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ABSTRACT. Our studies of the reaction mechanism of cystathioffhisgnthase from yeasBaccharomyces
cerevisia€) are facilitated by the spectroscopic properties of the pyridoxal phosphate coenzyme. The enzyme
catalyzes the reaction ofserine withL.-homocysteine to form-cystathionine through a series of pyridoxal
phosphate intermediates. In this work, we explore the substrate specificity of the enzyme by use of substrate
analogues combined with kinetic measurements under pre-steady-state conditions and with circular
dichroism and fluorescence spectroscopy under steady-state conditions. Our results shaw that
allothreonine, but nat-threonine, serves as an effective substraslothreonine reacts with the pyridoxal
phosphate cofactor to form a stable 3-methyl aminoacrylate intermediate that absorbs maximally at 446
nm. The rapid-scanning stopped-flow results show that the bindingatibthreonine as the external
aldimine is faster than formation of the 3-methyl aminoacrylate intermediate. The 3-methyl aminoacrylate
intermediate reacts withrhomocysteine to form a new amino acid, 3-metindystathionine, which was
characterized by nuclear magnetic resonance spectroscopy. This new amino acid may be a useful analogue
of L-cystathionine.

This work is aimed at an improved understanding of the of ES2 upon addition af-homocysteine in stage Il. Steady-
mechanism and substrate specificity of cystathioyisyn- state kinetic studies provide evidence that the cystathionine
thase (EC 4.2.1.22), which catalyzes the reactionsdrine SB-synthase reaction proceeds by the ping-pong mechanism
and L-homocysteine to form.-cystathionine. The human shown in Scheme 18]. Rapid-scanning stopped-flow and
enzyme plays an important role in detoxifying plasma single-wavelength kinetic studies demonstrate that binding
homocysteine, which is an important risk factor in coronary of L-serine as the external aldimine (ES1) is faster than
heart disease and other human diseade®)( Pyridoxal  formation of the aminoacrylate intermediate (ES2) and that
phosphate (PLP)s the essential cofactor for both the yeast the rate-limiting step is the reaction of ES2 with
heme-independent cystathioniﬁes_yn.thase %, 4) and the homocysteine to form-cystathionine 9).
human heme-dependent cystathionfieynthase §). The Investigations of the domain architecture of cystathionine

absenc_e of hem_e in the yeast enzyme facilitates the de.tecuo%-synthase from yeas8) and humans1(0, 11) reveal that
of PLP intermediates in the cystathionjftesynthase reaction . . . .
deach enzyme is composed of an N-terminal catalytic domain

(Scheme 1). The mechanism in Scheme 1, which is base . )
and a C-terminal regulatory domain. In contrast, the enzyme

on that of other enzymes that catalyze PLP—dependent]cr m Trvbanosoma cruz ol talviic domaird
pB-replacement reaction§,(7), shows that the reaction occurs 0 ypanosoma cruznas o y a catalytic do a D .
The deduced amino acid sequences of the catalytic domain

in two stages. In stage |, the external aldimine of the substrate e .
of cystathionings-synthase from several sources are sig-

(ES1) is converted by loss of theproton and elimination L

of the i-hydroxyl group to an unsaturated imine (ES2). In nificantly homologous to each othetrd) and tp the sequences

stage I, ES2 adds a nucleophilehomocysteine, to form  ©f several other PLP-dependent enzymes inftfiemily (13)
or fold type Il (14). These enzymes include-acetylserine

the external aldimine of the product (ES3). Our initial studies ) ,
of yeast cystathioningg-synthase using absorbance and sulfhydrylase, threonine deaminase, and tryptophan synthase

circular dichroism spectroscop$)(demonstrated the forma-  (8)- Cystathionings-synthase from rats and humans is novel

tion of ES2 fromL-serine in stage | and the disappearance POth in its dependence on hent and in its regulation by
Sadenosylk-methionine 15). The observation that the yeast

+ Supported by NIGMS Grant GM55749 (M.F.D.). enzyme lacks heme as well as a 66-residue N-terminal
* To whom correspondence should be addressed. Telephone: (301)€Xtension suggests that the N-terminal extension of the
496-2763. Fax: (301) 402-0240. E-mail: EdithM@intra.niddk.nih.gov. “human enzyme is involved in heme bindirig) The crystal

* National Institutes of Health. ; _
s University of California, structure of a truncated form of human cystathiorfirgyn

L Abbreviations: T-CBS, truncated cystathionjfesynthase; pLP,  thase 17) containing residues-1413 confirms that heme
pyridoxal phosphate. binds to the N-terminal domain. The heme iron coordinates
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Scheme 1: Intermediates in the Reactions of CystathigiiSgnthase
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a Stage | is the first half-reaction witkrserine (R= H) or L-allothreonine (R= CHj) in the absence of a cosubstrate. Stage Il is the second
half-reaction obtained upon addition ofhomocysteine to the EAA or E—CHsz-AA species.

Cys52 and His65 and is located?0 A from PLP. However, late intermediate (ES2 in Scheme 1 where R is)Gith a

the role of heme in human cystathionifiesynthase is still  Amax Of 446 nm. The 3-methyl aminoacrylate intermediate
not clear. Evidence that heme does not serve a catalytic rolereacts withL-homocysteine in stage Il to form a product.
is provided by the finding that heme-free crystals of the The rapid-scanning stopped-flow results show that the
catalytic domain of human cystathionifiesynthase exhibit  binding ofL-allothreonine as the external aldimine (ES1) is
catalytic activity ((8) and that human cystathionirfesyn- faster than formation of the 3-methyl aminoacrylate (ES2),
thase having residues—T0 deleted retains-25% of the as found previously for the natural substratserine 0).
wild-type activity (J. P. Kraus, unpublished results cited in The reaction product was identified as 3-metindys-

ref 17). Heme may serve a regulatory role. The finding that tathionine by nuclear magnetic resonance spectroscopy. This
the heme binding site is spatially adjacent to an oxidoreduc- new amino acid is a potentially useful analogue L6f
tase active site motif in the structure of the human enzyme cystathionine. Thus, cystathionifesynthase may prove to
could explain the regulation of cystathionifiesynthase be beneficial for the synthesis of new amino acids.
activity by redox changedl{). Recent'!P NMR studies of

PLP in human cystathioning-synthase provide structural EXPERIMENTAL PROCEDURES

evidence for transmission to the active site of an oxidation

state change in the heme pocket consistent with a regulatory  Materials.L-Serine wvas obtained from Fluka:Allothreo-
role for heme 16). The discovery that deletion of the Nineé L-threonine (98% pure), andL-homocysteine were

C-terminal domain of the human enzyme eliminat®s purchased f“?m Silgma.-Homoqysteine was pfepared fr_om
adenosyk-methionine activation 1) suggests thas-ad- L—homocystelne thlolactone (Slg'ma) as described preylously
enosylt-methionine is an allosteric activator that binds to (19) and o_hluted with 50 mM\I,_N-bls(Z-hydroxyethyl)glycme
the C-terminal regulatory domain. buffer adjusted to pH 7.8 with NaOH.

In the work presented here, we have explored the mech- Enzymes and Buffer§runcated cystathioning-synthase
anism and substrate specificity of yeast cystathioffisgn- (T-CBS) from yeast§accharomyces censiae)was purified
thase by using ana|ogues of the natural substragerine. as described froniEscherichia coliXL1-Blue cells trans-

To detect intermediates shown in Scheme 1 and to determingformed with the plasmid pT-SE®). Protein concentrations
the rates of the appearance and decomposition of thesevere determined as described previous)y All experiments
intermediates, we have used absorbance, circular dichroismvere carried out at 28 in 50 mMN,N-bis(2-hydroxyethyl)-
and fluorescence spectroscopies under steady-state conditior@lycine buffer adjusted to pH 7.8 with NaOH.
and rapid-scanning stopped-flow kinetic measurements under Steady-State Spectroscopic Methollssorption spectra
pre-steady-state conditions. The N-terminal catalytic domain of T-CBS were recorded using a Hewlett-Packard 8452 diode
of yeast cystathioning-synthase (T-CBS) was used because array spectrophotometer thermostated at@%y a Peltier
itis more stable and soluble than the full-length yeast enzyme
(8). Our results show thatallothreonine, but nat-threonine, 2 Thi . . . .

. . . is expression vector is available from the American Type Culture
serves as an effective substrateillothreonine reacts with  coliection, 10801 University Bivd., Manassas, VA 20110-2209, as
the PLP cofactor to form a stable PEB-methyl aminoacry- ~ ATCC Number 87792.
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junction temperature-controlled cuvette holder. Circular was extracted using ddB, and traces of silica were removed
dichroism measurements (mean residue ellipticity in degreesusing another prewashed microconcentrator. The product was
per square centimeter per decimole) were taken aCm then lyophilized and subjected {41 NMR analysis. Both
a Jasco J-715 spectropolarimeter interfaced with a personabne-dimensional (1D) proton and two-dimensional (2D)
computer (Japan Spectroscopic Co., Easton, MD). A baselineTOCSY (total correlation spectroscopy) spectra of the
was measured for each sample using buffer. Mean residueproduct were obtained. 1D proton spectra were also obtained
ellipticities were converted to molar ellipticitie®)( by for L-allothreonine and,L.-homocysteine to facilitate as-
multiplication by the number of amino acids (353). Fluo- signments and to compare with previously published spectra
rescence measurements were taken using a Photon Techno(spectrum 11978M)20) and (spectrum 30761MR().
ogy International (PTI) dual excitation spectrofluorimeter
thermostated at 25C.
Rapid-Scanning and Single-\W&length Stopped-Flow
Measurement€Enzyme solutions were 1 mg/mL (25:81)
in 50 mM N,N-bis(2-hydroxyethyl)glycine buffer adjusted
to pH 7.8 with NaOH. The rapid-scanning stopped-flow
system has been described previouSly A more detailed
description of this instrumentation will be presented else-
where. Data were collected with a repetitive scan rate of 1.2
ms/scan. In each rapid-scanning stopped-flow experiment,
a set of 1000 spectra was collected at°’25with total scan RESULTS
acquisition times of 1.2 s. The raw data were analyzed with
the Instaspec software, and 25 representative spectra were The spectroscopic properties of PLP provide a sensitive
selected from the raw data set for presentation in each rapid-probe for detecting intermediatesfrreplacement reactions
scanning stopped-flow figure. (Scheme 1). To further characterize the mechanism and
Single-wavelength stopped-flow absorbance and fluores- substrate specificity of yeast cystathionifiesynthase, we
cence studies were carried out using an Applied PhotoPhysicshave carried out rapid-kinetic and steady-state spectroscopic

mixing unit (mixing dead time of 1 ms) combined with studies with analogues of the natural substratgerine
custom-built optical and data acquisition systems involving (Scheme 1).

quartz fiber optics, phototube detection, and data acquisition
and data storage via a high-speed A/D converter and persona‘lj1
computer system operated under the control of software
written by S. C. Koerber. Single-wavelength time courses
were fitted using the Marquardtevenberg algorithm to an
equation of the following general form (eq 1):

For product identification via difference spectra measure-
ments, the reaction of 10.0 mMallothreonine, 10.0 mM
D,L-homocysteine, and T-CBS (0.03 mg/mL) was monitored
by 'H NMR over the course of 24 h. A spectrum of the two
substrates together also was taken before addition of the
enzyme. Then a difference spectrum was constructed (prod-
uct formation after 24 h minus substrates). Assignments were
made with the help of the data from the 1D and 2D product
spectra.

Steady-State Spectroscopic Studiégure 1A shows that
ddition of 50 mMvc-allothreonine to T-CBS resulted in the
disappearance of the 412 nm absorbance band attributed to
the internal aldimine (E in Scheme 1) and the appearance of
a new spectroscopic species with a major band centered at
446 nm. This species is likely the 3-methyl aminoacrylate
Schiff base (ECHz;—AA; ES2 in Scheme 1 where R is
A=A, = Z’* exp(-t/r) (1) CHg). Circular dichroism spectra recorded under the same
conditions (Figure 1C) show the conversion of the positive
412 nm band to a negative band centered at 446 nm. These
results are very similar to those obtained with the natural
substrate -serine, which yields an absorption band at 460
nm and a negative circular dichroism band centered at 460
nm (Figure 1A,C) that were previously ascribed to the
external aldimine of aminoacrylate (E-AA; ES2 in Scheme
1 where R is H) 8). The E-AA and E-CH3-AA species
have similar absorbancies at 460 and 446 nm, respectively,

whereA; andA., are the absorbance values at titrend oo,
respectively.Ai and 7; represent theith amplitude and
relaxation time, respectively. All time courses were collected
under pseudo-first-order conditions.

IH NMR SpectroscopyAll 'H NMR experiments were
performed using either a Varian Inova 500 MHz or a Varian
Inova 300 MHz spectrometer. All spectra were carried out
in 10% D,O using a presaturation pulse for water suppres-

sion. Spectral analysis was performed using VNMR 6.1c and and at 320 nm (Figure 1A). Addition of 50 mMthreonine
MestRe-C 2.3a.

. . e to T-CBS resulted in a much slower conversion of E to ES2.
Product Synthesis, Isolation, and IdentificatianAllo-

threonine (80.0 mM),p,.-homocysteine (9.0 mM), and When the 3-methyl amineecrylate intermediate (3;€CH
T-CBS (0.15 mg/mL) were allowed to react for2 h. The ~ AA) was preformed by mixing T-CBS with 1 mM-
enzyme was separated using a Microcon-10 microconcen-allothreonine and then _m|xed W_|th 5_thomocyste|ne, _
trator (the microconcentrator membrane was prewashed withth® absorbance and circular dichroism spectra shown in
ddH,0 to remove glycerol). An-allothreonine stock solution ~ Panels B and C of Figure 1 were obtained. These spectra
was brought to pH 7.8 before dilution to the final concentra- &€ €ssentially identical to the spectra of T-CBS alone,
tion given above, and used as the only buffering agent in démonstrating the conversion of E-3-€HA to E plus
the reaction mixture. The product was subjected to silica plate Product in stage Il of the reaction shown in Scheme 1. Similar
TLC analysis and developed using a 60:15:25 butanol/acetic'®Sults were reported previously for the reaction of the\&
acid/water solvent. Part of the plate was sprayed with SPecies and-homocysteineq).

Ninhydrin reagent for free amine analysis to locate the Rapid-Scanning Stopped-Flow Spectroscdpe reaction
putative product (a companion plate was used to determineof T-CBS with 50 mM L-allothreonine gave the rapid-
the location of the substrates). The rest of the plate wasscanning stopped-flow spectra shown in Figure 2A. The
scraped at the location of the putative product. The product spectra exhibit two clear apparent isosbestic points. The
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FiGUre 1: Absorbance and circular dichroism spectra of T-CBS. Concentration (mM)

(A) Absorbance spectra of T-CBS alone (E) and in the presence of ) ) )

50 mM L-serine or 50 mMLt-allothreonine. (B) Absorbance  FIGURE 2: Rapid-scanning stopped-flow spectra of the reactions
spectrum of T-CBS in the presence of 1 mMllothreonine before ~ of T-CBS withL-allothreonine and-homocysteine. (A) Spectra at
and 15 min after mixing with 5 mM-homocysteine. (C) Circular  the indicated times afte_r mixing T-CBS with 50 mivallothreonine.
dichroism spectra of T-CBS alone, in the presence of 1 r¥édrine, (B) Spectra at the indicated times after mixing £AR (T-CBS

and in the presence of 1 mMallothreonine before and 15 min  premixed with 25 mM.-allothreonine) with 25 mM.-homocys-
after mixing with 5 mMcL-homocysteine. The absorption spectrum teine. (C) Dependence of the relaxation rates for the formation of

of T-CBS exhibits a shoulder at 477 nm, which is catalytically inert the band at 446 nm on the concentration_edllothreonine [@)
(9). 0.5, 1.0, 2.0, 8.0, 16.0, 25, and 50 mM] anhreonine [O) 50

) o ) mM]. Data were obtained from single-wavelength stopped-flow
results suggest that the internal aldimine (E) is converted to absorbance time courses for the appearance of the aminoacrylate
a mixture of the two forms of the 3-methyl aminoacrylate intermediate monitoring the absorbance at 446 nm. The data were
intermediate (ES2) lfax = 446 and 320 nm) with no fitted using the Marquardtlevenberg algorithm (see the text) and

detectable accumulation of external aldimine witallo- were plotted with the average values of five time scans.
threonine (ES1) (Scheme 1). The rates of increase in

Table 1: Comparison of the Kinetic Parameters for Reactions of

absorbance _at 44_6 nm (9:140':!'4 s?) and 32_0 nm (95& L-Serine and.-Allothreonine with T-CBS in the Presence or

0.14 s) are identical, suggesting that there is no additional apsence of.-Homocysteine

detectable intermediate between E and ES2 under these 12 (5 1) for

conditions. The first half-reaction @-acetylserine catalyzed 1/ (shafor ES2 reaction with

by O-acetylserine sulfhydrylase also yields two absorbance __ substrate ES2formation L-homocysteine K4 (uM)®  ref

bands at 470 and 330 nm that have been attributed to twot-serine 176 7.56  >400 144 0.25 8,9
9.4-0.14 1.18+0.28 106+ 1.96 this work

forms of aminoacrylate2@). The ratio of absorbancies at --allothreonine
470 and 330 nm is constant during the course of the reaction. 2The relaxation rates (#;) for ES2 formation (Scheme 1, stage )

The authors suggested that the 330 nm band is due to arvere calculated from the change in absorbance at 460 nm with 50 mM
L-serine or at 446 nm with 50 mM-allothreonine® The relaxation

electronic transition of the amlnoacry]ate and .“kely repre- rates (1t,) for ES2 decay (Scheme 1, stage Il) were calculated from
sents a second tautomeric form of the intermediate, or a forme change in absorbance at 460 or 446 nm after addition of 2 mM
in which the intramolecular hydrogen bond between the L-homocysteine to T-CBS premixed withrserine (25 mM final
imine nitrogen and the 3-hydroxyl of PLP is for some reason concentration) ot-allothreonine (25 mM final concentration), respec-
not allowed. In contrast, addition of a high concentration of tively.  The apparent dissociation constarks'Y were measured by
L-serine (50 mM) to T-CBS resulted in the detection of a 1uorescence titrations (see Figure 3).

transitory gem-diamine intermediat®)(Table 1 compares

the relaxation rates for the appearance of ES2 in the reaction_-allothreonine (9.4+ 0.14 s*%). However, theKqy for
with 50 mM L-serine (176+ 7.56 s?%) (9) and with L-allothreonine is~7 times higher than far-serine, and thus,
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50 mM L-allothreonine may be insufficient to give detectable 40

amounts of the gem-diamine. E-CH3-AA A
When the 3-methyl aminoacrylate intermediate (3;CH o 30} Ex Qo B

AA) was preformed by mixing T-CBS with 25 mM- % ?E'??som

allothreonine and then mixed with 25 miMhomocysteine, % 2ol -

the spectra shown in Figure 2B were obtained. The rapid- g

scanning stopped-flow spectra exhibit two clear apparent £

isosbestic points (Figure 2B). The rates of decrease in 101 Eoalone

absorbance at 446 nm (4.270.26 s*) and 320 nm (4.65

+ 0.25 s'Y) are essentially identical. The results suggest that 950 200 550 600 650

the 3-methyl aminoacrylate intermediate (3-£4A) is Wavelength (nm)

converted to internal aldimine (E) with no detectable 30 : : : . ‘

accumulation of the external aldimine of 3-methytys- 55l Kd=106+1.96 uM B

tathionine (ES3) (Scheme 1). In contrast, the rate of reaction

of L-homocysteine with the EAA species is too fast to § 20

measure even at a low concentration (2 mM).4fomocys- ! 51 fﬁ

teine Q). Table 1 compares the relaxation rates for the 5 12

disappearance of ES2 upon addition of 2 mifflomocysteine = 10¢ 81§ Kd=635+0.24 mM

. . . [Se 4

in the presence of-serine ¢400 s') or L-allothreonine st 0 ]

(1.184+ 0.28 s). ' M
Single-Waelength Stopped-Flow Spectroscopyg.better 0 02 04 06 08 1 12

assess the formation and decay of individual intermediates L-allo-Thr (mM)

with higher preCISI.On’ we C‘.”‘”'ed out single-wavelength Ficure 3: Effects of substrates on the fluorescence properties of
stopped-flow experiments (Figure 2C). The appearance of _cgs, (A) Fluorescence emission spectra for T-CBS alone
the 3-methyl aminoacrylate intermediate, formed upon mix- (excitation at 446 nm) and in the presence of 10 mblothreonine
ing T-CBS withL-allothreonine, was monitored at 446 nm (excitation at 446 nm) or of 10 mM-serine (excitation at 460
as a function of the concentration ofallothreonine. Time nml)ll %E) Plots of the ﬂt‘ort‘?sce”;ﬁ emission of T'tCBt.S”M(). vs )

. - L-allothreonine concentration, ofthreonine concentration (inset).
course; were analyzed with curve-flttln.g software, and the The increase in fluorescence emission at 525 nm (excitation at 446
relaxation rate parameters were determined. All curves werenm) was determined at 5 min after each addition-aflothreonine
best fitted using a single exponential. A plot of the or L-threonine. The apparer{y values (106+ 1.96 uM) for
dependence of the relaxation rate[ﬂ_bn the concentration L-allothreonine and-threonine (6.35 0.24 mM) were calculated

of L-allothreonine is shown in Figure 2C. As a result of the {rom the relationAF = AFma{L-allo-Thr]/Kq + [L-allo-Thr]. The
species with maximum emission at 525 nm is attributed to the

IQW Sqlupility of L-allothreonine {-100 .mM) and high external aldimine of the 3-methyl aminoacrylate intermediate (see
dissociation constant (Table 1), saturation of the rate wasthe Results). The inset shows an analogous fluorescence titration
not reached over the concentration range-aflothreonine with L-threonine.

that was used. Addition afthreonine to T-CBS also resulted _ . .
in ES2 formation. The relaxation rate for the formation of (E—t-allo-Thr) and the 3-methyl aminoacrylate intermediate

ES2 with 50 mML-threonine (0.14: 0.003 s?) is 67 times (E-CHs-AA) as shown by eq 2, as described previously for
slower than with 50 mM.-allothreonine (Figure 2C), and the reaction with.-serine ).

the apparent dissociation constant edllothreonine (0.106 K, ks

mM) is 60 times smaller than that ofthreonine (6.35 mM) E+ L-allo-Thr<>E-allo-Thr<>E-CH;-AA (2)

(see below and the inset of Figure 3B). It appears likely that

theL-threonine that was used contained.6%L-allothreo- The rate of formation of the ECHz-AA species from
nine. L-allothreonine shows a hyperbolic dependence on substrate

Fluorescence Spectroscopyhe aminoacrylate intermedi-  concentration (Figure 2C). This dependence indicates that
ate formed fromr-serine (ES2) exhibits a fluorescence the slow step in the reaction is the conversion of the.E
emission maximum centered at 540 nm when excited at 460allo-Thr species to the ECHs-AA species. When the low
nm (Figure 3A) 0). The 3-methyl aminoacrylate intermediate concentration of enzyme (E) is neglected, the relaxation (1/
formed from L-allothreonine also exhibits a fluorescence 1) is given by eq 3:
emission maximum centered at 525 nm when excited at 446
nm (Figure 3A). Measurement of fluorescence emission as 1_ ksfallo-Thr] 3)

a function of substrate concentration yielded appakght T K,, + [allo-Thr] = ™

values of 106 + 1.96 uM for L-allothreonine and 6.3%

0.24 mM forL-threonine (Figure 3B). The appard€f value whereKz; = ko/k;. Fitting the data of Figure 2C to eq 3 gave
for L-serine is 14+ 0.25uM (9) (Table 1). aks of 474 12.1 s%, ak, of 0.266+ 0.088 s?, and aKy;

Analysis of the Reaction KineticShe cystathionine  of 2124+ 66 mM. These values may be compared with those
pB-synthase reaction with-allothreonine proceeds through derived in earlier work using-serine, the natural substrate
a series of intermediates shown in Scheme 1. Stage | involveg9). The dissociation constant for formation of the external
two intermediates, the external aldimineweallothreonine aldimine K2,) is increased almost 50-fold from 4.6 mM for
L-serine to 212 mM for-allothreonine, indicating that it is

3K4 is an apparent dissociation constant because it was measuredNore difficult to form the external aldimine afallothreo-
by fluorescence and not by direct binding. nine. However, the rate constants for the transformation
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l 75p l Ficure 5: 2D TOCSY spectrum of the product 3-methylcys-
| \ l tathionine. Peak abbreviations: mct, 3-methylcystathionine; and me,
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0: J represent the carbon numbers of each compound.
45 4 35 3 25 2 15 1 the ratio of the resonances centered at 3.65 ppm from that
ppm of the resonance centered at 3.56 ppm (the 3.55 ppm
FIGURE 4: 'H NMR spectra of substratesallothreonine ana,L- resonance is obscured by those at 3.56 ppm; see Figure 5).

homocysteine (A) and théH NMR spectrum of the product .
3-methylcystathionine (B). Abbreviations are used at each analyzed Figure 5 shows the 2D TOCSY spectrum of the product

peak: at,L-allothreonine; hcp,L.-homocysteine; mct, 3-methyl-  3-methyli-cystathionine, obtained as described in Experi-
cystathionine; and me, the C-3 methyl group. The numbers after mental Procedures. The key structural features of the
each abbreviation represent the carbon numbers of each Compoundspectrum are the two sets of correlated resonances (there is

between the external aldimine and the 3-methyl aminoacry- no coupling across the sulfur ether bond). One set results

late are reduced only 3-fold compared to thosetfserine from the contribution of the-allothreonine moiety (reso-
(ks = 177 s andk, = 0.54 s%). Once formed, the external  Nances centered at 3.94, 3.55, and 1.27 ppm) and the other

aldimine of L-allothreonine is almost as reactive as that from thep,L-homocysteine moiety (resonances centered at
formed from the natural substrateserine. 3.85, 2.75, and 2.20 ppm). The spectrum also shows the

NMR Spectroscopysolation of the product from reaction ~ correlation of the protons in the glycerol impurity (spectral
of L-allothreonine wittp,L-homocysteine (see Experimental region of 3.5-3.8 ppm). The 3.55 ppm resonance arising
Procedures) revealed the formation of a new amino acid. from the C-3 proton of the product is buried in the glycerol
Structural determination byH NMR establishes that the spectral envelope but can be seen correlated to two other
reaction product is the cystathionine analogue 3-mathyl- protons (mct2 and mct-me).

cystathi_onine. Figure 4A shows there are tV\_/O sets of signals The difference spectrum in Figure 6 was constructed as
each with three resonances. One set consists of resonanceg

: escribed in Experimental Procedures. It shows six negative
centered around 4'37':’ (multiplet), 3'83 (doublet), and 1.19 resonances arising from the disappearance of the substrates
ppm (doublet) belonging to-allothreonine (at3, at2, and at4, - lloth . tered at 4.35. 3.83. and 1.19
respectively). The other set consists of resonances centered ? (_) reonine (resonances centered at £.39, 3.9, and L.
around 3.87 (triplet), 2.63 (multiplet), and 2.14 ppm (mul- ppm; at3, at2, and atd, respectively) md—homocy§te|ne
tiplet) belonging top,.-homocysteine (hc2, hc4, and hc3, (resonances cent_ered at3.87, 2.63,_and 2.'.14 ppm, hc, hed,
respectively). Integration of these sets gives relative ratios @1d c3, respectively), as well as six positive signals from
for the areas under each envelope of 0.8, 1.0, and 3.0,the formation of the product, 3-methyieystathionine
respectively, forc-allothreonine and 1.2, 2.0, and 2.0, (resonances centered at 3.94, 3.85, 3.55, 2.75, 2.20, and 1.27
respectively, fob,L-homocysteine. Figure 4B shows the six PPM; MCt2, mct6, mct3, mct4, mets, and mct3-me, respec-
separate envelopes of resonances for the product 3-methylfively). The negative signals are in excellent agreement with
L-cystathionine centered at 3.94 (doublet, mct2), 3.85 (triplet, the spectrum of the substrates in Figure 4A, while the positive
mct6), 3.55 (multiplet, mct3), 2.75 (multiplet, mct4), 2.20 signals are in excellent agreement with the spectrum of the
(multiplet, mct5), and 1.27 ppm (doublet, mct-me). Integra- product in Figure 4B. The multiplet arising from the splitting
tion gives relative ratios for the areas under each envelopeof the C-3 proton (3.55 ppm) by adjaceatproton and
of 0.9, 1.0, 0.8, 2.3, 1.9, and 3.0, respectively. The integration methyl resonances buried in Figure 4B is readily apparent
ratio of the 3.55 ppm resonance was obtained by subtractinghere.
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the binding ofL-allothreonine as the external aldimine is
faster than formation of the 3-methyl aminoacrylate inter-
mediate.

The ™ NMR spectrum in Figure 4B establishes that the
product of the reaction afallothreonine and-homocysteine
is 3-methylt-cystathionine, a new amino acid. Since the
stereochemistry of th8-replacement reaction of cystathion-
ine 5-synthase with.-serine and.-homocysteine proceeds
with retention of configuration at C-28), according to the
arguments put forward by Tai and Codgj, the mechanism
of the reaction should occur via an Byn pathway. The
pB-replacement reactions catalyzed®yacetylserine sulfhy-
drylase 80) and tryptophan synthase1) also proceed
stereospecifically with retention of configuration at C-3. A
closely related amino acid;-methyli-cystathionine, has
been identified byH NMR to be the product of the reaction
of cystathionine/-synthase with.-allylglycine and.-cysteine
(32.

The specificity of the reaction of cystathionifiesynthase

after each abbreviation represent the carbon numbers of eachfor L-allothreonine rather tharnrthreonine likely has steric

compound.

DISCUSSION

origins. Although an X-ray structure of human cystathionine
B-synthase has recently been publish&d),(a structure of
the enzyme with bound ligands is not yet available. There-

A large number of PLP-dependent enzymes catalyze fore, we have attempted to explore specificity by modeling

p-elimination andgs-replacement reactions with amino acids
that have an electronegative substituent ingkmosition @,

7). The p-replacement reactions are thought to proceed
through two stages, as shown in Scheme 1 for the reaction

theL-threonine external aldimine structure using the known
structures of external aldimines reported @1acetylserine
sulfhydrylase, which is most closely related to cystathionine
$-synthase, and for tryptophan synthase. When the

of cystathioning-synthase. Stage | results in formation of threonine external aldimine is modeled into theace-
an unsaturated imine (ES2 in Scheme 1) that can either addylserine sulfhydrylase active site using the coordinates for

a different nucleophile than the one eliminatgdréplace-
ment) or be converted to am-keto acid and ammonigs{

elimination). Spectroscopic evidence for the transient ap-

pearance of the PLP aldimine of an unsaturated imipegx(

= 455 nm), termed aminocrotonate or 3-methyl aminoacry-
late, was first reported in the reaction afthreonine
deaminase with-threonine 23). In these cases, the 455 nm
band was not detected upon addition &fllothreonine 24).
Spectroscopic evidence for an unsaturated imine intermediat
has also been obtained in the reactionseferine dehy-
dratase 25), O-acetylserine sulfhydrylase§), tryptophan
synthase Z7), and cystathioning-synthase &, 18).

Our results show that a 3-methyl aminoacrylate intermedi-
ate is formed in the reaction of cystathionjfrsynthase with
L-allothreonine, but not withL-threonine, and that the
3-methyl aminoacrylate intermediate reacts withomocys-
teine to form 3-methyl-cystathionine (Figures-13). The
absorbance, circular dichroism, and fluorescence maxima o

the 3-methyl aminoacrylate intermediate are displaced 14 nm

from 460 to 446 nm) as compared to the correspondin
( ) P ’ hg (36). Lantibiotics are a group of antibiotics that are produced

values for the aminoacrylate intermediate formed wit
L-serine. The spectroscopic properties of the 3-methyl

aminoacrylate intermediate provide a convenient probe for
measuring the rates of formation and disappearance of this
intermediate (Figure 2 and Table 1) and for measuring the

apparent binding constant forallothreonine (Figure 3B and

Table 1). The rapid-scanning stopped-flow results show that

4 Unpublished results of Paul F. Cook, University of Oklahoma,
Norman, OK.

5 Unpublished results of Dimitri Niks, University of California,
Riverside, CA.

the external aldimine of-methionine 83), the L-threonine
methyl group of the external aldimine structure occupies a
position that is severely sterically hindered by clashes with
the PLP phosphoryl group, PLP C-and PLP C-4 These
steric clashes would not occur in the corresponding
allothreonine structure. A similar modeling result was found
using the structures of the external aldimines of tryptophan
synthase 34). The specificities oD-acetylserine sulfhydry-
das€¢ and tryptophan synthasefor L-allothreonine and
L-threonine are currently under investigatierThreonine,

but notL-allothreonine, serves as an S-substituent acceptor
in a g-replacement reaction of tryptophan synthase with
thiobenzyl alcohol §5). However, the rate of this reaction

is only ~1% of the rate of the analogous reaction with
L-serine. Consequently, a detailed explanation of the yeast
T-CBS specificity must await further structure determina-
tions.

f 3-Methyl-lanthionine, which has one fewer carbon atom
than 3-methyl-cystathionine, has been identified as an
amino acid component in the polypeptide chain of lantibiotics

by bacteria and that have high antimicrobial activiBg,(
37). The lantibiotics are formed from a ribosomally synthe-
sized prepeptide by posttranslational modification reactions
that generate the unusual thioether amino acids lanthionine
and 3-methyllanthionine. In these reactions, the hydroxyl
groups ofL-serine and -threonine are first dehydrated to
yield the a5-unsaturated amino acids 2,3-didehydroalanine
and 2,3-didehydrobutyrine, respectively, which undergo an
intramolecular Michael addition with neighboring Cys
residues to form thioether-bridged dicarboxy di-amino acids
(36). These reactions are similar to tjfeelimination and
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pB-replacement reactions shown in Scheme 1. Since the 17. Meier, M., Janosik, M., Kery, V., Kraus, J. P., and Burkhard,
deduced amino acid sequences of the enzymes involved in __ P- (2001)EMBO J. 20(15), 3916-3916.

the lantibiotic Pep5 biosynthetic gene cluster are not at all 18'522%}5; Ecpz'ggelt;} Igial Bg;}'g;:rzd?b'?i') }i'rg‘_“fé J. P., and
similar to known sequences3Y), the enzymes are not 19 prymmond, J. T., Jarrett, J., Gonzalez, J. C., Huang, S., and
homologous to known PLP-dependent enzymes. Matthews, R. G. (1995Anal. Biochem. 22§2), 323-329.

Our results may provide a practical method for the Spectrum 11978M (1971) Sadtler Research Laboratories,
synthesis of 3-methyl-cystathionine, which is a potentially Philadelphia. .
useful analogue of.-cystathionine. The closely related 21'§ﬁf;égjlmhi§’0761M (1980) Sadtler Research Laboratories,
enzyme, tryptophan synthase, has proven to be useful for 55 \yoeh|. |F:_) U., Tai, C. H., Dunn, M. F., and Cook, P. F. (1996)
the synthesis of a wide variety of amino acids, including Biochemistry 3515), 4776-4783.
S(B-hydroxyethyl)t-cysteine 88, 39), Shenzyl+-cysteine Tokushige, M., Nakazawa, A., Shizuta, Y., Okada, Y., and
(35), azat-tryptophans 40), chloro+-tryptophans41), se-
lenoloalanines42), and dihydroisa--tryptophan 43, 44).

20.

22.

23.
Hayaishi, O. (1968) inSymposium on Pyridoxal Enzymes
(Yamada, K., Katunuma, N., and Wada, H., Eds.) pp-105
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