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ABSTRACT: The importance of three amino acid residues contacting the nicotinamide ring of N A D P H  in 
Escherichia coli dihydrofolate reductase has been defined using site-directed mutagenesis and detailed 
steady-state and pre-steady-state kinetic experiments. Replacement of Tyr-1 00 with either glycine or isoleucine 
(Y 1 OOG or Y 1001) disrupts an aromatic-aromatic interaction between the phenolic side chain and the 
nicotinamide ring. Both mutations remove the differential binding of the oxidized and reduced coenzymes 
implicating Tyr- 100 as a major determinant for coenzyme specificity. Replacement of Ser-49 for alanine 
(S49A), designed to either displace or reduce the polarizability of a bound water molecule contacting the 
N1 of the nicotinamide ring, affects only the rate of release of NADP'. Replacement of Ile-14 with alanine 
(I14A), designed to alter both a weakly polar and a hydrogen bonding interaction with the periphery of 
the nicotinamide ring, affects only the binding of NADPH.  Y 1001, Y 100G, and I14A all increase the 
activation barrier for the chemical step by approximately 2 kcal/mol. The lack of an effect for S49A suggests 
that water structure is not important for stabilizing the hydride transfer transition state. In addition, the 
nominal effects observed for these mutations disfavor the hypothesis that neighboring amino acid residues 
participate in the stabilization of the reaction transition state through polar or weakly polar contacts. 

D i h y d r o f o l a t e  reductase (DHFR)'  (5,6,7,8-tetrahydro- 
folate:NADP+ oxidoreductase) catalyzes the reduction of 
dihydrofolate (H,F) to tetrahydrofolate (H,F) by stereospecific 
hydride transfer from the nicotinamide of NADPH to C6 of 
the pterin ring of H,F. Due to the critical role of derivatized 
forms of H4F for purine and thymidylate biosynthesis, the 
enzyme has been targeted for drug chemotherapy. For ex- 
ample, methotrexate [MTX] is a tight binding inhibitor that 
halts DNA synthesis in proliferating cancer cells by nucleotide 
deprivation. X-ray crystallographic data on the binary MTX 
(Matthews et al., 1977) and ternary NADP+/folate (Bystroff 
et al., 1990) complexes reveal key interactions made at both 
the coenzyme and substrate binding sites. Dihydrofolate oc- 
cupies a deep cavity making a large number of conserved 
hydrophobic contacts (e.g., Leu-54, Phe-31, Ile-50, and Leu- 
28), Asp-27, the only ionizable group in the active-site interior, 
delivers a proton to N5 of the pteridine ring. The coenzyme 
binds in an extended conformation with the nicotinamide ring 
closely positioned to the pterin ring. A number of hydrophobic 
(e.g., Tyr- 100, Ile- 14) and hydrogen bonding (e.g., Ser-49) 
interactions are made between the protein and the nicotinamide 
ring of NADPH. 

DHFR catalyzes a very rapid and highly favorable hydride 
transfer reaction. Due to a hybridization change in the nic- 
otinamide ring, a mechanism whereby the reduction step is 
facilitated by peripheral residues interacting with the devel- 
oping pyridinium cation is possible. The enzyme may also 
achieve high efficiency by orienting reactant ground states so 
that they can make close contact. To probe for subtle 
mechanisms for stabilization of the nicotinamide ground and 
transition states through either polar, weakly polar, or steric 
contacts, three conserved residues (Tyr-1 00, Ser-49, and Ile- 
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14) surrounding the ring were replaced using site-directed 
mutagenesis. The mutant proteins' abilities to bind ligands 
and to catalyze H2F reduction were then assessed using 
binding, steady-state, and pre-steady-state kinetic techniques. 
The effects of specific mutations are discussed in light of the 
complete kinetic mechanism of wild-type DHFR from Es- 
cherichia coli (Fierke et al., 1987). 

MATERIALS AND METHODS 
Mutant Enzymes. S49A was constructed from plasmid 

pLLcl- 1 ,  which contains an oligonucleotide cassette encom- 
passing the coding region for the a-helix of E .  coli DHFR (Li 
& Benkovic, 1991). The above was digested with the re- 
striction endonucleases NarI and EagI. The large DNA 
fragment was purified by an agarose gel/DEAE membrane 
procedure as previously described (Winberg & Hammarskjold, 
1980). The mutagenic double-stranded DNA (50 pmol) shown 
below (mutation in the box), which contains the sticky ends 

5'CGC CAT ACC TGG GAA GAT ATC-3' 
G GTA TGG ACC CTT CTA TAG CCG G 0 

compatible with those generated by NarI and EagI digestion 
of pLLc1-1, was ligated to the purified, linearized DNA (1 
pmol) by T4 DNA ligase (Legerski & Robberson, 1985). The 
circular DNA was then transformed into E .  coli strain w71-18 
by the method of Hanahan (1983). Cells containing the 
transformed plasmid were segregated on LB/agar plates 
containing 25 Fg/mL chloramphenicol and 10 kg/mL tri- 

' DAM, 2,4-diamino-6,7-dimethylpteridine; DHFR, E .  coli dihydro- 
folate reductase; H,F or D or DHF, 7,8-dihydrofolate; H4F or T, 
5,6,7,8-tetrahydrofolate; I14A. isoleucine-14 - alanine DHFR mutant; 
MTX, methotrexate; NADPD, [(4'R)-2H]NADPH; NADPH or NH, 
nicotinamide adenine dinucleotide phosphate reduced; NADP' or N ,  
nicotinamide adenine dinucleotide phosphate; S49A. serine-49 - alanine 
DHFR mutant; YlOOG, tyrosine-100 - glycine DHFR mutant; YlOOI, 
tyrosine-100 - isoleucine DHFR mutant. 
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at  259 nm, pH 7.0 (P-L Biochemicals, 1961). The concen- 
trations of H2F and NADPH were also checked by turnover 
with DHFR. Endonucleases were purchased from New 
England Biolabs. T4 DNA ligase was purchased from IBI. 
All kinetic measurements were obtained at 25 OC in a buffer 
which contained 50 mM 2-(N-morpholino)ethanesulfonic acid, 
25 mM tris(hydroxymethyl)aminomethane, 25 mM ethano- 
lamine, and 100 mM sodium chloride (MTEN buffer). The 
buffers were purged with argon and contained 1 mM dithio- 
threitol when H4F was used. All kinetic experiments were done 
at pH 7 unless otherwise noted. 

Steady-State Kinetics. Initial velocities for the enzyme 
reactions were measured by using a Cary 219 UV-visible 
spectrophotometer. The molar absorbance change was 11 800 
M-' (Stone & Morrison, 1982). All pH-dependent steady- 
state data were fit to 

C = cmax[Hl/([Hl + Ka) (1) 

where C and Cmax are, respectively, the pH-dependent and 
pH-independent values of either V or V / K  and K, is the acid 
dissociation constant associated with these parameters. The 
enzyme was preequilibrated with NADPH before the addition 
of H,F. The inhibition constant of DAM, Ki,obs, was measured 
for both mutants by plotting l / v  vs [DAM] (Segel, 1975; 
Stone & Morrison, 1982). Kippp was then obtained from Ki,ob 
by the equation 

Ki,app = Ki,obs/(l + [H2Fl/KM) 

Ki,app = KI(1 + [HI/Kb)(l + Ka/[HI) 

(2) 

The values of Kl,app were then fit to the equation 
(3) 

where KI is the pH-independent dissociation constant of DAM 
and Ka and Kb are the acid dissociation constants of the free 
enzyme and DAM, respectively. 

Transient binding and pre- 
steady-state kinetics for YIOOI, Y 100G, and I14A were per- 
formed on a stopped-flow apparatus designed and built in the 
laboratory of Dr. Kenneth A. Johnson (1986). The instrument 
has a dead time of 1.6 ms and a 2-mm sample cell and can 
be used in either a transmittance or fluorescence mode. In- 
terference filters (Corion Corp.) were used for emission output, 
and a monochromator was used for excitation input. Typically, 
ligand binding experiments were monitored by using a selected 
wavelength of 290 nm and an output filter of 340 nm. To 
measure coenzyme fluorescence, an output filter of 450 nm 
was used. Absorbance was measured at 340 nm by conversion 
of transmittance data. Following a trigger impulse, data were 
collected by a computer over a selected time range. In most 
cases, an average of 6-10 traces was taken at  a given set of 
conditions for data analysis. Kinetic data were fit using a 
nonlinear least-squares computer program that analyzed the 
transients as a single- or double-exponential rate constant or 
a single-exponential rate constant followed by a linear rate 
(Dyson & Isenberg, 197 1; Johnson, 1986). Pre-steady-state 
data were transferred to a Vax microcomputer and fit to more 
complicated mechanisms using the kinetic simulation program 
KINSIM (Barshop et al., 1983). 

All rapid kinetic experiments for S49A were performed on 
a stopped-flow apparatus puchased from Applied Photophysics. 

Fluorescence Titrations. The thermodynamic binding of 
ligands (Kd) was measured by following the quenching of the 
intrinsic enzyme fluorescence at 340 nm upon excitation at  
290 nm as a function of added ligand on an SLM 8000 
spectrofluorometer. In separate control experiments, a known 
quantity of tryptophan was titrated to correct for inner filter 
absorbance effects of the ligand. Typically, the enzyme 

Stopped-Flow Kinetics. 

- 
A CGC GTT AT T GAA CAG 

GG T GAA CAG CGC G E  
- 
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Table I :  Steady-State Kinetic Parameters for Mutant and Wild-Type 
DHFRs' 

mutants 
114A YlOOI YIOOG S49A WT6 

k,,, (s-' ) 1 5 f 1 . 7  3 . 8 f 0 . 2 6  2 . 9 f 0 . 1 5  9 . 7 f 2 . 6  12 
PK*(k,,) 7 . 5 f 0 . 1  7 . 2 f 0 . 1  8 . 2 f 0 . 1  8 . 3 f 0 . 2  8.4 
kcal/K:H ( X I O 4  280 f 30 52 f 8 71 f 59 210 f 60 210 

pK,(k,,,/KiH) 7.4 f 0.1 7.2 f 0.1 8.1 f 0.1 8.3 f 0.2 
k,, and pK,(k,,) 

for wild-type DHFR were measured at 100 pM NADPH and varying H,F. 
kcal/KM was measured with IO r M  H,F and 1-100 pM NADPH at pH 7 
(Fierke et al.. 1987). 

M-I s-I) 

* k,, and kcal/KiH are pH-independent values, 25 'C. 

Table 11: Thermodynamic Dissociation Constants for Ligands to 
Mutant and Wild-Type DHFRs at  pH 7.0, 25 OC 

K d  (pM) 
lieand 114A YlOOl Y 1 OOG S49A WT" 

NADPH 1.4f0.1 6 . 5 f 0 . 1 5  7 . 7 f 0 . 4 6  0 . 2 3 f 0 . 0 4  0.33 
NADP' 25 f 1.3 5.7 f 0.27 22 f 2.5 7.3 f 1 . 1  24 
H2F 0.22 f 0.12 f 0.01 0.81 f 0.09 0.21 f 0.04 0.22 

a Wild-type values were measured at pH 6 (Fierke et al., 1987). 
0.07 

concentration was either a t  or slightly less than the Kd of the 
ligand. The data were fit to the equation 

F = F E  - c(FE - F E L ) / 2 E T  (4) 
where 
c = ET + + Kd - [(ET + LT + Kd)' - 4(f?T)(LT)]"2 

In this equation, E, and LT are the total enzyme and ligand 
concentrations, respectively, FE is the initial fluorescence, and 
F E L  is the final fluorescence. The data were fit with a non- 
linear least-squares program previously described (Taira & 
Benkovic, 1988). 

RESULTS 
Steady-State Kinetics. The steady-state kinetic parameters, 

k,, and k,,/KM, for the reaction of the mutants with varying 
amounts of NADPH and fixed H2F (50 pM) are presented 
in Table I.  The latter substrate was saturating since doubling 
its concentration had no effect on the reaction rate. There 
was no evidence for two KMs for NADPH binding to two 
differing forms of the enzyme, E-H2F and E-H4F. The ob- 
served deuterium isotope effects on k,,, at high p H  using 
NADPD are 2.7 f 0.1 for YlOOI (pH 9), 3.0 f 0.1 for YIOOG 
and I14A (pH lo), and 3.0 f 0.3 for S49A (pH 10). At low 
pH, the isotope effects are 1.6 f 0.2 for YlOOI (pH 6), 1.7 
f 0.2 for YIOOG (pH 6), 1.5 f 0.1 for I14A (pH 5.7), and 
1.0 f 0.2 for S49A (pH 6). The rates of k,,, in the reverse 
direction (Le., conversion of NADP' and H4F to NADPH and 
H2F) were measured by mixing 1-1.5 m M  NADP' and 
20-250 KM H4F with the mutant a t  pH 9. The observed rates 
for these reactions were unaffected by increasing the pH to 
I O .  The pH-independent k,,, values were determined to be 
0.025 f 0.002 s-l, 0.21 f 0.03 s-I, and 0.064 f 0.003 s-I for 
Y 1 OOG, Y 1001, and I14A, respectively. 

Thermodynamic Binding of Ligands. The thermodynamic 
binding of ligands ( K d )  to mutant DHFRs was analyzed by 
following the quenching of the intrinsic enzyme fluorescence 
(excitation X = 290 nm, emission X = 340 nm) upon ligand 
titration (Birdsall et al., 1980; Stone & Morrison, 1984). 
Table I1  shows the Kds of various ligands binding to both 
mutant and wild-type enzymes. Overall, the effects appear 
localized a t  the nicotinamide site. The following discussion 
will illustrate some of the pitfalls in using Kd measurements 

Scheme I 
kon 

E l  + L1 e E1-Li 
kon 

W&\ I k 2  

E2 

Table 111: Association and Dissociation Rate Constants of Ligands 
to Mutant and Wild-Type DHFRs at pH 7.0, 25 "C 

k,, (pM-' s-') koff (s-') 
ligand 114A S49A WT" I14A S49A WT' 

NADPH 3 0 f  5 2 2 f 2  20 8 5 f  15 5 f 4  3.5 
NADP' 5.1 f 3 13 290 f 50 300 
H2F 3.5 f 0.8 46 f 6 40 23 f 4 38 f 6 40 
H,F 4.0 f 0.6 25 6 f 5  < I  

Fierke et al. (19871 

as the sole determinants for ligand binding to these mutants. 
Kinetic Binding of Ligands. The transient binding of ligands 

can be monitored by following the time-dependent quenching 
of the intrinsic enzyme fluorescence upon stopped-flow mixing 
of the ligand with enzyme (Dunn et al., 1978; Dunn & King, 
1980; Cayley et al., 1981). Cayley et al. (1981) have con- 
cluded that the enzyme exists in two slowly interconverting 
forms, E, and E2, of which only one binds ligands, El. This 
mechanism is illustrated in Scheme I and gives rise to a raid 
ligand-dependent phase and a slower ligand-independent phase 
upon mixing. 

For pseudo-first-order reaction conditions ([L] >> [E]), the 
observed rate constant, (kobs, for binding L, to E, (the lig- 
and-dependent phase) can be approximated by k,, = k,, [L] 
+ koff  where k,, and koff  are the association and dissociation 
rate constants, respectively. A plot of kobs vs [L] yields k,, 
from the slope and koff  from the intercept. The association 
and dissociation rate constants for several ligands to the mu- 
tants are listed in Table 111. The rate constant for enzyme 
interconversion, k , ,  is determined from the slow-phase rate 
while the equilibrium constant, Kq = k , / k 2 ,  is calculated from 
the ratio of the amplitudes of the two phases. For the wild 
type and the mutants the following kinetic constants were 
determined: k ,  = 0.03 s-l (WT), 0.065 f 0.04 s-I (I14A), and 
0.047 f 0.004 (S49A); Keq = 1 (WT), 0.89 f 0.09 (114A), 
and 2.3 f 0.5 (S49A). For S49A, a phase of 30 s-l was 
observed in addition to the slow protein isomerization upon 
the binding of NADP'. This phase did not increase in rate 
or amplitude between 16 and 500 KM NADP' (data not 
shown) and, thus, could not be ascribed to a ligand association 
step. 

Attempts at measuring association and dissociation rate 
constants for YlOOI and YlOOG by a relaxation method failed 
because of low amplitudes for the fast phase. However, both 
mutants showed measurable ligand-independent phases with 
a rate constant similar to k ,  for wild-type DHFR and I14A 
(data not shown). Therefore, the ratio of the amplitude of 
fast phase to slow phase is much less than one, and since 
measurement of the enzyme interconversion is dependent on 
the tryptophan quenching associated with ligand binding, this 
result indicates that Keq for both Y IO01 and Y IOOG is also 
much less than one so that the predominant, unliganded en- 
zyme species is E2. For this reason we chose an alternative 
route for measuring the equilibrium of the native enzyme 
conformers (see next section). 

Dissociation Rate Constants for L'igands. The dissociation 
rate constants of ligands from DHFR can be measured in- 
dependently by using a competition method (Dunn et al., 
1978). In this technique the enzyme-ligand complex (E-L,) 
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Table IV: Dissociation Rate Constants of Ligands from Mutant and Wild-Type DHFRs at pH 7.0, 25 O C  

ligand enzyme species' I14A S49A YlOOI YIOOG WTb 
k,rr 

NADPH E-NADPH 80 f 5 5.6 f 0.5 26 f 3 2.8 f 0.6 3.6 
E-N H-HIF 100f 15 85 

NADP' E-N A DP' 175 f 20 23 f 3c 6 f 0.7 5.2 * 0.4 290 
E-N-H4F 210 f 40 23 f 3' 5 f 0.4 3.3 f 0.5 200 
E-H2F 22 f 4 23 f 1 7 f 1  18 f 2 22 

E-NH-HdF 30 * 3 20 f 1 14 f 2 23 f 2 12 

H4F E-HpF 8.3 f 1 2.9 f 0.1 1.4 * 0.1 1 5 f 1  1.4 
E-N-H4F 8.8 f 0.8 4.6 f 0.1 l 4 *  1 21 f 2 2.4 

H2F 

MTX was used to compete for complexes with H2F and H4F while NADP' was used to compete for complexes with NADPH and NADP' for 
NADPH. bMeasured at pH 6 (Fierke et al., 1987). cThe liberation of NADP' was monitored by fluorescence energy transfer. 

Scheme U 
k-i 

k i  
E41 E + L1 

k2 

k-2 
E i- L2 E 4 2  

is preequilibrated before a large excess of a competing ligand 
(L,) is rapidly mixed in a stopped-flow apparatus. If there 
is a sufficient difference in the fluorescence properties of E-L, 
and E-L2 then an exponential rate constant is observed. This 
process is described in Scheme 11. 

When k,[L,]  << k2[L2] >> k-,, the observed rate constant, 
kh, is equal to the dissociation rate constant for LI ,  kI. The 
off rates of a number of ligands from binary and ternary 
complexes of the mutants were determined by using this 
technique. These results along with those of wild-type DHFR 
are shown in Table IV. Although the dissociation rate con- 
stants of ligands from Y 1001 and Y 1 OOG could not be directly 
measured in a relaxation experiment, the off rates could be 
measured in a competition experiment since this technique 
relies on the net difference in protein fluorescence between two 
ligand-bound complexes and is independent of the ratio of E, 
and E2. 

Pre-Steady-State Kinetics. The hydride transfer rate con- 
stant, khyd, for wild-type DHFR has been isolated by using 
pre-steady-state fluorescence energy transfer experiments 
(Fierke et al., 1987). In this technique, the protein emission 
at 340 nm excites the nicotinamide portion of NADPH, which 
in turn emits at 450 nm. Since the oxidized nicotinamide of 
NADP' displays no emission in this spectral region and the 
transfer process is highly distance-dependent (Stryer & 
Haughland, 1967), the consumption of NADPH as well as 
any protein or coenzyme conformational changes that alter 
the fluorophore environment in the first turnover can be 
monitored. 

The observed k!$ for mutants was determined by using 
stopped-flow fluorescence energy transfer. A typical pre- 
steady-state transient for I14A at pH 6.8 is shown in Figure 
1. In  this experiment, 1 1  pM enzyme and 45 pM H2F were 
preequilibrated before 100 p M  NADPH or NADPD was 
rapidly mixed. Both transients could be fit to a single-expo- 
nential decay followed by a linear phase (kL) .  For NADPH, 
a burst rate constant, kt;$, of 33 f 3 s-l and a linear rate 
constant, kL, of 1 1.9 s-l were observed. This burst was con- 
firmed to be the hydride transfer step since repeating the 
experiment with NADPD gave a deuterium kinetic isotope 
effect (Dkir$) of 3.0 f 0.2 and DkL of 1.6. Similar kinetic 
behavior was observed for the other mutants. These data are 
listed in Table V. All mutants showed deuterium isotope 
effects on the burst phase of approximately 3. Except in the 
case of I14A, the mutants were prequilibrated with the co- 
enzyme rather than H2F. I14A required preequilibration with 

, , , ,  , , , , , ,  j 
O'OO 20 40 60 80 100 I20 140 160 

Time (msec) 
FIGURE 1: Measurment of the pre-steady-state burst for I14A by 
stopped-flow fluorescence energy transfer. DHFR is preincubated 
with H2F, and the reaction is initiated with either N A D P H  or 
NADPD. The solid line is simulated by KMSIM (Barshop et al., 1983) 
using Scheme I11 and the rate constants discussed in the text. Final 
conditions: 11 pM I14A, 100 pM NADPH(D),  45 p M  H2F, pH 6.8, 
25 OC. 

Table V: Values of Rate Constants for Hydride Transfer for the 
Various Mutants 

mutant kI$(s-') D&$ kL (s-') DkL 
I1 4A' 33 f 3 3.0 f 0.2 11.9 1.6 
Y lOOIb 28 f 2 2.8 f 0.2 1.5 
YIOOGC 12 f 1.2 2.8 f 0.2 1.7 
S49Ad 120 f IO 2.7 f 0.3 1 .o 

'uH 6.8. buH 5.8. CuH 6.5. duH 7.0. 

Scheme 111 

k i [ W  khP 
E42F C E-NH42F e E-N+-H4F 

k-i k+,yd 

k5[Hn911k-S k-dN'11 I k3 

k - d H 4 9  

k4 
E-NH I - E-H4F 

H2F due to this ligand's reduced association rate constant 
(Table 111). 

For wild-type DHFR, &'! increases with decreasing pH 
until a pH-independent plateau is reached (Fierke et al., 1987). 
From these data a pKa of 6.5 and a maximal hydride rate 
constant, khyd, of 950 for the protonated ternary complex 
were determined. The kf$$ values for the mutants were also 
pH-dependent. For I14A, YlOOI, YlOOG, and S49A, khyd = 
48 f 3, 35 f 4, 15 f 1, and 900 f 150 s-l, respectively, and 

respectively. These values were determined either by direct 
fitting of the pre-steady-state transients to an exponential decay 
followed by a linear phase or by fitting to Scheme 111 with 
KINSIM (Barshop et al., 1983) as illustrated for I14A. For the 
latter mutant the rate constants for binding NADPH and H2F 
( k , ,  k-,,  k5,  and k+) were obtained from Table 111. The 

PKa(khyd) = 7.0 f 0.1, 6.2 f 0.2, 7.0 f 0.1, and 6.4 f 0.2, 



11050 Biochemistry, Vol. 30, No. 46, 1991 

binding of H2F  was assumed to be unaffected by the presence 
of NADPH. The dissociation rate constants for NADP' (k,) 
and H4F ( k 4 )  were measured directly (Table IV) .  (The 
binding of NADPH is included in k4 since association is rapid 
and the equilibrium is favorable.) The wild-type values of 5 
pM-I s-I and 2 pM-' s-' were used to set kw3 and k-4, re- 
spectively (Fierke et al., 1987). 

Since hydride transfer is solely rate-determining in the re- 
verse steady-state reaction, the internal equilibrium, K,,,, can 
now be determined from the maximum forward and reverse 
hydride rate: K,,, = 750 (48 s-'/0.064 s-I) for I14A. 

pH-Dependent Inhibition with DAM. Stone and Morrison 
(1984) have shown that the pKa of Asp-27 in the E-NADPH 
complex can be determined by measuring the pH-dependent 
dissociation constant, K,, of the classical, competitive inhibitor 
2,4-diamino-6,7-dimethylpteridine (DAM). Plots of pK, vs 
pH are bell-shaped with the lower pKa reflecting the free acid 
dissociation of DAM (pKa = 5.7) and the higher pKa reflecting 
that of the carboxyl of Asp-27. The pH-dependent inhibition 
of the mutants with DAM gave pK,'s of 7.3 f 0.19, 6.2 f 0.07, 
and 7.1 f 0.04 for Y 1 OOG. Y 1001, and 11 4A, respectively. 

DISCUSSION 
Although the source of the hydride and proton in the 

DHFR-catalyzed reduction of H 2 F  is clearly established, the 
ordering of these transfer processes is poorly understood. 
Although pre-protonation of N5 may facilitate hydride delivery 
by enhancing charge development on C6, there are a number 
of observations which challenge this mechanism. For instance, 
both U V  difference (Poe et al., 1974; Maharaj et al., 1990) 
and N M R  spectroscopy (Selinsky et al., 1990) have shown 
that the N5 of folic acid and H2F is not protonated over a wide 
pH range in binary complexes. However, if  the rate of hydride 
transfer is dependent on the concentration of a N5-protonated 
species then changes in the acidity of the reaction's proton 
donor, Asp-27, may be correlated to changes in the rate of 
hydride transfer. This would follow if the dominant effect of 
the mutation is only to alter the pKa of Asp-27. Nevertheless, 
to date, there is no clear relationship between the pKa values 
of folate-directed mutants and the hydride step (Benkovic et 
al., 1988). In addition, there is no obvious, complementary 
charge or polar contact near N5 that could sustain a pre- 
protonation mechanism. Since the free pK, for N5 of H 2 F  
is approximately 2.6 (Maharaj et al., 1990) and the pK, of 
Asp-27 is 6.5 in all ligand-bound complexes, the concentration 
of protonated species is negligible. Thus, the possibility of 
concerted or late proton transfer must be considered. 

At the NADPH site a very similar dilemma arises. During 
the reduction of H2F, the hybridization of the nicotinamide 
ring must change to accommodate the lost hydride ion and 
the newly developed positive charge on N1 of the ring. Hence, 
a mechanism whereby the reduction step is stabilized elec- 
trostatically by peripheral residues may exist. Alternatively, 
the enzyme may achieve its high efficiency mainly through 
substrate/coenzyme proximity effects. In other words, DHFR 
may have evolved primarily to orient reactant ground states 
so that they can make close contact. This latter assertion is 
in accord with the structural observation that the nicotinamide 
binding site of many dehydrogenases is primarily a hydro- 
phobic surface with few charged or polar residues (Birktoft 
& Banaszak, 1984). However, the X-ray structure of DHFR 
is better refined than that of most dehydrogenases and reveals 
a number of potential contacts that may be important in charge 
complementation. 

To probe for subtle mechanisms for polar stabilization of 
the nicotinamide ring, three conserved residues surrounding 
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k, 

C J  
L F T A D P H  F \ 

Tyr-100 3 M T X  

,\ 5 Ile-14 

F I G U R E  2: Nicotinamide binding site of E. coli DHFR. NADPH 
is modeled into the binary E-MTX complex (Benkovic et al., 1988). 

the ring were replaced using site-directed mutagenesis. These 
residues and their proximity to the nicotinamide are illustrated 
in Figure 2. Tyr-100, which is a phenylalanine in all other 
known DHFRs, provides an aromatic-aromatic interaction 
with both the nicotinamide and the pterin rings. In addition, 
the polarizability of the phenolic side chain of Tyr-100 may 
contribute to stabilizing the positively charged nicotinamide 
in either the reaction transition state or product ground state 
complexes. Petsko and co-workers have cataloged the geom- 
etry of interactions of aromatic side chains (Le,, Phe, Tyr, and 
Trp) and amino groups (i.e., Lys, His, Arg, etc.) in 33 crys- 
tallographically refined protein structures (Burley & Petsko, 
1986). The preferential arrangement of aromatic x electrons 
may offer large enthalpic contributions to structural stability 
and may also be important for catalysis. In addition to these 
potential contacts, recent crystallographic studies on the ter- 
nary E-NADP+-fol complex of E.  coli DHFR (Bystroff et 
al., 1990) have shown that the distance between the hydroxyl 
of Tyr-100 and the C4 of the nicotinamide ring is 2.8 A. These 
authors have also modeled a theoretical transition state which 
incorporates a slightly puckered nicotinamide ring poised for 
hydride delivery. In this model, the hydroxyl-C4 distance is 
now partially relaxed to 3.0 A. Thus, the function of the 
hydroxyl of Tyr-100 may be to promote the formation of the 
transition-state structure through the release of ground-state 
strain. Consequently, Tyr- 100 was replaced with isoleucine 
(YIOOI) and glycine (Y100G) to see whether the enzyme 
exploits either the polarizability of the phenolic group in order 
to stabilize the transition state or the steric bulk of the phenolic 
group to destabilize the reactant ground state. 

The hydroxyl of Ser-49 interacts with the opposite face of 
the nicotinamide via a coordinated water molecule (the water 
molecule is not shown in Figure 2). Filman et ai. (1982) have 
proposed that this conserved residue may be involved in the 
stabilization of the pyramidal nitrogen developing in the 
transition state. Under the presumption that the side chain 
of alanine is a conservative replacement for that of serine and 
offers no major disruptions in the protein fold, S49A at a 
minimum increases the mobility of the coordinated water 
molecule and alters its orientation, thus disrupting its inter- 
action with the charged ring. 

Finally, the carbonyl oxygen of Ile-14 makes close contact 
with the 2'-H and a H of the amide of the nicotinamide ring. 
Although the nicotinamide ring of the oxidized and reduced 
coenzymes is coplanar with the glycosidic bond and amide side 
chains, it has been asserted that a tetrahedral nitrogen forms 
in the transition state of formate dehydrogenase before collapse 
to an sp2 center (Cook et al., 1981). On the basis of this 
analogy, Filman et al. (1982) have argued that a delocalized 
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Scheme IV 

E2 

positive charge on the ring can be partially stabilized through 
a constellation of weakly polar interactions from several co- 
planar, carbonyl oxygens of which Ile- 14 is one. It is com- 
pelling to note that three carbonyl oxygens are adjacent to C2, 
C4, and C6 of the nicotinamide of NADPH in Lactobacillus 
casei DHFR. These contacts are 0.2 A shorter than ordinary 
van der Waals contacts and entertain the possibility of sta- 
bilizing partial carbonium ion character at  the nicotinamide 
through weakly polar interactions. Similar contacts have been 
recently discovered in the NADP+-folate ternary complex of 
E. coli DHFR (Bystroff et al., 1990). Consequently, isoleucine 
was replaced with alanine (114A) in the hope of disturbing 
this interaction, presuming that the locus of the I14 carbonyl 
backbone would be influenced by side-chain interactions. 

Ligand Binding. To prove that the association/dissociation 
of ligand with the mutant proteins can be analyzed by Scheme 
I (Le., one-step association of ligand and E,), three criteria 
were used: ( I )  the time-dependent fluorescent decay associated 
with binding must be ligand-dependent and purely monophasic, 
(2) the off rates measured by competition and relaxation 
methods must be equivalent, and (3) the individual rate con- 
stants for binding and conformer interconversion must scale 
to the overall dissociation constant, Kdr according to eq 5. For 

Kd = koff/kon [ + 1 /&I ( 5 )  

wild-type enzyme there is evidence that ligand binding is ac- 
tually more complicated than that in Scheme I in that the E2 
conformer may also bind ligands (Adams et al., 1990; Ap- 
pleman et al., 1990), but since the affinity is decreased greatly 
this pathway contributes little to the overall kinetic pathway 
and can be ignored except at very high ligand concentrations. 

For the binding of NADPH to 11 4A and S49A and H2F 
to S49A, the above three criteria hold to within experimental 
error. However, all three fail for the binding of NADP' to 
S49A while for binding H2F to 114A the third criterion is not 
met. Thus, the binding of these ligands is likely to be ac- 
companied by a conformational change following formation 
of an initial collision complex. Further support for this in- 
terpretation has been observed in the case of N A D P  binding 
to S49A. For this mutant and ligand combination a concen- 
tration-independent phase of 30 s-, represents the sum of the 
forward and reverse rate constants for an enzyme-ligand 
isomerization. It is unlikely that this phase is due to ligand- 
bound conformer interconversion (i.e., E,-NADP+ - E2- 
NADP+) since the amplitude for such a transient would be 
negligible due to the high affinity of ligands for E, compared 
to E2. Despite multiple forms of the binary enzyme-NADP+ 
complex, the off rates for this ligand in various complexes are 
monophasic (Table 111) and represent the net rate for the 
liberation of the oxidized coenzyme. The binding nature of 
NADP' to 114A could not be assessed by a relaxation method 
since its off rate is too large. 

The three criteria could not be applied to the Y 100 mutant 
protein since the association rate constants for ligands to Y lo01 
and Y IOOG could not be measured directly owing to the low 
population of free El.  However, the apparent dissociation rate 
constants for several ligands could be measured in a compe- 

2 f r -  ' ' 0 NADPH I 

-2 ' I I I 

I14A YlOOI YlOOG S49A 
DHFR 

FIGURE 3: The affinity of NADPH, NADP', and H,F (DHF) for 
the nicotinamide-directed mutants relative to wild-type DH FR. AAG 
compares the free energy difference for the binding of these ligands 
on the basis of Kapp (Scheme IV, eq 6). AAC = AG(wild type) - 
AG( mutant). 

tition experiment (Table IV). Presuming a constant kon, koff 
can be used to compare the kinetic affinities of the various 
mutant proteins. The dissociation rate constant for NADP+ 
is lowered approximately 10-fold for S49A, approximately 
60-fold for Y 1001 and Y IOOG, and little changed for I14A. 
Because of the isomerization phase (30 s-I) observed in the 
relaxation experiment for the S49A protein and the inability 
to determine k,, for the two latter mutants, these values may 
not represent the unimolecular dissociation rate constant for 
the oxidized coenzyme as outlined in Scheme I .  

An alternative approach was also taken in assessing the 
thermodynamic affinity of ligands in binary complexes. Under 
the assumption that E, is the preferred enzyme conformer for 
binding, the association of ligand and mutant can be described 
in Scheme IV. I n  this scheme, Kapp denotes the net binding 
of ligand to the E, conformer with no assumption of inter- 
mediate complexes although they may indeed exist. (Addi- 
tional forms of the enzyme-ligand complex are designated in 
the parentheses.) Thus, the thermodynamic binding to E, 
(Kapp) is related to Kd and Kq by the equation 

Kapp = Kd/( l  + l /Kq)  (6) 

The binding affinities of several ligands and the mutants are 
compared to that of wild-type DHFR in Figure 3. 

These results portray the differential effects of Tyr- 100 
replacement on the binding of NADPH and NADP'. The 
mutants Y I001 and Y IOOG tighten NADP+ and loosen 
NADPH. In contrast, replacement of Ser-49 increases the 
binding affinity of N A D P  to a value close to that for Y 1001 
but has little effect on NADPH binding. The mutant S49A 
still binds NADPH 4-30-fold more tightly than NADP' on 
the basis of kOff and Kd. For I14A, only the binding of 
NADPH is decreased (4-fold). Thus, Tyr-I00 is a unique 
switch that governs the binding specificity of E.  coli DHFR 
for reduced and oxidized coenzyme. 

In addition, the S49A, Y 1001, and Y 10% mutations affect 
the equilibrium constant between the two enzyme conformers, 
El and E2, which may hint at long-range structural effects. 
On the other hand, Bystroff et al. (1990) suggest that the 
cis/trans isomerization of the Gly-95-Gly-96 peptide bond is 
involved in E, to E2 interconversion. Since Tyr-100 is close, 
it is conceivable that Y 1001 and Y IOOG substitutions may 
directly affect the equilibrium distribution of cis/trans isomers. 

Ouerall Mechanism. A detailed kinetic mechanism for E. 
coli DHFR has been determined from steady-state and pre- 
stead y-s t a t e absorbance and fluorescence spectroscopy that 
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predicts all the steady-state as well as full time course kinetics 
(Fierke et al., 1987). Several important features of this 
mechanism are ( I )  hydride transfer is rapid (950 s-I) and 
highly favorable (Kin, = 1000); (2) the initial, random binding 
of NADPH and H,F becomes ordered under catalytic cycling 
owing to the faster release of NADP' compared to H4F; (3) 
the dissociation of H4F  is fastest from the mixed ternary 
complex E-NADPH-H4F (1 2 s-l in the ternary vs 1.6 s-I in 
the binary complexes: Table IV); and (4) the overall equilib- 
rium favors product formation ( K ,  i= 10" M-I), which is made 
up partly in the assymetric internal equilibrium (K,", i= 1500 
using a pH-independent number). In addition, the rapid proton 
exchange of Asp-27 (pKa = 6.5) with solvent accounts for the 
equilibrium attenuation of hydride transfer at high pH (>7). 
Thus, the p H  dependence of k,,, for H2F reduction can be 
described by a change in the rate-limiting step from product 
release (1 2 s-I) a t  low pH to hydride transfer at high pH. 

All the mutants studied give rise to a full primary isotope 
effect at high pH using NADPD, indicating that hydride 
transfer controls k,,,. With the exception of S49A, partial 
isotope effects are observed for the mutants at low pH. 
Discrete observation of the chemical step by pre-steady-state 
fluorescence energy transfer and the product dissociation steps 
by competition clearly define kinetic mechanisms for Y 1001, 
Y 1 OOG, and I1 4A that involve partial limitation of k,,, (low 
pH) by hydride transfer and product dissociation. For I14A, 
k,,, (14 s-]; Table I) is controlled by the dissociation of H4F 
(30 s-l; Table IV) and hydride transfer (48 s-') while for 
YlOOI and YlOOG, k,,, (3.8 and 2.9 S-I; Table I) is governed 
by hydride transfer (35 and 15 s-I), H4F (14 and 21 s-l), and 
NADP+ dissociation (6 and 5.2 s-l). For S49A, the disso- 
ciation of H4F and NADP' (20 and 23 s-l; Table IV) share 
equally i n  the rate limitation of k,,, (9.7 s-l; Table I). 

The binding of NADPH to form the mixed ternary complex, 
E-NADPH-H4F, accelerates the dissociation of H4F in all 
mutants except YlOOG by a factor of 3-10 (Table IV) .  This 
is consistent with the 6-fold increase found in the wild-type 
enzyme. For the wild-type and mutant enzymes except YlOOI, 
NADP+ does not markedly affect the release of H4F. AI1 
mutants studied have little effect on the pKa values of Asp-27 
which are shifted less than 0.5 unit in the ternary complexes. 

The marked attenuation of NADP' release (kof f )  by Y IO01 
and YlOOG and, to a lesser extent, by S49A has a profound 
effect on the DHFR mechanism. The switch from rate-de- 
termining H4F dissociation to NADP' release is highly 
unexpected. We conclude from this study that the functions 
of Tyr-100 and Ser-49 are to destabilize bound NADP', 
thereby promoting rapid product release. Introduction of 
smaller residues via mutagenesis may open the site for water 
facilitating nicotinamide binding which is not favored by the 
original hydrophobic pocket. It is not clear, however, without 
structural evidence why the effects of Tyr- 100 replacement 
exceed that of Ser-49 or, more importantly, why the former 
substitutions are accompanied by a larger specificity change 
in the NADPH/NADP+ pair. As expected, the effects in the 
folate site are smaller (Figure 3). 

Comparison of Hydride Transfer Rates. DHFR employs 
amino acid residues of varying polarity a t  the active site. 
Hydrophobic contacts are made at the pterin and nicotinamide 
rings, and the hydrogen bonding and electrostatic contacts are 
primarily made a t  the tail regions of the coenzyme and sub- 
strate. Despite the nature of these interactions, the effects on 
the rates of hydride transfer are fairly equivalent with no 
individual residue contributing more than 2 kcal/mol to the 
transition-state stabilization (Figure 4). For instance, re- 
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FIGURE 4: The difference in free energies (in kilocalories per mole) 
for hydride transfer for a number of folate- and coenzyme-directed 
mutants relative to wild type. L U G  = AC(wild type) - AG(mutant). 
Data for L54I were taken from Murphy and Benkovic (1989); data 
for TI 13V were taken from Fierke and Benkovic (1989); data for 
F31V were taken from Chen et al. (1987); data for R44L and H45Q 
were taken from Adams et al. (1989). 

placement of the distal arginine contacting the 2'-phosphate 
of NADPH gives a decrease in hydride similar to those of the 
nicotinamide- and folate-directed mutants. These modest 
changes attest to the resiliency of this enzyme and the chemical 
step. Even replacement of Asp-27 yields a mutant protein still 
capable of hydride delivery a t  low pH when solvent can pro- 
tonate the ring (Howell et al., 1986). In contrast, removal 
of Ser-221 (S221A) in the catalytic triad of subtilisin causes 
a more convincing attrition in catalysis (Wells et al., 1986; 
Bryan et al., 1986). This mutation lowers k,,, by a factor of 
2 x 106. 

The equivalent effects of YlOOI, YlOOG, S49A, and I14A 
compared to a diverse battery of site-specific mutants (Figure 
4) that involve hydrogen bonding, hydrophobic, and electro- 
static disruptions a t  both binding sites do not support unique 
transition-state stabilization mechanisms directed toward the 
nicotinamide in the transition state. The proposal (Bystroff 
et al., 1990) that the hydroxyl of Tyr-100 may contort the 
reduced nicotinamide ring in the ground state so that it may 
adopt a structure closer to that of the transition state and thus 
be a principal source of DHFR's catalytic power is in dis- 
agreement with two particular experimental findings: (1)  
removal of Tyr-100 does not relieve the strain and lead to 
tighter binding of NADPH to Y 1001 and Y 1 OOG, and (2) the 
rates of hydride transfer are no more affected by replacements 
at position 100 than they are affected by substitutions away 
from the nicotinamide ring. 

The free energy barrier leading to DHFR's transition state 
is certainly a function of the donor-acceptor distance and 
hydride trajectory. Using the dihydropyridine-methylen- 
iminium cation reaction as a theoretical model, Wu and Houk 
(1987) have defined a transition state that incorporates the 
syn orientation of the reactants, a slightly boatlike structure 
for the pyridinyl ring and a nonlinear hydride transfer. 
Furthermore, these authors have evaluated the optimal C-C 
bond distance to be 2.6 A. This is supported by the transi- 
tion-state model building of Bystroff et al. (1990) from the 
ternary E-NADP+-fol complex of E. coli DHFR. The former 
authors have also postulated that elongation of the optimal 
C-C bond distance by 0.1 or 0.3 A leads to an increase in the 
hydride transfer activation energy of 0.7 and 5 kcal/mol, 
respectively. In the likelihood that point mutations in DHFR 
cause perturbations in this optimal distance equal to or ex- 
ceeding 0.1 or 0.3 A, the 2 kcal/mol window for observed 
changes in activation energy (Figure 4) suggests a broad po- 
tential energy surface for the enzyme or the occurrence of 
multiple substrate conformations only one pair of which is 
poised for hydride transfer. 
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These and other studies of single-site mutants of DHFR 
have shown that the replacements of active-site residues have 
predictable effects on hydride transfer. Also, in many cases, 
these mutations are not conservative yet still have the same 
effects as the conservative replacements. For instance, mu- 
tations of Phe-3 1 to Tyr or Gly lower hydride transfer equally 
although the two side chains differ largely in volume (Chen 
et al., 1987). In addition, replacements of Tyr-100 with Ile 
or Gly have the same effects on rate (Figure 4). However, 
since the energy barrier for hydride transfer is 2.6 kcal/mol 
lower than the product dissociation step (950 vs 12 s-l), what 
is the selective advantage of possessing a conserved active-site 
residue that upon mutation is no less efficient in converting 
substrate to product? For some mutations the answer is sim- 
ple; replacement of the conserved residue causes deleterious 
effects on other aspects of the catalytic mechanism. The high 
efficiency of DHFR is achieved through a low diffusional 
barrier for the substrate on the enzyme, rapid desorption of 
product, and a fast chemical step (Fierke et al., 1987). For 
instance, although R44L reduces the rate of hydride to a value 
still above the wild-type kcat, the decreased affinity of NADPH 
for the ternary complex, E-NADPH-H4F, allows slower ob- 
served dissociation of H4F from the binary complex under 
physiological conditions of 1 mM NADPH. Thus, R44L is 
less efficient than wild-type DHFR. Likewise, substitution 
of Leu-54 with Gly has a similar effect on hydride, yet the 
binding of H2F is reduced so that V / K  is lowered from 24 to 
0.1 pM-I s-l for this mutant (Mayer et al., 1986). 

In  the case of the mutants discussed in this paper, the ev- 
olutionary advantage of the conservation of S49 is not apparent 
from a kinetic perspective, while the catalytic efficiency under 
cellular conditions is decreased for either YlOO or I14 sub- 
stitutions due to coupling a modest decrease in k,,,/KM with 
increased product (NADP+) inhibition or decreased activity 
at  physiological pH, respectively. 
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ABSTRACT: Twelve amino acid substitutions of varying size and hydrophobicity were constructed at  Val 
143 in human carbonic anhydrase I1 (including Gly, Ser,  Cys, Asn, Asp, Leu, Ile, His, Phe and Tyr) to 
examine the catalytic roles of the hydrophobic pocket in the active site of this enzyme. The C02  hydrase 
and p-nitrophenyl acetate (PNPA) esterase activities, the pKa of the zinc-water ligand, the inhibition constant 
for cyanate (KOCN), and the binding constants for sulfonamide inhibitors were measured for various mutants 
and correlated with the size and hydrophobicity of the substituted amino acid. The k,,,/KM for P N P A  
hydrolysis and KoCN are linearly dependent on the hydrophobicity of the amino acid at  position 143. All 
of the activities of CAII  are decreased by more than a factor of l o3  when large amino acids (Phe and Tyr) 
are  substituted for Val 143, but the C 0 2  hydrase activity is the most sensitive to the size and structure of 
the substituted amino acid. Addition of a single methyl group (V1431) decreases the activity 8-fold, while 
substitution of valine by tyrosine essentially destroys the enzyme function (kcat/KM for C 0 2  hydration is 
decreased by more than 105-fold). KoCN does not increase until Phe is substituted for Val 143, suggesting 
that the cyanate and C 0 2  binding sites are  not identical. The functional data in conjunction with X-ray 
crystallographic studies of four of the mutants [Alexander et al., 1991 (following paper in this issue)] allow 
interpretation of the mutants a t  a molecular level and mapping of the region of the active site important 
for C 0 2  association. The hydrophobic pocket, including residues Val 121 and Val 143, is important for 
C 0 2  and P N P A  association; if the pocket is blocked, substrates cannot approach the zinc-hydroxide with 
the correct orientation to react. The interaction between Val 143 and C 0 2  is relatively weak (50.5 kcal/mol) 
and nonspecific; the association site does not tightly hold C 0 2  in one fixed orientation for reaction with 
the zinc-hydroxide. This mechanism of catalysis may reflect a decreased requirement for specific orientation 
by C 0 2  since it is a symmetrical molecule. 

C a r b o n i c  anhydrase is a small, monomeric zinc metallo- 
enzyme which catalyzes the reversible hydration of carbon 
dioxide to bicarbonate and a proton [recent reviews: Coleman 
(1986), Lindskog (1 986), Silverman and Lindskog (1988), and 
Christianson ( 1  99 l ) ] .  This enzyme is ubiquitous in living 
systems, playing a large role in animal and plant metabolism 
including COz transport, secretory processes, and photosyn- 
thesis. Carbonic anhydrase TI (CAII)' is an extremely efficient 
catalyst; the second-order rate constant approaches the dif- 
fusion-controlled limit (kca,/PMo2 = 1.5 X lo8 M-l S - I  1 a nd 
its turnover number (k:22 = 1.4 X lo6 s-I) is one of the highest 
measured. In  addition to its C 0 2  hydrase activity, CAII will 
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catalyze hydrolysis of many aromatic esters (Pocker & Sar- 
kanen, 1978) and is potently inhibited by aromatic sulfon- 
amides (King & Burgen, 1976). 

The three-dimensional structure of human erythrocyte CAII 
has been solved by X-ray crystallography to 2.0-A resolution 
(Liljas et al., 1972) and further refined (Eriksson et al., 1986, 
1988a) revealing that the zinc cofactor is located near the 
center of the enzyme close to the bottom of a 15-,&-deep 

' Abbreviations: CAII, human carbonic anhydrase 11; PNPA, p -  
nitrophenyl acetate; MES, 2-(N-morpholino)ethanesulfonic acid; OCN,  
cyanate; MOPS, 4-morpholinepropanesulfonic acid; TAPS, [tris(hy- 
droxymethyl)methyl]aminopropanesulfonic acid; EDTA, (ethylenedi- 
nitrilo) tetraacetic acid; DNSA, dansylamide; ACET, acetazolamide; wt, 
wild-type; V143G, Val 143 - Gly; V143C, Val 143 - Cys; V143L, Val 
143 - Leu; V1431, Val 143 - Ile; V143N, Val 143 - Asn; V143S, Val 
143 - Ser; V143H, Val 143 - His; V143F, Val 143 - Phe; V143Y, 
Val 143 - Tyr; V143D, Val 143 - Asp. 
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