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ABSTRACT: O-Acetylserine sulfhydrylase is a pyridoxal-phosphate-dependent enzyme that catalyzes
the final step in the cysteine biosynthetic pathway in enteric bacteria and plants, the replacement of the
pB-acetoxy group oD-acetyl+-serine by a thiol to give-cysteine. Two isozymes are found$almonella
typhimurium with the A-isozyme expressed under aerobic and the B-isozyme expressed under anaerobic
conditions. The structure @-acetylserine sulfhydrylase B has been solved to 2.3 A and exhibits overall

a fold very similar to that of the A-isozyme. The main difference between the two isozymes is the more
hydrophilic active site of the B-isozyme with two ionizable residues, C280 and D281, replacing the neutral
residues S300 and P299, respectively, in the A-isozyme. D281 is above fdee of the cofactor and is

within hydrogen-bonding distance to Y286, while C280 is located about 3.4 A from the pyridine nitrogen
(N1) of the internal Schiff base. The B-isozyme has a turnover numigy) (12.5-fold higher than the
A-isozyme and an~10-fold lower K, for O-acetyli+-serine. Studies of the first half-reaction by rapid-
scanning stopped-flow indicate a first-order conversion of the internal Schiff base deaimnoacrylate
intermediate at any concentration@facetyl+-serine. Theéy values for formation of the external Schiff

base with cysteine and serine, obtained by spectral titration, are pH dependent and exiluf Z.p—

7.5 (for a group that must be unprotonated for optimum binding) with values, above pH 8.0, of about 3.0
and 30.0 mM, respectively. In both cases the neutral enolimine is favored at high pH. Failure to observe
the K, for the a-amines of cysteine and serine in th€gggs vs pH profile suggests a compensatory effect
resulting from titration of a group on the enzyme withk,jin the vicinity of thea-amine’s K. The pH
dependence of the first-order rate constant for decay afthminoacrylate intermediate to give pyruvate

and ammonia gives akp of about 9 for the active site lysine (K41), a pH unit higher than that of the
A-isozyme. The difference in pH dependence of tlike4p for cysteine and serine, the highelK pfor

K41, and the preference for the neutral species at high pH compared to the A-isozyme can be explained
by titration of C280 to give the thiolate. Subtle conformational differences betvW@zanetylserine
sulfhydrylase A and-acetylserine sulfhydrylase B are detected by comparing the absorption and emission
spectra of the internal aldimine in the absence and presence of the product acetate and of the external
aldimine withL-serine. The two isozymes show a different equilibrium distribution of the enolimine and
ketoenamine tautomers, likely as a result of a more polar active sit@-fmetylserine sulfhydrylase B.

The distribution of cofactor tautomers is dramatically affected by the ligation state of the enzyme. In the
presence of acetate, which occupiesdhearboxylate subsite, the equilibrium between tautomers is shifted
toward the ketoenamine tautomer, as a result of a conformational change affecting the structure of the
active site. This finding, in agreement with structural data, suggests f@-doeetylserine sulfhydrylase
B-isozyme a higher degree of conformational flexibility linked to catalysis.

O-Acetylserine sulfhydrylase (OASS3atalyzes the final  there are two isozymes of OASS, A and B. The B-isozyme
reaction of the cysteine biosynthetic pathway in bacteria and of O-acetylserine sulfhydrylase (OASS-B) is expressed in
plants, the conversion oD-acetyli-serine (OAS) and
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Salmonella typhimuriurander anaerobic growth conditions, Scheme 1: Tautomeric Equilibria for the Internal Schiff
and it appears to be less substrate selective than theBase (ISB) the External Schiff Base (ESB) with Amino
A-isozyme for both the amino acid and nucleophilic sub- Acids, anda-Aminoacrylate (AA)

strates 2). OASS-B has a ping-pong kinetic mechanism on Lys-Enz Lys-Enz

the basis of initial velocity studies obtained in the absence ISB

of inhibitors ). The OASS-B reaction substitutes the /'i\ﬂ N

acetoxy gro_up_of OAS \_Nlth a thiol group to yield cysteine i N & i N\ OH

in a 3-substitution reaction. The B-isozyme has a proposed =0;P0O = TO0 |

chemical mechanism that is similar to that observed for the | _ _

A-isozyme B). The substrate, OAS, binds with ilsamine \ N N /

unprotonated to carry out a nucleophilic attack orl G#

the internal Schiff base (ISB) to generate the OAS external V o] o]

Schiff base (ESB). The Schiff base lysine, which was in Ao o

internal Schiff base linkage, acts as a general base to ‘k -

deprotonate gin the-elimination reaction responsible for 2

the release of acetate ending the first half-reaction. ESB o Q Q 't

A - A .

Three-dimensional structures of the A-isozyme fr@m O/\ﬁko o/\ﬁko

typhimuriumhave been solved in the absence of ligands as N~y N

an open form4). A structure of the K41A mutant enzyme, i

isolated as a closed form with methionine bound to the active = pq, Nr¢ =—— =050 N

site pyridoxal 5-phosphate (PLP) in external Schiff base | |

linkage, has also been solves),(as has the structure with N/ N/

chloride bound to an allosteric site at the dimer interface k /

(6). These structures have been invaluable in deducing a Y

number of aspects of the mechanism of the enzyme.

Recently, a structure of the B-isozyme fr@scherichia coli l\( Acelate

has also been solved)( but fewer studies of this isozyme

have been carried out to date. o o
The coenzyme PLP provides a valuable probe to protein AA })‘\O_ YKO_

dynamics and catalysis for PLP-dependent enzymes, due to

its localization at the enzyme active site and the correlation /'i\':' N

of enzyme conformational changes with catalytic intermedi- (5)_ OH

ates along the reaction pathway. Given this tight link between =0,P0 N = ~O040 N

electronic and conformational states, it is not surprising that | P | /

spectroscopic methods have been exploited to reveal the N N

conformational landscape of catalytic action, including the  previously, only small amounts of the B-isozyme could
open-to-closed transitions that occur in the conversion of the pe purified @, 3), and limited spectral and kinetic studies
ISB to the ESB or other catalytic intermediates, such as could be carried out. We have recently overexpressed and
quinonoid species ar-aminoacrylate (AA) Schiff base8t  purified OASS-B fromS. typhimuriunas the N-terminal His-

12). In these studies complex fluorescence emission proper-tagged enzyme. In this paper, we report the X-ray crystal
ties were observed originating from changes in the ground strycture of OASS-B frons. typhimuriumin addition, in

and excited state equilibrium distribution between the eno- orger to explain functional properties of OASS-B on the basis
limine and ketoenamine tautomers of catalytic intermediates of jts three-dimensional structure and to understand differ-
(Scheme 1). Since this tautomeric equilibrium is strongly ences in structurefunction relationships between OASS-A
influenced by the polarity of the active site, with the and OASS-B, kinetic and spectral studies are presented to

enolimine being favored by a less polar environmdr®),(  mechanistically and conformationally characterize the B-
spectroscopic signals are sensitive to small differences injsozyme.

the polarity of the microenvironment where PLP is located.
For OASS-A, previous investigations, reporting structured MATERIALS AND METHODS
fluorescence emission and excitation spectra, indicated the
occurrence of an enolimine-to-ketoenamine isomerization in
the excited statel(Q).

Chemicals O-Acetyl-L-serine, DTNB, L-cysteine, and
chloramphenicol were obtained from Sigma. The buffers
Ches, Hepes, Mes, Taps, and imidazole were obtained from
Research Organics. Ampicillin was obtained from Midwest

L Abbreviations: AA,a-aminoacrylate external Schiff base; ISB, Scientific. IPTG was obtained from Research Products
internal Schiff base; ESB, external Schiff base; DTNB, -8lihiobis- International. andL-serine was obtained from Aldrich.
(2-nitrobenzoate); DTT, dithiothreitol; IPTG, isopropyl-thio-p- Plati Pf ’DNA | f Invit Th
galactoside; OASO-acetyli-serine; OASS-A, A-isozyme oD-ace- atinum Fix polymeérasé was from Invitrogen. The
tylserine sulfhydrylase; OASS-B, B-isozymedhcetylserine sulfhydrylase;  Ni-NTA resin was from Qiagen. All other chemicals and

ELﬂF;_, p%'rid?xaél 5ph05tpha(t:eﬁ RSSNFkrapIidﬁscarllning S;O?Ifed-ﬂmll\f/; TNB, reagents were obtained from commercial sources and were
-th10-Z-nitrobenzoate; es, Cyclonexylamino)ethanesulionic H H H

acid; HepesN-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; of the highest purity .ava”able' .

Mes, 2-(N-morpholino)ethanesulfonic acid; Taps, 3-[[tris(hydroxym- Enzyme PreparationRecombinant OASS-A fromS.
ethyl)Jamino]propanesulfonic acid. typhimurium was expressed and purified following the
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protocol previously described 4). Recombinant OASS-B
from S. typhimuriunwas previously purified by the method - —

of Tai et al. @). In order to simplify the purification datsapggge;rt(')%r;ftat's“cs P1
procedure, a 10-His tag was added at the amino terminus of cell dimensions

Table 1: Data Collection and Refinement Statistics

the enzyme. The OASS-B gengydM, was subcloned into a,b,c(A) 103.052, 106.948, 112.107
the pET16b vector by PCR amplification using the pRSM17 o B,y (d’gg) 95.59, 90.06, 117.61
vector (L5), which contains theysM gene ofS. typhimurium [fas(?)'“t'on A 55&2'3
LT-2. Conditions for PCR cycling were as follows: dena- completeness (%) 96.2
turation at 94°C for 40 s, primer annealing at 4& for 45 redundancy 2.9
s, and primer elongation at 6& for 90 s. The cycle was refinement statistics
repeated 35 times, and the reaction at the final stage was goi??f r(?,zg’Ct'ons 21173?45357
incubated for 10 min at 68C to complete any immature no. of atoms 18444
products. The PCR reaction was performed with platinum protein 17696
Pfx DNA polymerase. The primers used in the PCR have PLP 120
upstreamNdd and downstreanXhd restriction sites. The av;"rztgeé_factors ® 628
primer sequences are as follows with the bold letters Wilson plot 42.8
representing the restriction site: forward primer- 5 protein 47.0
GGCTTTTTTACGAGCTGAACATATG AATA- PLP 35.6
CATTAGAAC-3'; reverse primer,'56GCCGTCGAG CG- rm\;vzf\;iations trom ideal 44.9
GTTAAATCCCTGCCCCCTGG-3 bond Iengths (A) 0.012

The new plasmid, WR-OASSB, adds a 10-His tag to the bond angles (deg) 1.58

N-terminus of OASS-B together with a linker of 9 amino
acids derived from the pET16b vector. The new vector was protein solution (23 mg/mL, 5 mM Hepes, pH 8.0), was
transformed into the BL21*(DE3)-RIE. coli strain, which equilibrated against 1 mL of reservoir solution. Initial
utilizes a T7 promoter-based expression system.H.lmli crystallization conditions were tested using the Hampton and
strain contains the RIL plasmid (pACYS) that confers Wizard crystal screen kits (Emerald Structures). Hexagonal
chloramphenicol resistance and contains genes for rarerod-shaped crystals were grown using soditpotassium
tRNAs. Overnight cultures were inoculated in flasks contain- tartrate as the precipitant. Crystals suitable for diffraction
ing LB medium, 50ug/mL ampicillin, and 35ug/mL experiments were obtained from a protein solution mixed
chloramphenicol and grown at 3W. When the culture  with 1 M sodium-potassium tartrate and 100 mM Mes, pH
reached an OF,0f 0.7—0.9, it was induced by the addition  6.0. The crystals were transferred through a series of
of 0.5 mM IPTG and allowed to grow for 5 h. The pH was cryoprotectant solutions of increasing glycerol concentration
maintained at 7.0 during growth using 10 N KOH and 5 N (5%, 10%, and 20%) before being flash-frozen in a cold
HCI as needed. After centrifugation at 8@0for 30 min, nitrogen stream. X-ray diffraction data were collected at 100
the cell pellet was resuspended in 50 mM potassium K on a MarResearch detector at the Swiss Light Source
phosphate and 300 mM NacCl, pH 7.8. Cells were sonicated (SLS), Villigen, Switzerland. The wavelength of the syn-
for 3 min (1 min pulse followed by 30 s rest). After chrotron radiation was 0.95109 A. The data were processed
centrifugation, PLP (0.05 g/L) was added to the supernatant,and integrated using DENZO and scaled using SCALEPACK
and it was then stirred fol h at 4°C. The solution was  from the HKL program suite 18). The data processing
loaded onto a Ni-NTA agarose affinity column preequili- statistics are shown in Table 1.
brated with 50 mM phosphate buffer and 300 mM NaCl,  Structure Determination and Refinememhe calculated
pH 7.8, and the column was washed with 10 volumes of 50 Matthew’s coefficient Y) indicated the presence of-86
mM imidazole. The chromatogram was then developed in monomers in the asymmetric unit for data of 2.3 A resolution
steps of 50 mM imidazole using 10 bed volumes. OASS-B (19). The actual number of chains turned out to be eight,
eluted between 0.15 and 0.2 M imidazole. The enzyme- which corresponds to a solvent content of 70% aaf
containing fraction was then dialyzed against 5 mM Hepes, 4.17. The structure was solved by molecular replacement
pH 8.0, at 4£°C and stored at 4C. The A-isozyme was stored  with the coordinates of the wild-type OASS-A enzyme [PDB
in 10 mM Hepes at-80 °C. On the basis of SDSPAGE code 10AS 4)] as a search model. OASS-A has 43%
analysis both isozymes were98% pure. The concentration  sequence identity and was the most closely related structure
of OASS-A protomers was calculated on the basis of the available during data processing. The molecular replacement
extinction coefficient at 412 nm of 7600 M cm™ (16). calculations using the program AMoR20j were performed
The extinction coefficient of OASS-B at 414 nm, 11500™M  with one monomer of the structure of OASS-A as a search
cm 1, was calculated from the amount of PLP released upon model in space grouBl. The atomic model was built using
alkaline-induced denaturation of the protein fully saturated the program O Z1), and the orientations and positions of
with PLP (L7). Since chloride ion is known to be an inhibitor the eight different monomers were determined. After rigid-
of both OASS-A and OASS-B activity2], protein stock body refinement, simulated annealing refinement and a
solutions were diluted or dialyzed against chloride-free buffer density modification cycle were performed using CN3)(
solutions prior to use. The NCS restraints between all eight monomers were used
Crystallization and Data CollectionCrystallization was at early stages of refinement. After manual building of all
performed by the hanging-drop vapor diffusion method at visible loops, the restraints were removed, and all the
295 K using 24-well tissue culture plates. Each hanging drop, monomers were refined using CNS. Intricate NCS restraints
prepared by mixing 2L of reservoir solution and 2L of between groups of side chains with similar orientations were
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reintroduced at a late stage of refinement. These restraints Rapid-Scanning Stopped-Flow Studi€¥e-steady-state

dramatically decreased tlieandRyee Values. Weighted 2,

— Fc. and F, — F. electron density maps were computed
using CNS, and manual rebuilding of the model was done
with the program O.

Calculation of Temperature Factor$he coordinates of
the structures with entry codes 2BHT, 2BHS, 10AS, 1FCJ,
and 1D6S were retrieved from the RCSB protein database.
Calculation of the averag®-factors per protein was carried
out with the program Baverage from the CCP4 sui8).(
The averag®-factor per residuéyy, and the solvent content
were calculated using the program CNZ2)(

Enzyme AssayOASS-B activity was monitored using
TNB as a substrate analogue of bisulfi@. (The TNB was
prepared fresh daily by the reduction of DTNB with the
disulfide reducing agent DTT. The disappearance of TNB
was monitored continually at 412 nry{,, 13600 Mt cm™?)
using a Beckman DU 640 spectrophotometer. All assays were
performed in 100 mM Hepes, pH 7.0, at 26.

Ultraviolet—Visible Spectral StudiesThe absorbance

kinetic measurements were carried out using an OLIS-RSM
1000 stopped-flow spectrophotometer. Sample solutions were
prepared in two syringes at the same pH with a final buffer
concentration of 200 mM; the pH was varied from 5.5 to
7.5 utilizing the buffers listed above. The first syringe
contained OASS-B at a concentration no lower tham &0
while the second syringe contained different concentrations
of OAS at final concentrations ranging from 0.1 to 10 mM,
L-serine at final concentrations of 200 mM, orL-cysteine

at final concentrations of-5100 mM. Data were collected
with a repetitive scan rate of 15 ms from 280 to 600 nm,
and the number of scans collected depended on the rate of
the reaction. The disappearance of the ISB was monitored
at 414 nm, and the appearance of hA was monitored at
472 and 327 nm. The rate data were fitted to eq 5 (see below)
to obtain the first-order rate constakgy), which was plotted

Vs substrate concentration and fitted to a linear equation to
obtain the second-order rate constakita{Kesg). The log
kmax'Kesg Was plotted vs pH to assess data quality and then
fit to eq 3 to estimate thely of the titrated group (see

spectra of OASS-B in the absence and presence of differentbe|ow)_

concentrations of-serine orL-cysteine were obtained as
described previously for OASS-A24). Amino acid sub-
strates were added in a stepwise manner giving final
concentrations ot-serine between 10 and 200 mM and
L-cysteine between 1 and 100 mM. The pH was varied from
5.5 to 11.0 utilizing the following buffers at 100 mM final
concentration: Mes, 5:56.5; Hepes, 6.58.0; Taps, 8.6

9.5; Ches, 9.511.0. Absorption spectra were measured at

zero substrate concentration and after each substrate addition.

To find Amax fOr the reaction, a difference spectrum between
the ESB at saturating cysteine (or serine) and the ISB in the
absence of amino acid was obtained, giving a maximum

absorbance change at 457 nm. All spectra were corrected

for dilution and changes in the baseline absorbance (using
the difference in absorbance at 550 nm). Th&,s; was
plotted vs the amino acid concentration to generate an
estimate ofKesg. A plot of pKesg vs pH was fitted to eq 3
(see below) to obtain thekp values of the group(s) on the
substrate or enzyme involved in formation of the ESB form
of the enzyme.

OAS:Acetate Lyase Actly. The first-order rate of deg-
radation of the (AA) into pyruvate and ammonia was
measured utilizing a Hewlett-Packard 8452A photodiode
array spectrophotometer as described previo@&y OASS-

B, maintained at a final concentration of 2M, was
converted to the AA by adding a concentration of OAS
OASS-B. The first-order rate constant for disappearance of
AA was calculated, monitoring the absorbance at 472 and

327 nm, and the rate constant for the appearance of free
enzyme was calculated, monitoring the absorbance at 414

nm. A fit of the data to a first-order rate law gave the first-
order rate constank4,d. All rate constants were identical
within experimental error. The experiment was carried out
over the pH range 6:59.8 utilizing 200 mM buffer, as
described above. A plot of lodss VS pH provided an
estimate of the I§, of the group involved in the lyase activity.

Initial Velocity and pH Studiednitial velocity data were
obtained as a function of one reactant at several fixed
concentrations of the second reactant. The reactant concen
trations were varied around their respectiGg values.

Data ProcessingData were fitted to the appropriate rate
equation using the Marquardtevenberg algorithm supplied
with the EnzFitter program from BIOSOFT, Cambridge,
U.K. Initial rate data were fitted to eq 1, which describes a
ping-pong kinetic mechanism. Th&sg values for cysteine
and serine were obtained using the equation for a rectangular
hyperbola (eq 2).

. VAB )
KB+ KA+ AB
m
s _ (AATDL o
7 KESB +L

In eq 1,v andV are initial and maximum rates, respectively,
A andB are reactant concentrations, whidlgandK, areKn,
values for A and B, respectively. In eq 2, is ligand
concentration (cysteine or serin®gsg is the dissociation
constant for the external Schiff base, ahA%2s and AAj
are observed and maximum absorbance changes at 457 nm
as a result of formation of the ESB.

Data forKesg vs pH were fitted to eq 3, while data for
the pH dependence of the first-order rate of disappearance
of the AA intermediate were fitted to eq 4.

C
logy = Iog(—1 H /K) )
Y, + Yo (HIK)
logy = log —L1+':_|/K (4)
a

In eq 3,y is the observed value of H{sg obtained as a
function of pH,C is the pH independent value ¢f H is the
hydrogen ion concentration, aq, is the acid dissociation
constant for an enzyme or amino acid functional group. In
eq 4,y is kops measured at any pHY_. and Yy are
pH-independent values of the first-order rate constant for
disappearance of the AA intermediate, and all other terms
are as defined above.



Mechanism ofO-Acetylserine Sulfhydrylase B Biochemistry, Vol. 46, No. 28, 2008319

Global fitting of the RSSF spectral data was carried out o Small Domain
using the fitting program provided by OLIS and fitted to eq / -
5 to obtain first-order rate constantgyy for the conversion
of the ISB to AA.

A= AL+ By (5)

In eq 5,A: is the absorbance at tinigA is the absorbance
at time zero, an@, corrects for background absorbance. The
rate constantk,,s Was then plotted against pH and fitted to
eg 3 to estimate thelfy of the enzyme group involved.
Steady-State Fluorescence Measuremeklisorescence
measurements were carried out using a Fluoro-Max-3 fluo-
rometer (HORIBA), equipped with a thermostated cell
holder. Fluorescence spectra were corrected for the buffer rarge Domain
contribution. Emission spectra, upon excitation at 298 nm, /
were collected from 310 to 550 nm, while emission spectra,
upon excitation at 330 nm, were collected from 345 to 600 F'itéRSE éﬁ disrggfrf]:ggcs reprehsfemnl}ﬁﬂ?nn OLtgltiécgge%a”thlrilégtsllri r?(; the
nm. Emission spectra, upon eXC|tat!on. at 412 nm, were pB-sheets in the small ;[jycf)main are (éolored in pol-erIe and violet,
collected from 425 to 650 nm. Excitation spectra, Upon respectively, while those in the large domain are colored in green
emission at 500 nm, were collected from 260 to 490 nm and cyan. PLP, represented in ball and stick model (orange), is
and were corrected for the spectrum of the xenon lamp. Theburied inside the substrate-binding groove, which is the active site
excitation and emission slit widths were chosen on the basisOf the enzyme. The figure was prepared using the program DINO
of the protein concentration in order to keep the signal within ("tP+//www.dino3d.org).

the linear range of the instrument. The protein or ligand ¢ cture of the dimer of holo-OASS-B is shown in Figure
concentration in fluorescence experiments was selected 101 The atoms of the two subunits in the dimer are related by
avoid any inner filter effect. Experiments were carried out 4 noncrystallographic 2-fold axis.

in 100 mM K-Hepes buffer, pH 7, or 100 mM &Ches The enzyme consists of a large domain and a small

buffer, pH 9.0, at 20+ 0.5°C. domain. The large domain has an inteffesheet comprised
RESULTS of five parallel (32, 37, 58, 39, and$10) 3-strands and one
antiparallel 1) s-strand, surrounded by twa-helices on
Quality of the StructureThe final model comprises four  one side ¢8 anda9) and threex-helices on the other side
dimers of OASS-B, with each dimer containing 586 residues (a5, a6, anda7). The small domain also containgaheet
(293 residues/monomer). Residues 2303 are disordered  structure consisting of foys-strands 3, 54, 85, and/6)
and were not included in the model. The eight monomers in surrounded by foun-helices {1, a2, a3, ando4). Two
the asymmetric unit contain eight molecules of the cofactor -turns, one from each monomer, overlap to form part of
PLP and 628 water molecules, which were introduced while the subunit-subunit interface. Many of the active site
monitoring the decrease Ry using data to 2.3 A resolution  residues that react with the cofactor, PLP, are situated at or
(Table 1). The fre€&-factor was calculated with 4.8% (8993 near one end of the six-strandgesheet, forming the base
reflections) of the native data set aside prior to refinement of the active site cavity.
and has a final value of 23.7%; the final value of Bxéactor OASS-B, similar to OASS-A, contains a sub-domain,
is 21.3%. The rmsd from ideal bond lengths and bond anglescorresponding to residues 8830, which moves to close
are 0.012 A and 1% respectively. A superposition of all  the site along with movement of the substrate-binding loop
eight monomers using the McLachlan fitting algorithRé) (68-TSGN-71). A comparison of the location of the substrate-
yielded a rmsd of 0.34 A comparing all atoms. The rmsd of binding loop in the OASS-A and -B structures indicates that
the main chain atoms alone is 0.18 A, while the rmsd of the the unliganded structure reported herein is in an “open
side chain atoms alone is 0.46 A. In a per residue comparisonconformation” @; see below).
including all atoms of the residue, the largest deviation is  The average temperature factor of the main chain atoms
reported for Arg-184 with a rmsd of 2.25 A. Thus, the (N, C, G, and O) of all eight monomers is 46.3 ATable
backbone conformation and most side chain conformations?2). The values for individual monomers vary from 43.9 to
between the eight monomers in the crystal structure are50.7 A2 There are a few regions with elevated temperature
nearly identical. factors ¢50 A?) of the G, atoms, namely, the stretches
The model was of good quality with 89.8% of the residues around residues 530, 90-105, 116-140, 185-195, 195-
falling into the most favorable and 9.8% of the residues 205, and 205220 (Figure 2). In addition, the last few
falling in the additionally allowed region of the Ramachan- residues of the model have elevated temperature factors, and
dran plot. The stereochemistry was assessed usingthe end of the sequence is disordered. The average temper-
PROCHECK 27), and it was confirmed that no residues ature factors of the crystal structure of OASS-B are higher
are in the disallowed regions. than those of the analogous structure of OASS-A in its open
Overall and Subunit StructureOASS-B belongs to the  form (4; Figure 2). This is not simply an artifact of different
p-family of vitamin B-dependent enzymes, which includes, crystal lattice contacts that would influence the average
among others, OASS-A, tryptophan synthgsesubunit, B-factors on surface loops that are involved in such contacts.
threonine synthase, and threonine deaminase. The overalEspecially, the residues in the center of the structure show
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Table 2: Average Temperature Factors and Crystallization Parameters for OASS-B and OASS-A Structures

solvent average

protein PDB code space group Vi (A¥Da) content (%) B-factor (A?)
S. typhimuriunDASS-B 2JC3 P1 4.17 71.0 47.0
E. coli OASS-B [triple surface mutant}] 2BHT 14, 4.14 70.3 43.7
E. coli OASS-B [wild type {)] 2BHS P6522 4.97 75.3 64.1
S. typhimuriunDASS-A [wild type @)] 10AS P2,2:2, 2.83 56.5 35.3
S. typhimuriunDASS-A [chloride-bound§)] 1FCJ P2,2:2; 2.51 51.0 27.9
S. typhimuriunDASS-A [closed conformatiorbf] 1D6S P2,2:2; 2.82 56.5 33.6

Ficure 2: Comparison of th&-factors of OASS-B and OASS-A. The stereo representations of hteaCe of the structures of OASS-B
(top) and OASS-A in its open conformation [bottom; PDB ID 10A®] @re color coded according to theirfactors. The color coding
corresponds t@-factor values (in &) of 9—23 (blue), 23-36 (cyan), 36-49 (green), 4962 (yellow), 62-75 (orange), and 7588 (red),
respectively. The figure was prepared using the program DINO (http://www.dino3d.org).

increased temperature factors in the B-enzyme compared toThe3P NMR chemical shift for unliganded OASS-A of 5.2
the A-isoform (Figure 2), and these are the residues that areppm, and a line width of 20 Hz, indicated a tightly bound
not involved in crystal lattice contacts. The crystal structures dianionic phosphate group with its motion restricted to that
of OASS-B from E. coli (7) also have higher average of the protein 25). By analogy to OASS-A, the'fphosphate
B-factors compared to all other available crystal structures group in OASS-B is expected to be dianionic. H150, which
of OASS-A (5, 6; Table 2) with the highesB-factorsinthe s within hydrogen-bonding distance to a water molecule that
center of the molecules. donates a hydrogen bond to théphosphate, may be
Coenzyme Binding Sit&lhe coenzyme PLP is deeply positively charged to provide near neutrality of the 5
buried inside the cleft between large and small domain phosphate, identical to the arrangement in OASS-A. Finally,
(Figures 1 and 3), and the active site is accessible only viap3 of the cofactor accepts a hydrogen bond from the side

a narrow channel. The cofactor is linked to t@mino group  chain amide nitrogen of N71, part of the substrate-binding
of K41 via an imine linkage to form the ISB. The N1 loop (Figure 3A).

nitrogen of the pyridine ring of PLP is within hydrogen- i o .

bonding distance to @ of S255 as observed in OASS-A ~ The si face of the pyridine ring of PLP rests on a
(S272). The phosphate group of PLP interacts with the hydrophobic surface partially formed by V40 (Figure 3A),
positive end of the dipole ofi-helix 7 and the phosphate-  as also found in OASS-A. This residue prevents a tilt of the
binding loop (174-GTTGT-178). These residues form an coenzyme pyridine ring toward the back of the active site
extended hydrogen-bonding network, anchoring the phos-and is partly responsible for the position of the cofactor. As
phate moiety of PLP to the protein matrix. In this loop T176 in the A-isozyme, thee face of the ISB in OASS-B faces
is unique to OASS-B, which is replaced by G in OASS-A. the active site entrance.
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A

Ficure 3: Stereo representation of the active site of OASS-B. (A) Active site conformation with the residues surrounding the PLP molecule.
S255 is within hydrogen-bonding distance to N1 of the pyridine ring, and O3 of the pyridinium ring of PLP is within hydrogen-bonding
distance to N71. Anchoring of thé-phosphate of PLP via an extended hydrogen bond network is also shown, where the three oxygen
atoms of the 5phosphate are hydrogen bonded to residues T176, G177, and T178 of helix 7. Hydrogen bonds are shown as black stippled
lines. (B) Active site region of OASS-B fror8. typhimurium(gray) superpositioned on the active site of the wild-tfpecoli OASS-B

(green) and the Cys-rke surface mutant (viol@}) §. typhimuriunDASS-B resembles the wild-tyfe coli OASS-B structure; the substrate-

binding loop residues (Tyr-68Asn-71) are in an “open” conformation. The surface mutant structure shows a “closed” conformation. The
figure was prepared using the program DINO (http://www.dino3d.org).

Active Site Residue#\ comparison of the active sites of its pK, is expected to be quite high. The only way to
the A- and B-isozymes indicates a less hydrophobic site compensate for a negative charge resulting from deproto-
overall in OASS-B due to the presence of two ionizable nation of D42 would be from dipolar interactions, and this
residues, D281 and C28@, (7). D281 replaces S300 in  would require a major rearrangement of the protein structure
OASS-A, is above thee face of the cofactor, and is within  that cannot be predicted. Whether this residue in its ionized
hydrogen-bonding distance to Y286 (Figure 3A). In addition, form would induce a conformational change similar to the
C280 replaces P299 in OASS-A and contributes to a more one observed for C42 in the inhibited form of the A-isozyme
acidic character of the active site. Two arginine residues, remains highly speculatives).

R99 and R285, are found at or near the active site of both  Absorbance Spectra of OASS-A and OASEHB internal
isozymes. aldimine absorbance spectra of OASS-A and -B, measured

Finally, C42 in OASS-A is replaced by D42 in the at pH 7.0, exhibit a band centered at 412 and 414 nm,
B-isozyme. This residue is not part of the active site cavity respectively (Figure 4A). This peak indicates that the
itself but is adjacent to K41, the Schiff base lysine in the predominant tautomer of the internal aldimine is the ketoe-
active site. In the A- and B-isozymes, C42 and D42, namine, and the imine nitrogen of the cofactor is protonated
respectively, are directed away from the active site and into allowing the formation of an intramolecular hydrogen bond
the protein structure. In the case of the A-isozyme, C42 with the 3-oxygen atom of PLP and the conjugation of the
participates in the pathway for transduction of the allosteric ;= system of the imine with the pyridine rind.§, 25, 29).
signal resulting from binding of small inorganic ions to a The ratio between the intensity at 280 and 412 nm or 414
site at the dimer interfac&,28). An allosteric binding site nm is 3.4-3.6 for the A-isozymeZ5) and 4.0-4.2 for the
at the dimer interface is not apparent in OASS-B, although B-isozyme. This difference reflects the presence of two
functional data Z) indicate an inhibitory effect of chloride  tryptophan residues, W50 and W161, in the A-isozyme, and
ions on OASS-B activity. D42 is deeply buried in the protein three tryptophans, W28, W159, and W212, in the B isoform.
matrix, and in the event the carboxyl side chain is ionized, The absorption band at 43214 nm is asymmetric and
there is no possibility of charge compensation by ionic broader on the blue side (Figure 4A), suggesting the presence
interaction. lonization of D42 will therefore generate an of species absorbing at lower wavelengths. In the spectral
isolated negative charge in the interior of the protein, and region between 320 and 350 nm several PLP derivatives
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L B B (Figure 4B). These bands are attributed to the enolimine and
10F A ] ketoenamine tautomers of tlleaminoacrylate Schiff base,
formed upon thg-elimination of acetate (Scheme B) £5).

Upon binding of the substrate analoguserine to OASS-
A, the band at 412 nm shifts to 418 nm with an intensity
decrease, while a new band, centered at 325 nm, appears
(Figure 4C). In the case of the B-isozyme, the reaction with
L-serine results in a shift of the 414 nm band to 427 nm
with no intensity change and a very weak intensity increase
at 325 nm (Figure 4C). The observed absorbance increases
at ~470 nm for both OASS-A and OASS-B are fully
accounted for by the red shift of the band and are not due to
formation of the AA. Consistent with this interpretation,
assays of OASS-B in the presenceLederine, NADH, and
lactate dehydrogenase did not reveal any production of
pyruvate (data not shown), which is formed via hydrolysis
of the resulting AA.

pH Dependence ofdégObtained from Ultraiolet—Visible
Spectral TitrationslUV —visible absorbance spectra for the

: reaction of increasing concentrations egerine with OASS-B
c | at pH 9.3 are shown in Figure 5A. Thé&n. for the
absorbance change, obtained from difference spectra in the

Absorbance OASS-B
V-SSVO 9dueqlosqy

o8 presence and absence of serine, is at 457 nmA#ug; was
1 used to calculate thégsg. Experiments were repeated as a
04 function of pH, and a plot of I§esg Vs pH (Figure 5B) has
] a limiting slope of+1 and yields a i, value of 7.7+ 0.6.
do2 The pH-independent value, above pH 8.0Keég for serine
g is about 304+ 6 mM.
TN ] The UV-visible absorbance spectra of OASS-B in the
00 = 300 350 400 450 500 55(?'0 presence of different concentrationsLetysteine at pH 9.4

are shown in Figure 5C. Addition afcysteine results in a
Wavelength N . .
avelength (nm) significant decrease in absorbance at 414 nm and a shift to

Ficure 4: Absorbance spectra of OASS-A and OASS-B in the ; ; ; ;
absence and presence of ligands. (A) Absorbance spectra Of422 nm, concomitant with an increase in absorbance at 325

solutions containing either 17, OASS-A (dotted line) or 17.4 ~ NM. The Kesg with L-cysteine was calculated using the
M OASS-B (solid line) and 100 mM Hepes, pH 7. (B) Absorbance increase inss7, and a plot of Kesg versus pH was obtained
spectra of solutions containing either 1381 OASS-A, in the (Figure 5D). A K, value of 6.9+ 0.3 was estimated from
absence (dash-dot-dot line) or presence of 10 mM OAS (dotted the Kesg profile, and a pH-independent value Kfsg of
line), or 13.8uM OASS-B, in the absence (solid line) or presence 3.0+ 0.3 mM was estimated above pH 7.5
of 10 mM OAS (dashed line), and 100 mM Hepes, pH 7. (C) ~ ) N
Absorbance spectra of solutions containing either L@/9ASS- OAS:Acetate Lyase Aeify. The AA, preformed by
A, in the absence (dash-dot-dot line) or presence of 161 mM reacting the enzyme with equimolar amounts of OAS, is
L-serine (dotted line), or 19.9M OASS-B, in the absence (solid  unstable. Time-dependent absorbance spectra were collected
line) or presence of 161 mitserine (dashed line), and 100 MM 5 monitor the disappearance of theaminoacrylate inter-
Ches, pH 9. Experiments were carried out at2@.5 °C. .

mediate at 472 nm and the appearance of the free enzyme
absorb, including the enolimine tautomer of the ISB and at 414 nm as a function of pH. The 472 nm band disappears
ESB, thegemdiamines, and species formed due to covalent with time in a first-order process, indicating the displacement
modifications of the coenzyme. In the structurally related of AA, i.e., the presence of OAS:acetate lyase activity in
enzyme tryptophan synthase, a broad band at 335 nm waswhich the products of the reaction are free enzyme, pyruvate,
attributed to the enolimine tautomer of the internal aldimine and ammonia, as was observed with the OASS-A isozyme
(30), a species stabilized with respect to the ketoenamine (25). The value ofk.ps decreases from a high pH constant
by a less polar environment8). A similar assignment can  value of 4.4+ 1.7 s to a low pH constant value of
be proposed for the weak band at 330 nm of OASS-B (Figure 0.090+ 0.008 s*. A pK of 9.1 + 0.6 is estimated from a
4A). Furthermore, the band at 414 nm of the internal aldimine fit of the data (Figure 6).
of OASS-B increases as a function of pH with a concomitant  Initial Velocity StudiesSteady-state kinetic parameters for
decrease in the band at 330 nm (data not shown), indicatingOASS-B are summarized in Table 3. OAS was used as the
that the deprotonation of some residues in the active siteamino acid substrate, and TNB was used as the nucleophilic
stabilizes the ketoenamine species. Interestingly, the spectrunsubstrate in place of bisulfide, the natural substrate. Com-
of the OASS-A ISB is pH independent; thus the ionizable parison of the observed kinetic parameters with those
residue is either missing or has a different location. obtained previously2) indicates a close agreement.

The reaction of OASS with the substrafeacetylserine Rapid-Scanning Stopped-Flow Studi&SSF measure-
(OAS) causes the disappearance of the band at412 nm ments were carried out to obtain information on the identity
and the concomitant formation of bands at 325 and 470 nmand rates of appearance and decomposition of transient
for OASS-A 3, 29) and 327 and 472 nm for OASS-B species in the pre steady state. Kinetic parameters for the
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Ficure 5: External Schiff base formation with serine and cysteine.
(A) Titration of OASS-B withL-serine. Absorbance spectra were
measured with 2luM OASS-B at pH 9.3 and 25C. Serine
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Ficure 6: pH dependence of the decay of theaminoacrylate
intermediate. Points are experimental values, while the curve is from
a fit of the data to eq 3. Values &fnsat high and low pH are 4.4

+ 1.7 and 0.09Gt 0.008 s, respectively, and akpof 9.1+ 0.6

is estimated.

Table 3: Steady-State Kinetic Parameters for OASS-B at pH 7.0

VIE; (s79) 7.0+ 15
V/KoasE: (M71s71) (3.5+1.3)x 10
VIKmngEr (M~1s7h) 3.7+ 1.3)x 10
Koas (MM) 0.20+ 0.06
Krng (MM) 0.19+ 0.05

intermediate builds up at a significant concentration between
ISB and AA under the conditions used. The first-order rate
constantk.,9 was a linear function of the OAS concentration
over the range 0.0510 mM. Therefore, a linear function
was used to fit the dependencekgfson OAS concentration
to obtain the second-order rate constént{Kesg), and this
was repeated at different pH values. A plot of kg,/Kess
versus pH (Figure 7C) has a limiting slope &fl. An
estimate of the i, is =6.5. The RSSF spectra of theserine
or L-cysteine external Schiff bases show a shift . from
414 nm (for the ISB from Figure 4) to 427 and 422 nm,
respectively, in the dead time of the instrument (data not
shown). No formation of the AA was observed at 472 nm at
all concentrations tested at any pH value from 6.0 to 10.0.
Steady-State Fluorescence Spectra of OASS-A and OASS-
B. The tryptophans, W50/W28 and W161/W159, are con-
served in OASS-A and OASS-B and are located in similar

concentrations are as indicated in the figure. (B) Dependence of positions. The third tryptophan, W212, which has no

pKesg on pH. The curve has a limiting slope &fl on the acid
side with a X, value of 7.7+ 0.6. (C) Titration of the enzyme
with L-cysteine. Absorbance spectra were measured withN21
OASS-B at pH 9.4 and 28C. Cysteine concentrations are as
indicated in the figure. (D) Dependence dfgas on pH. The curve
has a limiting slope oft-1 on the acid side with alfy value of 6.9

+ 0.3. For (B) and (D), points are experimental values, while the
curve is theoretical, based on the fit to eq 3.

formation of the AA for the first half of the OASS-B reaction

homologue in the A-isozyme, is near the active site, 15 A
from PLP, and is buried in the protein matrix. Upon
excitation of tryptophan at 298 nm, the fluorescence emission
spectrum of OASS-B shows striking differences with respect
to OASS-A (Figure 8A). The OASS-B emission spectrum
exhibits major bands centered at 336 and 425 nm, while the
OASS-A spectrum shows peaks centered at 338 nm and
about 500 nm, in agreement with previous studi&sl().

were obtained as a function of pH under conditions where The emission spectrum of OASS-B, obtained by the direct

ISB reacts with OAS. In Figure 7A, spectra 1 and 9 are for

excitation at 330 nm (Figure 8B), exhibits a single band at

ISB and AA, respectively. The spectra exhibit clear isosbestic 425 nm, whereas that of OASS-A exhibits emission bands

points, which suggest that the internal Schiff basg.(at
414 nm) is converted to the two tautomeric forms of AA

both at about 400 and at 500 nm. Upon excitation of the
ketoenamine tautomer of the internal aldimine at 412 nm,

with Amax Values of 327 and 472 nm. The rate constants the OASS-B emission spectrum shows a band centered at
obtained from the time courses at 414 and 472 nm are511 nm, 6 nm red shifted with respect to that of OASS-A
identical (Figure 7B), suggesting that no additional detectable (Figure 8C). Under the same experimental conditions, the
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0.18 nm (Figure 9A). By exploiting the dependence of the
015 emission intensity at 507 nm arserine concentration (data
8 not shown), the dissociation constant of theserine-
g 012 OASS-B complex was measured and found to be in close
2 o009 agreement with that determined from absorption data (Figure
§ 0.06 5B) and that measured for OASS-24). The difference in
< [ emission properties between internal and external aldimine
0.03F of OASS-B is even more evident upon direct excitation of
0.00 L the enolimine tautomer at 330 nm, with the appearance of a
350 400 450 500 broad shoulder at about 500 nm without any change in the
Wavelength (nm) intensity and position of the band at 425 nm (data not shown).
018 ¢ The enhancement in the emission band of the ketoenamine
0.15 tautomer is confirmed by the direct excitation of the
8 012 ! ketoenamine tautomer at 412 nm (Figure 9B). The emission
S Tt of the external aldimine shows an increase of more than
'g 0.09 6-fold and 2-fold with respect to the emission of the internal
2 o0 aldimine for OASS-B and OASS-A, respectively. For both
b, B

isoforms, the emission maxima are blue shifted with respect

003 to the ISB forms, especially for OASS-A. The excitation

0-000 TS spectra fo_r OASS—A and B, recorded for emission at 500
Time (sec) nm, _ex_hlblt major peaks at_280 and _about 4@30 nm,
confirming that the ketoenamine excitation band is red shifted
28 prr T for OASS-B with respect to OASS-A (Figure 9C).
@ 20F © ¢ ] The binding of acetate to the-carboxylate subsite of the
] ; ] OASS-A active site, behaving as a dead-end inhibitor,
X 15F 3 exhibits a weak effect on the OASS-A absorbance spectrum,
s f ] with a slight red shift of the ketoenamine tautomer peik (
é or ] 11). Upon addition of acetate, the OASS-B absorption
2 osk ] spectrum shows the same red shift of the ketoenamine

tautomer peak (data not shown). In the presence of acetate,
oh oo os upon excitation at 298 nm, the emission band of OASS-B
H at 335 nm is not significantly affected, while a band at 495

P nm appears with the concomitant blue shift and decrease in
FIGURE 7. Rapid-scanning stopped-flow spectra obtained upon ihe intensity of the emission band at 425 nm (Figure 10A).

reaction of OASS-B and OAS. (A) Spectrum 1 represents the free s . .
enzyme, and spectrum 9 represents the AA. The time differenceThe emission spectra recorded in the presence of different

between each spectrum is 0.6 s. The concentration of OASS-B wasconcentrations of acetate show an isoemissive point at 458
10uM and OAS was 0.1 mM. The reaction was carried out in 200 nm, suggesting that ligand binding causes a change in the

mM Mes, pH 6. (B) Time courses for the disappearance of the relative concentration of the enolimine and ketoenamine
free enzyme measured at 414 nm and appearance of the AAiytomers of the internal aldimine. Specifically, acetate seems

measured at 472 nm. Rate constants were identical. (C) pH . . o
dependence of lola/Kess). The curve has a limiting slope of L favor the ketoenamine tautomer. This conclusion is also

+1 on the acid side and a fit of the data to eq 3 gives an estimate SUpported by the direct excitation of the enolimine tautomer
of the K, = 6.5. The points are experimental values, while the at 330 nm, in the presence of acetate (Figure 10B). The

curve is theoretical, based on the fit to eq 3. emission spectrum shows that the peak attributed to the
enolimine tautomer blue shifts from 428 to 425 nm and

intensity of the peak at 505 nm for the A-isoform is 2-fold decreases in intensity with the concomitant appearance of a
higher than the intensity at 511 nm for the B-isozyme, broad shoulder centered at about 510 nm. Upon excitation
indicating a higher quantum yield and/or fractional popula- at 412 nm, the emission spectrum shows an increase in the
tion for the ketoenamine tautomer of OASS-A. The eno- band at 510 nm (Figure 10C). In agreement with the emission
limine emission of OASS-A, instead, is lower than that of spectrum, the excitation spectrum, recorded for emission at
OASS-B (Figure 8B). The excitation spectra collected for 500 nm, exhibits peaks at 415 and 279 nm (Figure 10D).
(8)DA)SS A and OASS-B provide a consistent pattern (Figure DISCUSSION

As previously observedl(l, 24), upon excitation at 298 Conformation of OASS-Bhree conformations of OASS-A
nm, in the presence afserine, the cofactor emission band are known, an open form (ISB¥), a closed form (ESB of
of OASS-A exhibits a blue shift to 490 nm and an intensity the K41A mutant enzyme with methionin&), and an
increase with respect to the internal aldimine emission inhibited form with CI bound to an allosteric site at the
spectrum (Figure 9A), while the Trp emission band is red subunit interface ). The conformational change to close
shifted to 340 nm, maintaining almost the same intensity. the site is triggered by binding of the substratearboxylate
Upon excitation at 298 nm, the emission spectrum of OASS- to the substrate-binding loop (residues-68), specifically
B, in the presence af-serine, exhibits a band centered at to the side chain of S69 in OASS-A, which moves by more
507 nm, not present in the ISB spectrum, without any than 7 A as thective site closes. Fluorescence data suggest
significant effect on the emission maxima at 336 and 425 that a similar event is caused by acetate which abortively

0.0: | - 1 1 2
70 7.5
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Ficure 8: Steady-state fluorescence spectra of OASS-A and OASS-B. Spectra were recorded in 100 mM Hepes, ptt 0,2tQ0The
concentration of OASS-A and OASS-B wag®l. The y-axis scale on the left refers to the emission intensity of OASS-B; that on the right,

to OASS-A. (A) Fluorescence emission spectra upon excitation at 298 nm of OASS-A (dashed line) and OASS-B (solid dirre)4(slit

nm, slity, = 4 nm). (B) Fluorescence emission spectra upon excitation at 330 nm of OASS-A (dashed line) and OASS-B (soliddine) (slit
=5 nm, slitm, = 5 nm). (C) Fluorescence emission spectra upon excitation at 412 nm of OASS-A (dashed line) and OASS-B (solid line)
(slitex = 5 nm, slit, = 5 nm). (D) Fluorescence excitation spectra for emission at 500 nm of OASS-A (dashed line) and OASS-B (solid
line) (slitex = 5 nm, slit,, = 5 nm).

occupies then-carboxylate subsitel(). The result is the  of the tautomeric equilibria of the ISB and ESB is shown in
induction of a large global conformational change with Scheme 1. The ISB exists as a mixture of the ketoenamine
rotation of the “movable domain” comprising residues-86 and enolimine tautomeric forms, as do the ESB of OAS,
130 (Figure 11). The structure of OASS-B presented in this serine, lanthionine [formed upon addition of cysteine to free
report exhibits the substrate-binding loop in a position enzyme 24)], and (AA). As discussed above, the tautomeric
suggesting the open form, expected for the unliganded equilibria of OASS-B are pH dependent. The spectrum of
enzyme form, and conforms very closely to the structure of the ISB at high pH favors the ketoenamine tautomer
the wild-type enzyme front. coli (97% identity to theS. compared to low pH, while the opposite is true for the ESBs
typhimuriumenzyme) 7). Of interest, the structure of the (unpublished results). Similar data obtained for the A-
E. coli OASS-B with a surface mutation (CysM-rke) exhibits, isozyme exhibit pH independence in both cases. These data
for some unknown reason, a closed conformation on the basissuggest that a residue in the active site of the B-isozyme,
of the position of the substrate-binding loop (Figures 3B and that is not present in the A-isozyme, once deprotonated,
11) (7). As for OASS-A, S69 is expected to be one of the affects the tautomeric distribution of the cofactor. Th& p
main residues responsible for ligand or inhibitor binding. for the residue titrated i 7.0, and of the two ionizable
The >7 A movement of S69 in the substrate-binding residues that are unique to the active site of OASS-B, D281
loop observed for OASS-A upon substrate binding is and C280, it is likely that the thiol/thiolate titration of C280
anticipated, on the basis of the structures available, for S69is responsible for the change. Of interest, C280 is behind
of OASS-B? the cofactor ¢i face) and in the vicinity of the pyridinium
Interpretation of pH Dependence of Spectral Changes and hitrogen (3.4 A). The pyridine nitrogen of PLP in OASS-B
pKese Profiles. Spectral changes observed with the B- likely receives a hydrogen bond from S255 as proposed for
isozyme are similar to those of the A-isozyme but differ in  S272 in OASS-A. As a result the pyridine nitrogen is neutral
their pH and ligand concentration dependence. An overview in both cases. As the pH is increased and C280 becomes
ionized, the increased charge in the site would favor the
2569 in OASS-A was initially erroneously assigned as N§%nd ketoenamine tautomer. - .
later corrected by referring to the original sequencing gels (N. M. However, the covalent imine linkage between PLP and
Kredich, personal communication). K41 is absent in the ESBs, and the coenzyme is expected to
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neutral enolimine is not as pronounced in the case of the
serine ESB, probably a result of the ionization state of the
A et . thiol of cysteine as its ESB is formed.

300 350 400 450 The main difference between the A- and B-isozymes,
however, is in the pH dependence of tgfor the ESB. In

Ficure 9: Steady-state fluorescence spectra of OASS external the case of the A-isozyme, the affinity of the enzyme for
aldimine 'with L-serine. Spectra were recorded in 100 mM Ches, serne mcreases when an er,]zyme, group witkapabout

pH 9, at 20+ 0.5°C. The concentration of OASS-A and OASS-B /-0 and thex-amine of the amino acid are unprotonat@d)(
was 2uM. For OASS-B spectra were recorded in either the absence The same is true for the pH dependence of the cyst€ine
(solid line) or presence (dashed line) of 165 mMserine. For  with the additional requirement of a neutral thiol on the
OASS-A spectra were recorded in either the absence (dash-dotteqigand. In the case of the B-isozyme, the only group titrated

line) or presence (dotted line) of 165 mivserine. The-axis scale . . .
on the left refers to the emission intensity of OASS-B; that on the is the enzyme group with akpof about 7.0. On the basis of

right, to OASS-A. (A) Fluorescence emission spectra upon excita- the data, it would appear that the protonation states of the
tion at 298 nm (slitc = 3 nm, slitm = 3 nm). (B) Fluorescence  a-amine of the amino acid and the thiol of cysteine are not
emission spectra upon excitation at 412 nmdgstit 3 nm, slitm = important for optimum ESB formation. However, since a
3 nm). (C) Fluorescence excitation spectra for emission at 500 nm neutral a-amine is required for nucleophilic attack on'C4
(Slitex = 3 nm, sliem = 3 nm). in ESB formation, the results seem contradictory and suggest
: . o . a compensatory effect. That is, as the amine of the amino
tilt compared to its position in the ISB. The increased ,q s deprotonated, favoring formation of the external Schiff
proximity to the pyridine nitrogen of the thiolate of C280 as base, a second group must be titrated, giving an enzyme form
the ESB is formed would be expected to affect the tautomeric 141 js unfavorable for ESB formation. As discussed above,
equilibrium somewhat differently. The pyridine nitrogen tnere is an enzyme group in the ISB which, when titrated,
might be expected to accept the proton from S255 to help gives a shift in the tautomeric equilibrium as a result of
neutralize the charged thiolate, which would favor the neutral jncreased negative charge in the active site (it is suggested
imine of the enolimine consistent with this species being that this group may be C280); deprotonation of C280 may
slightly more favored at high pH (see below) (the increase disfavor ESB formation. The Ky, for the enzyme group

in negative charge of S255 might be neutralized by dipolar should be similar to the aminekp Test of this hypothesis
interactions of other side chains and/or water molecules). will have to await further study.

This aspect will have to await additional experimental  o-Aminoacrylate Formation and OAS:Acetate Lyase Ac-
evidence. tivity. The addition of OAS to the free enzyme results in the

08 —T——T——T——T 025 In the case of OASS-A, addition of serine to the ISB
results in a decrease in the absorbance of the ketoenamine
- 0.20 tautomer and a red shift of the remaining absorbance from
' 412 to 418 nm, concomitant with an increase in the
. 0.15 absorbance of the enolimine tautomer that signals formation
0.4 | 1 of the ESB 24; Figure 4C). Addition of cysteine to the ISB
0.10 resulted only in a red shift to 418 nm. The pH dependence
o2 . 1 of Kgsg of both amino acids exhibited the presence of two
' "4 0.05 groups that must be unprotonated for optimum formation of
p the ESB. In order to form the ESB, tlbeamine of the amino
0.0 0.00 acid must be neutral to act as a nucleophile to attacko€4
Bad the ISB. There was also the requirement for an enzyme group
z : — v P with a pK, of about 7.0 to be unprotonated; this enzyme
2 ;”\\ B o residue is thought to be involved in a pH-dependent
g 2r % 1== conformational change. In the case of cysteine, the require-
‘ ) A 2 ment for an additional group with akp of about 8.0 that
§ sl ) \ - must be protonated was also observed; this was attributed
o ! \ ' § to the side chain thiol of cystein@4). The pH dependence
g ! \\ 2 of Kesg for OASS-B is significantly different. Formation of
2 sk J,’ \ g8 the cysteine ESB at pH 9.4 is acgompanied by a decrease in
@ i \ - | the abso_rbf_:mce of the ketoenamin(_e tautomer of the IS_B and
e i TR M 4 a red shift in the absorbance maximum to 422 nm (Figure
& o0 L L L = 0.0 g 5C), concomitant with an increase in the absorbance at 325
450 500 550 600 650 nm, suggesting a preference for the neutral species, similar
S : : - to the changes observgd_for the AA at pl_-l 10.0 (data not
6k A c ¢ shown) and aiso very similar to the formation of t_he serine
[ ESB of the A-isozyme. On the other hand, formation of the
STy 1= serine ESB is qualitatively identical to that observed for the
abH 14 cysteine ESB of the A-isozyme with the exception that a
H R 1 slight increase in the absorbance at 330 nm is also observed
L = & 13 (Figure 5A), suggesting the neutral species is somewhat more
e 4 L favored at pH 9.3. Data suggest that the preference for the
ol
£ |
e

Wavelength (nm)
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Ficure 10: Steady-state fluorescence spectra of OASS-B in the presence of acetate. Spectra were recorded in 100 mM Hepes, pH 7 at 20
+ 0.5°C. The concentration of OASS-B was 2. Spectra were recorded in either the absence (solid line) or presence of 817 mM
(dotted line) ad 5 M acetate (dashed line). (A) Fluorescence emission spectra upon excitation at 298ur¥ Glitm, slitm = 3 nm).

(B) Fluorescence emission spectra upon excitation at 330 nm ¢sligd nm, slit, = 4 nm). (C) Fluorescence emission spectra upon
excitation at 412 nm (slif = 5 nm, slit, = 5 nm). (D) Fluorescence excitation spectra for emission at 500 nrg sl nm, slit, = 5

nm).

free enzyme, pyruvate, and ammonia. In the case of the
A-isozyme, the elimination reaction occurs at a pH-
independent rate of 0.15 The reaction was interpreted to
reflect transimination by K41 to displaceaminoacrylate,

OASS B {open which decomposes in solution to give pyruvate and ammonia
s pepen (25). The pH dependence of the first-order rate constant gives
4SS A (closet a pK, of 8.2 for OASS-A, which was also observed in the
igand bound) pH—rate profile forV/Kyys, attributed to K41, which must

protonate the product ESB that forms upon nucleophilic
attack by the thiolate of TNB prior to product releag®)(
Consistent with the increased turnover number of the
B-isozyme &10-fold) compared to that of the A-isozyme,
the rate constant for decomposition of the AA intermediate
is about 40-fold higher for OASS-B. In addition, the
estimated K, of K41 is 9.1, about a pH unit higher than
that of OASS-A, likely due to the increase in negative charge
in the active site of OASS-B (see above).

Unlike data obtained for the A-isozyme, the first-order rate
constant for decomposition of the AA in OASS-B decreases
from a constant value at high pH above the, pf Lys-41

Ficure 11: Superposition of the OASS-B monomer on the to another pH-independent value at low pH, approximately

OASS-A native and closed forms. The domains in purple, yellow, . ’ -
and blue represent the structures of OASS-B, OASS-A open, and50-fold lower than that at high pH. This behavior was also

OASS-A closed, respectively. The recent structure of OASS-B noted for the S272A mutant of OASS-A, which has a
resembles the OASS-A open conformation. The figure was preparediyrnover numbe#/s¢th that of the wild-type enzyme3().
using the program DINO (http://www.dino3d.org). The authors attributed the low pH behavior as an attack by

formation of theA A and the production of acetate. In the water on the AA to give the serine ESB. Serine is a very
absence of the nucleophilic substrate, the enzyme catalyzeslow substrate for OASS-A (rate constant is in day$2)
a f-elimination reaction in which thé\A decomposes to  with a very high dissociation constant for the serine ESB at
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low pH (24). This explanation likely also applies in the case compounds as a consequence of the rearrangement of the
of the B-isozyme. Serine may be a somewhat better substratesolvent molecules around the increased dipole moment of
for the B-isozyme. If it is>10-fold better for the B-isozyme  the excited state3{). The higher fraction of excitation energy
than the A-isozyme, consistent with the difference in turnover lost in the interaction with polar solvents leads to a red shift
numbers of the two isozymes, the rate constant would be inof the emission bands. Excitation of tryptophans at 298 nm
terms of ht. results in emission peaks centered-825 nm when residues
As found for the A-isozyme, there is no evidence for are completely buried within the protein core and~&50
formation of the AA with cysteine as the ligand, even though nm when the amino acid is completely exposed to bulk
it is a product of the reaction of OAS with bisulfide. Data solvent 88). The emission band of the tryptophan residues
likely indicate a rapid transient appearance of the AA, which of OASS-B is blue shifted by 2 nm with respect to the
is attacked by the thiol of an additional cysteine to give the emission band of OASS-A (Figure 8A). The structure of the
lanthionine external Schiff base as found for the A-isozyme B-isozyme indicates that, while the conserved tryptophans
(33) (confirmation will require additional experimentation). W28 and W159 are at least partially exposed to the solvent,
The rate constants for appearance and disappearance of thihe third one, W212, is deeply buried inside the protein and
AA, if it forms, with cysteine as the substrate must be very might be responsible for the slightly blue-shifted emission
fast, since no buildup of the intermediate is seen in rapid- maximum.
scanning stopped-flow experiments (see above). The active site polarity for the ISB intermediate is slightly
Reaction Rate in the Steady-State and Pre-Steady-Statehigher in the B-isozyme compared to the A-isozyme, likely
As shown previously2), and in this study, the B-isozyme due to the presence of two ionizable residues, D281 and
exhibits a much faster rate of catalysis than the A-isozyme. C280, as discussed above. From a spectroscopic point of
The ratios ofV/E;, VIKoasE:, and V/IKmngE; with the OAS/ view the increased polarity of the OASS-B active site is
TNB reactant pair are 12.5;1000, and 40, respectively, in  supported ¥ a 2 nm redshift in the absorption band of the
favor of the B-isozyme. The reason for the faster rate in the ketoenamine tautomer with respect to that of OASS-A
case of OASS-B might be associated with higher protein (Figure 4A). Also, in the excited state, the coenzyme in
flexibility, as suggested by the higher temperature factors OASS-B experiences a more polar environment than in
of OASS-B relative to OASS-A (Figure 2 and Table 2). OASS-A, as demonstrated by the red shift from 505 to 511
Interpretation of the pre-steady-state studies, as discussedhm of the ketoenamine emission band upon excitation at 412
above, is relatively straightforward. Data reflect a rapid nm (Figure 8C).
conversion of the ISB to the AA intermediate. The first- Conversion to the ESB upon addition of substrate is
order rate constant measured in the pre-steady-state for thexpected to involve a conformational change that causes,
first half-reaction increases with increasing pH and exhibits among other things, the exclusion of water molecules from
a pK, on the acid side of the pHrate profile. Since the rate  the active site. Formation of the ESB in the B-isozyme is
of formation of the AA is very fast, limited data were accompanied by a larger bathochromic shift of the ketoe-
collected at pH values higher than 7.0. As a result, tkg p  namine tautomer absorption band (13 nm; Figure 4C) with
of the group observed was not calculated but &5, similar respect to the same species in the A-isozyme (6 nm). This
to that observed for the A-isozyme, and is attributed to an finding suggests a more pronounced increase in the active
enzyme residue that is required unprotonated for optimum site microenvironment polarity in the case of OASS-B, likely
conformation of the active site84, 35). due to a repositioning of charged or polar residues around
In the case of the A-isozyme, with cysteine as a substrate,the cofactor, consistent with the proposed effect of ionization
the AA was observed transiently in the pre-steady-state, sinceof C280.
it reacts with another cysteine molecule to form the lanthion-  Tautomeric Equilibria and Enzyme DynamitSB, ESB,
ine ESB B2, 33). In an attempt to detect intermediates along and AA intermediates can exist as enolimine and ketoe-
the reaction pathway, and to determine whether serine andnamine tautomeric forms in equilibrium (Scheme 1). It is
cysteine served as substrates, RSSF studies were carried ogfenerally believed that, due to charge separation, the ketoe-
with the B-isozyme and the two amino acids. As is true with namine tautomer is stabilized over the enolimine tautomer
the A-isozyme, no reaction was detected with the B-isozyme, in polar environmentsl@). In previous studies of PLP model
nor were intermediates detecteB). compounds, like the PLP-valine Schiff base (& and
Conformational Differences between OASS-A and OASS-references cited therein), the peak at 420 nm observed upon
B. Spectroscopic signals are sensitive probes of conforma-excitation at 330 nm was attributed to the direct emission of
tional states, reflecting distinct protein flexibility and dy- the enolimine tautomerl(). Thus, in the fluorescence
namics that might escape detection by X-ray crystallographic spectrum of OASS-B (Figure 8), upon excitation at either
analysis. Absorbance and fluorescence emission spectra 0298 nm or 330 nm, the band at 425 nm can be attributed to
OASS-A and OASS-B, collected under the same experi- the emission of the enolimine tautomer of the internal
mental conditions, reflect several distinct features. aldimine. Upon excitation at 298 nm, tryptophan emission
Polarity of the Actie Site and Microesironment of is followed by an energy transfer event from tryptophan(s)
Tryptophan Residuek.is well established that chromophores to the coenzyme, made possible by the spectral overlap of
and, to a larger extent, fluorophores are good reporters ofthe tryptophan emission and enolimine absorption bands and
the polarity of the microenvironment in which they reside. by a distance<25 A separating donor and acceptor.
In particular, bathochromic shifts of the absorption bands Excitation of the A-isozyme at 298 nm gives an emission
of aromatic molecules are often observed as a consequencspectrum in the visible range with a band centered at 500
of an increase in the polarity of the microenvironme3)( nm, while the band centered at 425 nm observed in the
Solvent polarity also affects the emission spectra of aromatic spectrum of the B-isozyme is absent. The 500 nm band is
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generated by the emission of the ketonamine tautod®r (  band at 425 nm, suggesting a change in the rate of the
as a consequence of a complex proc&gs (Upon excitation isomerization of the enolimine to the ketoenamine tautomer
of the A-isozyme at 298 nm, the energy transfer from in the excited state. Thus, formation of the external aldimine
tryptophan(s) to the enolimine tautomer is followed by an only affects the quantum yield of the ketoenamine emission,
isomerization in the excited state to give the ketoenamine while acetate binding to the-carboxylate subsite appears
tautomer, which emits at 500 nri@). The isomerization of  to trigger a conformational change that affects the lifetime
the enolimine tautomer in OASS-B does not take place, or of the Schiff base fluorescence and also affects the equilib-
if this happens, the process is not as efficient as in OASS-rium between different tautomeric forms of the ISB. Such
A. Consequently, the emission of the ketoenamine of an effect on tautomer interconversion suggests that the A
OASS-B results in only a broadening of the 425 nm band and B isozymes of OASS might differ not only in the polarity
on the red side. Accordingly, the intensity of the emission of the active site environment but also in terms of the
band in OASS-B that results from direct excitation of the structural flexibility, i.e., the capability to undergo confor-
enolimine is increased in intensity by more than 5-fold mational transitions along the reaction pathway. A difference
compared to that in OASS-A (Figure 8B). in flexibility might help to explain the observed differences
The slightly higher population of the enolimine tautomer in the catalytic efficiency of the two isoforms of the enzyme
in the ISB of OASS-B compared to OASS-A (Figure 4A) is beyond any mechanistic considerations of the effect of the
reversed once the ESB is formed (Figure 4C). The more polarpresence or absence of different polar or charged groups in
environment of OASS-B is accompanied by the almost the proximity of PLP. This difference in flexibility seems to
exclusive accumulation of the ketoenamine tautomer of the be consistent with the high&factors observed for OASS-B
ESB, as judged by the different peak ratios at 325 and 418/with respect to OASS-A (Figure 2 and Table 2).
427 nm in the absorbance spectrum. The formation of the
ESB intermediate in the presence ofserine is also =~ CONCLUSIONS
characterized by an increase in intensity and a blue shift of

the ketoenamine emission band upon excitation at either 298 _T_he overall three-dimensional .fOId .Of OASS'B IS very
or 412 nm, for both isozymes and to a greater extent for similar to that of OASS-A. The active site of the B-isozyme,

OASS-B (Figure 9A). In principle, this could be due to an however, differs from that of the A-isozyme in the presence

increase in the enolimine tautomer population or toachangeOf two additional aC|d_|c res[dues, D241 and C280. The_
in PLP orientation, both of which can affect the degree of presence of these residues increases the overall charge in

: the site, which is translated to an increas r the Schiff
energy transfer from tryptophan residues to thg c_ofactor. base lysine in the AA intermediate Theﬁ%frﬁ]i)zation state of
Structural analysis of the OASS-A external aldimir® ( y

indicated that the coenzyme tilts by°l@ong its longitudinal (():fztﬁg Estgof%?metg vk\)/ﬁr:esséei?]résgg Lo;:gg}lgz;t:]r:jg :)hea?]r;gunt
axis in the transition from the internal aldimine to the external OAS: Kew-is pH ind dent 3{1 7’5>¥00 0 9y,
aldimine, and this same change is expected for OASS-B. » Rese IS P InAependent over the range 7.5A4a0.0.

An increase in the lifetime of the Schiff base excited state '€ other major difference between the A- and B-isozymes
can also lead to an increase in emission intensity, asresides in _the difference in rates o'f.thelr overalll reactions.
previously proposed for OASS-AL{). The increase in The V/E; with TNB_ as the nucleophilic substrate is 10-fo_|t_1|
excited state lifetime is the most likely explanation for the 9réater, and the first-order rate constant for decomposition
B-isozyme as well, since enhancement of the 500 nm of the AA'is 40-folq greater in thg case of t_he B-isozyme.
emission band in the presence of serine occurs without The reason for this difference is not easily understood.

affecting the intensity and position of the 336 and 425 nm Comparison of the spectrofluorometric properties of the ISB
bands. and catalytic intermediates for both OASS-A and OASS-B

The blue shift of the ketoenamine tautomer emission band Provides indications of a different equilibrium distribution
of the ESB with respect to ISB (Figure 9B) indicates a between enolimine and ketoenamine tautomers and hints of
¢ distinct differences in flexibility, as indicated by the detailed

shielding of the active site from bulk solvent brought abou
g 9 analysis of the crystallographifactors for both isoforms.

by the conformational change that accompanies the transition
from the ISB to the ESB, as also evidenced in structural
studies of an OASS-A mutang4). REFERENCES
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