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Abstract Human (-crystallin is a Zn*"-lacking medium-
chain dehydrogenase/reductase (MDR) included in the
quinone oxidoreductase (QOR) family because of its activ-
ity with quinones. In the present work a novel enzymatic
activity was characterized: the double bond «,f-hydroge-
nation of medium-chain 2-alkenals and 3-alkenones. The
enzyme is especially active with lipid peroxidation products
such as 4-hydroxyhexenal, and a role in their detoxification
is discussed. This specificity is novel in the QOR family, and
it is similar to that described in the distantly related alkenal/
one reductase family. Moreover, we report the X-ray
structure of {-crystallin, which represents the first structure
solved for a tetrameric Zn2+-1acking MDR, and which
allowed the identification of the active-site lining residues.
Docking simulations suggest a role for Tyr53 and Tyr59 in
catalysis. The kinetics of Tyr53Phe and Tyr59Phe mutants
support the implication of Tyr53 in binding/catalysis
of alkenal/one substrates, while Tyr59 is involved in the
recognition of 4-OH-alkenals.
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Introduction

{-Crystallin is a member of the medium-chain dehydro-
genase/reductase (MDR) superfamily [1] and was
described initially as a protein found in high amount in
guinea pig and camel lenses [2]. A mutation in guinea pig
{-crystallin gene is associated with congenital development
of cataracts [3]. It has been proposed that guinea pig
{-crystallin could be implicated in the regulation of
NADPH homeostasis or it could have a role related to its
quinone oxidoreductase activity [4].

Quinone oxidoreductase activity serves to name a group
of proteins [5, 6] constituting a complex protein family
(QOR) that comprises, along with other families, the Zn**-
lacking MDRs. These proteins are much less studied than
the Zn”>"-containing MDRs, and they are classified into
three major protein families: QOR, enoyl thioester reduc-
tase (ETR), and alkenal/one reductase (AOR). Each family
includes different subfamilies sharing low sequence iden-
tity [7]. The physiological role of ETRs and AORs seems
to be related to double-bond hydrogenation, their enzy-
matic activity being frans-2-enoyl reductase and o-f3
unsaturated aldehyde/ketone reductase, respectively.
Structural data and mutagenesis studies of ETRs and AORs
suggest the participation of a tyrosine residue in their
enzymatic activity. In contrast, the physiological role of
QOR remains unclear and no catalytic mechanism has been
proposed for any member of this enzyme family. Its so far
uniquely described enzymatic activity is the reduction of
quinones using exclusively NADPH as a cofactor. These
quinones are mainly in the ortho configuration, and activity
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has been demonstrated only for a few members: mamma-
lian (-crystallin [8], QORs from bacteria [9, 10], archea
[11] and yeast [8], and pS3-inducible gene 3 protein (PIG3)
[12]. This enzymatic activity suggests that QORs may act
as detoxification enzymes, although this has not been
demonstrated in vivo, and it has even been proposed that
PIG3 may act as a prooxidant enzyme implicated in the
induction of apoptosis [12]. However, some QORs are
induced by oxidative stress [8, 10], reinforcing their
potential role in detoxification pathways.

In addition to its enzymatic role, {-crystallin can act as a
nucleic acid-binding protein. Bovine and Pichia pastoris
{-crystallins are able to bind to single-stranded DNA, and
this binding is disrupted by NADPH competition [13, 14].
Moreover, {-crystallin from rat, human and yeast seem to
be involved in posttranscriptional regulation through their
ability to bind adenine-uracil-rich elements, which are
implicated in mRNA stabilization [8]. Thus, it has been
proposed that {-crystallin from rat may mediate the regu-
lation of glutaminase and glutamate dehydrogenase mRNA
[15, 16]. Recently, it has been reported that {-crystallin
overexpression and its RNA silencing have an important
impact on B-cell lymphoma 2 protein (bcl-2) and bumeta-
nide-sensitive cotransporter type 1 (BSC-1) mRNA stability
[17, 18].

In the present work, we identified and characterized a
novel enzymatic activity for human {-crystallin, the dou-
ble-bond o, -hydrogenation of 2-alkenals and 3-alkenones.
Such specificity has never been reported for any QOR
member, which suggests a new physiological role as a
detoxification enzyme of lipid peroxidation products. In
addition, we describe the crystallographic structure of
human {-crystallin, which is the first tetrameric structure
ever reported for Zn>*-lacking MDRs. Structural analysis
of the active site and site-directed mutagenesis identified
amino acids that are important for the specificity towards
alkenals/ones.

Materials and methods
Cloning of human {-crystallin

Two different constructs were used for heterologous
expression. For kinetic characterization and mutagenesis,
pET-30 Xa/LIC with (-crystallin cDNA, previously
obtained by Fernandez et al. [8], was used. For protein
crystallization, (-crystallin ¢cDNA was amplified using
primers with ligation-independent cloning sites and cloned
into pLIC-SGC1 (GenBank accession no. EF456737),
which is a pET-derived vector for IPTG-induced expres-
sion. The resulting recombinant protein contained an
N-terminal (His)s tag and a TEV protease cleavage site.

Site-directed mutagenesis

The {-crystallin Tyr59Phe mutant was previously prepared
by Porté et al. [12] and it was characterized regarding
quinone reducing activity. In the present study this mutant
was used to investigate the role of Tyr59 in alkenal/one
reduction. The {-crystallin Tyr53Phe mutant was obtained
using {-crystallin cDNA cloned into pET30-Xa/LIC as a
template [8]. Based on the Quickchange site-directed
mutagenesis kit method (Stratagene), we designed two
primers (mutated nucleotides are underlined): 5'-CGCT
CTGGTACTTTTAGTAGAAAACCACTC-3' (amino acid
positions 55-65) and 5'-GTTTTCTACTAAAAGTACCA
GAGCGAATGTATG-3’ (amino acid positions 52-61). All
reactions were performed in a DNA thermal cycler (MJ
Research) with Pfu Turbo DNA polymerase (Stratagene).
PCR products were incubated with Dpnl at 37°C for
60 min to select against the dam-methylated parental
strand. The resulting nicked-circular mutagenic strands
were transformed into E. coli BL21. Prior to expression,
DNA was completely sequenced to ensure that unwanted
mutations were absent.

Protein expression and purification

Human {-crystallin was expressed and purified from the
pET-30 Xa/LIC construct as described previously [8].
Human (-crystallin from pLIC-SGC1 was expressed in
E. coli (BL21 Rosetta) in 50 ml Terrific Broth (TB at 5%
glucose) in the presence of 100 pg/ml ampicillin and
34 pg/ml chloramphenicol at 37°C overnight. Cells were
collected by centrifugation and resuspended into 10 ml
prewarmed TB medium (containing 0.05% glucose, 0.2%
lactose, 0.06% glycerol, and antibiotics). One aliquot
(2.5 ml) of this solution was used to inoculate 2 x 500 ml
of the same medium, which was then incubated at 37°C
until an ODgq of 2 had been reached. Then 1 mM IPTG
was added, cells were shifted to room temperature and
grown for an additional 20 h. Cells were collected by
centrifugation and stored frozen (—20°C) until use. Pellets
were resuspended in 20 ml lysis buffer (10 mM imidazole,
300 mM NaCl, 50 mM NaH,PO,, pH 8) including Com-
plete, EDTA-free, protease inhibitor cocktail (Roche),
lysed by a French pressure cell press, and centrifuged to
obtain a clear supernatant (15 min, 20,000xg). Superna-
tants were processed by a two-step chromatographic
procedure using an Akta Xpress (GE Healthcare) purifi-
cation system. In the first step, sample was loaded in a
Ni**-nitrilotriacetic acid His-binding resin (Novagen),
washed with buffer (20 mM imidazole, 300 mM NaCl,
50 mM NaH,PO,4, pH 8) and eluted in elution buffer
(250 mM imidazole, 300 mM NaCl, 50 mM NaH,PO,,
pH 8). The collected peak was injected into a gel-filtration
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chromatography system (Superdex S200), and the protein
eluting in the main peak was concentrated using an Amicon
Ultra device.

Molecular weight determination

The apparent molecular weight of the native enzyme was
determined by gel-filtration chromatography on a Shodex
KW-803 column (8 x 300 mm) connected to an HPLC
system (Waters), and equilibrated with two volumes of
50 mM sodium phosphate, pH 7.0, 0.3 M NaCl. The col-
umn was run at a flow rate of 1 ml/min. Calibration was
performed with molecular weight markers (Sigma). The
subunit structure of the enzyme was determined under
denaturing conditions by SDS-polyacrylamide gel electro-
phoresis and Coomassie-Blue staining.

Kinetic characterization

Activities were determined in 100 mM sodium phosphate,
pH 7.5, in the presence of 0.15 mM NADPH, with freshly
prepared substrate solutions. Stock quinone, 2-alkenal and
3-alken-2-one solutions were prepared in ethanol, resulting
in a final concentration lower than 4% (v/v) ethanol in the
assay mixture. All aliphatic unsaturated compounds used
as substrates exhibited the trans configuration. NADPH
kinetic constants were determined in the presence
of 0.1 mM 9,10-phenanthrenequinone. The enzymatic
activity was measured in a Cary 400 Bio (Varian) spec-
trophotometer by following the consumption of NADPH at
340 nm (éxappu = 6,200 M~ ecm ™), except for cinna-
maldehyde where the activity was monitored at 365 nm
(enappu = 3,510 M™! cm_l). Controls lacking either
substrate or enzyme were run routinely. The reactions
started with the addition of the substrate. The initial
velocities were measured in duplicate with five different
substrate concentrations, and the Kkinetic constants were
calculated using the nonlinear regression program Grafit
5.0 (Eritacus Software). All reported values are expressed
as the means £ SE of at least three independent
experiments.

GC/MS analysis of reaction products

Reaction mixture (4 ml) contained 4 mM substrate
(2-pentenal or 3-penten-2-one), 50 pg purified human
{-crystallin, 1 mM NADPH, 50 mM glucose-6-phosphate
and 10 U glucose-6-phosphate dehydrogenase in 33 mM
sodium phosphate, pH 7.0. Glucose-6-phosphate and glu-
cose-6-phosphate dehydrogenase were added to regenerate
NADPH. Controls lacking enzyme and potential products
(3-penten-2-ol and 2-pentanone for reduction of 3-penten-
2-one, 2-pentenol and pentanal for reduction of 2-pentenal)

were also analysed. After 16-h incubation at room tem-
perature, the reaction mixture was extracted with 1 ml
ethyl acetate. GC/MS analysis was performed using a
6890 Series II GC system (Hewlett-Packard) equipped with
a HP5 MS column (30 m x 0.25 mm x 0.25 pum; Agilent
Technologies) and a 5973 mass selective detector
(Hewlett-Packard). The carrier gas was He at a flow rate of
1 ml/min. The samples were measured in the electron
impact mode at 70 eV, using the split injection mode with
an injector volume of 0.9 pl and an injector temperature of
250°C. The temperature gradient was 40°C for 8 min,
40-280°C at 40°C min~", and 280°C for 15 min. The MS
was scanned from m/z 35-350 and compared with the
Wiley Mass Spectral Library database (7th edition).

Crystallization, structure determination and analysis

The structure of human (-crystallin was determined by
X-ray crystallography (Table 1). Crystals were grown at
20°C in 150-nl sitting drops by mixing 100 nl of protein
solution (5 mg/ml) including 5 mM NADPH and 50 nl
crystallization solution consisting of 14.4% PEG 10 K,
0.16 M calcium acetate, 20% glycerol, 0.08 M sodium
cacodylate, pH 6.5. Data were collected using a rotating
anode (Rigaku FR-E SuperBright), and integrated and
scaled using DENZO and SCALEPACK. The molecular
replacement provided a model which was refined using
REFMAC, and finally it was deposited in the PDB with
code 1YBS5. Structure analysis was done using COOT [19],
the PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/
pistart.html) [20] and the CASTp [21] server, while fig-
ures were prepared with PYMOL (http://www.pymol.org).

Docking simulations

Docking of (-crystallin substrates, 2-hexenal, 2-nonenal,
3-nonen-2-one, 4-hydroxy-2-nonenal (HNE) and 4-hydroxy-
2-hexenal (HHE), was performed with the program Auto-
Dock 4.0 [22]. Prior to starting simulation, crystallographic
ligands and water molecules were removed from the
{-crystallin structure. The protein molecule was kept rigid,
while all the torsional bonds in substrates, except for all the
conjugated double bonds, were set free to perform flexible
docking. Polar hydrogen atoms were added by using the
Hydrogen module in AutoDock Tools, then Gasteiger
partial atomic charges were assigned. Each ligand docking
was accomplished using 150 Lamarckian genetic algorithm
runs starting from a random initial position of the ligand.
Following docking all structures generated for the same
compound were subjected to cluster analysis with a toler-
ance of 2.0 A for an all-atom root mean square deviation
(rmsd) from a lower energy structure. A second round of
docking was then performed using the global minimum


http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html
http://www.pymol.org

1068

S. Porté et al.

Table 1 (-Crystallin data
collection and refinement

Parameter

Value

statistics Data collection

Crystallographic refinement

Values in parenthesis, the last
resolution shell

! Rwork = Z/lk! ”Fobslleca]c”/
> ikt Fopsl, where Fops and Feyc
are the observed and calculated
structure factors, respectively.

® Riwee: same definition as Ryor
for a cross-validation set of
about 5% of the reflections.

Space group

Cell parameters

P2,2,2

a, b, ¢ (A) 99.5, 110.2, 77.5
% B,y () 90, 90, 90
Subunits per asymmetric unit 2
Number of observed reflections 73,050
Completeness (%) 99.8 (99.5)
Average 1/o (I) 8.4 (57.8)
Ryym (%) 11.5 (2)
Resolution range (/3;) 77.15-1.85 (1.85-1.89)
Ryork (%)* 17 (30.4)
Riree (%)° 20.7 (36)

Number of observed reflections
Ramachandran plot statistics

71,063 (5,164)

Residues in favoured regions (%) 98.8
Residues in allowed regions (%) 1.1
Residues in outlier regions (%) 0.2
Final model parameters
Number of monomers 2
Residues (each monomer) 324
Hetero groups (each monomer) 1 NADP*
Number of water molecules 739
Average B-factors protein (/0\2) 27.9
Covalent bond lengths (/e\) 0.017
Bond angles (°) 1.57

structure obtained with a distance of 4 A or less between
the Cy atom of the ligand and the C4 atom of the nicotin-
amide ring. We have used multiple docking runs to
increase the performance of the docking program [23].

Results

Expression, purification and molecular weight
determination of human {-crystallin

The protein was expressed in E. coli and purified to
homogeneity. As has been reported by Fernandez et al.
[8], human {-crystallin is a homotetramer, like camel lens
{-crystallin [24]. However, this quaternary structure
changed with the ionic strength of the chromatography
buffer. At 0.3 M NaCl, {-crystallin showed a homotetra-
meric structure, while at 3 M NaCl, it behaved as a dimer
in size-exclusion chromatography. This suggests that the
interactions between subunits in the tetramer are likely
based on electrostatic interactions between charged
residues.

Enzymatic characterization of human (-crystallin

The quinone-reducing activity of human (-crystallin has
been characterized previously [8, 12]. In the present study,
activity was assayed with 2-alkenals, 3-alken-2-ones,
n-alkanals and n-alkenes in the presence of NADPH as a
coenzyme (Table 2) to identify novel substrates. The
enzyme showed significant enzymatic activity towards
several 2-alkenals and 3-alken-2-ones, although no activ-
ity was detected with nonanal and 2-nonene (Table 2),
suggesting a specificity towards structures with an
o,f-unsaturated bond relative to a carbonyl group. In
contrast, the enzyme showed a low level of activity with
cinnamaldehyde and no activity with 2-cyclohexen-1-one
and 15-ketoprostaglandin E,. The K, values for 2-alkenals
were in the 0.48-8.6 mM range, while the k., values were
close to 10 min~' (Table 2), except for 4-hydroxy-2-
alkenals and propenal (acrolein) which are lipid peroxida-
tion-derived reactive compounds. For this kind of substrate,
{-crystallin displayed higher k., values, close to those
towards quinones, and lower K,, values, HHE being
the best 2-alkenal substrate. The kinetic parameters for
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Table 2 Kinetic analysis of

-1 s —1 —1
human {-crystallin K (UM) keqr (min™") kea/ Ky (min™" mM™)
Quinones
1,2-Naphthoquinone 29 +1* 170 + 3* 5,900 + 320*
9,10-Phenanthrenequinone 1.5 +0.2% 130 + 4% 87,000 + 12,000%
2-Alkenals
Propenal 1,450 £ 200 100 £+ 4 70 £ 10
2-Pentenal 8,600 + 1,100 12 + 0.6 14 +0.2
2-Hexenal 5,455 + 620 17+ 0.5 3.1 +04
4-Hydroxy-2-hexenal 130 + 26 80£5 613 + 130
2-Nonenal 482 £+ 60 6.8 + 0.2 14 + 1.8
4-Hydroxy-2-nonenal 550 £+ 136 69 £ 74 126 + 34
Cinnamaldehyde LA LA LA
3-Alken-2-
NA not active, LA low activity en-c-ones
(3 nmols/min-mg at 3-Buten-2-one 35+ 35 10 + 0.2 290 + 30
2 mM substrate). 3-Penten-2-one 535 + 34 12 £ 0.2 22+ 1.5
Activities were determined in 3-Nonen-2-one 940 + 260 13+1 14+4
0.1 M sodium phosphate, pH 2-Cyclohexen-1-one NA NA NA
7.0, with 0.15 mM NADPH, at Prostaclandi
25°C. For k., calculation, the rostaglanding
subunit molecular mass 15-Ketoprostaglandin E, NA NA NA.
(36 kDa) was used. n-Alkanals
All aliphatic unsaturated Nonanal NA NA NA
compounds used as substrates n-Alkenes
exhibit the trans configuration
2-Nonene NA NA NA

* Fernandez et al. [8].

3-alken-2-ones were very similar to those for 2-alkenals,
with 3-buten-2-one exhibiting the lowest K, value
(0.035 mM).

Identification of the products from the 2-alkenal
and 3-alken-2-one reduction by (-crystallin

The reduction reaction of 2-alkenals and 3-alken-2-ones by
human {-crystallin could generate two potential products:
the corresponding alcohol if the carbonyl group was
reduced, or the corresponding alkanal/one if the «,-double
bond was reduced (Scheme 1). In order to identify the
product and demonstrate the reaction type, GC/MS assays

y R1 )(L//\RQ
R1 )kf/ﬁ\‘ﬁz
o

(b) OH

R1 -”f’f"\ﬁz

Scheme 1 Potential reduction reactions of alkenal and 3-alken-2-one
by {-crystallin. Two reaction types could be catalyzed: a double-bond
o, -hydrogenation, b carbonyl group reduction. RI H (alkenal) or C,
(alkenone), R2 H or C,,

were performed. For the analysis of the 3-alken-2-one
reduction, 3-penten-2-one was used as a model substrate,
while 2-pentenal was used for the reduction reaction of
2-alkenals. A control reaction lacking enzyme and a mix-
ture of the potential products were also analysed. 3-Penten-
2-one was reduced to 2-pentanone (Fig. 1), as shown by
coelution with the original compound, as well as by its
characteristic MS fragmentation pattern, whereas 2-pente-
nal was reduced to pentanal (Fig. 2). Thus, the GC/MS
results demonstrate that human (-crystallin specifically
catalyses the reduction of the o, f-unsaturated bond and not
the reduction of the carbonyl group.

Structure analysis of human (-crystallin

With the aim of studying its quaternary structure and the
molecular basis for its enzymatic activity, the human
{-crystallin structure was solved. The overall structure
displays the typical MDR fold with two domains: the cat-
alytic domain (residues 1-128 and 271-329) and the
coenzyme-binding domain (residues 129-270), which are
separated by a deep cleft that binds the cofactor NADP™
and the substrate (Fig. 3a). Although human (-crystallin
has a low sequence identity with other MDRs of known
structure, the main structural features among all MDR
proteins are well conserved. The human (-crystallin
monomer can be superimposed with the E. coli QOR
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Fig. 1 GC/MS evidence for the selective reduction of the ,f-unsat-
urated bond of 3-penten-2-one by (-crystallin. Left panel:
superimposition of the chromatograms of the reaction products (in
red) in the presence of enzyme and control reaction without enzyme

(in black). Right panels: Mass spectra with molecular fragments from
peak a and peak b, which were identified as 3-penten-2-one and
2-pentanone, respectively. Peak ¢ was identified as mesytil oxide

r (a) 2-pentenal
210 |(b) 55
x
0:/\\/\

2 q75)
= 83
5 84
=
£ 140 |
£ (@) : .|‘| n |,|.|. Lo L i
; 10 { 30 50 i 70 90
= 1 m/z
E H (b) 44 Pentanal
E ] | :/\\/\\
g 70 y II 0
E n‘i\; :| Il
2 35| |H i ! 58

iﬂ| i} I " |!l|' 1|I | ’

P gLy . WA I\ \.IH Ly

35 45 55 6.5 30 50 70 90
t (min) m/z

Fig. 2 GC/MS evidence for the selective reduction of the o, f-unsatu-
rated bond of 2-pentenal by {-crystallin. Left panel: superimposition of
the chromatograms of the reaction products (in red) in the presence of

monomer (PDB code 1QOR), which shares 30% sequence
identity, with a rmsd of 1.53 A

Human (-crystallin behaves as a homotetramer. The
1YBS5 asymmetric unit contains a dimer designated AB and
the biologically active tetramer is generated by crystallo-
graphic twofold symmetry. The tetramer can be represented
as a dimer of two identical dimers: AB and CD (Fig. 3b),
each dimer being similar to the classical horse liver alcohol
dehydrogenase dimer. The centre of the tetramer forms a
large cavity (20,000 A% with an approximate accessible
surface area of 7,000 A% In each dimer, the monomer—
monomer contact occurs along the antiparallel f-strands

enzyme and control reaction without enzyme (in black). Right panels:
Mass spectra with molecular fragments from peak a and peak b, which
were identified as 2-pentenal and pentanal, respectively

(p* residues 252-254 and SVI residues 265-268 of each
monomer; Fig. 3d). These f-strands are bonded through
antiparallel hydrogen bonds with the corresponding sheets
of the neighbouring monomer and the subunits associate
into a 12-stranded f-sheet (six f-strands of the Rossmann
fold motifs in each monomer SI-fVI). The buried acces-
sible surface area per monomer is 1,200 A2 The interface
between dimers is less extensive (buried surface area per
monomer is only 600 A?) and it involves residues of helix
oC from the catalytic domain and of helix aza from the
coenzyme binding domain. The analysis of interactions
between dimers by the PISA server indicates that the only
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Fig. 3 Three-dimensional structure of human {-crystallin (PDB code
1YBS5). a Tertiary structure of the monomer. The catalytic domain is
coloured dark orange and the cofactor-binding domain is coloured
light orange. The [f-strands and o-helices of the cofactor-binding
domain are indicated by roman numerals and small letters, respec-
tively. Strand f* is not part of the classical Rossmann fold topology.
Nomenclature of the catalytic domain is in Arabic numerals and
capital letters. b Quaternary structure. (-Crystallin consists of a

interaction in the dimer interface is a salt bridge and
hydrogen bonds between Argl70 and Glu291 from each
subunit (Fig. 3c).

Cofactor and putative substrate-binding sites

NADP" was located in the cleft between the catalytic and
coenzyme binding domains of each subunit (Fig. 4a). As
has been described for other QORs, the typical sequence
motif GxGxx(G/A) in MDR enzymes is modified to
GxxGxxG (Gly156-xx-Gly159-xx-Gly162). The adenine
ring binds between the side chains of Leu225 and His200.
This residue makes a hydrogen bond with the 2'-phosphate
group of the adenine ribose, which is surrounded by the
main chain of Ser158, Glyl181 and Ala32, and the side
chain of Arg201. This residue is at a salt bridge distance
(3.86 ;\) from the 2'-phosphate group. Similarly, in other
QOR structures [9, 11, 12, 25], Gly, Tyr and a Lys or Arg,
are residues that interact with the 2’-phosphate group and
contribute to the preference for NADP. The pyrophosphate
group establishes hydrogen bonds with the main chain of

tetramer that is a dimer of two identical dimers. The tetramer is
generated by a crystallographic twofold symmetry, and the generated
subunits are coloured dark grey and light grey, while the subunits
from the asymmetric unit are coloured dark orange and light orange.
The interface between the subunits in the dimer is highlighted with a
dotted square and the interface between dimers in the tetramer is
highlighted with a full line square. The residues implicated in the
respective interfaces are displayed in the insets ¢ and d

Glyl160 and Vall61, while nicotinamide ribose contacts
with the hydroxyl group of Tyr53.

The pocket located between the NADP" molecule and
the catalytic domain, where the C4 atom from the nico-
tinamide ring becomes accessible to the solvent (Fig. 4b),
is a suitable site for substrate binding. In fact the pocket
accommodates an acetate ion which may have come from
the crystallization buffer. The pocket is formed by residues
Asnd8, Val50 and Tyr53 (aA), Tyr59 (loop aA-f4), lle131
and Thr135 (ca), Ser248 and Arg249 (loop SIV-f*),
Thr270, Leu271 and Phe272 (xC) from subunit A, and
Arg257*, Met260* and Ala261* (af) from subunit B.

Docking simulations

To gain an understanding of how various substrates may
bind to human {-crystallin, 2-hexenal, HHE and 3-nonen-2-
one, displayed in Fig. 5, and 2-nonenal and HNE (data not
shown), were docked into the active site. All substrates
could be accommodated with their aliphatic chain making
van der Waals interactions with Val50 in the inner part of
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Fig. 4 Representation of the NADP'-binding site and substrate-
binding pocket in human (-crystallin. a NADP' molecule and the
interacting protein residues. The electron density of NADP' is
displayed at a contour level of 1.5 6. The GxxGxxG structure is
shown as a ribbon. b Image of main amino acid residues lining the

putative substrate-binding cavity, which is shown as a surface. The
NADP* molecule is displayed with its C4 atom in black. An acetate
molecule (Ac) is accommodated near to NADP* supporting the
suitability of this pocket to bind potential substrates

2-hexenal

Fig. 5 Substrate docking simulations in the active site of human
(-crystallin. Representations of the docking results for 2-hexenal (a),
4-hydroxy-2-hexenal (b) and 3-nonen-2-one (c¢). The main interacting
residues are shown. The putative hydrogen bonds are represented as
black discontinuous lines, while the crystallographic hydrogen bonds
between Tyr53 and hydroxyl groups from the nicotinamide ribose are

the substrate pocket. Tyr59, Thr270, Leu271 and Phe272 in
the outer part of the pocket and Ile131 and Met260 in the
inner part of the pocket are the residues that make van der
Waals contacts with some substrates. On the other hand,
substrates could establish hydrogen bonds through their
carbonyl group (and the hydroxyl group in the case of
HHE). Interestingly, all substrates seemed to interact
through their carbonyl group with the 2’-hydroxyl of the
nicotinamide ribose. Differences on other putative hydro-
gen bonds may explain the differences in the specific
conformation of each substrate in the docking complex.
Thus, the 2-hexenal carbonyl group appeared to be at
hydrogen bond distance (2.05 A) from the Arg257-NH1
group (Fig. 5a), while 3-nonen-2-one could not perform
this interaction since its methyl group (C-1) might generate

4-hydroxy-2-hexenal

3-nonen-2-one

displayed as grey discontinuous lines. The atomic distances between
the hydroxyl group of Tyr53 and the 2’- and 3'-hydroxyl groups of
nicotinamide ribose are 2.71 and 2.95 A, respectively. The distance
between the C4 atom of NADP" (shown in black) and the C 5 atom of
the substrate is shorter than 4 A

steric hindrance with Arg257 (Fig. 5c). In the case of HHE,
the carbonyl group seemed to establish a hydrogen bond
with the amide group of Val50 (2.25 A) (Fig. 5b). Finally,
the hydroxyl group of HHE would be at hydrogen bond
distance from the Tyr59-OH (1.77 A) and Arg257-NHI
(2.09 A) groups (Fig. 5b). 2-Nonenal and HNE would
establish the same interactions as 2-hexenal and HHE,
respectively (data not shown).

Site-directed mutagenesis of substrate-pocket
Tyr residues

It has been suggested for several Zn>*-lacking MDRs that
an active-site Tyr residue would act as an acid/base cat-
alyst [26-29]. Therefore with the aim of studying their



Alkenal/one reductase specificity of {-crystallin

1073

potential role in AOR activity, Tyr residues in the active
site, Tyr53 and Tyr59, were mutated, and kinetic con-
stants were determined (Table 3). The Tyr53Phe mutant
displayed a large increase in K, values for all substrates
and the cofactor, but mainly towards 3-buten-2-one and
propenal with a 30-fold increase. In the case of 3-penten-
2-one, 3-nonen-2-one, 2-hexenal and HHE, Tyr53Phe
also showed a decrease in k.. On the other hand, the
Tyr59Phe mutant exhibited almost the same Kkinetic
parameter values as the wild-type enzyme for 2-alkenals,
while the K, increased for HHE. These results are con-
sistent with the docking simulations (Fig. 5b) which
indicated that Tyr59 would interact with the 4-hydroxyl
group of HHE, an interaction that cannot be established
with 2-alkenals.

Discussion

In the present study we described and characterized a novel
enzymatic activity of human (-crystallin: the double bond
o,f-hydrogenation of 2-alkenals and 3-alkenones. Thus,
{-crystallin shows two distinct activities: QOR, which is
used to name the protein family, and the novel activity,
which is similar to that shown by the distantly related AOR
protein family [30, 31]. Here we provide the first evidence of
this activity in the QOR family. Only one mammalian
enzyme from the AOR family, rat leukotriene B4 12-hy-
droxydehydrogenase (LTB4D), has been fully characterized
in terms of kinetic constants and substrate specificity [32].
Comparison of the two enzymes shows similar substrate
specificity, although with some differences. {-Crystallin is
not active or is poorly active with cyclic and aromatic
substrates, such as 2-cyclohexene-1-one, cinnamaldehyde
or 15-ketoprostaglandin E,, while LTB4D efficiently redu-
ces prostaglandins and cinnamaldehyde. In general LTB4D
prefers long-chain substrates (C12—-C16) while {-crystallin
seems to be more specific for medium-chain compounds
(C4-C9), such as HHE or 3-buten-2-one. In all cases, rat
LTB4D is more efficient than (-crystallin, with k.. /K,
values from 6- to 50-fold higher for the best {-crystallin
substrates, mostly due to higher k., values. The lack of
kinetic data from the human LTB4D precludes establishing
the relative physiological role of each enzyme in the human
species.

The structural analysis showed that human {-crystallin is
a homotetramer, which can be considered as a dimer of
identical dimers, where subunits exhibit the classical MDR
fold. A tetrameric structure for MDR proteins has already
been described in Zn®T-containing members of this
superfamily, such as sorbitol dehydrogenase [33] and
different alcohol dehydrogenases from bacteria and yeast
[34, 35]. (-Crystallin represents the first described

Table 3 Kinetic analysis of human (-crystallin mutants

Tyr59Phe

Tyr53Phe

Wild-type

Substrate

kege (Min™") kep/Kyy (min~' mM 1)

Keat (min™") kep/K (min™' mM ") K, (LM)

keat (Min™") keo/Kin (min™' mM ") K, (pM)

K (M)

371,500 + 137,000°

90 +9

0.25 £ 0.01° 90 £ 9°

860 + 80
60 + 3
n.d.

n.d.

28,000 =+ 3,225

280 + 16

10 £ 1
39,740 £ 3,560

1.5 £02* 130 £4* 87,000 £ 12,000*

1,450 £ 200 100 + 4

9,10-Phenanthrenequinone

5 +£2

35+03

140 £ 5.5

70 £ 10
290 £ 30

Propenal

280 £+ 14

n.d.
n.d.

17 £ 0.2
n.d.
n.d.

8§+£1
1.5+03

8§ £0.2
4+£02

970 £ 140
2,660 £ 480
3,110 £ 390

73,270 £+ 21,230

10 £ 0.2

35£35
535 +£ 34

940 + 260

5,455 £+ 620

3-Buten-2-one

22 £ 1.5
14 +4
31+ 04
613 £+ 130

12 £ 0.2
13+1

3-Penten-2-one

1 £0.1
0.1 £0.04

14 £1

3+£0.1

3-Nonen-2-one

4+04

6,120 £ 600 22 + 1

8+ 15
5+2

17 £ 0.5
80 5

2-Hexenal

100 + 30

1,260 £ 320 130 £ 18

3,670 £ 2226
I5+£3

130 £ 26

4-Hydroxy-2-hexenal

NADPH

60 + 4

5+0.7*

n.d. not determined.

NADPH kinetics were determined with 6 mM 3-buten-2-one for the Tyr53Phe mutant, and with 20 pM 9,10-phenanthrenequinone for the Tyr59Phe mutant.

All aliphatic unsaturated compounds used as substrates exhibited the frans configuration.

Activities were determined in 0.1 M sodium phosphate, pH 7.0, with 0.15 mM NADPH (0.3 mM NADPH for the Tyr53Phe mutant) at 25°C.

% Fernandez et al. [8].
® Porté et al. [12].
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tetrameric structure for a Zn>"-lacking MDR. As in other
tetrameric MDR, the interface between dimers is mainly
stabilized by two salt bridges between each monomer pair.
The residues implicated belong to the catalytic domain
(Argl70) and coenzyme-binding domain (Glu291), which
make the only bond in this interface. This may explain the
relative weakness of this interaction, which is broken by
high ionic strength.

The analysis of human (-crystallin structure provides
information for the identification of essential residues for
the enzymatic activity. In other Zn*"-lacking MDRs, e.g.
Candida tropicalis, yeast and human enoyl reductase [28,
291, Arabidopsis NADP-dependent oxidoreductase P1 [27],
human prostaglandin reductase 2 (PGR-2) [36] and guinea
pig LTB4D [26], structural and mutagenesis data support
the participation of a Tyr residue in their catalytic mech-
anism. In the substrate-binding site of {-crystallin, Tyr59
and Tyr53 are in an appropriate location for catalysis.
A previous mutagenesis study on the role of Tyr59 in
quinone reduction supports participation in substrate
binding [12]. Here we have extended the study to the
function of the two Tyr in the AOR activity. The Tyr53Phe
mutant displayed an increase in K, and a decrease in kg
for most substrates, resulting in a 14- to 440-fold drop in

A \ '|\.\

Fig. 6 Representation of the environment of Tyr53 and of a putative
catalytic mechanism for the reduction of the «,f-unsaturated bond of
alkenal/one. a Tyr53 makes hydrogen bonds with 2’- and 3’-hydroxyl
groups of nicotinamide ribose, and NH1 and Ne¢ groups of Arg249, in
the crystal structure (black dotted lines). The predicted hydrogen bond
between docked 3-nonen-2-one and the 2’-hydroxyl of nicotinamide
ribose is displayed as a red dotted line. The distance between C4 of

catalytic efficiency, and supporting a contribution of Tyr53
in the substrate binding/catalytic mechanism of double-
bond hydrogenation of alkenals and alkenones. Similar
results and conclusions have been reported for the Tyr
mutagenesis studies of AOR members (Tyr245 in LTB4D
[37] and Tyr259 in PGR-2 [38]) involved in the reduction
of the same substrate types. Tyr245 and Tyr259 are located
in homologous positions in the primary sequence, while
Tyr53 is not. Interestingly, these active-site tyrosine resi-
dues in {-crystallin and AORs do not directly bind to the
carbonyl group of the substrate (present results; [26, 36]),
and therefore they cannot be involved in acid/base catal-
ysis. However, in all cases they interact through a hydrogen
bond with the 2’-hydroxyl of nicotinamide ribose of
NADP*. Moreover, docking simulations indicate that the
carbonyl group of the substrates also interacts with the
2'-hydroxyl of nicotinamide ribose in both enzyme types
(present results; [26, 27, 36]). For AORs it has been pro-
posed that the Tyr may act together with 2’-hydroxyl of
nicotinamide ribose in the stabilization of the enolate form
of the transition-state intermediate [26, 27]. In spite of the
large overall structural differences with AORs (20-25%
sequence identity), a similar catalytic mechanism may be
proposed for {-crystallin (Fig. 6) because of the common

B )
Ho _H
RZ\ NH
-
s I
R1 O
/
HO R

H“_,_/:\ N
R1 H:‘fﬂ--\ ~o
HN e 271A p;
7% lasA g MR
N o --
-mmmomesoes 0.-"295A
o 204A |
R249
Y53

R1

nicotinamide and Cg of the substrate is indicated as a green dotted
line. b The catalytic mechanism requires the formation of an enolate
anion which may be stabilized by the hydrogen bond with the
2/-hydroxyl of nicotinamide ribose, as proposed for the AOR enzymes
[26, 36]. Tyr53 may potentiate the catalytic role of the 2'-hydroxyl

group
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active-site structural features and substrate specificity. The
environment of Tyr53 (Fig. 6a) may facilitate its potential
participation in the catalytic mechanism (Fig. 6b). The
interaction of Tyr53 with Arg249 would lower the pKa
value of the Tyr53 hydroxyl group, therefore enabling the
2'-hydroxyl of nicotinamide ribose to stabilize the transi-
tion-state intermediate (enolate anion). Thus, participation
of Tyr53 in catalysis seems only indirect, which would
explain the moderate effect of the Tyr53Phe mutation on
the k., values. The mutation increases K,, values, espe-
cially for the short-chain substrates, which would be also
an indirect consequence of the hydrophobic change on the
active-site environment.

Tyr59Phe mutant does not change the kinetic parameters
for the majority of the substrates but, remarkably, the
mutation produces a tenfold increase in the K, value for
HHE, suggesting a specific interaction of Tyr59 with this
physiological substrate. The docking simulation suggests a
hydrogen bond between the hydroxyl groups of Tyr59 and
HHE. This interaction appears essential for the higher
specificity with this substrate, which exhibits a 42-fold
lower K, value as compared to that of 2-hexenal, and
therefore the enzyme is especially relevant for elimination
of this product of lipid peroxidation.

Neither Tyr53 nor Tyr59 seems to be essential for QOR
activity, suggesting a different mechanism for quinone
reduction. There are several examples of enzymes that
catalyse quinone reduction, where the substitution of the
putative catalytic residue does not affect quinone reducing
activity [12, 39—42]. In the case of human PIG3, the Tyr59
homologue, Tyr51, is not essential for catalysis either [12].
Similarly, the catalytic mechanism for the QOR activity of
{-crystallin may be only based on orientation and prox-
imity effects as already suggested [12].

Several physiological roles have been proposed for
{-crystallin. A structural role in the lens of some vertebrate
species has been well documented [3, 43, 44]. Moreover, it
has been recently reported that (-crystallin plays an
important function in the regulation of protein levels of
bcl-2 and BSC-1 through modulating their mRNA stability
[17, 18]. These studies reinforce the previously proposed
role of {-crystallin as an RNA-binding protein [8, 15, 16].
Evidence also indicates a well-conserved catalytic role of
{-crystallin. Thus, when sequences of three evolutionarily
related structures, (-crystallin, yeast Ztalp and E. coli
QOR, are compared, the substrate-binding pocket is sig-
nificantly conserved, with much higher sequence identity
(40%) than that of other parts of the molecule, including
the cofactor-binding site (28%) [45]. Interestingly, all
members of the {-crystallin subfamily exhibit a Tyr residue
at each of the two positions homologous to Tyr53 and
Tyr59, and their three-dimensional localization in the

E. coli QOR structure [9] is identical to that in {-crystallin.
The conserved structure is consistent with the demon-
strated catalytic activity towards quinones for the three
enzymes. In addition, the conservation of the active-site
tyrosines, much more involved in alkenal/one reduction
than in the activity with quinones, predicts that the former
activity is also general in the (-crystallin subfamily.
Finally, Tyr53 in {-crystallin is similarly positioned and
functionally equivalent to Tyr245 and Tyr259 in AOR
members, supporting convergent molecular evolution.

A variety of aldo—keto reductases and short-chain
dehydrogenases/reductases, with well-established physio-
logical substrates, e.g. steroids and prostaglandins [46, 47],
exhibit the highest activity with quinones [47, 48],
although this function is not considered to have a major
physiological role. In fact, other enzymes exist, such
as NAD(P)H:quinone oxidoreductase (NQO1), which are
much more specific and active towards quinones [49].
Similarly, the AOR activity of {-crystallin may be of more
physiological significance than the quinone reduction. The
best alkenal substrates for (-crystallin are HNE and,
especially, HHE, which are the major alkenal products of
the lipid peroxidation pathway for n-6 and n-3 polyunsat-
urated fatty acids, respectively [50]. While HNE is a well-
known toxic compound, HHE has been recently shown to
be even more potent than HNE in eliciting cellular
responses and, in some human tissues, HHE adducts have
been found at higher levels than the corresponding HNE
conjugates [51], stressing the pathological relevance of
HHE. (-Crystallin seems well suited to contribute to the
inactivation of this toxic compound.

In conclusion, {-crystallin appears to be a multifunc-
tional protein with a structural role in the eye, RNA-binding
properties and quinone reductase activity. The 2-alkenal/
3-alkenone reductase activity here described adds further
insights and complexity into this Zn*"-lacking subfamily of
MDRs.
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