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ABSTRACT. The pyridoxal 5-phosphate (PLP)-dependent cystathiofidgase (CBL) was previously found

to be inhibited by the natural toxins rhizobitoxine andminoethoxyvinylglycine (AVG). The present
study characterizes the interactionEgcherichia coliCBL with AVG and methoxyvinylglycine (MVG)

by a combination of kinetic methods and X-ray crystallography. Upon AVG treatment, time-dependent,
slow-binding inhibition [Morrison, J. F. (1982)rends Biochem. Sci., 102-105] was observed due

to the generation of a long-lived, slowly dissociating enzyniméibitor complex. Kinetic analysis revealed

a one-step inhibition mechanism (CBL AVG — CBLAVG, K; = 1.1 + 0.3 uM) with an association

rate constantkq) of 336 & 40 M~1 s, This value is several orders of magnitude lower than typical
bimolecular rate constants of ES formation, suggesting that additional steps occur before formation of the
first detectable CBLAVG complex. Loss of activity is paralleled by the conversion of the pyridoxaldimine
426 nm chromophore to a 341 nm-absorbing species. On the basis of the recently solved structure of
native CBL [Clausen, T., et al. (1998) Mol. Biol. 262 202—224], it was possible to elucidate the X-ray
structure of the CBLAVG complex and to refine it to &afactor of 16.4% at 2.2 A resolution. The
refined structure reveals the geometry of the bound inhibitor and its interactions with residues in the
active site of CBL. Both the X-ray structure and the absorbance spectrum of the CBLAVG complex are
compatible with a ketimine as the reaction product. Thus, the inhibitor seems to bind in a similar way
to CBL as the substrate, but aftefproton abstraction, the reaction proceeds in a CBL nontypical manner,
i.e. protonation of PLP-C4resulting in the “dead-end” ketimine PLP derivative. The CBLAVG structure
furthermore suggests a binding mode for rhizobitoxine and explains the failure of MVG to inhibit CBL.

Cystathionings-lyase (CBL! EC 4.4.1.8, also commonly ~ Scheme 1
referred to ag-cystathionase) is a PLP-dependent enzyme

- K210 HaN"" K210
that catalyzes the cleavageistystathionine ta-homocys- Fos 000 .
teine, pyruvate, and ammonia. An outline of tRiglimina- "N P fcoo
tion reaction, showing the principal intermediates, is given @/\é[o" - Ng
in Scheme 1. Upon binding of the substrate cystathionine, S eHy ]
the Michaelis complex is rapidly convertedia transaldi- ] n oo o
mination to the external aldimini, followed by o-proton /
abstraction to yield anx-carbanion equivalent stabilized as /_/—KE“’ T N
the ketimine quinonoid intermediatd . Subsequent elimi- HN cod®
nation of L-hnomocysteine generates the PLP derivative of “~s/}(°°° F‘?” ?NfH
aminoacrylatelV. Protonation of the aminoacrylate and ,"‘;‘_ P
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*The coordinates of the CBLAVG complex have been deposited moow v
with the Brookhaven Protein Data Bank (filename 1CL2) and will be Lo . .
released with a delay of 1 year. reverse transaldimination then form iminopropionate and

* Corresponding author. Phone:+49-89-8578-2827. Fax:++49- regenerate the enzyme-bound PLP. Hydrolysis of imino-
89?578'3'516-'( nstitut fa Biochern propionate to pyruvate and ammonia presumably occurs after

“S;Xérin%”/ié_”s“t“t uBlochemie. product release. In addition tecystathionineEscherichia

0 Forschung Biochemie. coli CBL accommodates-cystine,L.-homolanthioninemese

® Abstract published i\dvance ACS Abstract§eptember 15, 1997.  lanthionine, and-djenkolic acid as substrates férelimina-
1 Abbreviations: F, andF, observed and calculated structure factor tion reactions ).
amplitude, respectively|, measured reflection intensityR-factor,

3 (IFol—|Fd)/S IFo|; B-factor, thermal motion parameter8z2U2, where Recently, the spatial structure B coli CBL has been
U?is the mean square amplitude of vibration; rms, root mean square; determined by X-ray crystallograph®)( The enzyme exists
PLP, pyridoxal 5phosphate; CBL, cystathioning-lyase; AVG, as anoy tetramer, constructed as a dimer of dimers, with

aminoethoxyvinylglycine; MVG, methoxyvinylglycine; CBLAVG, ; ; ;
complex between CBL and AVG; ES, enzyrsubstrate complex; El, 395 amino acids per subunit. Each monomer can be

enzyme-inhibitor complex; Arg58*, * indicating a residue from the ~ described in terms of three spatially and functionally different
neighboring subunit of the catalytic active dimer. domains: (i) an N-terminal domain which contributes to
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*NH, EXPERIMENTAL PROCEDURES
- )\/\ coo- L-cystathionine .
ooc s Y Materials. AVG was purchased from Fluka. Methoxy-
NH vinylglycine (MVG) was a gift of K. H. Neff (Schering AG,
NN ey ) ) ) Berlin, Germany). The recombinant, overexpressed CBL
it \/\N(H; L-aminocthoxyvinylglycine from E. coli was purified as described previousty3| and
o o oo was shown by SDSPAGE to be>95% pure.
NI R L-methoxyvinylglycine Enzyme AssayCBL activity was assayed at 25C by
HO NHg detecting the amount of homocysteine produced over time
. ]\/o . _COO" (14). Assay mixtures contained 100 mM Tris/HCI (pH 8.5),
HoN \/\N/H rhizobitoxine 5 mM L-cystathionine, 1 mM 5,&dithiobis(2-nitrobenzoic
3

acid), and enzyme in a final volume of 1 mL. The reaction
Ficure 1. Structures of -cystathionine, AVG, MVG, and rhizo- a5 followed by recording the increase in absorbance at 412
bitoxine. nm with time.

In a typical inactivation experiment, CBL was preincubated
at 25°C in 100uL of 100 mM Tris/HCI (pH 8.5) containing
varying concentrations of inhibitor. At predetermined time
intervals, 10uL aliquots were transfered to 994 of the
d assay solution. Kinetic constants were determined from

by a longa-helix to the PLP-binding domain and consists replots of the half-time for inactivation vs inhibitor concen-
of four helices packed on the solvent-accessible side of atration @). o N
four-stranded antiparalleB-sheet. The folds of the C- When CBL activity was assayed after addition of enzyme

terminal and the PLP-binding domain and the location of 10 @ssay mixtures containing an excess of substrate and
the active site resemble very strongly the three-dimensionalinhibitor over enzyme, the resulting progress curves were
structures of various members of thefamily of PLp- fittéd to equations adopted from Ctig( 1§, Morrison (L2),
dependent enzymes)( Furthermore, most of the CBL and Morrison and Walsh.{) for the analysis of slow-binding
active site residues are strictly conserved among the enzymednhibitors; i.e.P = vst + (vo — vg) [1 — exp(—kovd)]/kops

of the transsulfuration pathway, i.e. cystathionjfieand ~ WhereP is the product concentration and and vs are the

y-lyase and cystathionin® andy-synthase, which all belong initial and steady state velocities, respectively. The indi-

tetramer formation and is part of the active site of the
adjacent subunit, (ii) a large PLP-binding domainodp-
structure with a seven-strand@dsheet as its central part
sandwiched between eighthelices, and (iii)) a C-terminal
domain involved in substrate binding, which is connecte

to the so-called-family of PLP-dependent enzymes. vidual rate and inhibition constants were determined from
CBL is inhibited by the active site-directed irreversible €PIOtS Ofkons against the inhibitor concentration.
inhibitor A,,5-trifluoroalanine ). The elucidation of the Protein Determination. Protein was determined by the

three-dimensional structure of CBL inactivated by trifluo- Method of Bradford X8) with bovine serum albumin as the
roalanine ) confirmed the reaction mechanism proposed standard. For spectral studies, the concgntratlon of'hor.no—
for the inactivation of PLP-dependent enzymes by trihalo- 9eneous CBL was calculated on the basis of the extinction
amino acids %). In addition to trifluoroalanine, CBL is  coefficient at 280 nm of 51 105 M cm™* and a subunit
inhibited byL-aminoethoxyvinylglycine (AVG), an antimi- ~ Weight of 43 312 Da.

crobial amino acid first isolated froitreptomycesp. ). Spectral Studies.Steady state absorbance spectra were
Inhibition by AVG was characterized as time-dependent but recorded with a Kontron Uvikon model 930 spectrophotom-
reversible and was shown to be accompanied by a changeeter, using an optical path of 1.0 cm. Rapid reaction studies
in the absorption spectrum of the enzyrig (Furthermore, were carried out with a temperature-controlled stopped-flow
CBL is the target of the antibacterial and phytotoxic amino apparatus constructed by Raichkd) and equipped with a
acid rhizobitoxine 8—11), a close structural analog of AVG ~ diode array (Spectrocopy Instruments GmbH). The optical
(Figure 1). Again, the inhibition is time-dependent, and Path of this system was 2.0 cm. Data acquisition was
reactivation of the inactivated enzyme by incubation with Performed with a Macintosh Il cx computer using Posma
PLP suggests that inactivation is due to a modification of software. All kinetic data were analyzed using fitting
the PLP cofactord). Thus, inhibition of CBL by AVG and routines implemented in various software products [SPECFIT
rhizobitoxine is likely to follow the same mechanism. 2.0, Kaleidagraph 3.0, and the kinetic fitting program
However, the molecular basis for inhibition has not yet been (Program A) of D. P. Ballou (University of Michigan, Ann
elucidated. Arbor, MI)].

Because CBL is involved in microbial and plant methion- ~ Binding of AVG to CBL is accompanied by a change in
ine biosynthesis, where it catalyzes the penultimate step,the absorption spectrum (see below). Spectral changes were
information on the mechanism of inhibition of CBL by any followed at several inhibitor concentrations using the stopped-
type of inhibitor, be it a classical, a slow/tight binding, or a flow technique. Apparent pseudo-first-order rate constants,
suicide one, may facilitate the development of novel anti- ks Were calculated by fitting the change in absorbance at
microbial agents or herbicides. Therefore, we studied the 341 and 426 nm as a function of time to the single-
interaction ofE. coli CBL with AVG using kinetic and UV exponential functio = As + (Ao — As) exp(—kabst), where
visible spectral techniques. The results presented heret is time, Ao andA are the absorbances at time zero and at
provide direct evidence that AVG fulfills the criteria for a time t, respectively, and\s is the final steady state absor-
slow-binding inhibitor (2) of CBL. Furthermore, we bance. The individual rate and inhibition constants of the
elucidated the spatial structure of the CBLAVG complex by Simple model
X-ray crystallography. An inhibition mechanism based on
the kinetic, spectroscopic, and crystallographic data is

kl
proposed. E+ILE
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were determined from replots d&fps against the inhibitor
concentration [1]: Kops = ko + Ki[l] and Ki = kx/k;.

Table 1: Parameters of the Refined Model

B . no. of active protein atoms 5959

UV Absorption Spectra of CrystalsAnalysis of the no of active cofactor atoms 54
spectral properties of crystals of the CBLAVG complex was no. of active solvent molecules 430
performed with a single-beam Zeiss microspectrophotometer ~ R-factor of final modet (%) 16.4
Il linked to a HP9845B microcomputer using the LAMBDA- no. of unique reflections. 35500

. . standard deviation from ideal values

SCAN (Zeiss) software. The light from the xenon lamp bond lengths (A) 0.01
(250-700 nm) was monochromated by a grating monochro- bond angles (deg) 1.89
mator. The objective was an Ultrafluar 32/0.40 with a temperature factors ¢
glycerol drop placed between the sample holder and the ﬂla?;ocmh;m atoms 1%99
objective lens. The crystals were placed between a quartz side chain atoms 18.1
plate and a quartz cover slip that were separated by cover PLP-AVG atoms 16.3
slips that were 0.12 mm thick. The dimension of a typical solvent molecules 28.6
crystal, suitable for spectral analysis, was 006.03 x a TheR-factors were calculated in the resolution range of-82020
0.03 mnd. A

Crystallographic MethodsPrior to crystallizationE. coli
CBL (10 mg/ml) was preincubated with 20 mM AVG until a [ ' '
the 426 nm absorption maximum of the uninhibited enzyme i 0
was completely bleached. Crystals of the CBLAVG complex sk h
were then grown overnight by the hanging drop vapor o 0 =
diffusion method, using the conditions described for crystal- g -
lization of the uninhibited enzymel®). Diffraction data é 1L ]
were collected using an imaging plate scanner (MAR 2 75 ]
research) and graphite monochromatized Gutadiation 2 I 100 4
from a RU200 rotating anode (Rigaku, Tokyo, Japan) 05} 300 |
operated at 5.4 kW. The apparent focal spot size was set to I 300
0.3 mmx 0.3 mm. Data sets were obtained by rotating the I ]
crystal about* parallel to the spindle axis for 90with a T T e e 500 2000
rotation range of 1 per image. Reflection data were TIME [sec]

processed using the MOSFLM packag®)( and subse-
quently, the intensities were scaled, reduced, and truncated
to structure factors using programs from the CCP4 program
suite 1). The CBLAVG data sets were collected from one
crystal each and showed the same space group and cell
parameters as the uncomplexed CBL cryst@@2; with a
=61.1 A, b = 154.7 A, andc = 152.3 A), allowing the
native phases to be used to solve the structure. Refinement
was carried out with the program XPLORZ2j. Manual
rebuilding between refinement cycles and model examination
was done with the program @3) running on an ESV-30
graphics station (Evans & Sutherland, Salt Lake City, UT).
To calculate an initiaFF, — F. electron density map, the 0 100 200 300 200
coordinates of the uncomplexed CBL structure were used, ' I [uM]
IL‘;ma"Z:LCQ t:ﬁz?,ﬁaerb%ﬁte;ﬁn{,\,lgfe?teri(lﬂet:ﬁeicnﬁlz ds'tbee‘;fn Ficure 2: Inhibition of CBL activity after addition of CBL (30
' ug) to an enzyme assay mixture containing 5 midystathionine

excluded. Clear, continuous density was observed whichand different inhibitor concentrations. (a) Reaction progress curves
extends from the cofactor into the active site, indicating a at inhibitor concentrations of 0, 25, 50, 75, 100, 150, 200, and 300

covalent inhibitor-PLP adduct. A model of the inhibition M. (b) Replot ofkssvSL-AVG concentrationkesis derived from

complex was built into the density and refined to conver- the progress curves as described in Experimental Procedures.
gence. The finaR-factor was 16.4% for all data between
8.0 and 2.2 A with good geometry for the model (Table 1).

preincubation mixtures of CBL and AVG to substrate-
containing assay mixtures. The resulting progress curves
RESULTS displayed a time-dependent increase in reaction rate and
reached a steady state velocity identical to the velocity
Inhibition by AVG. When CBL activity was continuously  obtained without preincubation. Enzyme added to the
assayed after addition of enzyme to assay mixtures containinginhibition cocktail at times when maximal inhibition has been
both AVG andL-cystathionine, the resulting progress curves achieved was also inhibited, excluding the possibility that
displayed a time-dependent decrease in reaction rate andhe observed steady state levels are due to the disappearance
finally attained a steady state velocity which varies as a of AVG during incubation with CBL (e.g. decomposition in
function of inhibitor concentration (Figure 2a), suggesting solution or enzyme-catalyzed modification). The rate of
the slow establishment of an equilibrium between enzyme, enzyme inactivation was highly dependent on the pH of the
inhibitor, and the enzymeinhibitor complex. Thus, AVG preincubation mixture and showed the same pH dependence
acts as a slow-binding inhibitod®). Further evidence for  as substrate turnover (for 20M AVG, the half-time of
slow-binding inhibition was obtained by adding aliquots of inhibition t;;, was 180 min at pH 7.0 and 0.4 min at pH 9.0).
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Table 2: Different Mechanisms of Slow-Binding Inhibition and a
Their Relationship to the Apparent First-Order Constaps
mechanism model Kobs
A ky[1](slow)
i
2 Ki(1+ [S)K,) é
o}
B _ﬂ | ky(slow) i 14 [ b 2
o e |- KA ISTKY <
* Ul
K1+ [SI/K,,)

C Ky (slow)
E=——
ko

K c oLl ! I |
E* = E¥| k, kK; 300 350 400 450 500

1+ [SIKy [l +K; WAVELENGTH [nm]

aK; = kolki. P Ki* = kiKil(ks + ka). ©Ki = ka/ks.

As indicated in Table 2, there are three simple mechanisms
which can account for a slow onset of inhibitioh2( 17.
Mechanism A corresponds to an initial slow-binding process.
In mechanism B, an El complex is formed rapidly and then
undergoes slow isomerization (conformational change) to a
slowly dissociating EI* complex. In a third variant, mech-
anism C, the enzyme itself must slowly isomerize before it
can bind inhibitor.

The kinetic analysis of the reaction progress curves i
recorded at pH 8.5 for AVG concentrations of up to 300 ) o O N S S B
uM revealed that the initial reaction velocitiesof were 0 02 04 06 08 1 12 14 16
independent of inhibitior concentration (Figure 2a). Fur- o]

thermore, a replot df,ssagainst the inhibitor concentrations  FIGURE 3: Stopped-flow kinetic measurements of slow-binding
(Figure 2b) F;vedg)bsstrgai ht line with no indication of inhibition by L-AVG. (a) Absorbance spectra of the reaction of 10
g 9 g uM CBL with 1.5 mM L-AVG in 100 mM Tris/HCI buffer (pH

saturation kinetics. Both features indicate the direct forma- 'g 5). The spectra were collected at ZDwith a diode array in 50
tion of a slowly dissociating El complex without the initial ms intervals after mixing. Lane 1 corresponds to the first spectrum
formation of a rapidly reversible enzymnhibitor complex. collected after 100 ms and lane 20 to the last one collected after 1
Further evidence for mechanism A was obtained by plotting fs-”(b) Replot OkoblsviAVG Conce””a“onkobéwas determined by
1(kess — ko) vs 1/[I]. The resulting straight line passes o oY spectral changes at 341 nm)(and 426 nm £).

through the origin which is consistent with mechanism A.  Reversibility of Inhibition by AVG. The reversibility of

A dissociation constar; of 1.1 uM and a rate constark: inhibition of CBL by AVG was tested by gel filtration of

of 3.7 x 10* s were obtained from a fit okys to the the inhibited enzyme which resulted in only a slight (about

equationkyps = ko + ko[l)/[ Ki(1 + [S]/Km)]. A value fork; 10%) recovery of catalytic activity. However, after removal
of 336 M™! s71 was calculated using the expressikn= of free AVG by gel filtration, CBL in the now AVG-free
Ko/ K;. buffer slowly regained enzymatic activity (up to 100%). The

Spectral Changes Induced by AV&Gteady state absor- recovery of enzymatic activity was paralleled by a decrease
bance spectra recorded at pH 8.5 immediately after mixing of the 341 nm absorbance, characterizing the inhibited
of CBL with AVG showed the complete loss of the enzyme, and by the reappearance of the 426 nm chromophore
pyridoxaldimine absorbance at 426 nm and the appearanceobserved in fully active CBL (Figure 4). A good isosbestic
of a new chromophore at 341 nra £ 27 500 Mt cm™). point was observed at 386 nm. The half-time of enzyme
When the experiment was performed at pH values below inhibitor complex dissociation, determined by following the
8.0, qualitatively identical spectral changes were observed, spectral changes and the regain of enzyme activity, was about
but they occurred more slowly. The decrease in intensity 5 h.
of the 426 nm chromophore was paralleled by an increase Reaction with MVG.MVG is a bacterial toxin isolated
in absorbance at 341 nm, and there was a single isosbesti¢rom fermentation broths d?seudomonas aerugino§2d4).
point at 386 nm. It irreversibly inactivates -aspartate aminotransferasb)

Rapid scanning stopped-flow spectroscopic studies (Figureand is both a substrate and inactivatoiEofcoli tryptophan
3a) of the reaction of CBL with AVG in the concentration synthase26). The interaction of CBL with MVG, which
range of 0.051.5 mM showed that both the decrease of can be regarded as an analog of AVG missing the terminal
the 426 nm chromophore and the increase of the 341 nmaminomethyl part of the molecule, was investigated to study
chromophore can be fitted to a simple exponential model. the contribution of the terminal amino group to the inhibitory
Thekqps values calculated for each of these spectral changespotency of AVG. MVG, even after prolonged preincubation
were identical within experimental error (Figure 3b). A inthe absence of substrate, did not significantly inhibit CBL.
replot of kops VS inhibitor concentration gave a straight line Steady state absorbance spectra obtained during the enzy-
with a slope corresponding k@ of 153 M1 s~ and a vertical matic processing of MVG were characterized by a decrease
intercept giving d; of 4.5 x 1073s™%. Since they-intercept in absorbance at 426 nm followed by the slow accumulation
is close to the origin, the potential error of tkgvalue is of a new chromophore at 486 nm € 2500 M* cm™;
high. Figure 5) and an absorbance increase in the region of 300
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and exhibits the same stereochemistry as the native structure
[PROCHECK @8)]. There are no significant changes in the
overall CBL structure. The averagecarbon rms deviation
between the two models is 0.159 A. The configuration of
the bound inhibitor was clear and unambiguous, both in the
initial Fo — F¢ and in the final &, — F. electron density
maps. Stereoviews of the refined model of the PLP
inhibitor complex with its respective electron densities
superimposed (Figure 6) give an indication of the quality of
the X-ray structure.

The electron density clearly indicates covalent binding of
the inhibitor to C4 of the cofactor (for nomenclature, see
Figure 7a). Furthermore, the electron density in this part of
the adduct suggests pnd sp hybridization for C4 and
CAl, respectively, which is consistent with a ketimine
reaction product. Figure 7a shows a schematic view of this
ketimine built into the active site of CBL, indicating specific
interatomic distances, hydrogen bonds, and van der Waals
interactions. The spatial arrangement of selected active site
residues is given in Figure 7b.

The inhibitor is bound strongly by several ionic, hydrogen
bonding, and van der Waals interactions. ‘®hearboxylate
group of the complexed AVG is located in the same position
as the bicarbonate ion in the native and thearboxylate
group of trifluoroalanine in the trifluoroalanine-inactivated
CBL structure. Then-carboxylate group forms a double-
hydrogen-bonded ion pair, optimized by coplanar arrange-
ment, with the positively charged Arg37guanidinium
group. Additional hydrogen bonds are formed with the
backbone nitrogen NH of Ser339, the NE1 of Trp340, and
a well-defined active site water molecule (HOH2). The
B-factors of thea-carboxylate group are-15 A2, as is the
averageB-factor of the surrounding atoms, thus indicating
an inhibitor occupancy of 1.0. In contrast, the inhibitor
occupancy for trifluoroalanine-inactivated CBL was proposed
to be 0.5 2). The atomicB-factors of AVG increase from

350 nm and below 280 nm. Since the short-wavelength 15 to 30 & in the direction toward the terminal amino group,
absorbance changes are characteristic for the absorbance afyggesting an increase in flexibility. The terminal amino

a-keto acids, the assay solutions were subjected-keto

group of AVG is held in place mainly by interactions with

acid analysis by reversed-phase HPLC after precolumnthe hydroxyl group of Tyr1l1l. Interestingly, this hydroxyl

derivatization with 1,2-phenylenediamir7f. In the eluate

group is also close to CGil, offering a possibility for proton

of the reversed-phase HPLC column, a peak representingiransfer. Additionally, the terminal amino group forms two

the major product keto acid (74%) was observed, which did
not coelute with any of the commercially availaluleketo

strong hydrogen bonds with two well-defined water mol-
ecules which have no positional equivalents in the native

acid standards (containing up to six carbon atoms), togetherstrycture. One of these molecules, HOH4, is mediating an

with pyruvate (23%) and a small amount@fketobutyrate
(3%). The major product peak could not unequivocally be
identified as 2-oxo-4-methoxybutanoate due to the lack of
an appropriate standard. However, failure of MVG to inhibit
the enzyme implies that the terminal amino group of AVG
is essential for inhibition of CBL.

Crystal Structure of CBL Inhibited by AVGA prerequisite
for the deduction of an inhibition mechanism from crystal-

indirect interaction between the terminal amino group of
AVG and the hydroxyl group of Tyr238*. Furthermore, the
phenolic rings of Tyr56* and Tyr338 are in van der Waals
contact with CFI, CEl, and OET of the inhibitor, enclosing
it within a pocket.

The active site structure of CBL has undergone some
changes as a consequence of inhibitor binding (Figure 7c).
While the phosphate group of the cofactor remains fixed,

lographic data is the demonstration that the crystallographic the pyridine ring reorients by rotation around bonds between

enzyme-inhibitor complex is identical with the enzyme
inhibitor complex formed in solution. When we measured
a spectrum of a CBLAVG crystal, we obtained the features
characteristic for CBL inhibited by AVG in solution: an

the phosphorus atom and the pyridine ring, mainly by rotation
around C5-C5 of 15° in the manner suggested by Ivanov
and Karpeisky 29). The OP4-C5—C5—C6 torsion angle
assumes a value of96° as compared to-111° in the

absorption maximum at 341 nm and the complete loss of uncomplexed CBL, resulting in a cofactor tilt of 3with
the 426 nm spectral band. This was taken as sufficient respect to the pyridine ring plane in the native structure. The

evidence for the formation of identical enzymi@hibitor
complexes in the crystal and in solution.

The structure of the CBLAVG complex was solved at 2.2
A resolution. The final model includes 430 water molecules

C3—C4—C4A—N4A torsion angle of-39° implies a per-
turbation of the coplanar arrangement of N4A, CAl, and the
pyridine ring system, again suggesting a ketimine rather than
an aldimine structure for the AVGPLP complex. The
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Ficure 6: Stereoplot of the electron density in the active site of ith&VG-inhibited CBL with the refined model of the El adduct
superimposed. TheRR — F. difference Fourier map of the reaction product is contoured at 4n@ calculated at 2.2 A resolution. To give

a better impression of the quality of the structure, the electron density of the CBLAVG complex is shown in two orientations (a, top, and
b, bottom).

phenolic ring of Tyrlll follows the movement of the inactivation studies, analysis of spectral changes, and the
cofactor and rearranges itself parallel to the pyridine ring. crystal structure of the complex. The three-dimensional
Due to the interaction of Tyrl1l with the terminal amino structure furthermore can explain the failure of MVG to
group of AVG, the stacking interaction between the phenolic inhibit CBL, suggests a binding mode for rhizobitoxine, and
ring of Tyrl11l and the pyridine ring of the cofactor is leads to deeper insight into the reaction mechanism of the
reduced. The backbone and side chain atoms of residues/-family of PLP-dependent enzymes.
338 to 340, which are directly involved in inhibitor binding, Mechanism of Inhibition of CBL by AVGSeveralg,y-
have shifted their position slightly toward the inhibitor. unsaturated amino acids have been described as irreversible
Especially the phenolic ring of Tyr338 reorients itself by inhibitors of PLP-dependent enzyme$).( The data pre-
rotating around B—Cy, thereby optimizing van der Waals sented here clearly demonstrate that inhibition of CBL by
contacts with the inhibitor. AVG is not an irreversible process, since enzymatic activity

Clearly, there is no electron density indicative of a covalent is regained after dilution of the inactivated enzyme into
bond formed beween the inhibitor and CBL (Figure 6b). The inhibitor-free assay mixtures and after removal of free
side chains of Lys210 and Tyrlll, which are the only inhibitor by gel filtration. Instead, inhibition of CBL by
suitable candidates for covalent bond formation, are both AVG obeys a slow-binding mechanism.
well-defined and are not closer than hydrogen bonding To date, nearly all reported examples of slow-binding
distance to the inhibitor. This rules out common inhibition inhibition exhibit biphasic inhibition kinetics due to the rapid
mechanisms proposed for the inhibition of PLP-dependent formation of an initial enzymeinhibitor (EI) complex
enzymes by, y-unsaturated amino acid analo@8) which followed by slow isomerization to a tighter EI* complex
involve covalent binding of the inhibitor to an active site [mechanism B of Morrison12) and Morrison and Walsh
nucleophile of the enzyme as has been experimentally (17)]. However, our kinetic data indicate that inhibition of
established for the aspartate aminotansferagg ( CBL by AVG proceedwia the single-step mechanism A,

in which slow binding of the inhibitor results in the direct

DISCUSSION formation of a stable, slowly dissociating EI* compléa; (

In the following, we will propose a reaction mechanism = 1.1uM). On the other hand, the spectral changes observed
for slow-binding inhibition of CBL by AVG based on upon inhibitor binding suggest that the inhibition mechanism
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Ficure 7: Plots showing the active site of the CBLAVG complex and its comparison with the native structure. The numbering of the
atoms is standard with the exception of the inhibitor-derived atoms. The nomenclature of these atoms is given in panel a (top) which
presents a schematic view of the active site, illustrating hydrogen bonds (- - -) and van der Waals interactipmstli interatomic
distances given (- - -). Residues of the second subunit are labeled with an asterisk (*), and only four mechanistically interesting water
molecules are shown (see Figure 6a). (b, middle) Stereoplot of the CBLAVG active site. (c, bottom) Stereoplot of the superposition of the
active sites of CBLAVG (green) and native, unliganded CBL (gray).

should involve at least transaldimination amdproton is several orders of magnitude smaller than typical bimo-
abstraction, thus favoring mechanism B. Furthermore, the lecular rate constants for ES formation $1:610° M~1 st
bimolecular rate constant for inactivatignof 336 Mt s1 (32); 8.5 x 10* M~1 s7 for turnover ofL-cystathionine by
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CBL] which also implies that more than one step is required
for formation of the EI* complex 17). This mechanistic
discrepancy can most likely be rationalized by assuming a
special case of mechanism B, in whikhis much greater
than the overall dissociation constd(t; i.e. the inhibitor
binds weakly to the free enzyme to form the El complx (

in the high millimolar range), followed by a slow conversion
to a tightened EI* complexi* in the micromolar range).
When the inhibitor concentration is now varied in the region
of Ki*, i.e. [I] <K;, the rate equation fdt,sin mechanism

B (Table 2) is simplified tokops = k1 + [I)/[ K*(1 +
[SV/Km)]]- Under these conditiongs,s appears to depend
linearly on [I] and mechanism B is kinetically indistinguish-
able from mechanism A.

Treatment of CBL with AVG resulted in the rapid and
complete loss of the pyridoxaldimine absorbance of the
catalytically active enzyme at 426 nm and the concomitant
formation of a 341 nm chromophore (Figure 3a). Using
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rapid scanning stopped-flow spectroscopy, these absorbance
changes could be time-resolved and a good isosbestic poinfor the 341 nm chromophore, since both the absorbance

was observed at 386 nm, indicating that the two chro-
mophores interconvert directly and that there are no kineti-
cally important, well-populated intermediates. These find-
ings are consistent with the interpretation of the kinetic data.
Furthermore, upon recovery of enzymic activity of fully

inhibited CBL, both reappearance of the 426 nm chro-

maximum and extinction coefficient of PMR3sf; = 9400
M~1 cmt; 37) differ significantly from the corresponding
values of the 341 nm chromophoresfy = 27 500 M
cm1). Consistently, PMP could not be detected by reversed-
phase HPLC after denaturation of fully inactivated CBL (data
not shown). To further exclude the possibility of formation

mophore at the expense of the 341 nm chromophore and arof a PMP species during AVG inhibition, we investigated
isosbestic point at 386 nm were observed. Thus, recoverythe effect of a high concentration of anketo acid in the

of enzymatic activity apparently is due to direct reversal of
the inhibition reaction and not due to turnover of enzyme-
bound inhibitor. Since the recovery of catalytic activity is
independent of external PLP, dissociation of a modified
cofactor from the active site followed by binding of fresh
PLP can be excluded as a cause of reactivation.
Examples of slow-binding inhibition of PLP-dependent

enzymes are scarce, being limited to 1-aminocyclopropan-

ecarboxylate deaminasgd) and alanine racemasg4, 39.
For the latter enzyme, only the partial structural detail of
the enzyme inhibitor complex, i.e. the presence of a

reaction mixtures. Reactivation was not affected by pyru-
vate, and also, the spectral changes observed upon inhibitor
binding did not change qualitatively. Therefore, the 341 nm
absorbance most likely arises from the ketimine intermediate
IX, in accordance with the X-ray structure, which clearly
excludes the geminal diamind as the AVG-PLP adduct
and favors sp and sp conformations at C4and CAlI,
respectively.

On the basis of the structural and spectral features, we
propose the following mechanism of inhibition of CBL by
AVG. By analogy to the substrate cystathionine, the

protonated imine linkage to the cofactor, has been elucidatedinhibitor enters the active site cleft from a position above

yet (36). The mechanistic reasons for slow-binding inhibition
of PLP-dependent enzymes and the structure of the enzyme
inhibitor complexes are unclear so far. Our structural,
kinetic, and spectroscopic data in combination with the
reactivation of CBL in the absence of free PLP rule out the
two most widely accepted mechanisms for inhibition of PLP-

Arg58* and Tyr111 (in the orientation of Figure 7b) to form
the Michaelis comple¥. Arg372, Tyrl11, the ionized PLP
hydroxyl group, and Tyr238* direct the inhibitor into the
proper orientation for transaldimination. Since substrate
turnover and enzyme inhibition show similar pH dependen-
cies, it can be assumed that the same -abake groups at

dependent enzymes by alkene-containing amino acid anathe CBL active site are involved in both transaldimination

logs: (a) activation of the inhibitor to a PLP-bound reactive

intermediate which acts as a Michael acceptor for an active
site nucleophile to give a covalently modified enzyme and

(b) generation of an eneamin®LP species which liber-

reactions. Thus, Tyrl11 is proposed to abstract a proton from
the a-amino group of the incoming inhibitor, thereby
initiating nucleophilic attack at C4and formation of the
geminal diamine/Il. After displacement from the geminal

ates the free eneamino acid that subsequently attacks theliamine, Lys210 is optimally positioned and oriented to act

internal aldimine to yield inactive enzyme due to co-
valent modification of PLP4).
The electron density of the enzymimhibitor adduct was

as a general base for abstracting of the external aldimine
VII . Although the electronic arrangement of the cofactor
is now optimized for the stabilization of the resulting

helpful in the interpretation of the AVG-induced spectral carbanion as a quinonoidal intermediate (readily detectable
changes. As illustrated in Scheme 2, the 341 nm chro- as the 497 nm chromophore during substrate turnover), it
mophore of the fully inhibited enzyme is consistent with was not possible to detect any long-wavelength chro-
either a geminal diamin¥l, a deprotonated imin¥lll , a mophores during the inactivation of CBL by AVG or during
ketimineIX, or a pyridoxamine phosphate (PMR) The the reactivation process. Probably, quinonoid formation is
deprotonated imineVIll is unlikely to be the 341 nm made unfavorable by reduced ring-stacking interactions
chromophore, because formation of the chromophore oc-between the pyridine ring of the cofactor and the phenolic
curred even at pH 6.0, but the deprotonated imine should bering of Tyrl1ll upon inhibitor binding. Ring-stacking
present only at high pH. PMR also is an unlikely candidate  interactions have been shown to be essential in the reaction



Slow-Binding Inhibition of Cystathioning-Lyase

Biochemistry, Vol. 36, No. 41, 19972641

mechanism of aspartate aminotransferé&®. ( Instead, it Scheme 3

can be inferred from interatomic distances in the enzyme K210 K210

inhibitor complex (Figure 7a) that the-amino group of Hz(N\/\/ H;_/\/

Lys210 transfers the ¢d proton directly from CAIl to C4 Lo _~Byo00 o coo”

During this process, the positively charge@mino group N ) /+|N\

of Lys210 is attracted by the negatively charged phosphate C;C/ G "

group of the cofactor, thereby approaching’ @ within X / Py

hydrogen bonding distance. After protonation of {ie.

formation of the ketiminéX), the uncharged-amino group s Ka10

of Lys210 is held in place by interacting with Ser339-OH - -~ oo

and Tyrs6roH. ’ O o — (f Y
Overall, our study reveals that AVG binds to CBL in a o (/N\H NH

similar manner as a normal substrate, but aftgoroton o il Pyr XV

abstraction, the reaction proceeds in an unusual manner for
CBL. substrate. Deamination of MVG is assumed to proceed by
The relative stability of the resulting PEfketimine might the mechanism proposed by Milez6f and Johnston4d),
arise from the inability of CBL to catalyze the transamination which involves (a)o-proton abstraction from the pyri-
of AVG. Hydrolysis of the ketimindX to PMP X and the doxaldimine adducXl, (b) azaallylic isomerization, which
correspondingw-keto acid is unlikely to occur since all water  converts the pyridoxalketimine quinonokll to the ene-
molecules that could be involved in hydrolysis (HOH1, amino adducKIIl , (c) reverse transaldimination liberating
HOH2, and HOH3) exhibit lovB-factors <15 A?), indicat- the product eneamino acid, and finally (d) hydrolysis of the
ing their tight binding in the active site of the inhibited tautomeric imino acid to yield 2-oxo-4-methoxybutanoate
enzyme. Furthermore, Tyr225 of aspartate aminotransferaseXIV as the product (Scheme 3). During deamination of
which is believed to bind an incoming water molecule and MVG, a 486 nm chromophore is observed (Figure 5). The
initiate ketimine hydrolysis39), has no equivalent coun-  absorption spectrum of this chromophore, its low extinction
terpart in CBL. Thus, it seems that CBL suffers from its coefficient, and the 11 nm shift of this maximum to the short-
relationship to other cystathionine-utilizing enzymes, in wavelength side of the spectrum relative to the 497 nm
which similarg,y-unsaturated ketimines have been proposed chromophore observed durinecystathionine turnover imply

to be important catalytic intermediate40].

The overall dissociation constakf* of 1.1 uM suggests
that AVG binds about 300-fold more tightly to CBL than
doestL-cystathionine K, = 0.33 mM). However, sinci;*

that it is caused by the eneamino add¥tt and does not
represent the quinonoid intermediaddl. Due to its
extended system of conjugated double bonds, quinoxibid
is predicted to absorb above 500 nm. This is supported by

does not represent a true dissociation constant, but rathethe observation of chromophores assigneXtioat 510 nm
includes an El to EI* isomerization step, inhibition of CBL during reaction of tryptophan synthase with MV&6) and

by AVG is mainly caused by the slow-dissociating properties at 550 nm in nonenzymatic model reactio#)( Thus,

of the reaction end product. As argued previously, the true deamination of MVG apparently does not require the
Ki value of AVG should be much higher than 1.M. stabilization of a kinetically competent quinonoidal inter-
Indeed, AVG is lacking the terminal carboxylate group which mediate to a significant extent. Accumulation of the 486
is thought to interact with an arginine of the adjacent subunit nm chromophore is evidence that reverse transaldimination
and thereby establish productive binding, as has been showrof XIIl or hydrolysis of the product imino acid is the rate-

for aspartate aminotransferaskl{43). Congruently, the
B-factors in this part of the inhibitor are 2 times higher than
the atomic B-factors near @, indicating an increased
flexibility of the distal part of the molecule and an unfavor-
able binding mode.

limiting step in the deamination reaction.

It is the terminal amino group that makes the difference
between the substrate MVG and the inhibitor AVG. Due to
the presence of this group, the aliphatic side chain of AVG
becomes fixed in a position, in which it is impossible for

The spectral changes induced by AVG closely parallel the the e-amino group of Lys210 to interact with eithe3@r
inactivation process. While differences in therate are Cy. The absence of the terminal amino group makes rotation
rather small, thé, rates are quite different. This difference around the @—Cg bond possible and enables MVG to adopt
might be due to experimental problems (e.g. the extreme pHa conformation which allows protonation off®y Lys210
dependence of CBL-catalyzed reactions) or due to slight, in accordance with Scheme 3.
kinetically and spectrally silent changes in the active site  General Implications.Rhizobitoxine is a close structural
environment which lead to further tightening of the EI* analog of AVG with an additional C¥DH group at the distal
complex. However, the spectral changes should correspondpart of the molecule (Figure 1). Kinetic parameters and
directly to the slow approach to the steady state velocity X-ray data of the rhizobitoxineCBL complex have not been

observed in the inhibition assays.

From reactivation experiments, the half-life of the enzyme
inhibitor complex was determined to be about 300 min,
which seems long enough to achieve significantvivo
inhibition of CBL, thus providing evidence for inhibition of
CBL as a reason for the antibacterial activity of AVG.

Mechanism of the Reaction with MV@AVG has previ-

determined by us yet, due to difficulties in the preparation
and/or isolation of the toxin. However, the interaction of
rhizobitoxine with CBL in many features resembles the
interaction of CBL with AVG @) and thus is likely to follow
the same reaction mechanism including transaldimination,
o-proton abstraction, and ketimine formation. Therefore, a
model of the CBl=-rhizobitoxine adduct was built using the

ously been shown to be either a substrate or an irreversiblecrystal structure of the CBLAVG complex as a starting point.

inhibitor for various PLP-dependent enzym&%,(26, 30,
44). MVG does not inactivate CBL but is utilized as a

Standard values for angle and bond leng#®) (vere used
to optimize the model with XPLOR2Q). During electro-
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Ficure 8: Hypothetical model of the EI complex betweEncoli CBL and rhizobitoxine. The inhibitor bound to the cofactor is colored

in atom color mode, and residues from the apoprotein are colored magenta and blue (adjacent subunit of the active dimer). The proteinous

groups are overlaid with the corresponding Connolly dot surface.

Ficure 9: Stereoview of a superposition of Tyrl11 and the PLP dervivative of the unliganded enzyme (magenta), the CBLAVG adduct

(green), and the trifluoroalanine-inactivated enzyme (yellow).

static optimization, the whole model was fixed except for
the terminal part of the inhibitor and its contacting protein
groups. The final model structure is shown in Figure 8. The
only difference from the CBLAVG complex is another
hydrogen bond between the hydroxyl group of rhizobitoxine
and Tyr238* which should lead to further stabilization of
the EI* complex and a decreased dissociation consgnt
The results of Owens et aB) confirm this prediction; they
reported for theSalmonella typhimuriun€BL a Ki* value

of 2.2 x 1078 M.

In the recently solved crystal structure of the trifluoroala-
nine-inactivated CBLZ), the inactivator is bound similarly
with respect to the cofactor to that seen in the complex with
the slow-binding inhibitor AVG (Figure 9). The main
difference is the location of £and its substituents; in the
trifluoroalanine complex, the inactivator is directed toward
the protein interior [the A face of the cofacta¥d], whereas
in CBLAVG, Cg is located at the B side of the cofactor.

around the @—Cp bond of the inhibitors in the external
aldimine. Differences in the degree of rotation around-C

Cp allow partitioning between different chemical reaction
types found in the/-family of PLP-dependent enzymes, i.e.
S-elimination, 5-replacementy-elimination, andy-replace-
ment. Rotation around &&-Cf should mainly depend on
the substituent at £ and on the chemical nature of the
terminal substituent of the side chain. Remarkably, residues
which are thought to interact with these groups and thereby
determine the rotational freedom around.-©CS are not
conserved in the-family. Similar results demonstrating the
catalytic importance of the electronegativity of thgs-C
substituent were obtained by Posner and Fla¥i).( We
propose that am-loop located in the C-terminal domain of
CBL, containing residues Tyr338, Ser339, and Trp340,
determines whether thesubstituent of the PLPsubstrate
aldimine is bound in dransor in acis orientation relative

Presumably, these two structures correspond to two possiblelo the Hx atom (i.e.cis or transto the N atom). According

steric conformations of the external aldimine, conformations
that favor reactions either a{3®r at Cy. To achieve these

to the hypothesis of Braunsteidg), the former orientation
should be found irB-eliminating lyases while the opposite

conformations, it is necessary to postulate rotational freedomone is proposed to occur in replacement-spegifigases.



Slow-Binding Inhibition of Cystathioning-Lyase Biochemistry, Vol. 36, No. 41, 19972643

However, the binding mode of AVG should be different  18. Bradford, M. M. (1976)Anal. Biochem. 72248-254. _
from the productive substrate binding mode of CBL due to 19. Raichle, T. (1981Yntersuchungen zum Reaktionsmechanis-
the lack of the terminal carboxylate group and the absence ~ Mus der Acyl-CoA Dehydrogenaséii.D. Thesis, University

o .. of Konstanz, Konstanz, Germany.
of the nucleophilic $ S_ut_)strates of cy_stgthmnlnelyase 20. Leslie, A. G. W. (1990) inCrystallographic Computing
andy-synthase exhibit similar characteristics. Therefore, the Oxford University Press, Oxford.
CBLAVG Michaelis complex should rather approximate ES ~ 21. Collaborative Computational Project (199Ya Crystallogr.
complexes of these enzymes. Further evidence stems from __ D 50, 760-763.

. 22. Bringer, A. T. (1992)XPLOR (Version 3.1) Manualvale
the short distance between the hydroxyl group of Tyr111 University Press, New Haven, CT.

and G, since Tyrl1l has been proposed to be an-acid 23 jones, T. A., and Kjelgaard, M. (1990—The Manual

base catalyst in the active site of cystathionjalyase and University of Uppsala, Uppsala, Sweden.
y-synthase acting at the jyCposition of substrates and  24. Scannell, J. P., Pruess, D. L., Demmy, T. C., Sello, L. H.,
inhibitors @, 50 Williams, T. H., Stempel, A., and Berger, J. (1972Antibiot.

' ) 27, 229-233.

Finally, the inhibitory activity of AVG and_rhizpbitm_(ine 25. Rando, R. R, Relyea, N., and Chong, L. (19783iol. Chem.
toward PLP-dependent enzymes involved in microbial and 251 3306-3312.

plant methionine biosynthesis and their low reactivity toward 26. Miles, w. (1975)Biochem. Biophy. Res. Commun., 88—
related mammalian enzymes suggest a potential use of these _ 102.

toxins as antibiotics and/or herbicides. Our X-ray structure 2/- 'E-abgg dB'bgrirebr:izng'HK.'bP” (ngi;'ig:'ﬁé\ln?g’trl('-gé' é\l401r(31[10ff,
of the CBLAVG complex should be helpful in the improve- 3493 T y

ment of these inhibitors and may guide site-directed mu- 28 Laskowski, R. A., MacArthur, M. W., Moss, D. S., and
tagenesis of specific active site residues which are thought Thornton, J. M. (1993). Appl. Crystallogr. 26283-291.
to determine the substrate/inhibitor specificity and the type 29. vanov, V. I., and Karpeisky, M. Y. (196%dv. Enzymol.

; 32, 21-53.
of reaction catalyzed by these enzymes. 30. Rando, R. R. (1974Yature 250 586587,

31. Gehring, H., Rando, R. R., and Christen, P. (18idthem-
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