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Roles of Histidines 154 and 189 and Aspartate 139 in the Active Site of Serine
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ABSTRACT: A crystal structure of serine acetyltransferase (SAT) with cysteine bound in the serine subsite
of the active site shows that both H154 and H189 are within hydrogen-bonding distance to the cysteine
thiol [Olsen, L. R., Huang, B., Vetting, M. W., and Roderick, S. L. (2004) Biochemistry 43, 6013—6019].
In addition, H154 is in an apparent dyad linkage with D139. The structure suggests that H154 is the most
likely catalytic general base and that HI89 and D139 may also play important roles during the catalytic
reaction. Site-directed mutagenesis was performed to mutate each of these three residues to Asn, one at
a time. The V//E, value of all of the single mutant enzymes decreased, with the largest decrease (~1240-
fold) exhibited by the H154N mutant enzyme. Mutation of both histidines, HI54N/H189N, gave a V|/E;
~23700-fold lower than that of the wild-type enzyme. An increase in Ks.r was observed for the H189N,
D139N, and H154N/H189N mutant enzymes, while the H154N mutant enzyme gave an 8-fold decrease
in Kser. For all three single mutant enzymes, Vi/E; and Vi/Ks.E; decrease at low pH and give a pK, of
about 7, while the V|/E; of the double mutant enzyme was pH independent. The solvent deuterium kinetic
isotope effects on V; and Vi/Ks. decreased compared to wild type for the H154N mutant enzyme and
increased for the HI89N mutant enzyme but was about the same as that of wild type for D139N and
HI54N/H189N. Data suggest that H154, H189, and D139 play different catalytic roles for SAT. H154
likely serves as a general base, accepting a proton from the [(-hydroxyl of serine as the tetrahedral
intermediate is formed upon nucleophilic attack on the thioester carbonyl of acetyl-CoA. However, activity
is not completely lost upon elimination of H154, and thus, H189 may be able to serve as a backup general
base at a lower efficiency compared to H154; it also aids in binding and orienting the serine substrate.
Aspartate 139, in dyad linkage with H154, likely facilitates catalysis by increasing the basicity of H154.

Serine acetyltransferase (SAT)' catalyzes the conversion
of acetyl-CoA and L-serine to CoA and O-acetyl-L-serine
(OAS), the first and rate-limiting step of the biosynthesis of
L-cysteine in bacteria and higher plants (/, 2).

SAT is a member of the hexapeptide repeat acyltransferase
superfamily, which has imperfect tandem repeats of a
hexapeptide sequence described as [LIV]-[GAED]-X,-
[STAV]-X (3, 4). The repeat sequences generate an unusual
left-handed parallel S-helix (LAH) domain (5) that generates
an equilateral prism-like structure. All of the enzymes are
trimeric (SAT is a dimer of trimers) with the LSH domains
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forming a triangular structure. The active site is found at
the interface between two LASH domains.

A sequential kinetic mechanism was proposed for serine
acetyltransferase from Haemophilus influenzae (HiSAT) with
AcCoA bound first, followed by L-serine, and with release
of OAS prior to CoA (6). On the basis of the pH dependence
of kinetic parameters and solvent isotope effects, a chemical
mechanism has been proposed (Figure 1) (7). The reaction
begins with nucleophilic attack of the S-hydroxyl of serine
on the thioester carbonyl of acetyl-CoA catalyzed by a
general base to give a tetrahedral intermediate. The general
base then functions as a general acid, donating a proton to
the sulfur atom of CoA, once the tetrahedral intermediate
has collapsed to give the products, OAS and CoA.

The crystal structure of HiSAT with cysteine bound at the
L-serine subsite of the active site shows H154 and H189
within hydrogen-bonding distance to the cysteine thiol; H154
is in dyad linkage to D139 (Figure 2) (8). The SAT exhibits
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FIGURE 1: Proposed chemical mechanism of HiSAT. (1) E-AcCoA—serine complex. (2) Tetrahedral intermediate. (3) E-CoA—OAS

complex.

FIGURE 2: Close-up of the active site of HiSAT with cysteine bound. Locations of two subunits of the trimer of HiSAT are shown in yellow
and green, respectively. The dashed lines represent potential hydrogen bonds, and the numbers close to dashed lines are distances in A. The
(A) and (B) next to numbered residues indicate the subunit that contributes the residue. The figure was created using Pymol from DeLano
Scientific LLC. The HiSAT structure with cysteine bound has an access number of 1SSQ in the Protein Data Bank.

mechanistic similarities to other LSH enzymes which have
a His-Asp (Glu) catalytic dyad (9). Amino acid sequence
alignments of 15 SATs (/0) indicate complete conservation
of H154 and H189, while D139 can be either Asp or Glu.

In this paper, the roles of H154, H189, and D139 were
investigated. Site-directed mutagenesis was used to make
three single mutant enzymes by changing these three residues
to Asn, one at a time, and a double mutant enzyme, changing
H154 and H189 to Asn at the same time. Initial velocity
studies, pH—rate profiles, and solvent deuterium kinetic
isotope effects were carried out to characterize the mutant
enzymes. Data are discussed in terms of the overall mech-
anism of SAT.

MATERIALS AND METHODS

Chemicals. L-Serine, DTNB, and AcCoA were from
Sigma. The buffers Mes, Tris, Hepes, and Ches were from
Research Organics, Inc. Deuterium oxide (99.9 atom % D)

was from Cambridge Isotope Laboratories, Inc. All other
chemicals and reagents were obtained from commercial
sources, were of reagent grade, and were used without
purification.

Plasmid Construction and Site-Directed Mutagenesis. The
cysE gene encoding HiSAT (GenBank accession number
P43886) was cloned into a pET28a vector via the Ndel/BamHI
sites (8). Site-directed mutagenesis was performed using the
QuikChange method to make three single mutant enzymes by
changing H154, H189, and D139 to Asn, one at a time, and a
double mutant, HI54N/H189N, by mutating H189 to Asn in
the H154N mutant enzyme. The templates for the single and
double mutant enzymes were the recombinant HiSAT plasmid
and the mutated H154N plasmid, respectively. The oligonucle-
otide primers to generate the mutations are listed in Table 1.
The resulting mutant genes were sequenced at the Laboratory
for Genomics and Bioinformatics of the University of Oklahoma
Health Science Center to be certain that no mutations other than
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Table 1: Sequence of Oligonucleotide Primers®

H154N¢
H154N,
H189N{”
HI89N,”
D139N¢
D139N,

GGCCACGGAATTATGTTCGACAATGCAACAGGTATTGTTGTGG
CCACAACAATACCTGTTGCATTGTCGAACATAATTCCGTGGCC
CGGGAAAAGAATCAGGCGATCGTAATCCCAAAGTACGCGAGGGTG
CACCCTCGCGTACTTTGGGATTACGATCGCCTGATTCTTTTCCCG
CAGTAGCTTTCGATGTAAATATTCACCCAGCGGCG
CGCCGCTGGGTGAATATTTACATCGAAAGCTACTG

“ Codons for mutation are in bold. Subscripts f and r represent forward and reverse primers, respectively. ” These two primers were used to make the

HI154N/H189N double mutant, and the plasmid of H154 was the template.

the one desired were present; none were found. All constructs
encoded an N-terminal 6-His-tagged enzyme. Plasmids were
transformed into Escherichia coli BL21-(DE3)-RIL cells for
expression.

Enzyme. The strain containing the mutated plasmid was
grown overnight at 37 °C in 50 mL of LB medium with 30
ug/mL kanamycin. This culture was transferred into 1 L of
LB/kanamycin medium on the morning of the next day, and
the cell growth was continued at 30 °C until the Ago reached
0.7. IPTG was added to a final concentration of 1 mM to
initiate expression. After 4 h of induction at 30 °C, the cells
were harvested by centrifugation at 4500g for 30 min. The
cell pellet was suspended in 50 mM phosphate, 300 mM
NaCl, and 10 mM imidazole, pH 8.0, and sonicated on ice
for 3 min with a 30 s pulse followed by a 1 min rest, using
a MISONIX Sonicator XL. The supernatant was obtained
by centrifugation at 20000g for 30 min and then loaded onto
a Ni-NTA column with a 6 mL bed volume. The column
was washed with 6 volumes of 20 mM imidazole at pH 8.0,
and enzyme was eluted with 3 volumes of 250 mM
imidazole, pH 8.0. The purified enzyme was then dialyzed
against 20 mM Tris, 50 mM NaCl, and 10% glycerol at pH
7.5 and stored frozen at —80 °C. The wild-type and mutant
enzymes, with the exception of D139N, were purified in the
same way. For D139N, 10% glycerol was added to sonica-
tion, wash, and elution buffers, and the dialysis buffer was
20 mM Tris, 600 mM NaCl, and 50% glycerol at pH 7.5.

Enzyme Assays. In the forward reaction direction, the
appearance of CoA was coupled to the production of TNB
via a disulfide exchange reaction with DTNB (/7). Initial
rates were calculated using an extinction coefficient of 14150
M~!cm™! for TNB at 412 nm (/2). Reactions were carried
out at room temperature in 1 cm path length cuvettes in a
final volume of 0.3 mL. Reaction mixtures contained 100
mM buffer, 0.45 mM DTNB, variable amounts of AcCoA
and L-serine, and an appropriate amount of enzyme. Reaction
was initiated by addition of enzyme. A unit of enzyme is
defined as the amount of enzyme required to produce 1 umol
of product in 1 min at 25 °C. The wild-type HiSAT was
stabilized by adding 100 xg/mL BSA when diluted for use
in assays (6). Rates were measured using a Beckman DU
640 spectrophotometer to monitor the change in absorbance
at 412 nm.

pH Studies. The initial velocity was measured as a function
of AcCoA concentration (0.5—5 K,,) at different fixed
concentrations of serine (0.5—5 K,). These experiments were
carried out as a function of pH to determine the kinetic
parameters Vi, Vi/Kse, and Vi/Kaccon. The pH was main-
tained using the following buffers at a concentration of 100
mM in the forward reaction direction: Mes, pH 5.5—6.5;
Hepes, pH 6.5—8.5; Ches, pH 8.5—10.0. The pH was
measured before and after the reaction with observed changes
smaller than 0.1 pH unit.

Solvent Deuterium Kinetic Isotope Effects. Initial velocity
studies were carried out as discussed above in H,O and D,0O
at the pH(D)-independent region of the Vi, V/Ks., and V,/
Kaccon pH(D)—rate profiles. The solvent deuterium kinetic
isotope effect (SKIE) was then estimated as the ratio of the
pH- and pD-independent values of the parameters. The
SKIEs were then more accurately obtained by direct com-
parison of initial rates at a single pH(D) in the pH-
independent region of the curve.

Data Processing. Data were fitted to appropriate rate
equations using the Marquardt—Levenberg algorithm (/3)
supplied with the EnzFitter program or the programs
developed by Cleland (/4). All of the initial rate data were
fitted using eqs 1 and 2, which conform to sequential and
equilibrium ordered kinetic mechanisms, respectively. Data
for pH—rate profiles that decrease with a limiting slope of 1
at low pH were fitted using eq 3, while those that decreased
with limiting slopes of 1 and —1 were fitted using eq 4. The
SKIE data were fitted using eq 5, which allows the SKIEs
on V and V/K to be equal to one another.

e VAB n
K. K,+KB+KA+AB
_ VAB )
K, K,+ K,A+AB
C
log y =log I (3)
1+ X
C
log y=1log X @)
142422
K, H
VA
(5)

YT, TA+FE,)

Inegs 1,2, and 5, v and V represent initial and maximum
velocities, respectively, A and B represent substrate concen-
trations, K, and K}, are K, values for substrates A and B,
respectively, and K, is the dissociation constant for E—AcCoA.
In eq 5, F; is the fraction of D,O in the solvent, and Ey is
the isotope effect minus 1 when the isotope effects on V
and V/K are the same. In eqs 3 and 4, y is the value of V or
VIK at any pH, while C is the pH-independent value of y, H
is the hydrogen ion concentration, and K; and K, are the
acid dissociation constants of functional groups on enzyme
or substrate.

RESULTS

Kinetic Parameters of the Mutant Enzymes. Initial velocity
patterns were obtained by measuring the initial rates at pH
7.3 using variable concentrations of AcCoA and L-serine;
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Table 2: Kinetic Parameters for HiSAT Wild-Type and Mutant Enzymes at pH 7.3

VIIE (s71) VilKselEr M1 s7h Vi/Kaccoay M1 s71) Kaccoa (mM) Kser (mM)
wild type” 360 + 10” (7.53 £0.07) x 10* (5.1 £0.8) x 10° 0.7+0.1 47+04
H154N 0.29 +0.02 470 + 80 1300 + 400 0.21 +0.08 0.6 +0.1
(fold change) —(1240 £ 90)° —(160 £ 30) —(390 £ 140) —3£1) —8£1)
H189N 18.7£0.9 590 £+ 70 N/A? N/A 32+4
(fold change) —(19+1) —(130 £+ 20) +(7£1)
DI39N 34+ 1 200 £ 10 (2.74+0.4) x 10° 0.12 £ 0.02 160 £ 10
(fold change) —(10.6 £0.4) —(380 £ 20) —(1.9+04) —(6L1) +(34+£4)
H154N/H189N 0.0152 4+ 0.0004 0.57 £0.03 64 +3 0.24 £+ 0.02 27 +2
(fold change) —(23700 =+ 900) —(132000 = 7000) —(8000 + 1000) —(29 +0.5) +(5.7 £ 0.6)

% From Johnson et al. (6). © Values are +SE. ¢ The symbols, — and +, represent decrease and increase, respectively. 4N/A is not applicable; Kaccoa

is zero in an equilibrium kinetic mechanism.

data are summarized in Table 2. V|/E, decreased by about
1240-, 19-, 11-, and 23700-fold for H154N, H189N, D139N,
and HI154N/H189N, respectively, compared to wild type. The
value of Kaccoa decreased for the H154N, D139N, and the
HI54N/H189N mutant enzymes compared to wild type,
while Ks.; decreased about 8-fold for H154N but increased
by about 7-, 34-, and 6-fold for the H189N, D139N, and
H154N/H189N mutant enzymes, respectively. The largest
decrease in V|/E; among three single mutant enzymes is
observed for HI54N, suggesting it is important for catalysis,
while H189 and D139 are likely important for both binding
and catalysis.

pH Dependence of Kinetic Parameters. The pH depen-
dence of the kinetic parameters of the mutant enzymes was
obtained by measuring initial velocity patterns as a function
of pH. All of the mutant enzymes are stable over the pH
range studied; the H154N/H189N mutant enzyme is inactive
below pH 6.9. In the forward reaction direction, initial
velocity studies indicate the kinetic mechanism of the
H154N, H189N, and H154N/HI189N mutant enzymes is
ordered over the entire pH range studied, similar to wild type
(6), but is equilibrium ordered for H154N below pH 6.3 and
for HI89N below pH 7.3. However, the kinetic mechanism
of the DI39N mutant enzyme is random with respect to
binding AcCoA and serine, as suggested by the noncompeti-
tive inhibition pattern for glycine vs AcCoA and ATP vs
serine; glycine is uncompetitive versus AcCoA for the wild-
type enzyme.

VI/E; and V/Ks.E, decrease at low pH for all of the single
mutant enzymes, giving a limiting slope of 1. A bell-shaped
pH—rate profile with limiting slopes of 1 and —1 was
obtained for Vi/KaccoaE: for D139. V\/E; and V /K acconE: are
pH independent over the pH range studied for H154N/H189N
double mutant enzyme, while V,/Ks..E; decreases at low pH
with a limiting slope of 1. In the case of the H154N and
HI189N mutant enzymes, data for the V\/KaccoaE pH—rate
profile could not be collected at low pH, since Kaccoa 18 Zero.
pK, values are summarized in Table 3. pH—rate profiles are
plotted in Figure 3 for the HI54N, H189N, and H154N/
HI89N mutant enzymes and in Figure 4 for the D139N
mutant enzyme.

Solvent Deuterium Kinetic Isotope Effects. Measurement
of the V; and Vi/Ks., in H,O and D,O gave about equal val-
ues of P20V, and P2O(V,/Ks.,). Values are about the same as
those of wild type for D139N and HI154N/HI189N, slightly
lower than wild type for the H154N mutant enzyme, and
significantly higher for the HI89N mutant enzyme (Table
4). The pH(D) dependence of kinetic parameters was
measured over the pH(D) range of 7.3—8.5 to determine the

Table 3: Summary of pK, Values for Wild-Type and Mutant HiSAT

pK, =+ SE
enzyme Vi Vi/Kser Vi/K accoa
wild type” 6.8 +0.2 72+£02 N/A
H154N 6.7+0.2 7.4 +04 N/A
HI89N 7.5+02 8.0+ 0.3 N/A
DI139N 62+0.4 6.1 0.5 72403
8.1+0.2
HI154N/H189N N/A 7.8 +0.1 N/A
“ From Johnson et al. (7).
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FIGURE 3: pH dependence of Vi/E, (A) and V\/Kse.E: (B) for the
H154N, H189N, and H154N/H189N mutant enzymes. Points for
the HIS4N (@), HI8IN (A), and H154N/HI189N (M) mutant
enzymes are experimental values, while the curves are theoretical,
based on fits of the data using eq 3.

solvent deuterium kinetic isotope effects on Vi/Kaccon for
DI139N (Figure 4). An average value about 3.5 was estimated
for DZO(Vl/KACCQA) of D139N.
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FIGURE 4: pH(D) dependence of V\/E, (A), Vi/Kse:E; (B), and Vy/
KaccoaE: (C) for the D139N mutant of HiSAT. The points shown
are the experimentally determined values. pH and pD dependences
are presented by (A) and (M), respectively. The curves are
theoretical, based on fits of the data using eq 3 for the pH—rate
profile of V\/E, and eq 4 for the pH—rate profile of Vi/KaccoaEr-
The curve for the pD dependence of Vi/KacconE: and the pH
dependence of V//Ks..E, were drawn by hand.

Table 4: Summary of SKIE Values for Wild-Type and Mutant Enzymes

enzyme DOy, DO(V1/Kser) DO(VI/K accon)
wild type ¢ 1.9+£0.1 25+£04 N/A
H154N 1.64 £0.03 1.64 £ 0.03 N/A
H189N 344+03 34403 N/A
D139N 23+0.1 23+0.1 3.5°
H154N/H189N 22+0.1 22+0.1 N/A

“ From Johnson et al. (7). ” Estimated graphically as the ratio of the
pH(D)-independent values in Figure 4.

DISCUSSION

HI54N Mutant Enzyme. Site-directed mutagenesis was
used to change H154 to Asn, which cannot act as a general
base but can still form a hydrogen bond with D139. The
~1240-fold decrease in V,/E; and ~160-fold decrease in V;/
Kse:Ey indicate that H154 is important to catalysis and suggest
that it acts as a general base that accepts a proton from the
p-hydroxyl of serine. This result was anticipated given the
hydrogen bond distance between H154 and D139, suggesting
the two residues might act as a catalytic dyad.

The rate-limiting step for wild-type HiSAT is the formation
of the tetrahedral intermediate once the E—AcCoA—serine
complex is formed (7). In this step, a nucleophilic attack
occurs on the carbonyl of the AcCoA thioester by the
hydroxyl group of serine, with the general base accepting a
proton from the hydroxyl group (Figure 1). The difference
in the values of P°V; (~1.9) and P20(V|/Ks) (~2.5)
suggested that the chemical step is not the only rate-limiting
step for the overall reaction and that release of CoA also

Guan et al.

contributes to rate limitation, with the rate of product release
~1.5 times faster than that of the chemical step (7).

In the case of the H154N mutant enzyme, P20V, ~ P2O(V,/
Kser) = 1.6. Since the release of CoA was only 1.5-fold
greater than the chemical step(s), the 1240-fold decrease
observed for the H154N mutant enzyme is a lower limit and
is closer to 1860-fold when correcting for the small contribu-
tion made by product release. Therefore, the observed SKIEs
are likely intrinsic values. However, the values are lower
than those observed for wild type. Considering that the
elimination of H154 gives an enzyme that still has H189 in
position to potentially act as a base, accepting a proton from
the serine hydroxyl, we believe the isotope of 1.6 reflects
general base catalysis by H189.

The pH dependence of kinetic parameters provides infor-
mation on functional groups required on enzyme and/or
reactant in a given protonation state for optimum binding
and/or catalysis (/5). The V/K for a reactant is obtained at a
limiting concentration of one reactant and saturating con-
centrations of all others and reflects the free form of the
enzyme that substrate binds to, and the free reactant. V is
obtained at saturating concentrations of all substrates and
reflects the enzyme form(s) that is (are) present in the steady
state.

The Vi/E; and V/KseE; of the HI54N mutant enzyme
decrease at low pH, giving a limiting slope of 1, and exhibit
pKs of about 6.7 and 7.4, respectively, which are, within
error, equal to the pKs observed for the wild-type enzyme.
These data indicate that the group that acts as a base in the
mutant enzyme has a pK very similar to that of the wild
type. As suggested above, H189 may act as the general base
in place of H154 in the mutant enzyme, and the pK of
6.7—7.4 would thus reflect this group.

HI89N Mutant Enzyme. In the case of the HIS9N mutant
enzyme, the mutation eliminates the possibility of H189
acting as a general base. However, the 19-fold decrease in
Vi/E; shows that H189 is important but not essential to
catalysis. The 130-fold decrease in V/KgeE: and 7-fold
increase on Ks., indicate that H189 also contributes to the
binding of serine. Thus the function of H189 may be that of
orienting serine for efficient catalysis.

The observed values of ~3.4 for P20V, and PO(V|/Ks.,)
indicate that chemistry limits the overall reaction. The larger
isotope effects suggest that when H154 acts as the base, it
is not optimally positioned compared to H189 in the H154N
mutant enzyme.” The pH—rate profiles for HISON also
exhibit a limiting slope of 1 at low pH for V\/E, and V,/
KseE. However, the pK, values have increased to ~7.5 for
Vi/E, and ~8.0 for Vi/KseE, compared to 6.8 and 7.2
obtained for wild type. The increases in the pK, may result
from removal of H189, which is likely protonated in the wild-
type enzyme.

HI154N/HI89N Mutant Enzyme. The double mutant en-
zyme has eliminated H154 and H189 of HiSAT, so that

2 Recent evidence from the Klinman laboratory (personal com-
munication) suggests hydrogen transfer reactions originate almost solely
from quantum mechanical tunneling coupled to the breathing modes
(thermal motions) of the protein. Thus, the more compressed the
reaction coordinate, the smaller the isotope effect. Thus, HI89N with
a SKIE of ~3.4 suggests H154 is not optimally placed to act as the
catalyst in the proton extraction reaction, while H154N, where H189
is the catalyst, with an SKIE of ~1.6 is better positioned.
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neither is able to act as a general base. The activity of the
double mutant enzyme is 23700-fold lower, while Vi/Kge.E;
is 132000-fold lower than wild-type values. The decrease
in Vi/E; is the product of the decreases observed for the
H154N and H189N mutant enzymes. The >10*-fold decrease
is consistent with elimination of general base catalysis in
HiSAT. In addition, the >10°-fold lower value of V/KseE,
likely reflects the ~10*fold loss in catalytic function and
an ~10-fold loss in affinity for serine. The V|/E, value of
the H154N/H189N mutant enzyme is 19-fold lower than the
value of H154N, which suggests H189 is responsible for
most of the activity observed for the HI54N mutant enzyme.
The increase in Ks, observed for the double mutant enzyme
is similar to the change observed for HI89N, consistent with
the proposed role of HI89 in serine binding.

Also consistent with the proposed roles of H154 and H189
is the pH dependence of kinetic parameters. Vi/E; is pH
independent over the pH range 7.5—9.5 and only appears to
decrease at low pH (<7.0), where the enzyme is no longer
stable. Elimination of both imidazoles thus results in loss of
the pK, for the catalytic group. A pK, of about 7.8 is observed
in the V/Ks..E, profile, but this likely reflects the protonation
state of a group that must be protonated for optimum binding
of serine in the double mutant enzyme.®> This may be the
same group observed in the V/KacconEr pH—rate profile of
the D139N mutant enzyme.

A value of ~2.2 is observed for PV, and P(V|/Ks) for
the double mutant enzyme, and this is almost certainly an
intrinsic effect. However, since it is not known whether
catalysis is by water or some other base, it is not possible to
further interpret this effect at this point.

DI139N Mutant Enzyme. Changing D139 to N changes the
nature of the putative dyad linkage between D139 and H154
from a strong hydrogen bond between the negatively charged
aspartate and N° of H154 to a weaker bond to the amide
carbonyl oxygen of the asparagine. The mutation results in
an 11-fold decrease in Vi/E,, likely a result of decreasing
the basicity of H154, a possible general base catalyst. The
biggest effect of the mutation is seen as a 34-fold increase
in Kse, resulting in a 380-fold decrease in V/KseEi. The
majority of the increase in Ks., is likely associated with a
decreased affinity. The decreased affinity may be a reflection
of the weaker dyad linkage causing a repositioning of H154,
but this will have to await additional studies.

Since H154 is available to act as the general base in the
D139N mutant enzyme, and given the large decrease in V,/
Kse:E(, one would expect P20(V/Ks,,) to approach a value of
~3.4, which is close to the observed value of P22(V /K accon)-
However, P20V, and P2°(V,/Ks.,) are smaller with values of
~2.3.

Finite SKIE values on all three kinetic parameters indicate
the kinetic mechanism has become random for this mutant
enzyme, but it exhibits a steady-state mechanism with
binding AcCoA before serine preferred. The relative off-
rate of serine and AcCoA from E—AcCoA—serine can be
estimated from the isotope effect data and mechanism 6.

3 An alternative interpretation of the pH—rate profile would be
selective binding of the correctly protonated forms of the enzyme and
substrate, such that when the enzyme—substrate complex is formed,
the protonation state of the enzyme and substrate functional groups
are locked. Given the elimination of two active site residues, it is
difficult to reconcile this as a reasonable possibility.
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On the basis of the mechanism 6, expressions for V;, V/
Kaccon, and Vi/Kse, and the respective SKIEs are given in
eqs 7—9.

E-AcCoA Q. 4
\%\
4
7
1
E-serine MP’O

. k k
E-AcCoA-serine —>» E-CoA — E 6)

PO+ &
K oy b )
ks + kq 1+E
k9
k
PO+ =
VIK.. = ks POk, )= A 8)
Ser k4 + kS Ser 1 + k5
ky
, D,O k5 _,’_ k_5,
_ k3 k5 D,0 _ k4
V/ KACCOA - ’ (V/ KACCOA) - (9)
k,” + ks ks
I+
4

Using the value of P22(V/Kaccon) (3.5) for P2%ks and the
value of P20V = PO(V|/Ks.,) =~ 2.3, values of ks/ko and ks/ky
are approximately 0.9 and the value of ks/k4” is very close to
zero. The ratio of ks/ks and ks/ks” gives a value of k4'/k4 (the
off-rate constant for AcCoA and serine) that would be a very
large number. The change in mechanism is consistent with
an increase in the off-rate constant for AcCoA from the
E—serine—AcCoA complex. Since V|/E; was decreased by
an order of magnitude, and the pathway with serine adding
to E—AcCoA gives isotope effects that are very similar to
those of the wild-type enzyme, data suggest a decrease in
the rate of all of the steps from addition of serine to release
of OAS in mechanism 6. This could result from a decrease
in the amount of catalytically active enzyme generated when
serine binds, that is nonproductive binding of serine. The
large isotope effect observed on Vi/Kaccoa 1S consistent with
an increase in the off-rate constant for AcCoA from the
E—serine—AcCoA complex resulting in rate-limiting chem-
istry. The increased off-rate for AcCoA may result from an
inability of AcCoA to generate the catalytically active
enzyme as a result of its binding modes as D139 is changed.
These two effects may be linked in that enzyme binding of
AcCoA to give E-AcCoA may result in a decreased amount
of productive enzyme as serine binds. In addition, when
serine is bound to give E—AcCoA—serine, AcCoA is
released rapidly to give E—serine. It thus appears that D139
in dyad linkage to H154 contributes to generating the
catalytically competent E—AcCoA—serine complex.

VI/E, and V\/K.E, pH—rate profiles give a limiting slope
of 1 at low pH for the DI39N mutant enzyme, similar to
wild type. However, a bell-shaped pH—rate profile is
observed for Vi/KacconEr, With limiting slopes of 1 and —1.
The predominant enzyme forms for V/Kge and Vi/Kaccoa
in this case are the E-AcCoA and E—serine complexes,
respectively, while for V), the E—AcCoA—serine and
E—CoA complexes are likely present. The pK,s observed in
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V) and V\/Kg, are about 6.2 and 6.1, respectively, about a
pH unit lower than that observed for wild type, consistent
with a decreased basicity of H154 when D139 is changed to
N. The pK, on the acid side of the Vi/KacconE: pH—rate
profile is ~7.2, a pH unit higher than that observed in V,/
Kse:E:, consistent with formation of a hydrogen bond between
H154 and the serine S-hydroxyl, as expected with H154
acting as a base to accept the proton. The group with a pK,
of ~8.1 shown on the basic side of the Vi/KacconE: profile
was not observed for the wild-type enzyme and is likely
important for binding AcCoA since it is not observed in the
V\/E, pH—rate profile. This group may reflect the protonation
state of HI89 or some other active site residue.

Proposed Roles of H154, HI89, and D139 in HiSAT. The
kinetic parameters, pH—rate profiles, and SKIEs discussed
above provide a picture of how the three catalytic residues
might function in the active site of the HiSAT. Optimum
binding of reactants requires the dyad composed of H154
and D139. Since these residues are donated to the active site
by different subunits at the interface (Figure 2), it is not
surprising in retrospect that the catalytic conformation
depends on a functional H154-D139 dyad.

Once AcCoA and serine are bound, we propose that N¢
of H154 is hydrogen-bonded to the S-hydroxyl of serine in
preparation for accepting a proton as the tetrahedral inter-
mediate between serine and AcCoA is formed. In the ternary
complex H189 is likely protonated and donates a hydrogen
bond to the serine hydroxyl to properly orient it in the site.

It should be stated at this point that it is possible neither
H154 nor H189 serves as a base, and some other enzyme
side chain serves in this capacity. However, on the basis of
all of the data obtained, we believe this is only a remote
possibility.

Interestingly, when H154 is mutated, H189 can serve as
an alternative catalyst. The lower activity of H154N com-
pared to wild type suggests there is likely no biological
significance to this backup behavior. A similar backup system
was reported for fructose 2,6-bisphosphatase (/6). H256 acts
as the nucleophilic catalyst for this enzyme and becomes
phosphorylated by fructose 2,6-bisphosphate. A second
imidazole side chain (H390) facilitates phosphoryl transfer
and acts as a general base catalyst to activate water as the
phosphoimidazole is hydrolyzed. Mutation of H256 to Ala
gives an enzyme that retains 17% activity. In the H256A

Guan et al.

mutant enzyme, H390 acts as a general base to directly
catalyze the hydrolysis of the 2-phosphate of the fructose
2,6-P;.
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