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ABSTRACT: O-Acetylserine sulfhydrylase is a pyridoxal 50-phosphate (PLP)-dependent enzyme that catalyzes
the final step in the cysteine biosynthetic pathway in enteric bacteria and plants, the replacement of the β-
acetoxy group of O-acetyl-L-serine (OAS) by a thiol to give L-cysteine. Previous studies of the K41A mutant
enzyme showed L-methionine bound in an external Schiff base (ESB) linkage to PLP as the enzyme was
isolated. The mutant enzyme exists in a closed form, optimizing the orientation of the cofactor PLP and
properly positioning active site functional groups for reaction. The trigger for closing the active site upon
formation of the ESB is thought to be interaction of the substrate R-carboxylate with the substrate-binding
loop comprised of T68, S69,G70, andN71, andQ142, which is positioned above the cofactor as one looks into
the active site. To probe the contribution of these residues to the active site closing and orientation of PLP in
the ESB, T68, S69, N71, and Q142 were changed to alanine. Absorbance, fluorescence, near UV-visible CD,
and 31P NMR spectral studies and pre-steady state kinetic studies were used to characterize the mutant
enzymes. All of the mutations affect closure of the active site, but to differing extents. In addition, the site
appears to be more hydrophilic given that the ESBs do not exhibit a significant amount of the enolimine
tautomer. No buildup of theR-aminoacrylate intermediate (AA) is observed for the T68A andQ142Amutant
enzymes. However, pyruvate is produced at a rate much greater than that of the wild-type enzyme. Data
suggest that T68 and Q142 play a role in stabilizing the AA. Both residues donate a hydrogen bond to one of
the carboxylate oxygens of the methionine ESB and may also be responsible for the proper orientation of the
ESB to generate the AA. The S69A and N71Amutants exhibit formation of the AA, but the rate constant for
its formation from the ESB is decreased by 1 order of magnitude compared to that of the wild type. S69
donates a hydrogen bond to the substrate carboxylate in the ESB, while N71 donates hydrogen bonds to O30
of the cofactor and the carboxylate of the ESB; these side chains may also affect the orientation of the ESB.
Data suggest that interaction of intermediates with the substrate-binding loop and Q142 gives a properly
aligned Michaelis complex and facilitates the β-elimination reaction.

O-Acetylserine sulfhydrylase (OASS)1 catalyzes a pyridoxal 50-
phosphate (PLP)-dependent replacement of the β-acetoxy group
of O-acetyl-L-serine (OAS) with bisulfide to give L-cysteine (1).
There are two isozymes of OASS, A and B, which are thought to

be expressed under aerobic and anaerobic conditions, respec-
tively (2). The A isozyme has been extensively studied with
respect to its kinetic mechanism (3-7), chemical mechan-
ism (6, 8, 9), structure (10-13), and dynamics (10, 11, 13-16),
while the B isozyme has been studied to a lesser extent (17).

Briefly, the sulfhydrylase exhibits a ping-pong kinetic mechan-
ism (3, 5) with rate-limiting concerted transR,β-elimination of the
R-proton and the β-acetoxy group to generate the R-aminoacry-
late intermediate (AA) (Scheme 1) (8). As the substrate external
Schiff base (ESB) is formed prior to the R,β-elimination step, the
active site closes and likely opens partially as the acetoxy group is
eliminated (15, 16). The second half-reaction, i.e., addition of
bisulfide to give the cysteine ESB followed by its release, is very
fast (3). Using analogues of bisulfide, the rate-limiting step is the
final release of the cysteine product (7).

In spite of the substantial effort expended in the study of the
mechanism of OASS-A, there are still a number of important
questions that have not been answered. Closure of the active site
is presumably triggered by the interaction of the R-carboxylate of
OAS with the substrate-binding loop comprised of residues 68-
TSGN-71 (Figure 1), and it has been proposed that this interaction
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stabilizes theOASESBandhelps to position it for the subsequent
elimination reaction. In addition, Q142 is positioned above the
planar ESB and donates a hydrogen bond to the substrate R-
carboxylate group of ESB andAA, thus aiding in stabilizing both
intermediates. In tryptophan synthase, an enzyme belonging to
the same fold type II of OASS, mutations of amino acids
interacting with the substrate or forming a salt bridge were seen
to strongly influence reactivity and to stabilize alternative con-
formations of the β-subunit (27-29).

In this work, we have prepared mutant enzymes with changes
in residues of the substrate-binding loop and at position Q142.
The mutant enzymes have undergone an in-depth characteriza-
tion using UV-visible, fluorescence, near UV-visible CD, and

31P NMR spectral measurements, as well as pre-steady state
kinetic studies of the first half-reaction. Data suggest T68 and
Q142 play a role in stabilizing theAA intermediate, while S69 and
N71 are mainly involved in stabilizing and orienting the ESB.

MATERIALS AND METHODS

Chemicals. The buffers Hepes, Mes, and Ches were from
Research Organics. L-Cysteine, L-serine, OAS, NADH, and
lactate dehydrogenase were obtained from Sigma. All restriction
enzymes and T4 DNA ligase were from Promega. The DNA
sequencing kit and restriction enzymes were purchased from
Promega or USB. For plasmid purification, the Nucleobond AX
kit (The Next Group, Inc.) was used. The substrate, TNB, was

Scheme 1: Minimal Chemical Mechanism of OASS-Aa

aThe reactionbeginswithbindingofOAS to the ISB (I) andproceeds to theAA(IV) via gem-diamine (II) andESB (III) intermediates.

FIGURE 1: Active site structures of OASS-A. (A) Overlay of the active sites of the wild-type free enzyme (green) and the methionine ESB of the
K41Amutant enzyme (yellow) (9). L-Methionine induces a conformational change in the substrate-binding loop that results in closure of the active
site. Note the change in the position of S69. (B) Close-up view of the active site of OASS-A featuring the interaction among the methionine ESB,
the substrate-binding loop, and Q142. The phenolic oxygen of PLP is within hydrogen bonding distance of N71. Q142, S69, and T68 donate
hydrogen bonds to O1 of the methionine carboxylate. S69 and N71 donate hydrogen bonds to O2 of methionine carboxylate. Figures were
generated via PyMol using Protein Data Bank entries 1OAS and 1D6S for panel A and 1OAS for panel B.
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prepared by reduction of DTNB (Aldrich) just prior to use (3).
All other chemicals and reagents were obtained from commercial
sources and were of the highest purity available.
Expression and Purification of OASS-A. The cysK gene

encoding StOASS-A was subcloned into a pET16b vector via
NdeI and XhoI sites, using a pCKM3 vector provided by N. M.
Kredich (25). The following forward and reverse primers were
used for the polymerase chain reaction (PCR) of the cysK gene:
StOASS-Af (GGAATTCCATATGAGTAAGATTTATGAA-
GATAACTCGC) and StOASS-Ar (CCGCTCGAGTCACTG-
TTGCAGTTCTTTCTC). PCR conditions were as follows: (1)
95 �C for 1 min, (2) 95 �C for 30 s, (3) 50 �C for 1 min, and (4)
68 �C for 2 min and 30 s. This was followed by thirty cycles of
steps 2-4, followed by step 5 (68 �C for 10 min). The pET16b
vector and the amplified DNA fragment were digested withNdeI
and XhoI, respectively, and then ligated to obtain the new
construct. This new construct encoded an N-terminal 10-His-
tagged enzyme and was transformed into Escherichia coli
BL21-(DE3)-RIL cells for expression (26). An induction culture
was grown at 30 �C in LBmedium containing ampicillin (100 μg/
mL).When the induction culture reached anOD600 of 0.7-0.9, it
was induced by the addition of 0.5 mM IPTG and allowed to
grow for 5 h. The pH was maintained at 7.0 during growth using
10 N KOH and 2 N HCl. After centrifugation at 8000g for
30 min, the cell pellet was resuspended in sonication buffer that
contains 50mMphosphate (pH 7.8) and 300mMNaCl. The cells
were sonicated for 3 min with a 30 s rest time between each
minute of pulse. PLP (0.05 g) was added to the supernatant,
which was stirred for 1 h at 4 �C. The supernatant was loaded
onto a Ni-NTA agarose affinity column (15 mL bed volume),
which was pre-equilibrated with sonication buffer, and the
column was washed with 10 bed volumes of 50 mM imidazole
in sonication buffer. The column was then developed in steps of
50 mM imidazole using 10 bed volumes, and OASS-A eluted
between 0.15 and 0.2 M imidazole. The enzyme was dialyzed
against 4 L of 10mMHepes (pH 8.0), concentrated to 10mg/mL,
and stored at -80 �C. SDS-PAGE showed the enzyme to be
more than 98% pure.
Preparation of the Mutant Enzymes. Mutant plasmids in

which T68, S69, N71, and Q142 were individually replaced with
alanine were prepared using QuikChange mutagenesis via PCR
according to previously published procedures (26). The following
primers were used for these mutant enzymes (mutated codon in
bold): T68A, 50-GTG GAG CCG GCC AGC GGC AAC ACC
GGT ATT G-30 (forward primer) and 50-C AAT ACC GGT
GTT GCC GCT GGC CGG CTC CAC-30 (reverse primer);
S69A, 50-AA CTGGTGGGCCG ACCGCCGGCAAC ACC
GGT ATT-30 (forward primer) and 50-AAT ACC GGT GTT
GCCGGCGGTCGGCTC CAC CAG TT-30 (reverse primer);
N71A, 50-CG ACC AGC GGC GCC ACC GGT ATT GC-30

(forward primer) and 50-GC AAT ACC GGT GGC GCC GCT
GGT CG-30 (reverse primer); Q142A, 50-CAA AAA TAT CTC
CTG CTC CAG GCG TTC AGC AAC C-30 (forward primer)
and 50-G GTT GCT GAA CGC CTG GAG CAG GAG ATA
TTT TTG-30 (reverse primer).

The resulting mutant genes were completely sequenced to be
sure no other mutations were present, and none were found.
Mutant proteins were then isolated using the same method
that was used for the wild-type (WT) plasmid-containing
strain (9). The cell mass from overnight growths and the
amount of mutant proteins obtained were similar to those
obtained for WT.

UV-Visible Spectral Studies. UV-visible spectra were
recorded on a Hewlett-Packard, model 8453, photodiode array
spectrophotometer. Spectra of the T68A, S69A, N71A, and
Q142A mutant enzymes were recorded at pH 6.5 in 100 mM
Hepes in the absence and presence of 1mMOAS and at pH9.5 in
100mMChes in the absence and presence of 10mML-cysteine or
100 mM L-serine. Spectra were recorded from 300 to 550 nm
using 1 cm path length cuvettes at 25 �C. Buffer and amino acid
blanks were subtracted from the sample spectra. Enzyme con-
centrations varied throughout these studies, and data are there-
fore presented relative to the ISB.
Fluorescence Studies. Fluorescence spectra of WT and

mutant enzymes were recorded on a Shimadzu RF-5301 PC
spectrofluorometer in the absence and presence of amino acids
at 25 �C. Spectra of T68A, S69A, N71A, and Q142A mutant
enzymes were measured at pH 6.5 in 100 mM Hepes in the
absence and presence of 1 mM OAS and at pH 9.5 in 100 mM
Ches in the absence and presence of 10mML-cysteine or 100mM
L-serine. Excitation was at 298 nm, and the excitation and
emission slits were set to 5 nm. Emission was measured over
the wavelength range from 310 to 580 nm. Buffer and amino acid
blanks were subtracted from the sample spectra. Enzyme con-
centrations varied throughout these studies, and data are there-
fore presented as the ratio of fluorescence emission of tryptophan
to that at long wavelengths.
Circular Dichroism Studies. CD spectra were recorded on

an Aviv 62 DS spectropolarimeter at 25 �C with a path length of
0.2 cm. Enzyme concentrations of 2.9 and 116 μMwere used for
far UV and near UV-visible spectra, respectively. The buffer
used for far UVCD spectra was 100mMHepes (pH 7.0) for near
UV-visible spectra of the ISB and AA and 100 mM Ches (pH
9.0) for near UV-visible spectra in the presence of serine and
cysteine. A buffer blank was subtracted from each spectrum.
Spectra were collected with a dwell time of 2 s, and three spectra
were averaged. Far-UV spectra were measured from 200 to
250 nm, while near UV-visible spectra were measured from
300 to 550 nm.

31P NMR Spectroscopy. Fourier transform 31P NMR
spectra were recorded at 161.909 MHz on a Varian VNMRS
400 SMB superconducting spectrometer using an autotunable
dual broadband 5 mm probe head with broadband 1H decou-
pling. The NMR tube, spinning at 15-20 Hz, contained the
sample (0.6 mL) and D2O (0.06 mL) as the field/frequency lock
and was maintained at 20 ( 0.1 �C using a thermostated
continuous air flow. A spectral width of 10000 Hz was acquired
in 32K data points with a pulse angle of 60�. The exponential line
broadening used prior to Fourier transformation was 10 Hz.
Protein samples were dissolved in 100 mMHepes or Ches buffer
at the appropriate pH. Positive chemical shifts in parts per
million are downfield changes with respect to 85% H3PO4.
Rapid Scanning Stopped Flow. Pre-steady state kinetic

measurements were taken using an OLIS RSM 1000 stopped
flow spectrophotometer in the multiple-wavelength mode. Sam-
ple solutions in 100 mM Mes (pH 6.5) were prepared in two
syringes. The first syringe contained enzyme at a final concentra-
tion no lower than 2 μM,while the second syringe containedOAS
at twice the final desired concentration. Experiments were repea-
ted at several different concentrations of OAS (0.1-40 mM).
Data were collected with a repetitive scan rate of 15 ms for S69
and N71 over the wavelength range of 300-600 nm, and the
number of scans collected depended on the rate of the reaction.
The appearance of the AA was monitored at 470 nm, and the
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disappearance of the ISB was monitored at 412 nm. The reaction
temperature was maintained at 25 �C using a circulating water
bath.
Spectrophotometric Detection of Pyruvate in the First

OASS Half-Reaction. The production of pyruvate in the first
half of the OASS reaction was detected by coupling to the
oxidation of NADH by lactate dehydrogenase. The initial rate
of formation of pyruvate was measured by monitoring the
oxidation of NADH at 340 nm with the OAS concentration
fixed at 10 mM. The final concentration of NADH was fixed at
0.2 mM in a 0.5 mL reaction mixture, while the lactate dehy-
drogenase concentration was 10 units/mL. Experiments were
conducted in 100 mMMes (pH 6.5) at 25 �C. The concentrations
of WT, T68A, and Q142A OASS were 15, 3, and 0.033 μM,
respectively.
Data Processing. Rapid scanning stopped flow (RSSF) data

were fitted using the software provided by OLIS. To obtain the
first-order rate constant (kobs) for the appearance of the AA, eq 1
was used.

At ¼ A0e
- kobst (B0 ð1Þ

where At is the absorbance at time t, A0 is the absorbance at time
zero, and B0 corrects for the background absorbance.

All time courses (not shown) were collected under pseudo-
first-order conditions. The dependence of kobs on the concentra-
tion of OAS was fitted to eq 2.

kobs ¼ kmaxOAS

KESB þOAS
ð2Þ

where kmax is the value of kobs at a saturatingOAS concentration,
which represents the rate constant for elimination of acetate from

the OAS ESB, KESB is the constant for dissociation of OAS from
the OAS ESB, and OAS is the concentration of OAS.

RESULTS

Binding of the substrate, OAS, to OASS-A and its subsequent
conversion to theESB result in the closure of the active site (9, 11).
The trigger proposed for active site closure is interaction of the
substrate R-carboxylate with the substrate-binding loop, com-
prised of residues 68-TSGN-71 (11). Proposed strong hydrogen
bonds are donated by T68, S69, and N71 (15). In addition, Q142
also donates a hydrogen bond to the R-carboxylate of the
substrate in the ESB. The hydrogen bonding interactions be-
tween the enzyme and theR-carboxylate of the ESB likely serve to
properly position and stabilize the ESB, and the AA intermedi-
ate, once the elimination of the β-acetoxy group of OAS has
taken place. The residues of the substrate-binding loop andQ142
are highly conserved, suggesting their importance in the mechan-
ism of OASS-A (Figure 2). To test the role of the residues in the
substrate-binding loop and Q142, site-directed mutagenesis was
used to change each of them in turn to alanine to eliminate their
hydrogen bonding interaction.
UV-Visible Spectroscopy. The UV-visible spectrum of

WT OASS-A exhibits an absorbance maximum at 412 nm
reflecting the ketoenamine tautomer of the internal Schiff base
(ISB) with a minor band at ∼330 nm reflecting the enolimine
tautomer (Scheme 2 and Figure 3) (15, 18). Addition of OAS to
the enzyme results in a shift in the λmax from 412 to 470 nmwith a
concomitant increase in the absorbance at 330 nm as a conse-
quence of formation of the R-aminoacrylate ESB (AA). The
external Schiff base of serine shows a significant decrease in the
absorbance at 412 nm, a shift in the maximum of the remaining

FIGURE 2: Multiple-sequence alignment of OASS-A. Sequences of OASS-A from bacteria and plants were retrieved from the ExPASy enzyme
database (NiceZyme View). Plant sequences were from the cytoplasmic isoforms. Abbreviations: SALTY, Salmonella typhimurium; BACSU,
Bacillus subtilis; STAAS, Staphylococcus aureus; MYCTU,Mycobacterium tuberculosis; SYNY3, Synechocystis sp. (strain PCC 6803); CITLA,
Citrullus lanatus; SPIOL, Spinacia oleracea; ORYSJ, Oryza sativa subsp. Japonica; TRIAE, Triticum aestivum; ARATH, Arabidopsis thaliana;
BRAJU, Brassica juncea. Sequence alignments were conducted using Vector NTI (Invitrogen), and the sequence conservation pattern was
visualized using ESPript version 2.2 (35). A portion of the whole sequence is shown, i.e., from residue 40 to residue 160. Residues T68, S69, N71,
and Q142 are marked with blue stars at the bottom of alignment. Secondary structure elements indicated above the alignment are from the
Salmonella three-dimensional structure (Protein Data Bank entry 1OAS).
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absorbance to 418 nm, and an increase in the absorbance at
330 nm (15). The lanthionine ESB,2 formed upon addition of
cysteine, gives a shift in the λmax from 412 to 418 nm and an

increase in the absorbance at 330 nm resulting from the free
cysteine in solution at pH 9.5.3

Spectra were recorded in an identical manner for each of the
four mutant enzymes, T68A, S69A, N71A, and Q142A. Spectra
for the S69A mutant enzyme are shown in Figure 3 (spectra for
the remaining mutant enzymes have been deposited as Support-
ing Information, Figure S1). The ISB and AA spectra are
qualitatively identical to those of WT, indicating the enzyme is
capable of catalyzing the first half-reaction. However, formation
of the serine ESB results in a 30% increase in the extinction
coefficient at 412 nm (with no appreciable red shift of the
ketoenamine maximum absorbance) and a less pronounced
increase in the 330 nm absorbance. Formation of the lanthionine
ESB upon addition of cysteine2 gives only an increase in the
absorbance at 330 nm, resulting from the thiolate of cysteine.3

Similar results are observed for the N71A mutant enzyme. The
ISB exhibits a maximum at 412 nm, while the AA is formed, and
again gives nearly equal extinction coefficients at λ470 and λ330. A
significant red shift in the serine and lanthionine ESBs is
consistent with a more hydrophilic environment in the N71A
mutant enzyme. In both cases, the ketoenamine tautomer is
favored, compared to the serine ESB of WT, in agreement with a
more hydrophilic site, perhaps because it is more open.

The UV-visible spectra of the T68A and Q142A mutant
enzymes are similar. There is no evidence of the AA for either
mutant enzyme, suggesting it is not formed or very unstable.
Addition of L-serine or L-cysteine to the mutant enzymes gives an
only slight shift in the maximum absorbance to 414 nm for both
mutant enzymes. The ketoenamine tautomer (414 nm) of these
mutant enzymes dominates, suggesting a polar environment. The
λmax values and extinction coefficients relative to those of the ISB
are listed in Table 1.

Scheme 2: Representation of the Ketoenamine to Enolimine Tautomerization that Occurs in the ISB, OAS ESB, L-Serine ESB,
L-Lanthionine ESB, and AA Intermediates. The OAS ESB Is Used ToDemonstrate the Equilibria; Experimentally Determined λmax Values
Are Provided (15, 18)

Table 1: UV-Visible Extinction Coefficients Relative to the ISB

WTa S69A N71A T68A Q142A

ISB ε412
rel = 1.0 ε412

rel = 1.0 ε412
rel = 1.0 ε412

rel = 1.0 ε412
rel = 1.0

AA ε470
rel = 1.28 ε470

rel = 1.05 ε470
rel = 1.22 not applicable not applicable

ε330
rel = 0.82 ε330

rel = 1.045 ε330
rel = 1.16

ESBserine ε418
rel = 0.53 ε412

rel = 1.32 ε420
rel = 1.21 ε414

rel = 0.98 ε414
rel = 0.99

ε330
rel = 0.53 ε330

rel = 0.72 ε330
rel = 0.75

ESBlanthionine ε418
rel = 1.03 ε412

rel = 1.02 ε424
rel = 1.22 ε414

rel = 0.99 ε414
rel = 1.0

aValues are relative to the ISB for the respective mutant enzyme. Extinction coefficients were as follows for WT: ISB, ε412 = 7600 M-1 cm-1; AA, ε470 =
9760 M-1 cm-1 and ε330 = 6250 M-1 cm-1; Ser ESB, ε418 = 4000 M-1 cm-1 and ε330 = 4000 M-1 cm-1; lanthionine ESB, ε418 = 7840 M-1 cm-1.

FIGURE 3: UV-visible absorbance spectra of WT OASS-A (A) and
S69A (B). Absorbance spectra in the absence and presence of amino
acidswere recorded at 25 �C.Spectra of the ISBandAA(1mMOAS)
were recorded in 100 mM Hepes (pH 6.5), while spectra in the
presence of 100 mM L-serine and 10 mM L-cysteine were recorded
in 100 mM Ches (pH 9.5).

2Addition of cysteine to OASS results in a rapid, transient formation
of the AA followed by attack by a second cysteine thiol to generate the
lanthionine ESB (6, 21).

3The observed increase in absorbance below 330 nm in the presence of
10mML-cysteine at pH 9.5 is a result of the thiolate of cysteine (the thiol
has a pKa of 8.7). Ionization of the L-cysteine thiol gives an increase in
absorbance centered at 235-240 nm (ε = 4500 M-1 cm-1) (34).
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From the data given above, S69 andN71 appear to play a role
in properly orienting the ESB, while T68 and Q142 likely play an
important role in stabilizing the AA intermediate. Consistent
with this, a higher percentage of the ketoenamine tautomer
suggests a more hydrophilic environment in the active sites of
these mutant enzymes, likely due to a more open active site.
Fluorescence Spectroscopy. OASS-A has two tryptophan

residues, W50 in the N-terminal domain and W161 in the
C-terminal domain. Fluorescence emission spectra (excitation
at 298 nm) exhibit two maxima, one at 337 nm and a broad band
from 492 to 500 nm (Figure 4). The 337 nm emission is a result of
intrinsic tryptophan fluorescence. The long wavelength band
results from singlet to singlet energy transfer from tryptophans
(mainly W50) to the cofactor enolimine that, in the excited state,
undergoes an interconversion to ketoenamine that emits at∼500
nm (14, 16, 19, 22, 23). Formation of the serine or lanthionine
ESB results in an enhancement of the long wavelength fluores-
cence band of WT with a decrease in the ratio of fluorescence
intensities at 337 and 500 nm, as a result of a change in the
distance and/or orientation of PLP compared to that of trypto-
phans, which facilitates the energy transfer.As theESB is formed,
PLP tilts 13� such that C40 approaches the active site en-
trance (11). In addition, the emission maximum is blue-shifted
from500 to 492 nm, suggesting amore hydrophobic environment
around the ESB intermediate, due to the closure of the active site
induced by ligand binding. A significant quenching of the long
wavelength fluorescence emission maximum is observed in the

presence of OAS, concomitant with formation of the AA
intermediate. The probable reason is attributed to a decrease in
the efficiency of F€orster resonance energy transfer.

Fluorescence emission spectra obtained for the S69A mutant
enzyme also exhibit two maxima, 337 and 500 nm (Figure 4)
(spectra for the remaining mutant enzymes have been deposited
as Supporting Information, Figure S2). The ratio of fluorescence
intensities at 337 and 500 nm for the ESB is 8.6, similar to the
value of 9.2 observed for WT (Table 2). The F337/F500 ratio
exhibits no decrease in the presence of serine and cysteine,
suggesting that either the repositioning of the cofactor compared
to tryptophan in enzyme does not occur or the lifetime of the
excited species is much shorter, since the active site is probably
more open in the mutant enzyme. However, formation of the AA
is observed as shown by the loss of long wavelength fluorescence,
consistent with the UV-visible spectra (Figure 3).

Spectra for the T68A mutant enzyme differ significantly from
those ofWT (Figure S2 of the Supporting Information). The 337
and 500 nmpeaks are observed, but longwavelength fluorescence
is reduced compared to that of WT (Table 2). In addition, the
fluorescence of the ESBs results in almost no change at 500 nm,
with no increase in the level of energy transfer.

On the other hand, spectra obtained for the N71A mutant
enzyme are similar to those of theWT (Figure S2). Formation of
the serine and cysteine ESBs results in an increase in the long
wavelength fluorescence such that F337/F500 is more similar to
that of WT. Formation of the AA results in a band at 550 nm,
which results from emission of the ketoenamine formed from the
enolimine by proton transfer in the excited state (16).

The spectrum of the Q142A mutant enzyme exhibits maxima
at 337 and 492 nm (Figure S2) and a fluorescence ratio of 19.6
compared with a ratio of 9.2 for WT (Table 2). Addition of 100
mM L-serine or 10 mM L-cysteine results in a significant
enhancement in long wavelength emission at 500 nm, and a blue
shift similar to that of WT, but the amplitude of this long
wavelength enhancement is smaller than that of WT. Addition
of 1 mM OAS gives no loss of the long wavelength fluorescence,
indicating theAAdoes not formor is unstable. Fluorescence data
are consistent with the UV-visible absorbance spectra and
suggest an important role for Q142 in stabilization of the AA
intermediate.

Consistent with the absorbance spectra, fluorescence data
indicate that there is no buildup of the AA intermediate in the
T68A andQ142Amutant enzymes, consistent with these residues
stabilizing the AA. N71 and S69 appear to be involved in
orientation of the cofactor PLP, with S69 being the more
important of the two.
CircularDichroism.Chiralmolecules exhibit aCDspectrum

as a result of absorbing left- and right-handed polarized light to
different extents. Proteins are composed of optically active

FIGURE 4: Fluorescence emission spectra of WT OASS-A (A) and
S69A (B). Fluorescence spectra in the absence and presence of amino
acids were recorded at 25 �C. Spectra for the ISB and AA were
recorded in 100 mMHepes (pH 6.5), while spectra for the serine and
lanthionineESBswere recorded in 100mMChes (pH9.5).Excitation
was at 298 nm, and spectra were corrected for those of buffer and
amino acids alone.

Table 2: Ratios of Intrinsic Tryptophan to LongWavelength Fluorescence

WTa T68A S69A N71A Q142A

ISB 9.2 11.1 8.6 7.9 19.6

ESBserine 2.8 14.4 12.5 2.7 9.8

ESBlanthionine 1.9 13.1 8.6 3.4 3.0

aRatio of intrinsic fluorescence at 337 nm to long wavelength fluores-
cence around 500 nm. The maximum for long wavelength fluorescence
depends on the enzyme form and mutation. The maximum for the ISB is
500 nm in all cases. The maximum for the ESBs is 492 nm for WT and
Q142A and 500 nm for all other mutant enzymes.
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elements and can adopt different types of three-dimensional
structures; each type of molecule produces its own CD spectrum.
The wavelengths of light that are most useful for examining the
secondary structures of enzymes are in the far-UV ranges (from
190 to 300 nm). Near UV-visible CD spectra (from 300 to 550
nm) are useful as a probe of the asymmetric interaction of the
small molecules (ligand) with the protein matrix, called induced
CD. Changes in the near UV-visible CD spectrum may reflect
changes in the interaction of the protein matrix with a small
molecule. Even though many ligands may be intrinsically
achiral, their unique orientation on binding to a protein,
coupled to their specific asymmetric interaction with the
protein, can cause them to acquire CD properties (24). The
far UV CD spectra of all of the mutant enzymes are identical
to those of WT (data not shown).

The near UV-visible CD spectrum of the ISB of OASS-A
gives an induced CD signal centered at 412 nm (Figure 5), as in
the absorbance spectrum (Figure 3). The signal changes signifi-
cantly when substrates are added. Addition of L-cysteine or L-
serine induces a shift in λmax from 412 to 418 nm, as also observed
in visible absorbance spectra. The positive Cotton effect of the
ISB and the ESBs is consistent with asymmetric binding of the
ketoenamine tautomer of the cofactor. A smaller signal is also
seen for the enolimine tautomer centered at 330 nm with a
negative Cotton effect. The AA formed by adding OAS is
centered at 330 and 470 nm as expected, but both tautomers
exhibit a negative Cotton effect. The negative Cotton effect
reflects a difference in the chromophore, likely in the magnetic
dipole moment of the AA intermediate compared to the ISB and
ESB. The ellipticity of the positive Cotton effect of the ISB and
the negative Cotton effect of the AA is identical (Table 3).

The S69A and N71Amutant enzymes exhibit CD spectra that
are qualitatively similar to those ofWT (Figures 5 and Figure S3
of the Supporting Information). The ellipticities of the ISB and
AA are equal, but lower than those ofWT, and the S69Amutant
enzyme exhibits the lower of the two. The serine ESB has a higher
ellipticity for the mutant enzymes compared toWT, while that of
the lanthionine ESB has a slightly lower ellipticity for S69A but is
twice that of WT for N71A (Table 3).

Spectra of the T68A and Q142Amutant enzyme are similar to
one another but differ considerably compared to those of WT
(Figure S3). Either noAA intermediate is formed, or it is unstable
as judged by the absence of the negative Cotton effect in the
presence of OAS, in agreement with visible absorbance and
fluorescence spectra. The ellipticities of the ISB and serine and
lanthionine ESBs exhibit lower ellipticities compared to the WT
ellipticity.

The near UV-visible CD spectra corroborate the UV-visible
absorbance spectral data. The induced Cotton effect reflects the
asymmetric interaction of the cofactor with the protein matrix.
The change in ellipticity for the T68A, S69A, and Q142 mutant
enzymes suggests they have a higher cofactor mobility than the
WT, while the N71A mutant enzyme exhibits a higher ellipticity
for the ESB intermediates, suggesting a stronger asymmetric
interaction between the cofactor PLP and the protein matrix.

31PNMR. 31PNMRprovides a powerful tool that allows one
to obtain direct evidence on the environment around the 50-
phosphate of PLP bound to enzymes (15, 18). The chemical shift
reflects the protonation state of the 50-phosphate and the tight-
ness of its binding to the protein. The line width provides
information about the freedom of rotation of the 50-phosphate
group. The two parameters can be used to describe conforma-
tional changes that occur along the reaction pathway ofOASS-A.
The chemical shift of theWT ISB is 5.2 ppm (Table 4), indicative
of a dianionic 50-phosphate that is very tightly bound to the active
site (15). A line width of 21 Hz is observed for the phosphate
resonance, indicative of a 50-phosphate that tumbles with the
protein as expected for a tightly bound phosphate. Addition of 15
mML-cysteine to theWT enzyme induced a slight downfield shift
to 5.3 ppm, suggesting an even tighter binding of the 50-
phosphate, likely as a result of the long lanthionine side chain

FIGURE 5: Near UV-visible circular dichroic spectra of WT OASS-
A (A) and S69A (B). Spectra were recorded with 116 μM enzyme, in
100mMHepes (pH7.0) for the ISB andAA,while those for theESBs
were recorded in 100 mM Ches (pH 9.0).

Table 3: Ellipticity from CD Spectra for WT and Mutant Enzymes

WT T68A S69A N71A Q142A

ISB θ412, 6.3 θ412, 1.4 θ412, 3.9 θ412, 4.9 θ412, 1.3
ESBserine θ418, 2.4 θ414, 3.2 θ412, 3.1 θ421, 5.4 θ416, 3.9
ESBlanthionine θ418, 4.9 θ414, 1.9 θ412, 3.5 θ424, 9.8 θ416, 2.6
AA θ470, -5.6 not

applicable

θ470, -4.1 θ470, -4.9 not

applicable

Table 4: Summary of 31P NMR Data of the WT and Mutant Enzymesa

WT T68A S69A N71A Q142A

ISB δ = 5.20 δ = 5.19 δ = 5.22 δ = 5.19 δ = 5.22

lw = 20.5 lw = 20.1 lw = 21.0 lw = 21.3 lw = 20.8

ESBserine δ = 4.40 δ = 5.18 δ = 5.21 δ = 5.36 δ = 5.21

lw = 50.7 lw = 17.4 lw = 30.2 lw = 40.0 lw = 29.6

ESBlanthionine δ = 5.40 δ = 5.14 δ = 5.23 δ = 5.10 δ = 5.26

lw = 35.7 lw = 17.3 lw = 24.9 lw = 28.9 lw = 26.8

a31P NMR spectra were recorded in 100 mMChes (pH 9) as discussed in
Materials andMethods. λ is the chemical shift in parts per million, while lw
is the line width in hertz.
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that is more tightly bound.2 A broad line width suggests two
species in equilibrium. It should be noted that if two species
interconvert slowly, two distinct resonances are observed. If
the equilibration is rapid, a single sharp resonance is observed.
If the equilibration exhibits an intermediate rate, a broad peak
is obtained at the average of the two resonances, weighted
toward the dominant species of the two. The line width of the
OASS-A with L-cysteine is 35.7 Hz, which suggests that two
species, the enolimine and ketoenamine tautomers, are ex-
changing.With 100 mM L-serine, the chemical shift of 4.4 ppm
suggests a significant loosening of the binding of the co-
factor at the 50-phosphate. In addition, a line width of 50 Hz
indicates an apparent equilibrium between ketoenamine and
enolimine tautomers, consistent with the UV-visible spectral
data.

The ISB of all of the mutant enzymes exhibits a chemical
shift very similar to that ofWT. In the presence of L-cysteine or
L-serine, the chemical shifts remain about the same, and the
line widths become narrow compared to those of WT. Data
suggest no change in the tightness of binding of the 50-
phosphate. The broader line width in the presence of serine
suggests species interconversion as for WT, but the rate of
exchange between the ketoenamine and enolimine tautomer
must increase to account for the narrower line width compared
to that of WT.
Pre-Steady State Kinetic Studies. Rapid scanning stopped

flow experiments, mixing the S69A or N71A mutant enzymes
withOAS, gave spectra that show a decrease in the absorbance at
412 nm and an increase in the absorbance at 330 and 470 nm,
consistent with the formation of the AA. Spectra exhibit a single
isosbestic point at 430 nm, indicative of the interconversion of the
ISB and AA with no other intermediates present at a significant
concentration (data not shown). A fit of the observed first-order
rate constant (obtained by monitoring the change in absorbance
at 470 nm) versus OAS concentration to eq 2 gave values ofKESB

and kmax of 0.13 mM and 1.6 s-1, respectively, for S69A and
values of 6.0 mM and 0.6 s-1, respectively, for N71A. Values are
compared to those for WT in Table 5. No AA was detected for
the T68A and Q142A mutant enzymes.
Pyruvate Production. To determine whether pyruvate was

produced when OAS was added to OASS, the reaction mixtures
from the pre-steady state experiments with the T68A and Q142A
mutant enzymes were assayed for the presence of pyruvate using
NADH and lactate dehydrogenase. Significant pyruvate was
present after a few hours.

Initial rates of pyruvate production, measured as the disap-
pearance of NADH in the lactate dehydrogenase coupled assay,
were obtained using 10 mM OAS, and rates were compared to
that of theWT enzyme. The first-order rate constant for pyruvate
production was obtained by dividing the initial rate by enzyme
concentration. First-order rate constants for WT, T68A, and
Q142A at pH 6.5 were 0.002, 0.007, and 0.3 s-1, respectively.

DISCUSSION

Structural Analysis and Rationale for This Work. The
structure of OASS-A has been determined to 2.2 Å resolu-
tion (10). The sulfhydrylase consists of two identical subunits,
and each subunit has one active site, which is located deep in the
protein, at the interface between the N- and C-terminal domains.
The PLP cofactor in the active site cleft is in Schiff base linkage
with the ε-amino group of K41, with its 50-phosphate anchored
by eight hydrogen bonds contributed by main chain and side
chain functional groups in the glycine and threonine loop (176-
GTGT-180). A total of eight hydrogen bonds anchor the PLP 50-
phosphate group, six from the residues in the loop and two from
water molecules. The 50-phosphate of the cofactor is dianionic as
suggested by 31P NMR spectra (15, 18, 20).

A superposition of the structures of the resting form (open
form) and that of K41A, which exists as an ESB with methionine
(closed form), an analogue of OAS, is shown in Figure 1. In the
open form, the ε-amino group of K41 is bound to C40 of the
cofactor PLP in a Schiff base linkage. L-Methionine exists as an
ESB in the K41A mutant enzyme, in a closed conforma-
tion (9, 11). The active site closes to properly position active site
functional groups for catalysis and exclude solvent. S69 in the
substrate-binding loop moves 7 Å compared to its position in
the open form and forms the two new hydrogen bonds, one with
the R-carboxylate of the substrate and another with O30 of the
cofactor. In addition, the PLP tilts by 13� as the active site closes
and the ESB is formed with the substrate. The closure of the
active site is induced by the interaction between the substrate-
binding loop and the R-carboxylate of the substrate, which leads
to a reduction in the twist of the central β-sheet of the N-terminal
domain. The conformational changes result in the formation of
new hydrogen bonds and hydrophobic interactions between the
N- andC-terminal domains. Themicroenvironment generated by
these structural rearrangements stabilizes and orients the external
aldimine for the elimination reaction and protects the highly
reactive AA.

In the closed structure of the methionine ESB, the cofactor’s
O30 atom is within hydrogen bonding distance of the amide
nitrogen of N71 and the Schiff base nitrogen. Residues of the
substrate-binding loop (T68, S69, and N71) in addition to Q142
bind the substrate R-carboxylate group in the ESB and subse-
quent intermediates along the reaction pathway. The relationship
between the active site and the cofactor PLP is shown in Figure 1.
The residues of the substrate binding loop (T68, S69, and N71)
andQ142 are highly conserved from bacteria to plants (Figure 2).
Data suggest the importance of the substrate binding loop and
Q142 in the reaction mechanism.
Spectral and Kinetic Studies of Site-Directed Mutant

Enzymes. The T68A and Q142A mutant enzymes exhibit only
slight changes in their UV-visible spectra in the absence and
presence of serine and cysteine, and the AA intermediate is not
observed upon addition of OAS. The S69A and N71A mutant
enzymes exhibit substantial changes in their UV-visible spectra
in the presence of serine and cysteine, similar toWT, and a typical
spectrum for the AA intermediate. Below, each of the mutant
enzymes is discussed in terms of spectral and kinetic data
obtained.
T68A Mutant Enzyme. The ISB of the T68A mutant

enzyme is very similar to that of WT, as suggested by the UV-
visible, fluorescence, nearUV-visible CD, and 31PNMRspectra.
The serine and lanthionine ESBs exhibit only a slight increase in

Table 5: Pre-Steady State Kinetic Parametersa

WT S69A N71A

KESB (mM) 0.54 ( 0.18 0.13 ( 0.03 (-4) 6 ( 2 (11)

kmax (s
-1) 13.6 ( 3.9 1.6 ( 0.4 (-9) 0.60 ( 0.15 (-23)

aFinal enzyme concentrations were g2 μM. All experiments were
conducted in 100 mM Hepes (pH 7) at 25 �C. kmax is the rate constant for
formation of the AA from the OAS ESB.
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the absorbance of the ketoenamine and enolimine tautomers, and
only a slight red shift in the absorbance of the visible maximum.
The presence of the ESBs is corroborated by an increase in the
intrinsic tryptophan fluorescence at 337 nm, and an increase in
ellipticity of the serine ESB at 414 nm compared to that of the
ISB. However, no change in the 500 nm fluorescence is observed
upon addition of serine or cysteine. Thus, either the position of
the PLP relative to W50 does not change, or the lifetime of the
excited state decreases in the T68A mutant enzyme. Addition of
OAS gives no AA absorbance at 330 or 470 nm, no decrease in
fluorescence at 500 nm, or a change in the near UV-visible CD
spectrum compared to that of the ISB. The 31P NMR spectra of
the ISB and ESBs give identical chemical shifts and line widths,
consistentwith a lack of change in the environment around the 50-
phosphate of PLP. No formation of the AA was detected by
stopped flow kinetic studies of the T68A mutant enzyme.

The AA is unstable inWT OASS at pH>6.5. The AA can be
displaced byK41 to regenerate the ISB and free AA. TheAA can
tautomerize to iminopyruvate, which will be hydrolyzed to
pyruvate and ammonia. Pyruvate is produced by the T68A
mutant enzyme, which indicates the AA can be formed, but
decomposes faster than it is formed. The rate of production of
pyruvate is 3 times faster than that of WT. It is unlikely that this
modest decrease in the stability of the AA accounts for its lack of
buildup. As a result, the conversion of the ESB to the AA must
also be slower. This proposal will be tested in future studies.

The strongest hydrogen bond (2.76 Å) to the R-carboxylate of
the methionine ESB in the closed form of the enzyme is donated
by the β-hydroxyl of T68 (Figure 1). Mutation of T68 to A
generates an enzyme that appears to have either an open active
site over the reaction time course or amore rapid conformational
change toopen and close the active site. The lack of buildup of the
AA intermediate suggests the site is more open and consistent
with the more rapid decomposition of the AA compared to WT
and is much less stable, in agreement with the proposed role of
T68 as part of the substrate-binding loop in triggering the
conformational change to close the active site as the ESB is
formed.
Q142A Mutant Enzyme. The UV-visible spectra of the

Q142Amutant enzyme are qualitatively similar to those of T68A.
The same slight red shift in the maximum of the visible band at
414 nm is observed for the serine and lanthionine ESBs, and the
AA intermediate does not build up. Long wavelength fluores-
cence (500 nm) is observed but is lower than that of WT, and
addition of serine or cysteine results in the enhancement of the
500 nm fluorescence, but not as much as WT. Thus, there is a
change in the position of PLP relative toW50, but not to the same
extent as WT. Data are in agreement with the formation of ESBs
that are similar to those of WT. This can also be seen in the CD
spectra, with increases in the ellipticity of the serine and lanthio-
nine ESBs. Enhancement of long wavelength fluorescence and
the intensity of the CD signal indicate the largest change is
observed for the lanthionine ESB. The 31P NMR chemical shift
of the Q142A ISB and ESBs is the same as that of the WT.
However, the line width of the ESBs is slightly broader than that
of the ISB, but not as broad as those of WT. The substantial line
broadening in the case of the WT enzyme can be interpreted in
terms of relatively slow exchange between two conformers that
represent the ketoenamine and enolimine tautomers of the ESB.
The narrower line widths found for the Q142A mutant enzyme
indicate a more rapid exchange rate, suggesting a more flexible
site. The AA was not detected by stopped flow kinetic studies of

the Q142A mutant enzyme. However, pyruvate is produced 150
times faster thanWT, consistent with a much less stable AA that
decomposes faster than it is formed.

Q142 is positioned above the PLP as one looks into the
entrance to the active site and donates a hydrogen bond to the
R-carboxylate of the ESB (2.83 Å) (Figure 1). As a result, Q142
aids in positioning the R-carboxylate, and thus the ESB, and
shielding the AA intermediate to be formed from the ESB. Data
are consistent with the proposed role of Q142. The loss of
interaction of Q142 in the mutant enzyme may be expected to
generate a less stable AA and affect the catalytic steps, consistent
with the data.
S69A Mutant Enzyme. The UV-visible spectrum of the

S69A mutant enzyme is qualitatively similar to that of the WT
enzyme. Addition of OAS results in an AA spectrum identical to
that of WT, indicative of the enzyme’s ability to catalyze the first
half-reaction. Formation of the AA is corroborated by the loss of
long wavelength fluorescence, and the negative Cotton effect in
the near UV-visible CD spectrum. In addition, pre-steady state
kinetic data (Table 5) indicate the rate of the first half-reaction
has decreased, but by a factor of only 9, and the dissociation
constant for the OASESB has decreased by a factor of 4, giving a
slight decrease (2-fold) in the second-order rate constant (kmax/
KESB).

The serine ESB exhibits a spectrum that differs from that of
WT. An increase in the absorbance of the ketoenamine tautomer
is observed, but at 412 nm. There is no observable shift in the
λmax, and no significant increase in the absorbance at 330 nm
reflecting the enolimine tautomer. Fluorescence spectra exhibit a
significant increase in the emission at 337 nm, with very little
change in emission at 500 nm, and there is no change in the near
UV-visible CD spectrum. Thus, the active site environment of
the serine ESB appears to be more hydrophilic than that of the
WT and may suggest either a more open site or a more rapid
opening and closing of the site. The fluorescence andCDdata are
consistent and suggest either a difference in the relative orienta-
tion of the PLP cofactor with respect toW50 or a decrease in the
lifetime of the excited state.

The lanthionine ESB differs even more compared to the WT.
The UV-visible spectrum exhibits only an increase in the
absorbance below 330 nm, which reflects the thiolate of cysteine.3

However, the 500 nm fluorescence increases slightly compared to
that of the ISB; there is no significant change in the near
UV-visible CD spectrum.

The 31PNMRspectrum of the ISB is identical to that ofWT in
terms of the chemical shift and line width, consistent with little
change in the resting, ISB, form of the enzyme. In the case of the
ESBs, however, the chemical shift remains the same as that of the
ISB, suggesting the environment around the 50-phosphate does
not change in all cases. The linewidths are increased for the ESBs,
but not asmuch as forWT, suggesting the rate of interconversion
of the ketoenamine and enolimine tautomers is more rapid in the
S69 mutant enzyme.

S69 changes its position by∼7 Å as the substrate-binding loop
moves to interact with the R-carboxylate of the ESB. A new
hydrogen bond [2.88 Å (Figure 1)] is formed between the
carboxylate and the amide nitrogen on S69. Elimination of this
interaction would be expected to affect the closing of the active
site, and onemight expect the transition fromopen to closed to be
more rapid, consistent with the data.
N71AMutant Enzyme. The N71A mutant enzyme behaves

muchmore like theWT enzyme. TheUV-visible spectrum of the
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ISB is qualitatively identical to that of WT, as is that of the AA
intermediate. Fluorescence emission and near UV-visible CD
spectra of the ISB are also very similar to that of WT; a ratio of
∼8 for emission at 337 nm to that at 500 nm is obtained compared
to a ratio of 9 for WT, and the ellipticity at 412 nm is∼5 and∼6
mdeg for N71A andWT, respectively. The absorbance at 470 nm
for the AA is the same as that of WT, but a slight increase in the
absorbance at 330 nm is observed for N71A. The fluorescence
spectra are also very similar, with a slight increase in the emission
at 337 nm, and a loss of long wavelength fluorescence at 500 nm.
However, a new band is observed at 550 nm, attributed to
formation of the ketoenamine from the enolimine tautomer of
the AA by proton transfer in the excited state. This mechanism
was originally proposed to explain the ketoenamine fluorescence
emission at 500 nm upon Trp excitation at 298 nm (16). These
authors showed that the AA is weakly fluorescent. The CD
spectrum of the AA exhibits a typical negative Cotton effect at
470 nm with approximately the same intensity as WT.

There are some differences in the spectra of the ESBs of serine
and lanthionine. There was no red shift observed for the serine
ESB, and the absorbance increased at 412 nm with no increase at
330 nm; that for the lanthionine ESB exhibited a red shift to
424 nm, with a shoulder at around 500 nm.A substantial increase
in the long wavelength fluorescence was observed for both ESBs
with the band for the serine ESB identical to that of WT, while
that for the lanthionine ESBwas slightly lower.NearUV-visible
CD data corroborate the fluorescence data with greater intensity
for the ESBs versus that found for WT. The ellipticity of the
lanthionine ESB is almost twice that of WT. Taken together,
these data indicate the ketoenamine tautomer of the ESB is
stabilized in a manner consistent with a more hydrophilic site for
N71A compared to WT.

As for all of themutant enzymes, the 31PNMRspectrumof the
ISB is identical to that of WT in terms of the chemical shift and
line width. In the case of the ESBs, however, the chemical shift
remains the same as that of the ISB, suggesting the environment
around the 50-phosphate does not change. The line widths are
increased for the ESBs, not as much as forWT but more than for
the S69A mutant enzyme, suggesting the rate of interconversion
of the ketoenamine and enolimine tautomers is more rapid in the
S69A mutant enzyme.

The position of N71 in the substrate-binding loop exhibits the
smallest change in position as the site closes on the ESB. Two
hydrogen bonds are provided by N71, one from the side chain
amide nitrogen to O30 of the cofactor and another from the
backbone NH group to the R-carboxylate of the ESB. Both
hydrogen bonds are ∼3 Å in length, suggesting the contribution
to binding energy, and thus closing the site, is perhaps smaller for
this residue than for S69. However, the effect on pre-steady state
kinetics is greater for N71A than S69A, with a 1 order of
magnitude decrease in kmax and a 2 order of magnitude decrease
in kmax/KESB.

Investigations of other PLP-dependent enzymes have made
use of mutations of loop or active site residues, detecting effects
on the equilibrium distribution of catalytic intermediates as well
as the equilibrium between open and closed states of the active
site. Dunn and co-workers have conducted studies of tryptophan
synthase (TS), while Kirsch and co-workers have conducted
studies of aspartate aminotransferase (AAT). In TS, residues
β-D305 and β-R141 are critical in stabilizing alternative catalytic
intermediates as well as open and closed conformations via the
formation of a salt bridge (27, 28). In the internal Schiff base

enzyme form, β-D305 does not interact with any other active site
residue, while it forms a hydrogen bond with β-R141 in the ESB,
stabilizing a partially open conformation. When the aminoacry-
late Schiff base (AA) is formed in the active site, β-D305 interacts
with β-R141 forming a salt bridge. Thus, it is not surprising that
mutation of either D305 or R141 affects the equilibrium dis-
tribution between the ESB and AA as well as the open-closed
equilibrium. The effect of mutations β-Q114N and β-T110V in
TS was also investigated. Both amino acids are localized in the
substrate recognition loop (β-110-115) and interact with the
substrate R-carboxylate (29); Q114 is reminiscent of Q142 in
OASS. In TS, Q114was mutated toN. The shortening of the side
chain was enough to strongly influence the enzyme reaction
specificity, opening the way to the attack of AA. Mutation of
Q142 to A in OASS-A also creates space that may favor an open
active site conformation.

In AAT, the R292D mutation, in the so-called HEX en-
zyme (30), led to an increase in the flexibility of a small domain,
which eliminated interaction with dicarboxylic acid substrates.
In other PLP-dependent enzymes, including serine hydroxy-
methyltransferase (31), tyrosine phenol lyase (32), and cystathio-
nine β-synthase (33), mutations of active site residues were
exploited in investigating the role of specific amino acids in the
stabilization of catalytic intermediates and, possibly, associated
conformations.
Conclusions. Mutation of residues in the substrate-binding

loop and Q142 has somewhat varied effects, but there are a
number of generalizations that can be made. 31P NMR spectra
suggest the environment around the 50-phosphate does not
change significantly for any of the mutant enzymes, in a manner
independent of the intermediate generated. However, the site
appears to be more hydrophilic given that the ESBs exhibit
smaller amounts of the enolimine tautomer. It appears that all of
the tested mutations affect the opening and closing of the active
site, but to different extents.

The T68A andQ142Amutant enzymes show no accumulation
of the AA using either spectral probes or pre-steady state kinetic
studies, suggesting both residues stabilize the ESB, the AA, or
both.With respect toWT, pyruvate production is slightly greater
for T68A, but much greater for Q142A. T68 donates a hydrogen
bond to one of the carboxylate oxygens of the methionine ESB
and is likely responsible for the proper orientation of the ESB to
generate the AA and stabilization of the AA. Q142A, on the
other hand, which also donates a hydrogen bond to one of the
carboxylate oxygens of the methionine ESB, is involved in
stabilizing the AA.

The S69A andN71Amutant enzymes exhibit formation of the
AA, but kmax, the rate constant for formation of the AA from the
ESB, is decreased by 1 order of magnitude compared to the WT
rates for both enzymes. The second-order rate constant (kmax/
KESB) is similar to that of WT for S69A but is decreased by 2
orders of magnitude for N71A. Of interest, N71 donates a
hydrogen to O30 of the cofactor, and another to the other oxygen
of the methionine ESB, which may also affect the orientation of
the ESB.

Overall, data demonstrate how reactivity, at the level of
covalent PLP-bound intermediates, is derived in the O-acetylser-
ine sulfhydrylase reaction. Interaction of intermediates with the
substrate-binding loop and Q142, which shields the ESB and AA
from solvent, allows active site closure to generate an active,
properly alignedMichaelis complex and, subsequently, chemistry
to occur.
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SUPPORTING INFORMATION AVAILABLE

Figures showing the UV-visible, fluorescence, and CD spec-
tra in the absence and presence of serine, cysteine, and OAS.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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