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Abstract

The 3D structures of complexes between the hydroxynitrile lyase timvea brasiliensis (HBHNL) and several
substrate angbr inhibitor molecules, including trichloracetaldehyde, hexafluoracetone, acetone, and rhodanide, were
determined by X-ray crystallography. The complex with trichloracetaldehyde showed a covalent linkage between the
protein and the inhibitor, which had apparently resulted from nucleophilic attack of the catalytic Sgr8@-Gther
complexes showed the substrate or inhibitor molecule merely hydrogen bonded to the protein. In addition, the native
crystal structure oHb—HNL was redetermined at cryo-temperature and at room temperature, eliminating previous
uncertainties concerning residual electron density within the active site, and leading to the observation of two conserved
water molecules. One of them was found to be conserved in all complex structures and appears to have mainly structural
significance. The other water molecule is conserved in all structures except for the complex with rhodanide; it is
hydrogen bonded to the imidazole of the catalytic His235 and appears to affddbtfNL catalyzed reaction. The
observed 3D structural data suggest implications for the enzyme mechanism. It appears that the enzyme-catalyzed
cyanohydrin formation is unlikely to proceed via a hemiacetal or hemiketal intermediate covalently attached to the
enzyme, despite the observation of such an intermediate for the complex with trichloracetaldehyde. Instead, the data are
consistent with a mechanism where the incoming substrate is activated by hydrogen bonding with its carbonyl oxygen
to the Ser80 and Thrll hydroxy groups. A hydrogen cyanide molecule subsequently replaces a water molecule and is
deprotonated presumably by the His235 base. Deprotonation is facilitated by the proximity of the positive charge of the
Lys236 side chain.

Keywords: biocatalysis; cyanohydrin formation; enzyme mechanism; hydroxynitrile lyase; oxynitrilase; protein
crystallography

Hydroxynitrile lyases(EC 4.2.1.39 catalyze the cleavage of cy- is initiated by g3-glycosidases—mediated degradation of cyanogly-
anohydrins to yield hydrocyanic acid plus the corresponding aldeeosides, forming a sugar and thehydroxynitrile (cyanohydrin.

hyde or ketondFig. 1). The release of HCN serves as a defenseln aqueous solution, cyanohydrin cleavage occurs spontaneously
against herbivores and microbial attack for a variety of plantsabove pH 5, while the enzyme-catalyzed reaction also occurs at
(Conn, 1981; Hickel et al., 1996; Wajant & Effenberger, 1086d lower pH valuesdown to pH~ 3; Hickel et al., 1998
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Substrate complexes of hydroxynitrile lyase 1991

Besides their biological interest, hydroxynitrile lyage$NLs)
are increasingly used as biocatalysts in the organic synthesis ¢
chiral compounds$Kruse, 1992; Klempier et al., 1993; Johnson &
Griengl, 1997, 1998 exploiting the reverse of the biological re-
action, i.e., the stereospecific formation of cyanohydrins from HCN
and an aldehyde or ketone. Chiral cyanohydrins are importan
synthetic intermediates for the production of a wide range of phar-
maceuticals and agrochemicksffenberger, 1994

HNLs have been isolated and purified from a large variety of
plant species, and they have been classified into HNLs with anc
without an FAD cofactor(Hickel et al., 1996 FAD-dependent
HNLs accept(R)(+)mandelonitrile as their biological substrate
and appear to have evolved from FAD-dependent oxidoreductase
(Kuroki & Conn, 1989. FAD-independent hydroxynitrile lyases
accept a variety ofR) (Linacaeae; Xu et al., 198&nd(S) (Eu-
phoribiacae; Hughes et al., 1994; Olacaeae; Kuroki & Conn, 1989
Graminae; Wajant & Mundry, 1993 onfigured cyanohydrins as
substrates. TheS)-HNLs from Manihot esculentéEuphoribiacae;
Wajant & Pfizenmaier, 1996andHevea brasiliensigEuphoribi-
acae; Hasslacher et al., 1996a, 1996b, 1997a; Wagner et al), 199
belong to they/B hydrolase superfamily. It appears that nature has
invented oxynitrilases at least twice, once derived from FAD-Fig. 2. Ribbons representatiofprograms MOLSCRIPT, Kraulis, 1991;
dependent oxidoreductases, and once froffi hydrolasegOllis and Raster3D, Merritt & Bacon, 199Df the 3D structure of{b—HNL,
et al., 1992; Cygler et al., 1993 with the following active-site residues shown: Thrl1, Ser80, Cys81, Asp207,

The (S)-HNL from H. brasiliensis(Hb—HNL) is an unglycosyl- His235, and Lys236.
ated protein with a subunit molecular mass of 29.2 kDa, which
possibly occurs as a homodimer in neutral aqueous sol(icimall,
1996. The protein is highly homologou36% sequence identity
to HNL from M. esculentaHasslacher et al., 1998dts natural to the crystals used for the original analysis of the natibeHNL
substrate is acetone cyanohydrin, but in vitro it accepts a variety oftructure(Wagner et al., 1996 The structures were refined against
aliphatic, aromatic, and heterocyclic aldehydes or ketones for théiffraction data extending to between 2.3 and 1.7sBe Table 1
(9)-specific synthesis of the correspondiagyanohydring Klem-
pier et al., 1993, 1995; Johnson & Griengl, 1997s 3D structure
(Fig. 2; Wagner et al., 199@nequivocally established the enzyme
to belong to thex/B hydrolase fold family. The original analysis of the natiéb—HNL crystal structuré\Wag-

Based on the well-established mechanism of serine hydrolaseter et al., 1996had revealed residual electron density within the
(Wharton, 1998 a reaction mechanism was suggested for theactive site, which was tentatively assigned to a histidine molecule.
Hb—HNL (Wagner et al., 1996 which postulated a hemiacetal or Presumably, this molecule had been picked up during the purifi-
hemiketal intermediate resulting from nucleophilic attack of thecation from the histidine sulfate buffer. Because the chemical con-
active site serine oxygen on the substrate’s carbonyl group. Amtitution of the bound inhibitor was not unambiguous, we have
alternative reaction mechanism with general @bake catalysis redetermined the natiiedb—HNL structure from a crystal obtained
was suggested from site-directed mutagenesis experinfgvds  from a preparation purified in Tris bufféinstead of the originally
jant & Pfizenmaier, 1996for the homologous enzyme froi. used histidine bufferA first analysis, performed at cryo-temperature
esculenta(Me-HNL). from synchrotron data to 1.75 A resolution, still showed poorly

Here, we report the preparation and crystallographic structurelefined residual density within the active sfgee Fig. 3B; while
elucidation of complexes betweétb—HNL and several substrates two density features can reasonably be assigned to water mol-
and inhibitors. The objective of our studies was the structuralecules, the remaining density is more difficult to interpret and
characterization of potential reaction intermediates, which shouldanight either originate from additional disordered water molecules
lead to an experimental elucidation of the molecular mechanism obr from a disordered glycerol molecule used as cryoprotectant. In
enzyme-catalyzed cyanohydrin formation or cleavage. all cryo-temperature diffraction experiments, crystals were briefly
(several secondisoaked in a solution containiraghigh (30% V/v)
concentrations of glycerol. Despite the short soaking time, obser-
vation of protein-attached cryoprotectant molecules are not un-
The native crystal structure dib—HNL was redetermined from precedentedSchmidt et al., 1998, 1999
enzyme preparations purified with TRIS buffsee belowat room Because the disordered density was located near the binding site
temperature and at cryo-temperature. CrystalsllofHNL com-  of some of the substrate or inhibitor molecules, we collected a
plexes were prepared by soakiftgpically for several houpsna- second native data set at room temperature from a crystal mounted
tive crystals in their mother liquor containing the substrate in a capillary without cryoprotectant. This time, the residual den-
inhibitor in millimolar concentrationgésee Table 1 for detailsAll sity (Fig. 3A) is readily interpretable as originating from three
crystals investigated were found to be more or less isomorphouwater molecules. A fully conserved “structural” water molecule
(space group C232vith very similar cell parameters, see Table 1 (Wat50) is hydrogen bonded to the His235 main-chain carbonyl

The native structure

Results
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Table 1. Summary of kinetic and crystallographic data

J. Zuegg et al.

nat-It® nat-rét Acetone B-acetone TCA Rhodanide

Inhibition constant 30 mM 0.55 mM 0.39 mM 5/8M°
Soaking concentration 400 mM 25 mM 5mM 1 mM
Data collection temperature 110 K 300 K 95 K 95 K 110 K 105 K
X-ray sourcé Elettra 5.2 Home EMBL X31 EMBL X31 Elettra 5.2 EMBL X11
Cell parameters

a(A) 47.5 47.6 47.5 47.5 47.6 47.4

b (A) 106.4 109.1 106.7 106.4 106.8 106.8

c(A) 128.4 128.6 128.1 128.2 128.2 128.8
Used resolution range 28-1.75 10-2.20 16-1.85 16-2.00 15-2.00 14-1.72
Inner shell 28-6.60 10-5.81 16-5.53 16-5.92 15-6.93 14-4.62
Outer shell 1.81-1.75 2.31-2.20 1.95-1.85 2.11-2.00 2.07-2.00 1.75-1.72
Ruerge (%0) overall/outer shell 3.711.3 5.013.2 9.729.0 10.228.3 9.211.3 6.623.7
(I/a(1)) overall/outer shell 16.06.6 12.25.6 7.62.6 5.32.7 6.76.3 18.95.8
Data completenes$s) 91.6 84.5 99.0 98.4 93.6 98.7
Inner shelfouter shell 97.297.8 75.288.3 100'99.0 98.396.9 100100 94.899.6
Number of unique reflections 30,389 14,339 27,904 21,969 21,088 34,663
Redundancy 4.1 4.2 3.9 34 7.6 3.8
R/Riree (%) 19.1/21.8 15.922.1 19.022.7 18.724.1 18.722.1 15.019.1
Number of HO/SO, molecules 3023¢ 124/1 336/4 342/4 31§/3 3354
Backbone RMSD to 1YASA) 0.21 0.15 0.23 0.23 0.19 0.21
PDB entry code 7YAS 6YAS 3YAS 5YAS 4YAS 2YAS

anat-It and nat-rt denote the low- and room-temperature native data; TCA denotes trichloracetaldehyde.
bData from referencéSchall, 1996, p. 173

¢See Materials and methods for more details of the beam lines.

dIn addition, one glycerol and one HEPES molecule were observed.

oxygen and the side chains of Glu79 and His103. A second “cen- Disordered residual density was also observed near Cys81, likely
tral” water molecule(Wat500 is suspended between the His235 to originate from a second partially occupied TCA molecule, pos-
and Lys236 side chains. This water molecule is conserved in many-sibly attached to the Cys81ySFig. 4B). However, attempts to
although not all—substratehibitor complexes and is suggested model this density by a TCA molecule in a single conformation led
to be significant for the enzyme mechanism. A third “active-site” to unsatisfactory results. In fact, steric considerations suggest that
water moleculéWat503 is located near the Thrll and Ser80 side the Cys81-% and the Ser80-§ cannot be simultaneously occu-
chains and hydrogen bonds to the “central” water molecule Wat50Qpied by a covalently attached TCA molecule, which is in line with
The “active-site” water is invariably replaced by substrate or in-incomplete occupancy at this site. It thus appears that the two
hibitor molecules binding to the active site, and it was only ob-sites—near Ser80 and near Cys81—are both partially occupied,
served in the native room-temperature structure. with the occupancy of the Ser80-site predominating.

Hexafluoracetone
Like trichloracetaldehyde, hexafluoracetone is predominantly hy-
Trichloracetaldehyde drated in aqueous solution, i.e., it occurs as the corresponding
Refinement against synchrotron data to a resolution of 2.0 Agem-diol. It is a strong inhibitor oHb—HNL (see Table }, and
collected from a crystal soaked in 5 m{dee Table Ltrichlorac-  soaking experiments with subsequent structure analysis revealed
etaldehydg TCA) yielded residual electron density within the ac- substantial residual electron density within the active site. Because
tive site cavity, some of which unambiguously originated from athere is no contiguous density to the Ser8p-®ig. 5A), forma-
molecule of trichloracetaldehyde covalently attachedy@©Ser80  tion of a covalently attached hemiketal can be excluded for this
(see Fig. 4 Evidently, this tetrahedral adduct is the result of a inhibitor.
nucleophilic attack of the Ser8090on the Reface of a TCA As in solution, the inhibitor occurs in the crystal as gem-diol.
molecule, leading to a hemiacetal of stereochem(iBalconfigu- One of its hydroxyls is suspended between the OH groups of Thr1l
ration. The hydroxyl oxygen atom of the hemiacetal is located neaand Ser80 and the water molecule Wat500. The second ketal-OH
the position occupied by the “central” Wat500 in the native struc-is not involved in any H-bonds; the nearest neighbors are the
ture. Wat500 appears to have shifted toward Wat501, to which it ibackbone carbonyl group of lle1®.4 A) and the N atom of
now connected by a hydrogen bond. Its ladactors (about  His14(3.6 A). Refinement of the model shown in Figure 5A led to
twice the values of the active site residugslicate less-than-full  B-factors around 30 A which contrasts with values around 16 A
occupancy of the hemiacetal. Moreover, weak residual density ifor the protein active site residues. The two water molecules Wat500
still visible at the location occupied by Wat500 in the native struc-and Wat501 occupy approximately the same positions as in the
ture (about 1.7 A away from the hemiacetal-QH native structure.

Enzyme inhibitor complexes
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Fig. 3. Stereoview of the active site of HNL. C-, N-, O-, and S-atoms are depicted as gray, blue, red, and yellow spheres, respectively;
halogens are light green. Hydrogen bonding interactighs: 3.2 A for bonds involving only nitrogen and oxygem,< 3.3 A for
interactions involving also sulfurare represented by dotted lines. For the residual density within the active sitegighted(Read,

1986 3F, — 2F; Bhat-omit mapgBhat & Cohen, 1984; Bhat, 1988; Vellieux & Dijkstra, 199@Were computed and are shown at a

1.5 contour level. The phases used for generating these maps were calculated from the final protein coordinates after adding random
positional errors that yielded an RMSD of 0.25 A. Figures prepared with programs MOLSGRI&Tlis, 1991 and Raster3DMerritt

& Bacon, 1997. (A) Native density computed from data collected at room temperabatert); (B) low-temperature native structure

(nat-1t).

The corresponding density for a crystal soaked ig-dZletone  binding. Clear density appeared within the active $fey. 5B),
(data not shownwas more problematic due to extensive disorder,readily assignable to a rhodanide ion. Bsactors(Table 2 indi-
but yielded essentially the same picture. Although the gross feacate a reasonable occupancy of the ligand. Within the ion, the
tures appeared at roughly the same location asd@cetone, only  B-factors are more or less unifor($: 24 &, C: 17 &, and N:
one of the two trichloromethyl groups could be assigned with18 A?). Interconversion of S and N resultedBafactors of 33 &

confidence. for S and 8 & for N.
. The nitrogen atom of SCN is found at the position of the “cen-
Rhodanide tral” water molecule Wat500, where it interacts with His235 and

The structure was refined against synchrotron diffraction ex-Lys236. The sulfur atom is in hydrogen-bonding distance to the
tending to 1.72 A resolution. As with the other inhibitors, the side-chain oxygen atoms of Ser80 and Thr11. Only minor confor-
conformation of the polypeptide changed little upon rhodanidemational changes with respect to the natife-HNL structure had
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Fig. 4. (A) Structure andB) observed residual density of the complex betwklerHNL and trichloracetaldehyde. The view shown
in B is related to the one ok by a 90 rotation about a vertical axis. See caption to Figure 3 for details.

occurred within the active site. Notably, Ser80 moved towardfined to similarB-values as the acetone. The position of Wat500 is
His235, leading to the shortest distance between these two residuemmarkable(Fig. 5C): while it forms hydrogen bonds to His235

observed so fa(Table 2. and Lys236, it is also quite close to the acetone molecule, with
distances of 3.25 A to the carbonyl carbon and 3.45 A to the
Acetone carbonyl oxygen. Geometrically, it appears to be ideally positioned

The refined model after soaking with the biological reaction for nucleophilic attack on the carbonyl groGBurgi et al., 1973
product revealed clear residual electron density readily interpretin fact, the exact locations of the protons for this water molecule
able as a hydrogen bonded—but not covalently attached—acetorage not obvious and depend on the protonation state of the His235
molecule. In fact, the relatively loB-factors of its atoms$Table 2 and Lys236 side chains: while Wat500 is likely to act as a hydro-
indicate full occupancy. The carbonyl oxygen of the acetone molgen bond donor to the His235eNit has to accept a H-bond from
ecule is involved in hydrogen bonds to the OH groups of Ser80 andlys236 if the latter is present in the protonated form. Considering
Thrll (Table 2; Fig. 5Q. Its two methyl groups are located in a that one of the water molecule’s lone pairs is involved in a donor—
hydrophobic region of the active site, where they are surroundedcceptor interaction with theelectrophilio carbonyl carbon, the
by residues Leul42, llel2, Leul57, Trp128, and 1le209. The twasecond proton has to point toward a hydrophobic pocket consisting
water moleculegWat500 and Wat50lare well defined and re- of Leul48 and Leul57. Alternatively, in order for Lys236 to be
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Fig. 5. Residual density within the active site Bb—HNL for the (A) Fe-acetone(B) rhodanide, andC) acetone soaks. See caption
to Figure 3 for details.
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Table 2. Structural results

nat-It nat-rt Acetone §acetone TCA Rhodanide
(B(overal)) (A2)2 8.3 19.3 6.9 6.4 6.4 19.5
(B(Substr/Inh.)) (A?) 12.8 32.7 20.8 19.8
Distance Ser80.9—His235.Ne2 3.36 3.30 3.20 3.16 4.05 2.98
Distance Wtr500—Ser80:0 3.67 3.30 3.54 3.48 4.07
Distance Wtr500—His235.&2 2.87 3.11 2.87 2.94 2.93
Distance Wtr500—Lys236.8 2.87 3.05 2.98 2.90 2.81
Distance Wtr500—Wtr501 4.93 5.45 5.34 5.00 3.11
Distance substraténhibitor—Ser80.G 2.65° 2.55 3.2¢¢
Distance substraténhibitor—Thr11.0y 2,78 2.8¢ 3.74 3.2¢
Distance substraténhibitor—Wtr500 3.48 3.26° 2.9
Distance substraténhibitor—Lys236.N/ 5.94 578 4.46° 2.90
Distance substraténhibitor—His235.N:2 472 459 2.8% 3.02

aAverageB-factor for all protein atoms.

bDistance from carbonly oxygen.

“Distance from one of the OH groups of-&cetone hydrate.
dDistance from the sulfur atom.

¢Distance from hemiacetal OH.

Distance from the nitrogen atom.

able to accept a hydrogen bond from Wat500, one has to assume itsA similar water molecule was observed in the “closed” and pre-
side chain to occur as the unprotonated amine, which is disputablsumably inactive conformation of two lipases belonging toclig
in view of the proximity of Glu79. hydrolase superfamily, froGeotrichum candiduniProtein Data
Bank(PDB) entry code 1thg; Schrag & Cygler, 19381d fromCan-
dida rugosa1trh; Grochulski et al., 1994The corresponding open

Discussion and active form of theC. rugosaenzyme(1crl; Grochulski et al.,
1993 lacks the water molecule within the catalytic triad.

Two enzyme mechanisms were proposed for the two closely
related(S)-hydroxynitrile lyases fronH. brasiliensis(Hb—HNL)
The 3D structure of the hydroxynitrile lyase frokh brasiliensis  and M. esculenta(Me-HNL). In analogy to the mechanism of
(Wagner et al., 1996confirmed this enzyme to belong to the3 serine hydrolases, it was suggestéfagner et al., 1996that
hydrolase superfamilyFig. 2. Amino acid sequence alignment Ser80 would act as a nucleophile attackiirgthe synthesis direc-
also suggests the same fold for the homologous enzyme flom tion) the carbonyl group of the substrate ketone or aldehyde to
esculentg Me-HNL). Characteristic features of the/3 hydrolase  form a covalently attached hemiketal or hemiacetal intermediate.
fold are an extended parall@-sheet flanked on both sides by Formation of this intermediate was suggested to be facilitated by
a-helices, as well as a catalytic triad consisting of three conservedn oxyanion hole formed by the main-chain NH of Cys81 and the
residues(Ser,His,AsgGlu) in topologically and structurally re- side chains of Cys81 and Thr1l. The step following hemiacetal or
lated loop regions. Functionally, the serine oxygen acts as a nudiemiketal formation would consist of nucleophilic substitution of
cleophile, activated by a chain of hydrogen bonds involving thethe Ser80 oxygen by a cyanide ion. In contrast, an alternative
histidine—imidazole and the carboxylate of the acid residue. Thenechanism devoid of a covalent enzyme—substrate intermediate
correct geometry of this triad is believed to be essential for thewas proposed, which suggests general acid-base catalysis involv-
proteolytic activity of serine hydrolasé8arth et al., 199% with ing the histidine and serine residues of the catalytic ttMfjant
special relevance for a short distance between the three residuésPfizenmaier, 1995
(Wallace et al., 1996 For the HNL ofH. brasiliensis,the triad We have prepared several enzyme—substrate and enzyme—inhibitor
consists of residues Ser80, His235, and Asp207. Although theomplexes using substrgiahibitor concentrations exceeding by
enzyme shows no hydrolase activity, mutagenesis data indicate at least one order of magnitude the correspondifg or K|
least two of the three residuéSer80 and His235to be essential (Table 1. Insofar as these inhibitors mimic one of the substrates,
for the cyanogenic activity of HNI(Wajant & Pfizenmaier, 1996; the observed structures can be considered as models for the Michae-
Hasslacher et al., 199¥a lis complex. Evidently, the natural reaction product acetone is of

In the native structure, the active site cavity is occupied by sevyparticular relevance, as would be the structure of the complex with
eral water molecule@=ig. 3A), one of which(Wat501 is conserved  the biological substrate acetone cyanohydrin. However, attempts to
in all structures analyzed, the other of\&at500 in all but the  prepare the latter complex failed so far, most probably due to its
rhodanide complex. The presence of water molecule Wat500, whichapid cleavage under the soaking conditions. Likewise, attempts to
competes with the Ser809Cas H-bonding partner of His235eN  observe the structure éfb—HNL complexed with members of the
consistently leads to an elongation of the direct hydrogen bond bemandelonitril¢benzaldehyde pair were unsuccessful, possibly as a
tween Ser80 and His23Fable 2, which decreases the basicity of result of the limited solubility of these compounds in tagueous
Ser80. crystallization solutions.

Active site geometry
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At first sight, the 3D structures of the above complexes appeatFig. 5B), and that its presence decreases the distance between
somewhat contradictory: complexes with a covalent connectiorSer80 and His236Table 2. It is tempting to hypothesize that the
between inhibitor and enzymérichloracetaldehydewere ob-  cyanide ion has its binding site near the “nitrogen end” of the
served as well as complexes where the inhibitor or substrate is onllib—HNL bound rhodanide, i.e., approximately at the position oc-
hydrogen bonded to the proteie.g., acetone However, closer cupied otherwise by the “central” water molecule Wat500.CN
scrutiny of the structures relieve some of this ambiguity. would then be ideally positioned for nucleophilic attack on the
substrate carbonyl, and the proximity of tfresumably positive
charges of His235 and Lys236 will decrease tig pf HCN via
stabilizing the negatively charged CNAlong the same line of
Appraisal of the TCA-HNL complexFig. 4 as a model for the arguments, nucleophilic attack of CNfrom the opposite side
catalytic intermediate has to include the observed stereoselectivitywould be disfavored by the water molecule Wat500. The structure
of the H. brasiliensisHNL, which specifically cleavesgor forms of the complex with hexafluoracetone hydrate can be regarded as
the (S)-enatiomer of the model substrdier produci mandeloni-  a very crude model for the complex with acetone cyanohydrin, if
trile. S\2-type substitution of the Ser80-oxygen by a cyanide ion inone imagines that one of its hydroxy groups is replaced by a nitrile.
the TCA-HNL complex would lead t@S)-trichloracetaldehyde- Although one OH group hydrogen bonds to the Ser80d4nd
cyanohydrin(which would then be immediately hydrolyzed in Thr11-Oy, the other one points roughly in the direction of Wat500.
aqueous solution It is reasonable to assume that a corresponding We have to note, however, that the channel connecting the active
covalent intermediate for the reaction with benzaldehyde wouldsite with the protein exterior runs past the Cys81 side chain, i.e.,
have the phenyl group oriented approximately in the direction oftoward the top of the page for the orientation shown in Figure 5.
the TCA complex’s trichloromethyl group. This would—as a result Consequently, access to the Wat500 site from the protein exteriour
of the changed sequence of priorities for the Cahn-Ingold-Preloghrough this tunnel is congested once the substrate is bound. Thus,
nomenclature(Prelog, 1964—then yield (R)-mandelonitrile, at  for the synthesis reaction, CNeither has to bind before the sub-
variance with the experimental stereoselectivitydbf-HNL. Thus,  strate, which is at variance with kinetic eviden@auer et al.,
the observed covalent TCA-HNL complex appears to be a poof999, or it has to diffuse past the bound substrate to replace the
model for a catalytic intermediate of the HNL catalyzed reaction,water molecule Wat500, which would simultaneously have to dif-
giving no support to a mechanism involving such an intermediatefuse out along the reverse route.

A covalent intermediate. .

. .. or onethat is only hydrogen bonded? Mechanism of the enzyme-catalyzed cyanohydrin formation

Acetonecyanohydrin is the natural substrate of the hydroxynitrileThe schematic representation of a mechanism for the HNL cata-
lyase fromH. brasiliensis and the observed structure of tHé— lyzed cleavage or synthesis of acetone cyanohydrin consistent with
HNL complex with acetone is, therefore, likely to represgmme  the experimental evidence is presented in Figure 6. Key aspects
intermediate along the reaction path. Although the lack of obserof this mechanism aréor the cyanohydrin synthesis directjon
vation of a covalent linkage between the enzyme and the produdtl) binding and activation of the substrate ketone or aldehyde by
does not unequivocally disprove the occurrence of such an interresidues Ser80, Thrll, and possibly Cys&; replacement of
mediate along the reaction path, it makes it rather unlikely. KineticWat500 by the incoming HCN, whoseKp is decreased by the
data(Bauer et al., 1990for the cleavage and synthesis of mande- positively charged Lys236, and which is deprotonated by His235;
lonitrile show the enzyme to follow a sequential uni-bi mechanism,(3) nucleophilic attack of CN on the substrate to yield the product
with (in the synthesis directigibenzaldehyde binding first to HNL  cyanohydrin. For the cleavage direction, the reaction steps are
and cyanide only binding to the HNL—benzaldehyde complex. It isanalogous in the reverse direction. Although this mechanism is
very likely that a similar mechanism also applies to the acetone-similar to a mechanism proposed previously for ke-HNL en-
cyanohydrin formation. Thus, the complex observed under saturazyme (Wajant & Pfizenmaier, 1996it differs with respect to the
ing acetone concentrations is likely to represent the first Michaelisdentification of residues involved in interactions with the sub-
complex for the HNL catalyzed synthesis of acetone—cyanohydrinstrate(apart from Ser80 also Thrl1 and possibly Cys&hd with
regard to the recognition of the importance of the Wat500 site and
the Lys236 charge.

Hydroxynitrile lyase thus constitutes an enzyme witfg hy-
For the synthesis reaction, the step following formation of thedrolase fold and with the full catalytic machinery of a serine hy-
Michaelis complex between HNL and acetone is the attack ofdrolase. Contrary to serine hydrolases, however, its mechanism
cyanide on the substrate, which is activated as a result of hydrogeshoes not appear to involve a tetrahedral intermediate, resulting
bonds between its carbonyl oxygen and the OH groups of Ser8@om nucleophilic attack of the activated serine residue on the
and Thrl11(Fig. 5C). Because cyanide occurs predominantly as thesubstrate’s carbonyl group. However, although analogy with sim-
protonatedand unreactivehydrocyanic acid under mildly acidic ple chemical reactions supports such a tetrahedral intermediate for
conditions(pK, ~ 9.3), the nucleophilic attack has to follow de- the acylation and deacylation steps of serine hydrol@désarton,
protonation of HCN. This raises the question for the deprotonatindl998, no direct evidence has so far been obtained to verify its
base. A second question concerns the direction of nucleophiliexistence. Notably, the mechanisms proposed for cystein hydro-
attack, i.e., whether CN attacks the side of the substrate facing lases(Menard et al., 1990and for phospholipase A@liscussed in
Cys81 or the opposite one, facing Wat5@g. 5C). Quinn & Feaster, 1998are somewhat similar to the suggested

Rhodanide acts as a very strong competitive inhibitorHor HNL mechanism: in the latter case§Mdf His48 acts as a general
HNL (Schall, 1996. Its structure shows that the rhodanide ion base that deprotonates a water molecule to activate it for nucleo-
has replaced the otherwise conserved water molecule Wat50ghilic attack on the substrate carbonyl.

Attack of cyanide
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Fig. 6. Schematic representation of the steps involved inHheHNL catalyzed reaction.
Materials and methods Before flash freezing, crystals were soaked for about 5-10 s in a
cryoprotectant, consisting of the reservoir solution with inhibitor or
Enzyme preparation and crystallization substrate, plus 30% glycerol. From this cryoprotectant, crystals were

picked up with a fiber loop and dumped into liquid nitrogen. In ad-
dition to the complexes, two data sets were collected from native

and purified to homoaeneity as described previo ner crystals without substrate or inhibitor, i.e., one low-temperature and
P 9 y P Alyag one room-temperature data set, the latter with the crystal mounted

et al., 1996; Hasslacher et al., 1997&he first step of the purifi- . . .
cation protocol consists of ion exchange chromatography of th('en a capillary without cryoprotectant.
Diffraction data were collected at the EMBL beamlines X31

crude extract on a Resource Q colu(rﬁharma_c:la Biotech, Upp (equipped with a MAR-300 imaging plate detegtand X11(MAR-

sala, Sweden The HNL was eluted with a linear salt gradient

; . : . 345 detectorat Hasylab DESY, Hamburg, Germanyat the crys-

increasing from 0 to 0.6 MNH,4),SO, in 10 mM Tris-buffer . . - )

[tris(hydroxymethylamino-methand pH 6.7. The second step con tallographic beamline 5.2 R at ELETTR@Trieste, Italy; MAR-
y Y Y PR O. 7. P iL8O detectorand on a Siemens rotating anode generaiperated

z';tj c;f iiﬁgritg)(;c\l/l\jiiog0%hrrzmat%?;zgzﬁonhissigfgojte le g 0 t 40 kV and 80 mA, graphite monochromator, MAR-300 detec-
- €q P phosp » & Pri 6. or). The data reduction involved the programs DENZO and

(Hasslacher et al., 1996aJsing the hanging drop vapor diffusion . .
SCALEPACK (Otwinowski, 1990 as well as programs from the
0, -
method, crystals were grown from 2% PEG 4@blyethylengly CCP4 suita CCP4, 1994

col), 2.0 M ammonium sulfate in 0.1 M Na HEPES bufi@-{4-
(2-hydroxyethy)-1-piperazing-propanesulfanic acjdat pH 7.5.
In some preparations,_crystals c_ould also be obtair_1ed from PréViodel building and refinement

arations that had the size-exclusion chromatographic step omitted.

Crysta”ine enzyme_inhibitor or enzyme_substrate Comp|exe£” structures are isomorphOUS to the publlshed Crystal structure of
were prepared by putting crystals of HNL into reservoir solution Hb-HNL (PDB code lyas; Wagner et al., 199&hose coordi-
containing the corresponding inhibitor or substrate. Soaking timegates were used as starting point for the refinement with X-PLOR
varied between 5 and 17 h. The inhibitors hexafluoracetone anéBringer, 1992band SHELXL-97(used only for the rhodanide

trichloracetaldehyde were purchased from Aldrich as the corredata, where refinement was against F2 quantities using parameters,
sponding hydrates. as described in Sheldrick, 1997; Gruber et al., 2998 model

building and fitting steps involved the graphic programdnes
etal.,, 199}, usingo 5 weighted F, — F. andF, — F. maps(Read,
1986. Data collection and refinement statistics are shown in
Diffraction data sets of enzyme—inhibitor and enzyme—substrat&able 1. TheRy.. values(Briinger, 1992awere computed from
complexes were all collected at cryogenic temperaflisble 1. 5-10% randomly chosen reflections not used for the refinement.

Recombinant hydroxynitrile lyase frotd. brasiliensiswas over-
expressed fronPichia pastoris(yeast; Hasslacher et al., 1997b

Data collection and processing
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. Grochulski P, Li Y, Schrag JD, Cygler M. 1994. Two conformational states of
between 20 and 26for dihedrals. A Ramachandran pl¢per- Candida ,ugosdipasef’mtemygci 38291,

formed with PROCHECK; Laskowski et al., 1998howed all  Gruber K, Klintschar G, Hayn M, Schlacher A, Steiner W, Kratky C. 1998.
residues in all structures in core or allowed regions, with the ex-  Thermophilic xylanase fromrhermomyces lanuginosusligh-resolution

: . ; _ X-ray structure and modelling studieBiochemistry 3713475-13485.
ception of residues Ser80 and Lys129, which were always ObGugganig M. 1997. Structure and kinetics of the hydroxynitrile lyase from

served in disallowed regions af/y/ space. Although Ser80 is Hevea brasiliensisDiploma Thesis. Graz, Austria: Karl-Franzens-Universitat.
known to occur in a somewhat strained conformatiom i hy- Hasslacher M, Kratky C, Griengl H, Schwab H, Kohlwein SD. 1997a. Hydrox-
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well defined throughout. Hasslacher M, Schall M, Hayn M, Bona R, Rumbold K, Luckl J, Griengl H,
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microbial hostsProtein Exp Purif 1161-71.

Enzyme kinetic experiments were performed to investigate thedasslacher M, Schall M, Hayn M, Griengl H, Kohlwein SD, Schwab H. 1996a.

inhibition constants of several inhibitors. These studies were based Molecular cloning of the full-length cDNA ofS)-hydroxynitrile lyase from

. . . L Hevea brasiliensisFunctional expression iEscherichia coliand Saccha-
on the degradation reaction of racemic mandelonitrile by the HNL, romyces cerevisiaand identification of an active site residueBiol Chem

monitoring the formation of benzaldehyde by UV spectroscopy at  271:5884-5891.
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