of interactions,
but this interaction must be relatively weak as thél

that in most enzymes, the ground state resembles thetitration is complete by = 0.22. Previous studies supporting
transition state, and changes in ionic interactions typically mobility for the Glu tail include electron density for only
do not occur. However, these observations are not totally the pteridine rings in the crystal structure describing bound

unprecedented as increaseskin have been observed with
the NADPH-cytochrome oxidoreductase-cytochrarmmmm-

folate @), interligand NOE data for the Glu tail in the R67
DHFR-NADP-folate complex43), and numerous positions

plex (40) as well as the herpes simplex virus protease in the for the PABA-Glu tail of folate in docking studies to generate

presence of increasing ionic strengtti), The slope of the
log—log plot of ket Versus ionic strength (NaCl) in wt R67

a reasonable model of the ternary compléx (
Which Regions of NADPH Arednlyved in Forming lonic

DHFR is approximately one. The increased rate could Contacts with R67 DHFRR32 is conserved in all R-plasmid

potentially arise if salt increased the NEpof DHF since

encoded variants, suggesting that it has a functional and/or

protonated DHF is the productive substrate for R67 DHFR structural role ). It has been proposed that K32 interacts

(31). However Cocco et al.4@) find that this g, is not

with the 2-phosphate of NADPH (re and N. Narayana,

significantly altered by increased ionic strength. Therefore, personal communication). Kinetic studies using NADH as
an increase in the concentration of protonated DHF is an alternate cofactor reveal a much lowggK, for NADH

probably not responsible for the increasekin. A second
possibility for the increase ik, might be due to a larger

as compared to NADPH at an ionic strength of 0.32. Since
these molecules are identical in structure except for the

destabilization of the ground state relative to the transition substitution of a negatively charged phosphate at the 2
state ag: increases. This would result in a decrease in the position with a hydrogen, the observed effects on the NADH
activation energy barrier to reach the transition state and anversus NADPH values are consistent with thgRosphate

increasedk.,r This argument is supported by a slope of 2
for the log-log plots of Kynappry Versus ionic strength

forming an ionic interaction with wt R67 DHFR. NMR
studies (Pitcher et al., in press) are also consistent with an

contrasted with a subsequent decrease in the slope to 0.6 ionic interaction between K32 and thé-ghosphate of

0.7 for the log-log plots of kealKmnaper) Versus ionic

NADPH. Yet, two ionic interactions are predicted from the

strength. The data in Figure 6C indicate that transition statelog—log plots of KgnappHy and Kmaoery VErsus ionic
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strength. Therefore, there must be an additional ionic NADPH and symmetry related K32 residues, then while the
interaction between the pyrophosphate bridge of NADPH loss of one interaction (by a mutation) could enhahkge

and the enzyme. This is supported by our qualitative the concurrent loss of the second symmetry associated
observation that the rate increases with increasing saltinteraction would necessarily decrease catalytic efficiency
concentration when NADH is used as a cofactor. That a rate (k.o/Km). Introduction of asymmetry into the active site pore
increase occurs using either NADPH or NADH as a cofactor should help sort out these various models of catalysis and
suggests that the ionic interaction broken going from the perhaps lead to enhanced activity.

ground state to the transition state involves the liRRlge.

While the above model is consistent when all the NaCl ACKNOWLEDGMENT

data are taken into account, the observation that the NaSCN
slope effects ork.a/Km are different indicate some degree

must remain qualitative. While an Ocam’s razor approach

Special thanks to Nathan VerBerkmoes for confirming
of anion specificity and suggest that the above argumentsmutant proteins by mass spectrometry.
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