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ABSTRACT. The crystal structure of the hydroxynitrile lyase fr@orghum bicoloi(SbHNL) in complex

with the inhibitor benzoic acid has been determined at 2.3 A resolution and refined to a crystallographic
R-factor of 16.5%. The SbHNL sequence places the enzyme in/thaydrolase family where the active

site nucleophile is predicted to be organized in a characteristic pentapeptide motif which is part of the
active site strandturn—helix motif. In SbHNL, however, a unique two-amino acid deletion is next to the
putative active site Ser158, removing thereby the putative oxyanion hole-forming Tyr residue. The presented
X-ray structure shows that the overall folding pattern of SbHNL is similar to that of the closely related
wheat serine carboxypeptidase (CPD-WII); however, the deletion in SbHNL is forcing the putative active
site residues away from the expected hydrolase binding site toward a small hydrophobic cleft, which also
contains the inhibitor benzoic acid, defining thereby a completely different SbHNL active site architecture
where the traditional view of a classic triad is not given any more. Rather, we propose a mechanism
involving general base catalysis by the carboxy-terminal Trp270 carboxyl group and proton transfer toward
the leaving nitrile group by an active site water molecule. The unexpected interactions of the inhibitor
with the new SbHNL active site also reveal the structural basis for the enzyme’s limited substrate specificity.
The implications of this structure on the evolution of catalysis in the hydroxynitrile lyase superfamily are
discussed.

Hydroxynitrile lyases (HNLS)constitute a diverse family The HNL from Sorghum bicoloSbHNL, EC 4.1.2.11)
of enzymes that catalyze the stereospecific cleavage of a widecatalyzes the dissociation of its native substraBg-4¢
range of cyanohydrins into aldehydes or ketones and hydroxymandelonitrile into 4-hydroxybenzaldehyde and HCN
hydrogen cyanide. The release of toxic HCN (cyanogenesis)(7). According to the nucleotide sequence, SbHNL is
as a defense against herbivores is widely distributed in highersynthesized as a 510-amino acid polypeptide chain, which
plants, including important food plants such as cassava,is further processed to a functional double-chain form
sorghum, or millet ). Several distinctly different types of  designated subunits andg (8). The active enzyme form is
HNLs exist in nature, and it has been suggested that thisan a,f3, heterotetramer assembled as a dimeg6fdimers
group of enzymes has originated by convergent evolution (9). The mature enzyme is N-glycosylated and exists in three
from different ancestral proteing8)( Previous structural work  different isoforms (SbHNL-I, -Il, and -lll). The SbHNL
on these enzymes has focused on HNL fridevea brasil- amino acid sequence is not similar to that of any other known
iensis(HbHNL) (3), Manihot esculentgMeHNL) (4), and HNL, but the sequence of SbHNL is 60% identical and 73%
Prunus amygdalugPaHNL) ©), and a general base mech- similar to that of wheat serine carboxypeptidase (CPD-WII)
anism closely related to the base-catalyzed chemical addition(Figure 1) (0). On the basis of the sequence alignment with
of HCN to carbonyl compounds is now generally accepted CPD-WII, we assume that mature SbHNL starts with GIn1.
for MeHNL (6). Residues of CPD-WI!I identified in crystallographic studies

(12) to be located in the active site are also conserved in

t This work was supported by Grants A03U and A10U from the SbHNL, suggestin_g an a}ctive site charge-relay system similar
Bundesministerium ‘fuForschung und Technologie. This work was tO that observed in serine proteases. The residues that are
generously supported by the Fonds der Chemischen Industrie and thggutative components of the catalytic triad in SbHNL are

Degussa AG. . Serl58 (Serl46 in CPD-WII), His414 (His397 in CPD-WII),
*The atomic coordinates and observed structure factors have been d -

deposited with the Protein Data Bank (entry 1GXS). and Asp359 (Asp338 in CPD-WII).
* To whom correspondence should be addressed. Fa®9) 711- Despite these common biochemical properties, however,
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S Institut fir Organische Chemie. SbHNL shows a significant difference. The SbHNL sequence
I Institut fir Zellbiologie und Immunologie. reveals a two-amino acid deletion immediately adjacent to
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from wheat; DA, decanoic acid; rms, root-mean-square; CHA, cyclo- G/A’_ often considered the hallmark of serine hydrolase
hexanecarbaldehyde. activity. Derewenda et al1@) postulate that this sequence
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CED-WII : -8 verd Table 1: Crystallographic Summary
- N 5 o diffraction data
ﬂ,#l:%:rf}:Q space group c2
SBHNL-ITI: 4 QUEDDRILGLPGOPNGVAFGMYGGYVTIDDNNGRALYYWFQEADTADPAR 53 Ce” dimensions a= 150 7 A

CPD-WII : =~

i

gHAADRIARLPGOP. AVDFDMYSGYITVDEGAGRSLEFYLLOQEAP.EDAQP 43
it ___ %

RNy—— — e b=103.7A

30, 3 =
A . b c=90.6A
SBHNL-II: 54 APLVLWLNGGPGCSSIGLGAMOELGAFRVHTNGESLLLNEYAWNKAANIL 103 ﬁ: 1013

CPD-WII : 44 APL&I‘L.WLNGGPGCSSVAYGASF.ELGM_BUKPAGAGI%mWJ\m 91 resolution range (,&) 17-2.3 (2.38-2.30)
= 1_.“ == S no. of measured reflections 100992
~ [ 10, a, 10, - -
CiNLT1s 104 _F.;E;‘-------- : A =l . no. of unique reflections 51747
—II: YSHTSSDLS. QDTYTFLVEWFERFPHYNYREF 152
CPD-WIT : 92 FLDSPAGVGFSYTHTSSDIYTSGDNRTAHDSYAFLAKWFERFPHYKYRDE 140 completeness (%) 88.7 (82.9)
e A AARANS A~ liol 8.5 (5.7)
B, o AR, Reym (1)° 0.059 (0.114)
SBHNL-IT: 153 YTAGES**GHFIPQLSQVVYRNRNNSPFINFOGLLVSSGLTNDHEDMIGM 200 refinement
CPD-WII : 141 YIF\GE§Y&GHWP§LSQL\H{ES..}C\IE"!INHQ_F&_TYGNG‘LEDPYHDWGT 188 reSOIUtiOn range (A) 8023
ST Ef N a no. of reflectionsft, > 20F,) 50480
' ~ANARRN —— ;
SBHNL-II: 201 FESWWHHGLISDETRDSGLKVCPGTSFMHPTPECTEVWNKALAEQGNINE 250 Rcrysdl 0.165
CPD-WII : 189 WHGIVSDDTYRRLKEACLHDSFIH?SP}\ DAATDVATA NIDM 238 Rfree ) 0222
K —WN’“‘:\‘JVVV@—‘— no. of protein atoms 6748
e X Ny no. of ligand atoms 146
EEEN;;?E ggé :;i:;g‘{é}n‘]REPSPYQRRNILPE".{DPC}WE‘R‘STEN(YLNLPEVQ;RLHRNU g;i no. of solvent atoms 331
: 239 YSLYTPVON............. I fy_ng_c-raR§$3Avrnanuvgmnmw averageB-factor ()
1o, a. a, X protein 17
3 h .
SBHNL-II: 312 SGIVEYPWTVCSNTIFDOWGQAADDLLEVYRELTQAGLRVIVYSEDTDSY 361 benZOIC_ aCId_ 27
CPD-WII : 293 TGMNYTWATCEWHWHDRPRSHW DTDAV 340 decanoic acid 25
- N % solvent 26
=N = j’-?:%%_ rmsd from target values
SBHNL-II: 362 VWSSTRRSLMLELW:(TSWYPWHAPTEREVGGNSVQ EGLT BG 411 bond Iengths (A) O 02
CPD-WII : 341 VPLTATRYSIGALGLETTTSWYEWYD...DQEVGGWSQVYKGLTLVSVRG 394 bond angles (deg) 3 1
%&: = S .
__W regions of Ramachandran pi¢o) 92.3,7.6,0.1
CPDWIT : 395 ?EEEVP"TEi"m‘if"‘w?ééiiﬁif 422 2Values in parentheses are for the highest-resolution sHeétigm
A PERRIR = SnaSili — DUy li, wherel; is the intensity of théth reflection fkI)

. . . . or a symmetry-related reflection anfllis the scaled mean intensity.
Ficure 1: Amino acid sequence and secondary structure alignment ¢ Reyst = 3 |Fo — Fel/SFo.  Rree = Reys: calculated for 10% of the

of SbHNL-II (top line) and CPD-WII (bottom line) performed with — efjections omitted from the refinemeritMost favored, additionally
the program Insight 11Z0). Only the mature sequences were used, jowed generously allowed

and residues represented in lowercase letters were not modeled- ’ -
The coordinates of the CPD-Wtlarginine complex were used in

the alignment, and numbers are given to the residues as in PDBsite sequence motif to the enzyme’s overall three-dimensional
entry 3SC2 {1). The SbHNL sequence is corrected for SOHNL — gir;cture. We further have analyzed interactions of the active

isoenzyme Il as described in Materials and Methods. The CPD- _. . - S . . .
WII active site residues and the corresponding analogue SbHNL- SIt€ residues with the inhibitor benzoic acid, from which the

Il residues are shown in bold und underlined. The two asterisks in €Nzyme reaction mechanism is inferred. The presence of the
the SbHNL-II sequence next to Serl158 represent the two-residueinhibitor also allows us to define the factors that are important
deletion in the active site loop structure. The secondary structure for the limited substrate specificity.

elements of both enzymes were assigned with the program

PROMOTIF @7) and are given above the SbHNL-II sequence and MATERIALS AND METHODS

below the CPD-WII sequence.

Crystallization and Data CollectianDetails of crystal
motif implicates a structural motif of the enzyme which growth and data collection have been described elsewhere
positions the nucleophilic residue in a sharp turn, creating (14). Briefly, the SbHNL-I-benzoic acid complex data set
thereby an arrangement of hydrogen bond donors that iswas obtained from a single crystal using a MAR image plate
supposed to stabilize the transition state of the catalytic detector and graphite monochromatized Col Kadiation
reaction. The relative replacement of the primary catalytic produced with an Enraf Nonius FR 571 rotating anode
serine residue in the SbHNL structure element, which we generator. The data set was processed with MOSFLB\ (
intend to call the active site loop, compared to the invariant The data were scaled with SCALA and reduced with
signature motifs observed in all other serine-dependent TRUNCATE (16). The crystals belong to space groGa
hydrolases, is highly unusual and suggests that SbHNL maywith two o3 dimers per asymmetric unit with the following
have a completely different active site geometry for the cell dimensions:a = 150.7 A,b = 103.7 A,c = 90.6 A,
enzymatic retro addition of HCN from cyanohydrins than andj = 101.3. Data processing statistics are given in Table
CPD-WII has for the hydrolysis of an amide bond. This 1.
suggestion is particularly interesting since SbHNL exerts no  Structure DeterminatiariThe structure was determined by
carboxypeptidase activity toward a standard set of potential molecular replacement with XPLORT), using ano5 dimer
substrates 1(3), despite the pronounced overall sequence from wheat serine carboxypeptidase [CPD-WII, PDB entry
homology with CPD-WII. 3SC2 (1)] as a search model. Water and covalently attached

We recently crystallized the SbHNL isoenzyme Il (SbHNL- ligands were removed from the structure, and residues of
II) in the presence of the inhibitor benzoic aciti4) and CPD-WII different from those of SbHNL-II were modeled
have now determined the three-dimensional structure to 2.3as Ala. The rotation function and Patterson correlation
A resolution. With the structure presented here, we have refinement gave two clear solutions, corresponding to each
examined the relationship of the modified SbHNL-II active of dimer of the heterotetramer. The translation function of
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each solution gave bland 12r peaks, respectively. Analysis Insight 1l (20), refined using individualB-factors, and

of the packing of the molecular replacement solution showed checked for their fit into B, — F. electron density maps.

no unfavored interactions of the tweg8 subunits and with ~ Only water molecules withB-factors of >50 A2 were

symmetry-related molecules, respectively. retained. Residual electron density extends from N2117-
Structure RefinemenAll refinement steps were performed —acetylglucosamine on both molecules in the asymmetric unit,

using the XPLOR packagdT). For calculation 0Ree, 10% and an additional glucosamine-fucose moiety has been

of the reflections were set asidEg]. Difference Fourier maps  incorporated on each side. Models for these carbohydrate

were inspected using the program XTALVIEWEY). The linkages were also based on the CPD-WII structure.

molecular replacement parameters were optimized by rigid-  This model was subjected to further rounds of positional,
body refinement using data between 8 and 4 A. To allow sjmulated annealing (3000 K) anB-factor refinement,
rearrangement of the molecules in the asymmetric unit including all data in the resolution range of-8.3 A. The
against each other, eaol§ dimer was treated separately and 2F, — F. andF, — F. electron density maps were calculated,
noncrystallographic symmetry restraints were not applied and the model was carefully analyzed. The maps clearly
during refinement. Th&-factor after rigid-body refinement  revealed the location and orientation of the inhibitor benzoic
was 43.3%. Positional refinement of the model obtained from acid and also showed an active site water molecule in both
rigid-body refinement using data between 8 and 3 A supunits. An additional water was found in the active site
resolution reduced the-factor to 29.7%. TheB, — Fcand  region of subunit A, while the attempt to locate an analogous
Fo — Fc electron density maps were calculated using all data water molecule bound to subunit B was unsuccessful. The
between 17 ah 3 A resolution. Inspection of these maps protein structure along with the water molecules, two
clearly indicated that the overall structure of the SbHNL-Il  decanoic acids, and two benzoic acids were refined against
azf32 heterotetramer is well-defined, as illustrated by density data between 8 and 2.3 A resolution. THe, 2= F. maps
modifications at positions where there are sequence insertionsyere calculated and confirm the fit of these models to their
and deletions and clear extra electron density for the density. The refinement converged toRwof 16.5% and an
additional 10 residues which extend from the carboxy- Ry, of 22.2% for all 50 480 reflections in the resolution range
terminal helix of theo subunit. During the rebuilding,  of 8-2.3 A. The final model comprises protein residuds-
however, it became clear for both protein molecules in the 0270 andB283—/440 for both dimers in the asymmetric
asymmetric unit that amino acid residues Proll, Ser408,unit, eight carbohydrate residues, two benzoic acid molecules,
Pro409, and Ser410 had clear extra electron density, allowingtwo decanoic acid molecules, and a total of 331 water
modeling as Leull, Thr408, Val409 (Val392 in CPD-WII), molecules. The three remaining N-terminal residues of both
and Arg410 (Arg393 in CPD-WII), respectively. Tifg — a subunits are disordered. Clear electron density modifica-
Fc map further revealed clear negative difference density tions have revealed differences with respect to the reported
extending from the @ atom of Val112, from the £atom  amino acid sequence. On the basis of these features and in
of Pro79, and from the g£atom of Leu203; additionally,  agreement with the CPD-WII sequence, we have therefore
the side chains of Pro79 and Vall12 come into closer than chosen to model in Leull, Ala79, Gly112, Ser203, Thr408,
van der Waals contacts with GIn44 and GIn106, respectively. val409, and Arg410. Differences with respect to the SbHNL
On the basis of the CPD-WII sequence, we have thereforecDNA-derived sequence information may be attributed to
chosen to model in Ala79, Gly112, and Ser203, respectively. isoenzyme specific residues in SbHNL-II.

This model was subjected to further rounds of positional and |, 3 Ramachandran plot, 92.3% of all residues are in the
simulated annealing (3000 K) refinement, including all data st favored region, 7.6% in the additionally allowed region,
in the resolution range of-82.7 A. The F, — Fc andFo — and 0.1% in the generally allowed region. The average
F. electron density maps were calculated, and the model wasg ¢4 ctor for all protein atoms is 17 for the carbohydrate
carefully analyzed. The modified amino acids of both protein ,qiaties 42 R, for the benzoic acid molecules 27 Xor
molecules fit the electron density very well. Additional o decanoic acid molecules 252 Aand for all water
density appeared next to Asn117 and Asn310 in ligfh  o1ecyles 26 A A comparison of the two independently
subunits and was modeled as N-linked acetylglucosamme.reﬁnedaﬂ dimers in the asymmetric unit shows root-mean-
This interpretation is in agreement with the glycosylation square (rms) differences of 0.2 A for backbone atoms and

pattern predicted for SbHNLLQ) and with that reported for 4 g & for all atoms. Details of the refinement statistics are
the CPD-WII structure. For both molecules in the asymmetric ¢, ymarized in Table 1. The geometric parameters of the

unit with the addition of data up to 2.7 A resolution, a model have been analyzed with PROCHECX)(and are
segment of electron density unaccounted for appeared in theiihin the expected deviations from ideality calculated from
2F, — FeandF, — F. electron density maps. This elongated qiher structures determined to 2.3 A resolution. These
electron density feature is located in thg Grboxypepti-  garistics correspond to an estimated error in atomic coor-
dase binding subsite and has the shape of a carboxylate or inates of 0.20 A according to Luzzat3). The final

carboxamide group with a substantial aliphatic tail. Thus, a .qordinates have been deposited with the Protein Data Bank
model for decanoic acid (DA) was built into the density. (entry 1GXS).

For lack of a better explanation, we assume that this fatty

acid represents a substance that copurifies with SoHNL-Il. RESULTS AND DISCUSSION

Subsequent cycles of positional refinement led toRaof

22.5% and arRqee Of 27.8% for all data in the resolution Overall Structure The overall fold and connectivity of
range of 8-2.5 A. The F, — F. andF, — F. maps were 0,3 SbHNL-II in complex with benzoic acid are very similar
calculated and confirm the fit of the DA models to their to those of CPD-WII, consistent with a level of sequence
density. Water molecules were added using the programhomology of 73% between the two enzymes. As this folding
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Ficure 2: Stereoview of the SbHNL-II active site in complex with benzoic acid. Molecule A of the asymmetric unit is shown. (A) Final
2F, — F. electron density map contoured at, 1showing the density of the inhibitor benzoic acid and the neighboring residues. (B)
Intermolecular interactions of the inhibitor molecule benzoic acid and selected active site residues. Hydrogen bonds are shown as red lines

and van der Waals interactions as black lines. Interatomic distances are given in angstroms.

geometry has been described in detdil)( only a brief
overview is given here (for notation, see Figure 1). SbHNL-
Il shows ana/p hydrolase fold consisting of an 11-stranded
mixedf sheet §,—/11) of which the central six are parallel.
Two small antiparallel twiste@ strands £, and5) form

an additional short sheet on one side of the core scaffold.
This central sheet structure is surrounded byodRelices,

six short 3p helices, and ong helix. The remaining residues
form the loop structures, most significantly the additional
10 amino acids extending from the carboxy terminus of the
o subunit in SbHNL-II, which have no homologues in CPD-
WII. These residues form a loop toward the “front” of the
molecule, thereby occluding part of the SbHNL-II carboxy-

inhibitor benzoic acid. In each of the two subsites, the
conformation of benzoic acid was clearly defined in the final
2F, — F. electron density map as shown in Figure 2A.

The SbHNL-II active site is constructed as a box which
is lined by atoms from Gly63, Pro64, Aspl26, Serl58,
His160, Phel61, Leul90, Trp270, Trp330, and Ala333. The
geometry of the active site is fixed by an intricate network
of polar and nonpolar interactions involving all these
residues. Ala333 opens the box toward a small tunnel which
is formed by Asp193, Ser226, Phe227, Met228, Ala334, and
Asp335, leading to the surface of the molecule.

Inside the cavity, one water molecule and the inhibitor

peptidase cavity. The relevance of this structural arrangement?€nzoic acid are buried. Carboxylic oxygen O1 of benzoic

will be discussed below. Superposition of the SbHNE-II
benzoic acid complex structure and the CPD-Wdtginine
complex structure (PDB entry 3SC2) by least-squares
optimization of 371 equivalent & atoms shows an rms
difference of 0.8 A. Major differences of the main chain
atoms are located at the SbHNL-II active site loop and will
be discussed in detail below.

SbHNL-II Actve Site and Inhibitor BindingThe SbHNL-
Il active site is located betweghsheet 6 and: helix 8 and
was identified not only by the location of the putative

acid forms a hydrogen bond to Ser158 OG (Figure 2B);
carboxylic oxygen O2 is hydrogen bonded to the active site
water U40, while the phenyl ring lies parallel between His160
and the nonpolar face of Pro64. Most specific for this
sandwich mode binding are the stacking interactions of

C2—C4 with the His160 imidazolium group. An additional

water molecule is found in the active site region of subunit
A and placed between Trp270 carboxylic oxygen O1 and
His414 NE2. An attempt to locate an analogous water
molecule in the active site region of subunit B, however,

catalytic residue Serl58 but also by the presence of thewas unsuccessful, so this water may not be critical for a
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Asp 359 Asp 359

Ser 146 Tyr 147

Ficure 3: Stereoview of the superposition of the active sites of the SbHMNbéhzoic acid complex (green) and the CPD-W4dtginine

complex (gray). The two molecules are superimposed as described in the text. Note how the two-residue deletion in the SbHNL-II active
site loop is forcing Serl58 away from it§ Sarboxypeptidase binding subsite with respect to the corresponding Ser146 in the CPD-WII
structure. This figure also shows that benzoic acid in SbHNL-II occupies basically the same space as does the side chain of Tyrl47 in
CPD-WII.

balanced saturation of the H-bonding properties of the activefrom the corresponding CPD-WIISsubsite. In its new
site. position, Ser158 OG is separated by morentBal from its

A surprising aspect of the SbHNL-II inhibitor binding Putative catalytic partner His414 NE2, and is therefore too
mode is the observation that the His414 residue of the faraway for direct interaction. Surprisingly, the superposition
putative catalytic triad is positioned near the carboxyl moiety reveals that in the SbHNL-II active site the carboxyl group
of benzoic acid, but not close enough for direct hydrogen Of the SbHNL-II specific C-terminal Trp270 is spatially
bonding, and so may contribute only in a small way to the homologous to the hydroxyl group of CPD-WII Ser146. As
general stabilization of the inhibiteisubstrate enzyme  simulation studies also indicate that the Trp270 carboxyl
complex. A second interesting aspect of this structure revealsmoiety can form a hydrogen bond to the active site water
the superposition of the SbHNL-Hbenzoic acid complex  U40, which forms a bridge to the substrate, we suggest that
and the CPD-WH-arginine complex showing that the phenyl it is important for catalysis. A detailed analysis of the
moiety of the inhibitor fills in SbHNL-II the same space functional role of Trp270 is presented below.
created by deletion of Tyr147 in CPD-WII (see Figure 3).  The “Broken” SbHNL-II Carboxypeptidase Binding Site.

Comparison of the SbHNL-Il Aecg Site with That of  The second important difference between the SbHNL-II and
CPD-WII. On the basis of the conserved sequence motifs of CPD-WII structures is an extra 10-residue loop (Arg260
SbHNL-II and CPD-WII, it was hypothesized that the Trp270) at the SbHNL-II C-terminus of the subunit. The
SbHNL-Il homologues of the CPD-WII catalytic triad loop is anchored to the surface of SbHNL-II through a salt
residues were able to facilitate a general base mechanism irbridge from Arg267 to Asp328, while the peptide bond
SbHNL-II reminescent to the cyanogenese mechanism between Phe269 and Trp270 is held in place by a hydrogen
observed in MeHNL §). Figure 3 shows the superposition bond between Phe269 O and Tyr251 OH. These interactions
of the active site of SbHNL-II and CPD-WII, based on the place the indol moiety of C-terminal residue Trp270 into
alignment of the corresponding backbone atoms. the § subsite, present in CPD-WIRS). It is apparent that

While the hydrogen bonding between SbHNL-II His414 occluding of the SbHNL-II $subsite by Trp270 prevents
and SbHNL-Il Asp359 indicates a close match to the binding of peptide substrates, and we therefore describe this
corresponding residues His397 and Asp338 of CPD-WII, it Cavity as a broken binding site. In addition to the confor-
is apparent from this figure that the spatial orientation of Mational rearrangement of the active site loop, the model of
SbHNL-II Ser158 is completely different from that of the SPHNL-Il indicates that this enzyme is unlikely to function
corresponding CPD-WII triad residue Ser146. The calculated @ @ carboxypeptidase, and this is in agreement with
rms differences for the SbHNL-II active site loom@toms ~ €xperimental datalg).
are 1.2 A for Glul57, 3.9 A for Ser158, and 1.4 A for ~ The putative SbHNL-II carboxypeptidase Subsite is
Gly159. The large differences are due to a dipeptide deletionconstructed like that of CPD-WIlI and occupied by an
next to the putative catalytic Serl58, compared to the elongated electron density feature which was modeled as
corresponding CPD-WIB turn residues Glul45, Serl46, decanoic acid (DA) und subsequently refined (see Materials
Tyrl4d7, Alal48, and Gly149. The consequence of this and Methods). The carboxylate group of DA is hydrogen
deletion is a flip of the peptide bond between Glul57 and bonded to Glul57 OE1, Asn61l ND2, and Gly62 N. The
Ser158 which implies that SbHNL-II Ser158 is oriented away aliphatic chain is projecting toward the protein surface and



12048 Biochemistry, Vol. 41, No. 40, 2002 Lauble et al.

Trp 270 Trp 27

Pro 64 Pro 64
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ff ,."I / f
Jf21 |28 J27 [28
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@ HoH u40 @ HoH U0

Leu 190 Leu 190

Ficure 4: Stereoview of the hypothetical complex betwe&r4-hydroxybenzaldehyde cyanohydrin and SbHNL-II. Potential hydrogen
bonds are shown as red lines. Interatomic distances are given in angstroms.

makes van der Waals contacts with Asn249, Tyr251, Tyr265, The substrate preference, however, is not exclusively
and Phe269. Inspection of a SbHNL-II inhibitor free structure determined by the size of the substrate as anticipated from
(currently underway), prepared from a different charge of the binding studies from aromatic and aliphatic carbonyl
sorghum seeds, also shows this density, indicating that it iscompounds. Cyclohexanecarbaldehyde differs from benzal-
not an artifact. As there is no direct evidence that this fatty dehyde in the presence of *dpybridized C atoms with
acid represents an endogenous cofactor, we assume that idditional axial protons, rather than exclusively equatorial

is copurified with SbHNL-II. protons as in the phenyl ring of benzaldehyde, and is not
Substrate Specificity of SbHNL-II-Catalyzed Cyanohydrin accepted as a substrate. Additionally, carbonyl substrates with
Formation. In addition to its physiological role, SbHNL-II  small aliphatic side chains such as butyraldehyde and

is an important biocatalyst for the stereoselective synthesisisobutyraldehyde are also not accepted as substrates. Hypo-
of (§-cyanohydrins 24). Experimental studies that were thetical models of SbHNL-II formed with CHA and with
carried out demonstrate that SbHNL-II is able to discriminate butyraldehyde reveal several closer than van der Waals
in its specificity between aromatic and aliphatic carbonyl contacts of the axial protons, in particular at-€x24 of CHA
substrates; for example, benzaldehyde is converted with highand at C4 of butyraldehyde with Pro64 and His160,
enantiomeric excess into the correspondi®ebienzaldehyde ~ respectively. Most of the steric hindrance, however, could
cyanohydrin, while the aliphatic counterpart cyclohexane- be released by some tilting and simultaneous rotation of
carbaldehyde (CHA) is not accepted as a substeae The either substrate relative to the active site cleft. The docking
studies also indicate that binding and catalysis of substitutedexperiments, however, indicate that the fit will not be as good

benzaldehydes depend significantly on the relative size andas the fit observed for benzaldehyde with respect to His160.
orientation of the substituents. In conclusion, the formation of stacking interactions of

To understand the structural basis for this unusual speci-2romatic and heteroaromatic substrate side chains with the
ficity profile, a structure-based model of benzaldehyde in @ctive site His160 imidazolium group appears to be most
the SbHNL-II active site was constructed with the carbonyl critica! for inhibitor—substrate binding and helps define the
group at the benzoate O1 position and the phenyl ring SPECificity of this HNL.
sandwiched between the side chain of His160 and the Implications for the Catalytic Mechanisiihe mechanism
nonpolar face of Pro64. If benzaldehyde is extended at C4 Pproposed for cyanogenesis of MeHNE) @nd HbHNL @),
by a hydroxyl group, this OH is nicely positioned within ~Which involves an active site histidine as a general base for
2.5 A of Asp126 OD1. Binding of 4-methoxybenzaldehyde abstracting a proton from the catalytic serine, cannot be
in a similar way, however, would result in a steric clash of applied to SbHNL. From the crystal structure of the SbHNL-
the additional methyl group with the main chain and side |l —benzoic acid complex, it can be seen that such a
chain of Trp330. This interpretation is in agreement with Mechanism is not possible since His414 NEDiA from
experimental studies, showing that 4-methoxybenzaldehydeSer158 OG (see above). To establish the geometry of the
is not accepted as a substra2d)( Model building also shows ~ cyanohydrin substrate and to investigate the possibility of
that introduction of a double bond substituent at C1 of conformational rearrangements of putative catalytic residues,
benzaldehyde, e.g., 3-phenylpropenal, would prohibit binding we modeled the structure of the SbHNL-II active site with
in the SbHNL-II active site due to steric conflicts, and this (S-4-hydroxybenzaldehyde cyanohydrin, including also the
is also in agreement with experimental data. The model active site water molecule U40 by energy minimization, using
further reveals that the active site volume is widely opened the INSIGHT Il parameters20). The result is shown in
toward the active site tunnel entrance next to C3, thereby Figure 4.
facilitating the accommodation of benzaldehydes with large  From this simulation, the substrate is predicted to form a
C3 substituents, most significantly demonstrated by the hydrogen bond between the cyanohydrin hydroxyl group and
highly stereoselective conversion of 3-phenoxybenzaldehyde.Ser158 OG (2.8 A), while the nitrile group is directed toward



Crystal Structure of Hydroxynitrile Lyase

TrP,70 I’zm
Ao n -
070 / 10 I H
B tz- o o
ooH - KV\H- IC=NI
H N © L
Seryqg _,»\O\ ‘CS/ tﬁs& '_JO H
L M
(@] (0]
OH OH
HoE F\c”'J l
OH
TPy TrParo
€]
107 9° ’ 079"
: Y
o
/ H—C=NI
f‘\sa Og M fﬁsa ,,16 H
O’H c),H'
+ H—C=N
OH
OH

Ficure 5: Simplified reaction mechanism for SbHNL-II (see the
text).

Leul90 N (3.2 A) and Gly159 N (3.1 A). The phenyl ring
is nicely sandwiched between the side chain of His160 and
the nonpolar face of Pro64, and the additional hydroxyl group
at C4 is within 2.7 A of Asp126 OD1 and thereby assists in
fixing the substrate with respect to the active site. The
docking experiment further reveals that the carboxylate
moiety of C-terminal residue Trp270 undergoes a movement
to form a good hydrogen bond contact between Trp270
carboxylate O1 and the cyanohydrin hydroxyl group (2.7 A),
while the active site water U40 adjusts to maintain a
hydrogen bond contact between the Trp270 carboxylate O2

Biochemistry, Vol. 41, No. 40, 20022049

The entering cyanohydrin is hydrogen bonded to Ser158
OG and C-terminal Trp270 O1, which abstracts a proton
from the OH group of §-4-hydroxybenzaldehyde cyano-
hydrin. A proton transfer from the Trp270 carboxyl group
to the leaving nitrile group occurs via active site water U40.
Protonation of the cyanide ion results in the products
hydrogen cyanide and 4-hydroxybenzaldehyde, thus com-
pleting the catalytic mechanism. We have omitted, however,
any discussion of whether the proton transfer occurs simul-
taneously via a substratd rp270-active site water ternary
complex or alternatively via a charged intermediate.

An argument in favor of the combination of the Trp270
carboxylate moiety and one water molecule being the
catalytic machinery is based on the chemical results (see
above) showing that the SbHNL-II-catalyzed addition of
HCN to carbonyl substrates in the reverse reaction occurs
with pronouncedS stereoselectivity. Due to the geometry
of the active site, the cyanide ion can attack exclusively from
below the phenyl plane (see Figure 4). Since the catalytic
base Trp270 is situated above this plane, the active site water
U40 is required to deprotonate HCN.

Evolution of SbHNL Structure and Functiofihe homol-
ogy between SbHNL-II and carboxypeptidase CPD-WII
shows without doubt that both molecules have evolved and
diverged from a common ancestor late in evolution. Indeed,
the level of sequence identity between different CPD
subtypes of various monocotyledone species is lower than
the level of sequence identity between SbHNL-II and CPD-
WII (data not shown). Because SbHNL-II already has a
broken carboxypeptidase active site (see above), we suggest
that the ability to catalyze cyanogenesis was a secondary
adaptation of an ancestral CPD enzymesobicolor From
this perspective, it is apparent that the evolution of cyano-
genic function in SbHNL-II is characterized by both the
deletion of Trpl47 and Alal48 (necessary for substrate
binding) and thex subunit C-terminal extension up to Trp270
(necessary for catalysis) of the ancestral molecule. Recom-
binant methods should help in analyzing the structural
features and the chemical constraints that have been selected

(2.8 A) and the substrate nitrile group (3.1 A). The simulation by evolution to generate the new catalytic activity in SbHNL-
indicates that there are no unfavorable contacts in the docked!-

complex and only the active site water U40 had to move
slightly to accommodate th&)-cyanohydrin substrate in the
putative catalytic position. Note that binding of aR){
cyanohydrin substrate in a similar way would be impossible
as its nitrile group would clash with the side chain atoms of
Trp270.

Given the geometrical constraints expected for suitably
positioned catalytic residues, the carboxylate group of
C-terminal Trp270 is well situated to serve as the catalytic
base in the first step of abstracting a proton from the
cyanohydrin hydroxyl group as one of its carboxylate
oxygens is 2.7 A distant. In fact, the pHate dependence
of SbHNL-II is consistent with the requirement to titrate a
carboxylate group with a Ky, of ~4.7 to generate the
necessary bas4). As there is no other direct interaction
between the nitrile group and any protein residue, the active
site water U40 is suggested to be the most likely candidate
for proton transfer. In conclusion, a simplified reaction
mechanism of SbHNL cyanogenesis is presented in Figure
5.
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