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ABSTRACT: R67 dihydrofolate reductase (DHFR) bears no sequence or structural homologies with
chromosomal DHFRs. The gene for this enzyme produces subunits that are 78 amino acids long, which
assemble into a homotetramer possessing 222 symmetry. More recently, a tandem array of four gene
copies linked in-frame was constructed, which produces a monomer containing 312 amino acids named
Quad3. Asymmetric mutations in Quad3 have also been constructed to probe the role of Q67 and K32
residues in catalysis. This present study mixes and matches mutations to determine if the Q67H mutation,
which tightens binding approximately 100-fold to both dihydrofolate (DHF) and NADPH, can help rescue
the K32M mutation. While the latter mutation weakens DHF binding over 60-fold, it concurrently increases
keat by a factor of 5. Two Q67H mutations were added to gene copies 1 and 4 in conjunction with the
K32M mutation in gene copies 1 and 3. Addition of these Q67H mutations tightens binding 40-fold, and
the catalytic efficiencyKco/Kmonr) Of the resulting protein is similar to that of Quad3. Since these Q67H
mutations can mostly compensate for the K32M lesion, K32 must not be necessary for DHF binding.
Another multimutant combines the K32M mutation in gene copies 1 and 3 with the Q67H mutation in all
gene copies. This mutant is inhibited by DHF but not NADPH, indicating that NADPH binds only to the
wild type half of the pore, while DHF can bind to either the wild type or mutant half of the pore. This
inhibition pattern contrasts with the mutant containing only the Q67H substitution in all four gene copies,
which is severely inhibited by both NADPH and substrate. Since gene duplication and divergence are
evolutionary tools for gaining function, these constructs are a first step toward building preferences for
NADPH and DHF in each half of the active site pore of this primitive enzyme.

Dihydrofolate reductase (DHFR) is an important enzyme  R67 DHFR is unusual as it is a homotetramer with a single
in folate metabolism. This enzyme reduces dihydrofolate active site 8), as shown in Figure 1. The crystal structure
(DHFY) to tetrahydrofolate (THF) using NADPH as a of R67 DHFR shows 222 symmetry, which dictates that
cofactor. There are two different DHFR variants, the NADPH and DHF must share overlapping sites. This model
chromosomal enzyme and an R-plasmid encoded, type Ilhas been experimentally verified by studies that find a total
enzyme {, 2). An example of the latter is R67 DHFR. of two molecules can bind, either two cofactors, or two
Neither the sequences nor structures of these DHFRs aresubstrates, or one molecule of ead). (The first two
homologous. Bacterial chromosomal DHFRs are the targetcomplexes are nonproductive while the latter leads to product
of trimethoprim (TMP), an active site directed inhibitor. Drug formation. Different cooperativity patterns between the
resistance to TMP was originally noted in the 1978s%), various ligand combinations facilitate product formation. For
and one resistance mechanism involves production of R67example, negative cooperativity between two cofactor mol-
DHFR. While this type Il DHFR is not a good catalyst, it ecules occurs so that a preference exists for tightly binding
does not bind TMP wellK; = 0.15 mM @)), allowing one molecule of NADPHHKg s of 2.5 and 95%uM respec-
bacterial cell growth ). tively). Positive cooperativity between substrate molecules

occurs, with weak binding of the first molecule, followed
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titration calorimetry; K32MarQ67Har, the mutant in Quad3 possessing 1 lists a number of factors involved in this designation. To

K32M and Q67H mutations in gene copy 1, a K32M mutation in gene phregk the 222 symmetry. we constructed a tandem array of
copy 3 and a Q67H mutation in gene copy 4; K32M67H., the Y Y, y

Quad3 mutant where all gene copies contain the Q67H mutation andf_Our DHFR genes which were linked in fram®Q( 11). _The
gene copies 1 and 3 also contain a K32M mutation. linker between gene copies was the natural N-terminus. The
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Ficure 1: The structure of R67 DHFR (1VIE in the Protein Data Bank). Each monomer in wt homotetrameric R67 DHFR is hypothesized

to correspond to a domain in Quad3. Monomer 1 is red, monomer 2 is yellow, monomer 3 is green, and monomer 4 is magenta. The left
panel shows a ribbon drawing of the homotetramer looking end-on, with the active site pore in the center. The N-termini point to the left
and right sides of the image, while the C-termini point up and down. The protein used in this crystal form was obtained by chymotrypsin
treatment such that 16 amino acids were cleaved off the N-term8)26). The expected links between the subunits in R67 DHFR to
generate Quad3 are shown as dashed lines. The K32 and Q67 residues are shown using a CPK representation. The expected positions of
the K32M:1+3 mutations in Quad3 are shown in white and are pointing toward the viewer. The QbZlhilitations occur at the top of

the active site pore and are colored cyan. The wt K32 and Q67 residues are colored according to the monomer color scheme. The right
panel shows a side view of the protein and is related to the left panel by eo&@ion around thg-axis. Part of the protein facing the

viewer has been cut away to allow visualization of the pore. Each monomer is labeded this panel shows both K32M mutations lying

in the same half-pore (right side) and the Q67H mutations at the top of the pore in the center. NADPH is shown entering the wt side of the
pore (left), as it prefers to bind first and with specific conta@s1({7, 20). Presumably, it will select the tightest binding site available,

which in this case is the half pore containing the wt K32 residues. After addition of NADPH, the remaining, K32M mutant half pore is
available for DHF, which is shown entering from the right.

Table 1: Factors Involved in Designating R67 DHFR a Primitive Enzyme

Active site challenges? 222 symmetry, 1 active site per homotetramer with a volume of 3g2iclilated by
CASTpy
Binding site promiscuity? Each site recognizes both NADPH and BthErefore 2DHF and 2NADPH nonproductive
complexes can form as well as DFADPH ¢
Mutational dilemmas? Four mutations occur per active site and have large éffertexample, the Q67H
mutation tightens binding but is accompanied by DHF and NADPH inhibftion.
DHF binding conundrum? p-Aminobenzoylglutamate tail of bound DHF is disordered, yet nearby residues affect its
binding®
Binding of alternate ligands? Novobiocin binds more tightly than methotréxate.
Salt effects? 2.5-fold enhancementgf in the presence of 0.4 M sélt
Conserved acid in active site? No
Role of water? Water uptake accompanies DHF binding.
Activation parameters for DHF Large entropic componentASf,s= —11.3 kcal/mol) compared to enthalpkki*,s =
reduction? 6.3 kcal/mol)
Alternate active site sequences? (wild-type By a directed evolution approach, S66-K67-168-H69 or 166-N67-R68-Y69 or
sequence is V66-Q67-168Y69) G66-E67-L68-Y69 are also fully functional.

a See http://sts.bioengr.uic.edu/castp/index.php as well ag 1pf (See refs 16, 20). ¢ Described in refsq, 13, 61). ¢ As per refs (4, 15). ¢ See
refs @, 18, 19). f From ref 63). 9 See ref 17). " Unpublished results, Chopra and Howélrom ref @7). 1 As per ref {72).

resulting protein, Quadipossessed four times the mass of favor dimer formation12). Mixed together, they complement
the R67 monomer and was almost fully active with a 1.6- each other and reallow tetramer formation. Introduction of
fold decrease ik.,;and a 1.5-fold increase iK.. Subsequent  these mutations into the tandem gene array was designed to
versions of the Quadl gene added unique restriction sitesminimize alternate folding topologied1).

between the gene copies to facilitate mutagenesis of the Previous mutagenesis studies of the R67 DHFR active site
individual gene copies. Also, a S59A mutation was added identified K32, V66, Q67, 168, and Y8%s the residues most

to gene copy 1 and a H62L mutation to gene copy 4 to important to binding and catalysi$3—15). The Q67 residue
produce Quad31(l). These residues occur at the dimer  occurs at the center of the pore and provides a surface for
dimer interfaces in wild type (wt) R67 DHFR. Alone, the binding of the pteridine ring of DHF and the nicotinamide
S59A or H62L mutations destabilize the homotetramer and

¥ The amino acids in the first monomer are labeled78; those in
2The monomer arrangement going counterclockwise in the crystal the second monomer, 18178; those in the third monomer, 261

structure of R67 DHFR (1VIE.pdb) is ABDC. To minimize confusion 278; and those in the fourth monomer, 3@78. For brevity, when a

in the quadruplicated gene construct, we have relabeled the monomerssingle residue is mentioned, all four symmetry-related residues are

1234 &ABCD) going counterclockwise. implied.
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ring of cofactor. The Q67H mutation tightens binding of both stacking interactions with the ring structures of the ligands
NADPH and DHF by~100-fold, but is accompanied by at the center of the por@{). Q67 residues are8 A distant
substantial cofactor and DHF inhibitioh3). A role for Q67 from K32 side chains, suggesting the potential for additive
in discriminating between productive and nonproductive effects @2—25). Another consequence of these symmetry
(2NADPH and 2DHF) complexes was proposed based on abreaking mutations may be to begin establishing specificity
systematic study of all possible asymmetric mutants in Quad3in each half of the active site pore for NADPH and
(12). A double mutant where two Q67H mutations were dihydrofolate.

placed in gene copies 1 and 4 (named Q67AHLE shows

an intermediate degree of binding tightness and no substrateIATERIALS AND METHODS

or cofactor inhibition. Site-Directed Mutagenesi#é tandem array of four R67
The K32 residue occurs on the edge of the active site poreDHFR genes was previously constructed where the genes
and forms salt bridges with théghosphate and pyrophos- are linked in-frame 10, 11). Mutations were introduced in
phate moieties of cofactor. K32 has also been proposed toindividual gene copies using the Quikchange kit from
interact with the glutamic acid tail of DHF/folate, either Stratagene. The mutant genes were then recloned into the
through a direct ionic interaction or through solvent separated quadruplicated gene. The identities of all four gene copies
ion pairs (6—18). As all mutants at this position in R67  were verified by DNA sequencing to ensure that no ad-
DHFR resulted in dimers (and were inactive due to loss of ditional mutations occurred.
the active site pore), the role of K32 was analyzed by salt  Protein Purification.Proteins were expressed and purified
effects on the steady-state kinetic behavior of the wt and as previously describedl{, 26). Briefly, the Escherichia
K33M proteins (7). A single K32M mutant and three double  coli strain STBLII 27) containing the mutant gene carried
mutants in Quad3 were also constructed and analy®d ( by pUC8 was grown in TB media28) with 200 ug of
One double mutant, K32M:#3, where both mutations are  ampicillin/mL at 30°C for approximately 72 h. 2@g of
placed on one side of the active site pore (in gene copies 1TMP/mL was added 48 h after inoculation. Cells were lysed
and 3), enhancdg, 4—5-fold but greatly weakens binding by sonication, and the crude extract was treated with
to DHF. streptomycin sulfate and salted out with 55% ammonium
Since a hallmark of the Q67H mutation is to tighten sulfate. Further purification used DEAE Fractogel, Pharmacia
binding, this present work asks: can introduction of Q67H MonoQ, and G-75 Sephadex gel filtration columns. The
mutations rescue the binding deficiencies of the K32&B1  resulting protein was homogeneous as determined by Coo-
double mutant yet retain the enhandgg? Figure 1 shows  massie Blue staining of SDS?AGE. Since previous mutants
the relative positions of the Q67 and K32 residues. Two in Quad3 showed a tendency toward aggregation, 0.1 g/L
combinations of mutations were constructed as it was not polyethylene glycol (MW 3350) was added to all buffers
clear whether two Q67H mutations would be sufficient to (18, 29).
tighten binding or whether four Q67H mutations would be ~ Steady-State KineticsSteady-state kinetic data were
needed. The first construct has K32M and Q67H mutations obtained at 3C°C in MTA polybuffer at pH 7.0 using a
in gene copy 1, a K32M mutation in gene copy 3, and a Perkin-Elmeri35 spectrophotometer as described elsewhere
Q67H mutation in gene copy 4. The second construct has(15). MTA buffer contains 50 mM MES, 100 mM Tris, and
K32M mutations in gene copies 1 and 3, and Q67H 50 mM acetic acid and maintains a constant ionic strength
mutations in all four gene copies. These two constructs arefrom pH 4.5-9.5 30). The K32MuQ67H.ar mutant dis-
named K32MuiQ67Hhar and K32M,aiQ67Hy respectively. played a lag, which was eliminated by preincubation of the
Referring again to Figure 1, the simplest model of catalysis €nzyme with either NADPH or DHF. The other ligand was
in R67 DHFR proposes that DHF occupies half the pore and then added to initiate the reaction. The C(_)ncentranon _of
cofactor the other half. The pteridine ring of DHF and the NADPH was held constant at a subsaturating level while

nicotinamide ring of NADPH encounter each other at the the concentration of DHF was varied. This process was
center of the pore where hydride transfer occur (L9, repeated using several additional NADPH concentrations.

20). As described above, a strong preference exists for Concentration ranges utilized were 87 «M DHF and 13-
NADPH to bind first ©). Presumably, it will select the 150 #M NADPH for the K32M.Q67Har mutant and
tightest binding site available, which in the K32M67Hy 6~ 1354M DHF and 5-174,M NADPH for the K32Mar-
mutant is the half pore containing the wt K32 residues. Then Q67Hu mutant. The data were then fit to an equation
when DHF binds to this enzyrdADPH complex, it should describing either the b|substrat_e kinetic reaction of DHFR
be forced into the other half of the pore, which lacks two (K32MharQ67Har mutant) or a bisubstrate reaction showing
K32 contacts. The rationale for addition of Q67H mutations Substrate inhibition (K32MyQ67H mutant) (1, 31). The

is that these residues are proposed to contribute additionafatter equation is

v = (Kead Etotal [DHFIINADPH])/(( Ky napphKa1one) +

4The following system is used to name each of the asymmetric
mutants. The residue, residue number, and mutation are listed first, (Km(DHF)[NADPH]) + (Km(NADPH)[DHF]) +

followed by a colon. The asymmetric location of the particular mutations 2
is indicated numerically, where 1 refers to gene copy 1, 2 refers to ([DHF][NADPH]) + ((Km(NADPH)[DHF] )/KdZ(DHF))) 1)
gene copy 2, etc. For example, the Q67H4ldouble mutant contains

two mutations: glutamine 67 in gene copy 1 has been mutated to wherev is the velocity of the reaction, [&], [DHF], and

histidine, as has glutamine 67 located in gene copy 4. In this mutant, [NADPH] are the concentrations of the enzyme, substrate
the bottom surface in the active site pore contains two wild-type Gin- ! !

67 residues, whereas the top surface of the pore contains two mutan@nd cofactor, respectively, amdh onr) andKazonr are the
Q67H residues. first and second binding constants for formation of the
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Table 2: A Comparison of Steady-State Kinetic Parameters at pH 7.0 for Numerous R67 DHFR Constructs

Keat NADPH K, DHF K Keal KmnappH) Keal Km(orr any substrate or cofactor
enzyme (s (uMm) (M) (stM) (stM™) inhibition?

Quad3 0.81+0.02 44+ 04 6.7+ 0.4 1.8x 10° 12x 1P no

K32MhaiQ67 Hyart 1.7+ 0.04 29+ 2.0 11+ 0.7 5.7x 10¢ 15x 10° no

K32MhafQ67Ha 0.49+0.01 9.6+ 2.8 14+ 0.9 4.9x 10 3.5x 10¢ yes, DHF

K32M:1+3° =3.7 =150 =400 >2.6x 10 >9.2x 10° no

Q67H:1+42 0.15+ 0.01 0.95+ 0.14 2.6+ 0.5 1.6x 10° 5.8x 10¢ no

Q67H:1+2+3+42 0.10+ 0.01 0.026+ 0.004 0.13+ 0.02 3.8x 10° 7.7x 10° yes, DHF and NADPH
wt R67 DHFR 1.3+ 0.07 3.0+ 0.06 5.8+ 0.02 4.3x 10° 2.2x 10 no

2Values from Smiley et al.1(1). ® Values from Hicks et al.18). ¢ Values from Reece et al2).

inhibitory enzyme2DHF complex. A nonlinear, global fit  ligand was added in small aliquots ta:® protein in MTA
using SAS 11, 31) resulted in best fit values fdt., and buffer (pH 7). Fluorescence quenching was monitored using
both K, values as well a&q1pnr andKgoporr Values. The  a Perkin-Elmer LS-50B fluorimeter. Data were fit to

SAS macro (NLINEK) is available at http://animalscience.ag.ut-

k.edu/faculty/saxton/software.htm. DHF was prepared by FI=F, = 0.55[Pyg + Ky +

reducing folate as described by Blakle32). NADPH was L o—((P.+K.+LYY—4P. LY (4
obtained from Alexis Biochemicals. Concentrations of DHF o~ (Pror Ko+ Ly o)1 (4)

and NADPH were measured using their respective extinction \yhere Fl is the observed fluorescentg, s the total ligand

coefficients, 7.75< 16°M~* cm™ and 6.22x 1°M~*cm* concentration, an®,;, Kq andF, are variables describing
(33) at 340 nm. When high concentrations of both DHF and {he number of enzyme binding sites, dissociation constant
NADPH were used, concentrations were monitored at 360 54 fluorescence yield per unit concentration of enzyme,

nm using extinction coefficients of 6.32 10° mol~* cm™? respectively 87).

and 2.94x 10° mol™* cm™* respectively. For reactions Isothermal Titration CalorimetryDissociation constants
monitored at 340 and 360 nm, the extinction coefficients 5nq the enthalpy changes associated with binding were
were 12.3x 10° and 6.32x 10> mol™* cm™ respectively  opitored using isothermal titration calorimetry (ITC) as
(34). lonic strength 4) effects were monitored by addition previously describedd( 38). A VP-ITC instrument from

of NaCl to TE buffer (10 mM Trist- 1 mM EDTA) at pH MicroCal was used and the measurements were performed
7.0. at 28°C. The protein concentration in the cuvette ranged

The activities of the mutants were also assessed as &rom 58 to 1504M, while the ligand concentration in the
function of pH. Saturating concentrations of NADPH and injection syringe was=2.5 mM.

DHF (10-20 x Kr) were used to monitor activities of Quad3  Ge| Filtration. Gel filtration was carried out at room
and the K32MaQ67H.ar mutant at various pHs. pH profiles  temperature using an Agilent 1100 HPLC and an Agilent
of R67 DHFR and its mutants typically display nonunitary  7orpaXx Bio Series GF-250 gel filtration column equili-

slopes, thus data for Quad3 were fit to brated in 50 mM phosphate buffer (pH 8). TKg, values
DH—pK, oKy—pH of Quad3 and its mutants (3¥B0 uM protein) were
l0g Koo = 109 Koot max— 109(1 + %1 12 ) (2 monitored whereK,, is (elution volume— void volume)/

) ) (total bed volume— void volume). The column flow rate
wherekeatmaxis the pH independent rateKpand (K, are was 1 mL/min. A standard curve plotting the molecular
the negative logs of the ionization constants, gndndy>  weight of protein standards (Pharmacia LMW calibration kit)

are the slopes for the acidic and basic titratignealues of  ersysk,, allowed determination of the molecular weights
10 and 8 represent slopes of 1 and 0.8, respecti3&ly36). of the DHFR variants.

Data for the K32MarQ67H.ar mutant were fit to a standard Sedimentation VelocitySedimentation velocity experi-
bell shaped profile. The slope of the acidic titration was ments were conducted using a Beckman Optima XL-|
varied and the best fit evaluated by adjusRéd/alues. Due jgracentrifuge and absorbance optics. Protein samples were

to DHF inhibition, this approach was not feasible for the gjalyzed into 10 mM Tris buffer plus 1 mM EDTA, pH 8
K32MraiQ67Hy mutant. Here, the maximum rate at different  anq the dialysate was used as the optical referenceML8

concentrations of DHF was noted. Thls cor}c'entrattem( protein was loaded (40@L of loading volume) into double-
the DHFK;) was then used to monitor activity at alternate  gector charcoal-filled Epon centerpieces, and sedimentation
pH values. _ _ velocity analysis was carried out at 40,000 rpm at°g5
The additivity of the mutations was assessed using the ysing an An50 Ti eight-hole rotor. Sedimentation velocity
following equation: analysis was performed by direct boundary modeling by
using solutions of the Lamm equation and the program Sedfit
AAG = —RTIn (My 3) ((39); see www.analyticalultracentrifugation.com). Partial
Keaf K (Quad3 specific volume, buffer density, and viscosity were deter-
mined using the software SEDNTERP (John Philo at
whereR is the gas constant antdis the temperature i AMGEN Corp.; see www.jphilo.mailway.com/download.htm).
(23). Circular Dichroism. The conformation of mutants was

Fluorescence Quenchin@inding affinities were deter-  assessed by circular dichroism (CD) measurements using an
mined by monitoring the effect of ligands on the intrinsic AVIV model 202 instrument. Briefly, 5«M protein in 10
protein fluorescence, as described elsewhaig. Briefly, mM phosphate buffe- 1 mM EDTA was scanned at
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NADPH (uM)

Ficure 2: Steady-state kinetic data for the K3gQ67H,; mutant.
The data were fit to eq 1. Data points above and below the
calculated 3D plot are filled and empty stars, respectively. Table 2
gives the best fits fok.o andKy, values. Since DHF inhibition is
observed in this mutant, additional terms describing DHF binding
to the free enzyme and the enzy#elF complex can be obtained
and are 18t 8 and 8.2+ 2 uM respectively.

22 °C. At least 10 scans from 190 nm to 300 nm were
collected using 1 nm steps@a 2 sintegration. An average

spectrum was calculated. The CD data were normalized as

the mean residue ellipticity by taking 108 g/mol as the mean
residue molecular weightLp).

RESULTS

Protein Expression and Physical Studies of the Apo
Proteins.The K32MQ67Huar and K32M,,Q67Hy mutants
were constructed and expressed. While the yield of soluble,
purified protein for the “parent” K32M:13 mutant was low
(~0.8 mg/L), addition of the Q67H mutations appeared to
be stabilizing as expression levels were much higher.
Approximately 8 and 20 mg/L yields were obtained for
the K32M,afQ67Harr and K32MfQ67Hy mutants respec-
tively.

Since the K32M:#3 “parent” had a tendency to ag-
gregate, we monitored the oligomeric state of the multimu-
tants using size exclusion chromatography. The molecula
weights of Quad3, K32MQ67Har and K32MafQ67Hu

Biochemistry, Vol. 47, No. 2, 2008659

-]

‘Tﬂ E Igl T
= ;
3 q00f 2
i i z
S w0l §
I =z
o =1 :
a 1L g 001 04 1
% E -4 lenic Strength f
= 01p i
X 0.01
& i
B 0.001 b——++H
= E )
= ol g
< 1 i o 001 o 1:
[ E'———______E_ DIt_'.'»rlic. Strength 2
T P — k|
g8 01 EE‘ED\E—
= ; |
¥ 001 1
N ]
C X 0.001 —+tHH—t—+H7
10 ¢ 3
T B
® L E 3
" ol -
0_01 [ 1 11 |.|..'Jl| 1 B R

0.01 0.1 1

lonic strength (p)

Ficure 3: Log—log plots of steady-state kinetic values vs ionic
strength. Steady-state kinetics were performed with KgaM
Q67H.ar (O) in the presence of increasing NaCl concentrations.
Panels A and B show the effects &g/Kn, with insets showing
the effects on the respectiwe,s. Panel C shows the effect of
increasing salt ok, The slopes associated with the plots are given
in Supporting Information. Points describing the behavior of the
K32M:1+2 (gray filled triangles) and K32M:t4 (®) mutants are
shown for comparisoril@). These are K32M double mutants where
one mutation occurs per half pore, arranged either diagonally or
on the same interface respectively. See Figure 1 in Hicks et al.

1 (18) for a picture of how the mutations are arranged.

were all similar and estimated as 21,700 Da. From the genePH 8 and 5 are given in Supporting Information. The signals

sequence, the molecular mass of Quad3 can be calculate

éor the mutants show some differences from those of Quads3.

as 35,829. There is a difference in the predicted and observedThese differences could describe minor alterations in con-

values, with the experimental values being lower than
expected. However we note that the mutant and Quad3 value
are identical. Since the Agilent GF-250 column can some-

times act as an ion-exchange column (see http://www.che-

m.agilent.com/cag/Prod/CA/GF25@84972-001.pdf), any
retardation of the protein on the column could yield a lower

than expected mass. Also aberrant molecular weight esti-
mates determined by gel filtration are not unusual as the

shape of the molecule as well as the size affects elution (
To confirm that the multimutants were monomeric,

formation of the proteins and/or alterations in the contribution

©Of aromatic residues to the signal. According to Woody,

aromatic residues can contribute significantly to the CD
signal @1). As K32 is near W38, and Q67 is near W45, the
mutations could potentially affect the CD signal. Any
conformational changes that might be associated with the
mutations are likely to be minimized by addition of one or
more ligands, as reasonable enzyme activity levels were
observed.

Steady-State Kinetic§ he steady-state kinetic behavior

sedimentation velocity experiments were also performed. Theof each mutant was analyzed. A lag phase was observed for

data were fit using a continuouxs) distribution model

the K32M,afQ67H,ar mutant if the reaction was initiated by

(Sedfit @9)). The results demonstrate the presence of a single@ddition of enzyme to a mixture of substrate and cofactor.

species for the K32MQ67H.ar and K32M,aQ67Hy samples,
both displaying ars value of 3.4. For all fits, conversion to

The lag could be eliminated by preincubation of the enzyme
with ligand or substrate. Initial rates were fit to a rate

a continuous molar mass distribution model demonstrated €quation describing a bisubstrate mechanism, and the result-
that both multimutants possess similar molecular mass (36.4ing kinetic values are given in Table 2, as well as reference
and 40.3 kDa respectively). From the gene sequence, thekeat andKn values for the various “parent” mutants.

expected molecular mass4s35.8 kDa, thus these mutants
are monomeric.

When theK, values for the K32M.Q67Hyar mutant are
compared to those of the K32MtB mutant, it is clear that

To determine whether the protein structure was affected addition of the Q67H:4+4 mutations has tightened binding.
by the mutations, CD spectra were obtained. The spectra afThe K, for DHF has decreased at least 36-fold, while the
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Table 3: Kq4 Values Obtained by Various Techniques

enzyme complex Ka1 (uM) technique
Quad3 NADPH binary 1.60.1 fluorescence, 24C, pH 7.0
4.0+0.3 ITC, 28°C, pH 8.0
K32MhaitQ67 Hnart NADPH binary 6.0+ 0.4 fluorescence, 24C, pH 7.0
K32MpaiQ67Huy NADPH binary 2.4+£0.2 fluorescence, 24C, pH 7.0
5.0 ITC, 28°C, pH 8.0
K32M:1+3 NADPH binary 52t 0.5 fluorescence, 4C, pH 7.0
Quad3 DHF binary Kg1=46+0.7 ITC, 28°C, pH 8.0
Kag2=2.0£0.2
K32MnaifQ67Hui DHF binary Ka=18+8 fitting of kinetic data in Figure 2to eq 1
Kiz=8.2+2.4
Fits to 2 different models gav&, ranges ITC, 28°C, pH 8.0
of 5.4—10.6uM for both sitest
K32MnaiQ67Hy DHF ternary 38+ 2 ITC, 28°C, pH 8.0

aFrom Smiley et al. 11). ® See Supporting Informatio.From Hicks et al. 18).

Km for NADPH has decreased5-fold. The approximately 2= K32M:1+2 or gene copies 1 and<4 K32M:1+4). (The
4-fold increase irk.o: conferred by the presence of the K32M: ionic strength dependence of the K32M67Hy mutant was
143 mutations (compared to Quad3) is diminished, but the not determined as fitting yields 5 parameters, which should
keat Value for the K32MaQ67H.ar mutant remains 2-fold  be confirmed by independent techniques.) In general, the
higher than that for Quad3. slopes monitoring the salt sensitivities of the K32M

The further addition of Q67H mutations in gene copies 2 Q67H.ar mutant are similar to the values for other asym-
and 3 results in the K32MyQ67H, multimutant. No lag metric K32M mutants, however these slopes are lower than
phase was observed for this mutant, however it displayedfor wt R67 DHFR, indicating a decrease in ionic strength
DHF inhibition, thus a large range of “substrate space” was dependence. We were not expecting a salt dependence for
monitored to allow a good fit. Data for this mutant were fit DHF binding to the K32M.Q67H.ar mutant as in our
to eq 1, and a three-dimensional plot of rate vs [DHF] vs binding model, DHF interacts with the K32M mutant half
[NADPH] is shown in Figure 2. Its kinetic values are also of the pore, thus we predicted that its binding would no
given in Table 2. Since DHF inhibition is observed in this longer be ionic strength dependent. However a nonzero slope
mutant, additional fit values can be obtained describing for bothKmohr andkea/Kmphr) is consistent with interligand
enzymet+ DHF == enzymeDHF + DHF == enzyme2DHF. cooperativity being quite important in R67 DHFR, (14,
TheseKq values are 18 8 and 8.2+ 2.4 uM respectively 15, 18). In other words, stacking between the nicotinamide

(also listed in Table 3). ring of cofactor and the pteridine ring of substrate in the
Both k.5 and theK,, for NADPH decrease an additional center of the active site pore allows the ligands to “talk”
3-fold in this mutant (over the K32MiQ67H.ar mutant). with each other, so perhaps the salt sensitivity of cofactor
While the Q67H:3#2+3+4 mutant displayed substantial can be transmitted to DHF. Alternately, K33 residues near
cofactor and DHF inhibition X1), the K32MQ67Hy, the rim of the active site pore have been proposed to help

multimutant displays only DHF inhibition. Apparently, the establish a positive electrostatic potentiab,(17) which
K32M:1+3 mutations in this construct still allow binding could still affectky, rates for DHF and thus contribute salt
of a second DHF molecule but prevent binding of a second sensitivity toward substrate bindingZ—44).
NADPH molecule. While the K32\,Q67Hy mutant does pH DependencaVild-type R67 DHFR is a homotetramer
not provide any additional increase in catalytic efficiency that undergoes a pH dependent dissociation to two dimers.
over the K32MaQ67H.a; mutant, it is quite helpful in  The pH dependence of dissociation arises from protonation
deciphering how the K32M mutations affect partitioning of of symmetry-related H62 residues that occur at the dimer
NADPH and DHF into each half pore. dimer interfaces. This process is usually monitored by
lonic Strength Effectdn a previous study of R67 DHFR, fluorescence as symmetry-related W38 residues also occur
we were interested in how ionic strengf) @ffects binding at the two symmetry-related dimedimer interfaces. At pH
and catalysis. In the wt homotetramer, addition of salt from 8, W38 is buried (tetramer), whereas at pH 5 it is exposed
u = 0.15 to 0.42 increasdga 2.5-fold while concurrently  to solvent (dimer). Although Quad3 cannot dissociate due
weakening NADPH and DHF binding 5- and 6-fold respec- to the linker sequences tethering each gene copy product, it
tively (17). Analyzing the role of K32 via asymmetric can undergo a transition from a “closed” form (active
mutants found a decreased salt dependence upon removatonformation, pH 8) to an “open” form (inactive, pH 4).
of two lysine side chainsl®). Since the K32M:43 double Previous fluorescence titrations using the Q67H mutant
mutant could not be saturated with DHF, we were unable to showed a greatly diminished fluorescence signal as well as
determine its ionic strength dependence. With the addition a decreased tetramer stability3f. A low sighal change also
of the Q67H:H1-4 mutations to the K32M:t3 mutant, we occurred with the mutants in this study, thus the effects of
can now probe its ionic strength dependence in the contextpH were assessed by monitoring enzyme activity.
of this multimutant. Figure 3 shows a ledpg plot of the Figure 4 shows the pH profile of enzyme activity for
various kinetic parameters vs ionic strength, and the slopesQuad3 and the two mutants. A protein concentration de-
of the various plots are given as a table in Supporting pendent acidic I8, has been previously observed in R67
Information. For comparison, data are also shown for the DHFR which describes loss of activity due to dimer
other K32M double mutants (mutations in gene copies 1 and formation @5). R67 DHFR does not possess a proton donor,
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Q67H.ar (O) and K32Ma1Q67Hy (o) DHFRs are shown. Data

The theoretical curves were generated by globally fitting the data Were fit to eq 4, and best-fit values are given in Table 3.

to eq 2. Best fit values are given in the text.

2—4-fold increases inKy. This result indicates that the

and creation of a H62C mutant (where disulfide bonds binding affinity for NADPH to the wt half of the pore
stabilize the tetramer) results in a monotonic increase in remains mostly unaffected. While the Q67H mutations might

activity as the pH is decrease@Y]. Increased rates have

be expected to tighten bindind 1, 13), loss of a symmetry

been ascribed to increasing concentrations of protonated related binding site due to the K32M mutations could affect

activated DHF (N5 [, of free DHF= 2.60 @6, 47)). Thus
the basic K, in pH profiles of R67 DHFR and Quad3 is

k, the orientational effect in the modified Smoluchowski
equation describing diffusion18). For the latter, fewer

only an apparent value. We therefore report solely the acidic binding sites would be expected to decrebkse(48). We
pKa, Which describes loss of activity due to formation of an note that the NADPHKy values are 329-fold lower than

inactive, “open” state. In the pH profile &, a K, of 5.1

the observed,s, indicating that kinetic terms contribute to

+ 0.1 is monitored for Quad3 with slopes of 0.8 (basic) and the latter. As interligand cooperativity patterns and com-

4 (acidic). This compares to &gof 5.9 for the apo enzyme
monitored by fluorescencd ). In other words, more acid

munication are important in R67 DHFR, one possibility is
that if the positioning of DHF is slightly altered in the K32M

is required to form open, inactive Quad3 in the presence of asymmetric mutants, this information can be imparted to

ligands (K, shift of 0.8 pH unit). The pH independent rate
of Quad3 was calculated as 5#40.8 s,
The activity profile for the K32M.Q67H,ar mutant

NADPH, which is then reflected in a high&, value
Since the protein yields of the multimutants are high, it
also became feasible to use ITC to monitor binding. Iso-

displays a different response to pH, indicating that the therms for binding in the K32MQ67H,as mutant indicated
enzyme is active over a shorter pH range. Calculations yield a substantial enthalpic signal associated with binding of

a pK, of 6.3+ 0.2, a pH independerkty of 7.9+ 3.2 st
and slopes of 1 (basic) and 4 (acidic). If binding of DHF
and NADPH stabilizes this mutant, theKpfor the apo
enzyme might be expected to be higher. If th&, ghift is
similar to that observed for Quad3 (i.e., 0.8),lg,pf ~7.1
might be expected for the apo K32MQ67H,,r mutant.
With the caveat that the K32)MQ67H,, mutant displayed
substrate inhibition, the pH profile of this mutant was fit to
provide estimates of its behavior. Best fits yield I&, of
6.0+ 0.1, a pH independemt,.of 1.8+ 0.3 st and slopes
of 0.8 (basic) and 2 (acidic), indicating a similar pH
dependence as the K32MQ67H,s mutant. However a
lower keqtis calculated. We additionally note that the Q67H

NADPH to enzyme, or DHF to enzyme, or DHF to an
enzymeNADP* complex. However the protein solutions
were cloudy after the titration, thus no quantitative analyses
were performed. A parallel experiment injecting buffer into
K32MpafQ67Har showed small endothermic peaks and
resulted in a cloudy solution at the end of the titration,
suggesting that the protein tends to aggregate upon stirring.
We were able to perform limited ITC analysis on the
K32MnaiQ67Hy mutant. All binding isotherms show exo-
thermic behavior and signals similar to those seen in Quad3
titrations. The NADPH or DHF binary titrations show
biphasic behavior, thus curve fitting is not straightforward.
Details of the fitting process and sample data sets are given

histidine substitutions are apparently not contributing to as Supporting Information. In general, the resulting fits agree
activity loss as the acidic slopes are similar for Quad3 and with the DHF Kq4 values obtained by fitting of the steady-

the multimutants. Finally, data for the “K32M#13 parent”

state kinetic data (Figure 2) and the observed NADRH

are not available due to the inability to saturate this enzyme value obtained via fluorescence quenching.

with DHF.

Ligand Binding Monitored by Fluorescence and I'S8hce
Km values do not necessarily eqialvalues and can contain
kinetic effects, we monitored NADPH binding by fluores-

Preincubation of K32MyQ67H, with NADP™ yielded
straightforward titrations upon addition of DHF, suggesting
a conformational change upon ligand binding as the origin
of the biphasic behavior in the NADPH titrations. Figure 6

cence quenching experiments. Figure 5 shows the titrations,shows a ternary complex titration where DHF is injected into

and the resulting{q values for NADPH are reported in Table
3. The mutants bind NADPH reasonably well, with only

a 1:9 mixture of K32M,yQ67H,*NADP*. Fitting to a single
site model yields a stoichiometry of 0.860.02, aKq4 value
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that NADPH should strongly prefer the wt half of the pore
is the strong salt dependence of NADPH binding, consistent
with two ionic interactions between the pyrophosphate bridge
and the Zohosphate and symmetry related K32 residd&s (

In contrast, addition of salt does not affect tgfor folate,
although a titration iMAH is observed 17).

The above model is also based on an Occam’s razor
approach, which suggests that the simplest interpretation is
preferable. Here, NADPH and DHF do not drastically change
their respective binding modes, which show that NADP
binds tightly using specific contacts, including close contact
with K32 residuesZ0, 21). In contrast, DHF has a disordered
tail where the glutamate likely moves back and forth between
2 symmetry related K32s on the rim of the pore and switches
between direct and solvent separated ion payd7{—19).

58 uM, and the DHF concentration in the syringe was 2.5 mM The latter binding mode may be more tolerant of the K32M
DHF. The data were fit using a single site model with best fit values mutation.

given in Table 3.

of 38 + 2 uM, and an enthalpy change 6f13.74+ 0.6 kcal/
mol (3 experiments). Thiky is ~2-fold higher than th&,

Does DHF Bind in the K32M Mutant Half of the Por&?
is clear that DHF must be able to bind in the mutant half of
the pore as the K32MQ67H, mutant shows DHF inhibi-
tion, which can only result if both sides of the pore are

for DHF, perhaps due to structural and electrostatic differ- 5ccupied. Also two molecules of DHF bind to the apo

ences between NADPand NADPH or to kinetic effects on
Km. Assuming that NADP binds to the half pore containing

enzyme from ITC titrations. Additionally, DHF binds to both
K32MnafQ67H,arrNADP and K32M,,{Q67Hy*NADPT as

wt K32 residues and DHF binds to the mutant half pore shown by ITC experiments. These binding patterns are
carrying the K32M mutations, this result clearly indicates consjstent with the pABA-glu tail of bound folate/DHF being
that the ionic interaction or solvent separated ion pair gisordered, 19, 20). Tail flexibility could allow transient
between K32 and the glutamate tail of DHF is not the sole o, golvent separated ion pair formation with nearby K32

source of the enthalpic signal. For comparison, a range of residues. Since solvent separated ion pairs are weaker than

AH values (8.5 to —11.5 kcal/mol) have previously been
observed for DHF binding to QuadSADP* as well as
various Q67H mutants in complex with NADR11).

DISCUSSION

Does NADPH Bind Specifically to the Wt Half of the
Active Site Pore?One goal of our mutagenesis of this

direct ionic interactions52), their loss can apparently be
tolerated if other compensating interactions are added. The
Q67H mutations serve this purpose.

Enthalpy Consideration&Jsing ITC to monitor formation
of either a binary 2DHF complex or the enzyfNADP*-
DHF ternary complex, we were surprised to observe a strong
enthalpic signal associated with DHF binding to the multi-

primitive enzyme is to determine if gene duplication followed mutants. This result was unexpected as we had previously
by divergence can help increase both binding specificity and proposed that an ionic interaction between K32 and the
catalytic efficiency. From Table 1, it is clear that the 222 glutamic acid tail of DHF strongly contributed to theH
symmetry imposes a number of constraints on how the change, since titration of R67 DHFRADP" with dihydro-
DHFR reaction can be catalyzed. A primary issue is the “one biopterin, where the pABA-glu tail has been removed, did
site fits both” approach to binding DHF and NADPH where not yield an enthalpic signal during ITC titrations. (Dihydro-
both ligands must share a site that is not optimized for either. biopterin does bind to wt R67 DHFR withk§ of ~160uM

Prior to optimization, each ligand should show a preference (53).) The results from these multimutants clearly indicate
toward binding in a specific half of the active site pore. Using that the ionic interaction or solvent separated ion pair
a negative design approach (i.e., blocking of undesired between K32 and the glutamate tail of DHF cannot be the

alternatives49—51)), a binding site preference for NADPH

sole source of the enthalpic signal. Remaining sources

has been achieved in this study. In the multimutants, NADPH contributing to theAH change are stacking between nico-

binding is blocked in the half pore containing the K32M

mutations such that NADPH only binds to the wt half pore.

tinamide and pteridine rings, any differences due to the Q67H
mutations and the rest of the binding surface (including A36,

What evidence exists that NADPH only binds to the wt half Y46, T51, G64, V66, 168 and Y69), and contributions from
of the active site pore? The most compelling data come from entrapped water. Previous ITC studies with the Q67H mutant

the K32M,afQ67Hy mutant, which does not show NADPH
inhibition. This behavior is unlike the Q67H mutant in
homotetrameric R67 DHFR or the Q67H:2+3+4 mutant

in Quad3, which show severe NADPH (and DHF) inhibition
(11, 13). In other words, the K32M mutations in one half of
the pore prevent NADPH binding and disallow formation
of the 2NADPH complex. Other support for NADPH
preferring to bind to the wt half pore comes from a
comparison ofKy; values, where<4-fold differences are

in homotetrameric R67 DHFR as well as asymmetric Q67H
mutants in Quad3 show typical enthalpic sign&g:4 values

of —10 to —12 kcal/mol (1, 13)), so the Q67H mutation
does not appear to changél values much. A separate study
by Chopra and Howell using osmolytes indicates that water
plays a large role in binding DHF (unpublished). Water has
also been found to contribute significantly to enthalpy
changes in other systems4(-56), for example Chernevak
and Toone found that water reorganization can contribute

seen, compared to Quad3. Another observation predictingfrom 25 to 100% of the binding enthalpy. Also, as noted
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Ficure 7: Free energy differences calculated based on a double
mutant cycle of analysis compared to Quad3 values using eq 4.
The comparisons are plotted using black, gray and dark gray bars
respectively, for the K32M:13, Q67H: 14 and K32M Q67 Harr
mutants. Comparisons are provided for the steady-state kinetic
valueskeay, Keal Kmorry, andkeal Kmnaopry.

above, increasing the ionic strength of the solution does not
affect theK for folate, although a titration iAH is observed
(17). Enthalpy-entropy compensation has often been cor-
related with perturbation of the water network in binding
sites 64, 57, 58). Thus it seems likely that water plays a
larger role in the DHF binding enthalpy than previously
proposed.

Additivity. The effects of the K32M:%13 and the Q67H:

1+4 mutations on each other were analyzed using a double

mutant cycle. A comparison of the various kinetic terms used
eq 3. A negativeAAG value indicates that the mutant enzyme
shows an improvedk.a/Km (Or Ke if this is the term
compared). The free energy changes associated with th
K32MhafQ67Huar mutant are plotted in Figure 7.

If the mutation has the same effect in two different protein
contexts, it is additive. If the effects are different, then the
mutations are not additive. Nonadditive effects arise when

residues contact each other, when conformational changes

in the protein or reorientation of bound substrate occur, and/
or when the mechanism or rate-limiting step is alter22

25). The Q67H:3#4 mutational pair has a different effect
when added to Quad3 compared to K32M3L A coupling
energy,AG,, can be calculated using the equation

AAG

multimutant—

AAGyaan1+3 + AAGqgg71a14 + AG (5)

where AG, describes the dependence of the mutations on
each other or their level of interaction. Fag, AG; is 0.55
kcal/mol; forkeal Kmorr), this term is 2.12 kcal/mol; and for
Keal Kmnaoer), this value equals 0.54 kcal/mol. The mutations
do work together, however they are not fully additive. The
largestAG, is associated witla/Kmonr), Which describes
DHF + enzymeNADPH = E-DHF-NADPH?¥, with the latter

e
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Since the side chain atoms of K32 and Q67 ai&-8 A
distant, the coupling energies could derive from slight
conformational changes in the protein, reorientation of bound
substrate, and/or alteration of the mechanism. As the active
site pore is quite voluminous, it is easy to imagine alterations
in bound ligand position. Additional effects could arise from
alterations in interligand cooperativity.

Necessary and Sufficienthe design process appears to
have kept selectivity for NADPH in the half pore that still
contains the wt K32 residues. In other words, K32 appears
to be necessary and sufficient for NADPH binding. For DHF
binding, loss of the K32 residues in the mutant half pore
can be compensated for by the Q67H mutations. Here, K32
is sufficient for DHF binding, but not necessary as addition
of the Q67H mutations can mostly compensate for loss of
the K32 residues. This pattern likely correlates with how
the ligands bind. From NMR and crystallography studies,
NADP*/(H) is bound with specific contacts, including ionic
interactions between théghosphate and the pyrophosphate
with symmetry related K32 residuedq 20, 59—-61). In
contrast, thep-aminobenzoylglutamate (pABA-glu) tail of

'DHF is disordered by both NMR and crystallography studies

(8, 19). The disorder of the pABA-glu tail likely allows
transient direct interactions as well as solvent separated ionic
interactions with symmetry related K32 residues in Quad3
(17, 18). These interactions are important in binding (as seen
in the K32M:1+3 mutant), however they can be eliminated
if compensatory mutations are added (i.e., the Q67H muta-
tions).

Enzyme Eolution. In homotetrameric R67 DHFR, the
Q67H mutation provides tighter binding to NADPH and DHF
at the expense .. In addition, nonproductive complexes
readily form as extensive cofactor and substrate inhibition
is observed. In contrast, the K32M mutation destabilizes the
active tetramer. If K32 function is diminished by increasing
salt concentration, thek,: increases while binding to both
ligands is weakened. Thus homotetrameric R67 DHFR
performs a balancing act, as improvement in one function
by addition of a mutation is offset by a decrease in a second
function. A compromise between binding and catalysis exists,
and increased function is unlikely to evolve in the homotet-
ramer.

According to Ohno, gene duplication creates redundant
loci that can accumulate mutations which lead to either loss
or gain of function, as long as one of the copies can still
perform the required, ancestral ta§i). In our engineering
studies of R67 DHFR, gene quadruplication can allow
divergence of individual gene copies. This approach is
providing a pathway toward optimizing ligand binding and
perhaps increasing function.

Another view of enzyme evolution suggests the presence
of a promiscuous intermediate prior to optimization of
function 63—65). Our studies with R67 DHFR support this
view. Clearly, R67 DHFR uses a promiscuous surface to bind
both substrate and cofactor. This limits its ability to ac-
cumulate mutations as a single mutation in four monomers
can have large effects on folding, oligomerization state,
binding and/or catalysis. Our ability to break the 222

species describing the transition state. Finding the largestsymmetry of the protein using the Quad3 template has led

coupling energy associated witQa/Kmpnr) suggests that

to alternate active site configurations which provide similar

DHF binding undergoes the biggest changes, consistent withlevels of function, while blocking formation of the 2NADPH

DHF occupying the mutant half of the pore.

nonproductive complex.
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In a recent directed evolution revie®q), Tao and Cornish
state, “Although directed evolution is now used routinely to
improve existing enzyme activity, there are still only a
handful of examples where substrate selectivity has been
modified sufficiently for practical application, and the de
novo evolution of function largely eludes us.” R67 DHFR

bacteria to resist the selective pressure of the antibiotic drug,
TMP. Its origin is unknown, and it is not a protein scientists
would have designed. As such, R67 is helpful as it allows a
comparison of catalytic strategies with the well-evolved
chromosomal DHFRs2j. It can also illustrate simple
strategies in catalysis that can be valuable in understanding
the basic mechanisms used by other enzyn@. (For
example, a general hypothesis in enzymology is that increas-
ing levels of preorganization in an enzyme active site lead
to enhanced catalytic efficiencg§—70). R67 achieves some
level of preorganization by the initial binding of NADPH in
one of four symmetry-related sites. Once bound, NADPH
generates a local asymmetry, which in turn favors DHF
binding and disfavors binding of a second NADPH molecule.
This type of “preorganization” is different from most other
enzymes and suggests that ligafidand cooperativity plays

an important role in R67 catalysis. This view points to
negative desigrd@—51) being involved in catalytic function.
This design element is normally hidden in well-evolved
enzymes. As the cooperativity patterns are altered between

ligands, as in this study, we hope to determine whether 15.

increased specificity and catalytic efficiency result.
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SUPPORTING INFORMATION AVAILABLE

Figure S1 shows the CD spectra for Quad3 and its mutants.
Table S1 lists the slopes of ledog plots of several kinetic
parameters versus ionic strength for various mutants com-
pared to wt R67 DHFR. Figure S2 shows a sample titration
of NADPH into K32M{Q67Hy while Figure S3 shows a
sample titration of DHF into this mutant. Details of the fitting
process are also given. This material is available free of
charge via the Internet at http://pubs.acs.org.
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