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ABSTRACT: The major soluble protein component of avian and reptilian eye lenses,δ crystallin, is highly
homologous to the urea cycle enzyme, argininosuccinate lyase (ASL). In duck lenses there are two highly
homologousδ crystallins, termedδ I andδ II, that are 94% identical in amino acid sequence. Whileδ
II crystallin has been shown to exhibit ASL activityin Vitro, δ I crystallin is inactive. The X-ray structure
of a His to Asn mutant of duckδ II crystallin (H91N) has been determined to 2.5 Å resolution using the
molecular replacement technique. The overall fold of the protein is similar to other members of the
superfamily to which this protein belongs, with the active site located in a cleft between three different
monomers of the tetrameric protein. A reexamination of the kinetic properties of the H91N mutant reveals
that the mutant has 10% wild-type activity. TheVmax of the mutant protein is identical to that of the
wild-type protein, but a 10-fold increase in the Michaelis constant is seen, suggesting that His 91 is
involved in binding the substrate. In an effort to determine the reasons for the loss of enzymatic activity
in δ I crystallin, a structural comparison of the H91N mutant with the enzymatically inactive turkeyδ I
crystallin has been performed. This study revealed a remarkable similarity in the overall structures of the
two proteins. Three regions of secondary structure do differ significantly between the two models; these
include the N-terminal tail, a loop containing residues 76-91, and acis versustranspeptide linkage at
residue Thr 322. Thecis to trans peptide variation appears to be an interspecies difference between
turkey and duck and is therefore not directly involved in the loss of enzymatic activity. All the residues
implicated in the catalytic mechanism are conserved in both the active and inactive proteins, and given
the linearity of the relationship between the enzymatic activity of duckδ I/δ II heterotetramers and their
δ II content (Piatigorsky & Horwitz, 1996), it is evident from the structure that only one of the three
domains that contributes to the active site is responsible for the loss of activity in theδ I protein. Given
the structural differences found in domain 1 (N-terminal tail and 76-91 loop), we postulate that these
differences are responsible for the loss of catalytic activity in theδ I crystallin protein and that theδ I
protein is inactive because it no longer binds the substrate.

Crystallins, the most abundant eye lens proteins, play a
key role in determining and maintaining the transparency,
rigidity, and refractive properties of the lens (Delaye &
Tardieu, 1983; Fernald & Wright, 1983; Piatigorsky, 1984;
Wistow & Piatigorsky, 1988). They constitute a diverse
group of proteins with very little homology among its
members (Piatigorsky, 1993). Crystallins are classified
according to their distribution in vertebrate species: crys-
tallins that are invariably incident in all vertebrates are known
as the ubiquitous crystallins (R-, â-, andγ-crystallin), while
those restricted in distribution to certain species are called
taxon-specific (δ, ε, λ, etc.). Members of the taxon-specific
class of crystallins are highly homologous to housekeeping
enzymes (Piatigorsky, 1992; Piatigorsky & Wistow, 1989;

Wistow & Piatigorsky, 1987), and in some cases the
crystallins have even been shown to demonstratein Vitro
the native enzymatic activity of their homologue (Chiou et
al., 1991b; Hendriks et al., 1988; Kim & Wistow, 1993).
The significance of the evolutionary relationship between
crystallins and housekeeping enzymes is yet to be fully
appreciated, but presumably, the recruitment of the enzyme
to the eye lens is based on the necessity for the lens to acquire
proteins which are thermodynamically stable and can ac-
cumulate in high concentrations (Piatigorsky et al., 1994;
Wistow, 1993; Wistow & Piatigorsky, 1987). This phe-
nomenon, i.e., two proteins with tissue-dependent functions,
is called gene sharing (Piatigorsky, 1992; Piatigorsky &
Wistow, 1989) and also accounts for the evolution of the
ubiquitous crystallins (Piatigorsky et al., 1994).

δ-Crystallin is the principal constituent of bird and some
reptile eye lenses and accounts for 40-70% of all the soluble
lenticular proteins. In the chicken and duck genomes, two
distinct functionalδ-crystallin genes, termedδ I and δ II,
are present in tandem, the result of a duplication of the
ancestralδ-crystallin gene (Nickerson et al., 1985, 1986;
Wistow & Piatigorsky, 1990). Examination of the available
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protein sequences forδ I andδ II crystallins reveals an 88-
94% identity among the variousδ-crystallins and between
65% and 71% identity to the metabolic enzyme, arginino-
succinate lyase (ASL) (EC 4.3.2.1) (Mori et al., 1990;
O’Brien et al., 1986; Piatigorsky et al., 1988). Since both
δ-crystallins are preferentially expressed in the lens tissue
and as they are more identical to each other than to human
ASL,1 it appears that the recruitment of ASL to an eye lens
role must have preceded the gene duplication event, dem-
onstrating that gene duplication is not a mandatory prereq-
uisite for the evolution of a new protein function (Hughes,
1994; Kimura & Ohta, 1974; Piatigorsky & Wistow, 1989,
1991).
Argininosuccinate lyase (ASL), the enzyme homologue

of δ-crystallin, is ubiquitous to all organisms (O’Brien &
Barr, 1981), where it is involved in the biosynthesis of
arginine. The enzyme catalyzes the interconversion of
argininosuccinate to arginine and fumarate:

ASL belongs to a superfamily of metabolic enzymes that
all catalyze a reaction similar to that above. The tetrameric
enzymes catalyze aâ-elimination reaction through a general
acid-base mechanism which cleaves a CR-N or CR-O bond
and produces fumarate as one of the reaction products.
Members of this superfamily include class II fumarase
(Woods et al., 1988), aspartase (Takagi et al., 1986; Woods
et al., 1986), adenylosuccinate lyase (Stone et al., 1993),
3-carboxy-cis,cis-muconate lactonizing enzyme (CMLE)
(Williams et al., 1992), ASL, andδ-crystallin. Although
these proteins are only distantly related, displaying low
overall sequence homology (20-30%), there are three
regions that are highly conserved (Figure 1 a). It was
proposedsand later shown for two members of the
superfamilysthat these regions overlap in the quaternary
structure forming a cleft region (Simpson et al., 1994;
Weaver et al., 1995). In keeping with the overall similarity
of the reactions catalyzed by members of the superfamily
and the structure ofEscherichia colifumarase with a bound
substrate-analogue (Weaver & Banaszak, 1996; Weaver et
al., 1995), the active site has been proposed to lie within
this cleft region, with a number of the highly conserved
residues believed to interact with the fumarate moiety of the
various substrates and to participate directly in catalysis.

δ I and δ II crystallins are the products of a gene
duplication event of an ancestral ASL gene. Despite the high
sequence identity betweenδ I and δ II crystallins, 91%
between chicken and 94% between duckδ I and δ II
crystallins, respectively, and the similarity between these
crystallins and human ASL (64-71.5% identity), ASL
activity has only been detected in theδ II isoform. No
enzymatic activity is exhibited by any of theδ I crystallin
proteins examined to date (Chiou et al., 1991a,b; Lee et al.,
1992; Piatigorsky et al., 1988). The difference in the
catalytic activity of these two extremely homologous proteins

(δ I andδ II crystallins) must be the result of the variations
in the primary structure of the proteins (Figure 1b). These
sequence variations could cause a loss of enzymatic activity
due to a mutation in one or more of the residues involved in
the catalytic mechanism, or they could result in differences
in higher levels of structure, for example, changes in the
conformation, the overall fold, and/or subunit assembly.
A histidine residue has been implicated in the catalytic

mechanism of both ASL (Garrard et al., 1985) andδ II
crystallin (Chiou et al., 1991a), and since in the enzymatically
inactiveδ I crystallins histidine 91 is mutated to glutamine,
it was previously postulated that histidine 91 played a direct
role in catalysis (Barbosa et al., 1991b). In an attempt to
test this hypothesis and identify the catalytic histidine,
O’Brien and colleagues (Patejunas et al., 1995) constructed
four single site-directed mutants in which the histidine
residues at positions 91, 110, 162, and 178 were replaced
with asparagine residues (H91N, H110N, H162N, and
H178N). Preliminary kinetic analysis of these mutants
revealed that the H91N and the H162N mutants were
completely inactive, thus seemingly confirming the catalytic
role proposed for His 91 (Patejunas et al., 1995). Our
subsequent reevaluation of the enzymatic activity of the
H91N δ II crystallin, presented in this paper, revealed that
this mutant does exhibit low levels of activity, and the kinetic
parameters for the H91N mutant have been determined and
compared to those of the wild-type protein. A structural
study of the H91N mutant ofδ II crystallin was therefore
undertaken to provide insight into the role of His 91 in the
catalytic mechanism. While the structure presented here is
that of a partially active mutant, it is structurally indistin-
guishable from the fully active H178N mutant and wild-
type duckδ II crystallin, for which only low-resolution (∼3
Å) structures are presently available. The H91N model has
therefore been used in a structural comparison of the
enzymatically inactive turkeyδ I protein to determine
whether there were any major conformational differences
between theδ II and δ I proteins that could account for the
loss of enzymatic activity in theδ I protein.

MATERIALS AND METHODS

Gene Expression, Purification, Crystallization, and Data
Collection. Duckδ II crystallin derived from the cDNA of
duck (Anas platyrhonchos) eye lens was overexpressed in
E. coli strain BL21(DE3)pLysS using a T7 polymerase
system. Details of the expression of the wild-type and the
H91N mutant of duckδ II crystallin (Patejunas et al., 1995)
have been described previously (Barbosa et al., 1991b).
Frozen cells from 2 L of culture were suspended in 125 mL
of ice-cold column buffer consisting of 10 mM Tris-HCl,
pH 7.5, 1 mM EDTA, and 1 mM dithiothreitol. The cell
suspension was divided into five fractions prior to cell lysis.
Each fraction was sonicated for a total of 2 min with 30 s
pulses followed by 120 s of cooling on ice. These were
centrifuged at 15 000 rpm for 30 min at 4°C in a Beckman
JA-20 rotor. The soluble fractions were then applied to a
previously equilibrated DEAE-cellulose (DE-53 Whatman)
ion-exchange column (1.6 cm× 40 cm) at a flow rate of 1
mL/min. The column was washed with 300 mL of column
buffer to remove unbound proteins. A 500 mL linear
gradient of 0-150 mM NaCl in column buffer was used to
elute the protein. The protein eluted at approximately 75
mM NaCl. Fractions with a relatively high content of the

1 Abbreviations: ASL, argininosuccinate lyase; NCS, noncrystallo-
graphic symmetry; H91N, histidine to asparagine mutation at residue
91; CMLE, 3-carboxy-cis,cis-muconate lactonizing enzyme.
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mutantδ II crystallin, as determined by the presence of a
50 kDa band on a SDS-PAGE gel, were pooled and
concentrated. The concentrated sample was desalted and
exchanged into 10 mM Tris-HCl, pH 7.5, by repeated
dilution and further purified by chromatofocusing on a
Mono-P FPLC column (HR 5/20). A concentrated sample
(1.5 mL of 10 mg/mL) was applied to the column previously
equilibrated with starting buffer (25 mM Bis-Tris, pH 7.1).
The column was subsequently washed with 12 mL of starting

buffer. A pH gradient from 7 to 4 was achieved in the
Mono-P column with the use of 100 mL of eluting buffer
(0.1× Polybuffer 74, pH 4). The fractions that exhibited
the highest purity were pooled and concentrated. This
procedure yielded∼30 mg of>98% pure protein/2L of cells.
Crystallization and Data Collection. The initial crystal-

lization conditions found for duckδ-crystallin have been
described elsewhere (Abu-Abed et al., 1994). However, prior
to data collection at the Cornell High Energy Synchrotron

FIGURE 1: (a) Three regions of high sequence similarity among members of the superfamily. In duckδ II crystallin numbering conserved
region 1 encompasses residues 114-121; conserved region 2, residues 159-168; and conserved region 3, residues 282-296. (b) Complete
sequence alignment of duck and chickenδ I and II crystallin. Key to sequence alignments: DDC II, duckδ II crystallin; DDC I, duckδ
I crystallin; CDC II, chickenδ II crystallin; CDC I, chickenδ I crystallin; ASL-H, human argininosuccinate lyase; ASL-Y, yeast
argininosuccinate lyase; FUM-BS, B. subtilis fumarase C; FUM-EC, E. coli fumarase C; FUM-H, human fumarase C; ASP-BS, B.
subtilis aspartase; ASP-EC, E. coli aspartase; ADL-BS, B. subtilisadenylosuccinate lyase; ADL-H, human adenylosuccinate lyase;
ADL-EC,E. coli adenylosuccinate lyase; CLME,P. putida3-carboxy-cis,cis-muconate lactonizing enzyme.
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Source, these conditions were further optimized to yield
thicker and more uniform crystals. This was achieved by
using a higher concentration of protein, a slightly different
precipitating agent, monomethyl ether PEG 2K instead of
PEG 4K, and a higher concentration of MgCl2. All crystals
were grown by the vapor diffusion technique in hanging
drops at room temperature. Five microliters of protein (14-
16 mg/mL, 100 mM Tris-HCl, pH 8.5) was mixed with an
equal volume of the precipitating solution [18-20% (w/v)
PEG MME 2K, 300 mM MgCl2, 100 mM Tris-HCl, pH 8.5]
and suspended over a 1 mLreservoir. Flat plate-like crystals
grew within approximately 4 days to a maximal size of 0.8
mm× 0.45 mm× 0.25 mm. An initial low-resolution 3 Å
data set (set 1, Table 1) was collected at room temperature
on a Siemen’s Xentronics area detector with a Rigaku RU200
rotating anode X-ray generator (λ ) 1.541 Å) and processed
using the XDS software package (Blum et al., 1987; Kabsch,
1988a,b). A second higher resolution data set (set 2, Table
1) was subsequently collected at room temperature on Fuji
image plates at the Cornell High Energy Synchrotron Source
(stationF1, λ ) 0.91Å). The image plates were read using
a Fuji BAS 2000 scanner and the data processed using the
DENZO/SCALEPACK software package (Otwinowski, 1993).
When first exposed to X-rays the crystals were found to
diffract to∼2 Å but were susceptible to radiation damage,
and therefore using the criteria that the data in the final
resolution shell must be>90% complete overall with at least
50% of the intensities over 2σ(I), the effective resolution of
the data was considered to be 2.5 Å.
Structure Solution. The structure of H91Nδ II crystallin

was solved by molecular replacement using the program
X-PLOR, version 3.1 (Bru¨nger, 1990), and the coordinates
of the enzymatically inactive turkeyδ I crystallin as the
search model (Simpson et al., 1994). Since the sequence of
turkeyδ I crystallin is unknown, the sequence of chickenδ
I crystallin has been used in the turkeyδ I model. Data
between 8 and 4 Å resolution (set 1, Table 1) and the
coordinates of all atoms of the tetrameric turkeyδ I crystallin
were used in all rotation and translational searches. The
rotation searches and Patterson correlation refinement yielded
four significant peaks. These peaks were equivalent to each
other and found to be related by the 222 noncrystallographic
symmetry found in the search model. The translational
search produced a unique solution, 9.1 standard deviations
above the mean and 6σ higher than the next peak. The final
rotation/translation solution had anR-factor of 43.77%

[R-free (Brünger, 1992) 43.84%] for data between 8 and 4
Å resolution.
Refinement. Rigid-body refinement was carried out using

the program X-PLOR (version 3.1). Initially the orientation
and position of each of the four subunits in the tetramer were
refined. Each subunit was then further divided into four rigid
bodies, consisting of residues 17-112, 113-361, 362-431,
and 432-465, which correspond to the three domains of the
protein and the C-terminal helix. This reduced theR-factor
to 33.1% (R-free 33.5%) for data between 8 and 3 Å
resolution. The necessary amino acid substitutions were
made at this stage to incorporate the correct sequence into
the model which was then subjected to eight rounds of
simulated annealing X-PLOR refinement (X-PLOR versions
3.1 and 3.8). The first two stages of the refinement used
the data between 8 and 3 Å resolution (set 1, Table 1) with
noncrystallographic symmetry (NCS) restraints (force con-
stant) 200 kcal mol-1 Å-2) imposed on all non-hydrogen
atoms in each subunit and an overallB-factor of 15 Å2. Later
rounds of refinement used the higher resolution data set and
data between 8 and 2.5 Å (set 2, Table 1). During round 3,
the NCS restraints were released and individual isotropic
B-factors refined. All rounds of simulated annealing refine-
ment were alternated with sessions of rebuilding using the
program O (Jones et al., 1991) or Turbo-Frodo (Cambillau
et al., 1996) and electron density maps with coefficients 2Fo
- Fc andFo - Fc or the equivalent sigmaA weighted maps
(Hodel et al., 1992; Read, 1986). Simulated annealing omit
trials were used to remove model bias and to validate the
correctness of certain sections of the model. Solvent
molecules were added gradually starting at round 5. The
computer program SRCHXPL (Larson, unpublished pro-
gram) was used to analyze theFo - Fc map such that
densities at least 2.5σ above the mean were picked and their
x, y, z coordinates output. Each potential water molecule
was subsequently examined using the program O or Turbo-
Frodo in conjunction with the model of the protein and both
2Fo - Fc andFo - Fc or the equivalent sigmaA weighted
electron density maps. Water molecules were only included
if the both the 2Fo - Fc (1σ above mean) andFo - Fc density
warranted, if they made at least one hydrogen bond to a
protein or other solvent atom and theirB-factor, after one
round of simulated annealing refinement, was less than 70
Å2. Due to density of insufficient quality, the first 16
N-terminal and last 3 C-terminal residues have been omitted
from the model.
An assessment of the quality of the structure was made

using the program PROCHECK (Laskowski et al., 1993),
and the geometry was generally found to be excellent. The
Ramachandran plot showed that>94% of the residues reside
in the most favored regions and that no residues reside in
the disallowed regions. Residue Leu 204 of each monomer
falls in the generously allowed region and is found to be
located in a type IVâ-turn. Considerable difficulty was
encountered in model building Ser 321 and Thr 322 into the
available density. While the sigmaA weighted 2Fo - Fc and
simulated annealing omit maps show good contiguous
density for these residues, all attempts to rebuild the residues
with a transpeptide and refine their geometry resulted in a
few atoms (e.g., carbonyl oxygen of Thr 322) which poorly
fit the density. Model building the peptide, however, as a
cis peptide resulted in a model in which all atoms fit the
density (Figure 2). A summary of the final refinement

Table 1: Data Collection and Processing Statistics

space group P21
unit cell dimensions 94.1 Å, 99.9 Å,

108.7 Å,â ) 102°

set 1 set 2a

max resolution (Å) 3.0 2.5
total no. of observations 78170 239855
unique reflections 39012 65461
completeness (%)
all data 99 (85.4)b 95 (92.6)b

I g 2 σ(I) 54 (12.1)b 82 (60.0)b

Rsym(I)c 0.137 (0.45)b 0.103 (0.33)b

a This data set was measured from nine crystals.b The numbers given
in parentheses denote the values in the highest resolution shell, 3.15-
3.0 Å and 2.6-2.5 Å for data sets 1 and 2, respectively.c Rsym(I) )
∑|I - 〈I〉|∑I, whereI is the intensity measurement for symmetry-related
reflections and〈I〉 is the mean intensity for the reflection.
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statistics is given in Table 2. A comparison of each of the
individual monomers in the tetramer revealed that the rms
deviation between all backbone atoms in four NCS-related
monomers is 0.29( 0.05 Å. There are a number of regions
that show significant differences between the monomers;
these all occur in loop regions, where differences between
structures are more typically expected due to the poorer
density found for these regions.
Kinetic Analysis. The ASL activity of wild-type and

H91N duckδ II crystallin was assayed at 22°C according
to the method described previously (Havir et al., 1965). Stock
solutions of potassium argininosuccinate were prepared by
adding a solution of K2SO4 to barium argininosuccinate
(Sigma Chemical Co.) in a 1:1.25 molar ratio and centrifug-
ing to remove the BaSO4 precipitate. The reaction mixture
was prepared by diluting the stock solution to the desired
concentration in 50 mM Tris-HCl, pH 7.5. Reactions were
initiated by adding 5-20µL of a dilute protein solution (1-2
mg/mL) to 1 mL of the reaction mixture. After brief mixing,
the production of fumarate was monitored by measuring the
increase in UV absorption at 240 nm on a Milton Roy 3000
spectrophotometer. The rates of the forward reaction were
measured for substrate concentrations ranging from 0.2 to

2.67 mM with three replicate measurements taken at each
concentration. Initial velocities were normalized to the
amount of protein used in each reaction and kinetic param-
eters calculated from a Lineweaver-Burk plot (Figure 3).
Wild-type duckδ II crystallin was similarly characterized
for comparison purposes.

RESULTS AND DISCUSSION

Tertiary and Quaternary Folds and Similarity to Other
Superfamily Members.H91N δ II crystallin has the same
overall global fold as turkeyδ I crystallin (Simpson et al.,
1994) and human ASL (Turner et al., 1997). In the present
structure, each of the four identical subunits consists of 449
amino acids, corresponding to residues 17-465. The first
16 amino-terminal and the last 3 carboxy-terminal residues
(466-468) are not included in the current model as the
electron density for these residues was of insufficient quality
for the conformation to be determined, implying that these
residues are conformationally flexible. The secondary
structure is predominantly helical (∼60% of the sequence)
with a total of 21 helices per subunit. A schematic

FIGURE 2: (a) Omit map of residues Pro 320A to Tyr 323A showing thecisandtransconfigurations of the Thr 322 peptide linkage. In both
(a) and (b) thecisconfiguration is represented by the thick lines and thetransconfiguration by the thin lines. (b)Fo - Fc difference density
for residues Pro 320A to Tyr 323A. The map is contoured at+2.5σ (thin lines) and-2.5σ (thick lines).

Table 2: Summary of the Final Model Refinement Statistics

resolution (Å) 8-2.5
R-factora [F > 2 σ(F)] 0.161
R-factora (all data) 0.178
R-freeb 0.235
no. of non-hydrogen atoms 13912 (1796 residues)
no. of solvent atoms 343
rms deviation from ideality
bond lengths (Å) 0.006
bond angles (deg) 1.16
dihedral angles (deg) 19.92c

improper (deg) 2.86
averageB-factors (Å2)
main chain 29.96
side chain 33.37
all protein atoms 31.91
solvent 32.47

a R-factor) ∑(|Fo|- |Fc|)/∑|Fo|. b R-free) ∑(|Fo,s|- |Fc,s|)/∑|Fo,s|,
where s refers to a subset of data not used in refinement comprising
10% of the data.c This value excludes thecis peptide bond.

FIGURE 3: Kinetic analysis of the H91N and wild-type duckδ II
crystallin: Lineweaver-Burk plots for the forward reaction,
catalyzed by wild-type ([) and H91N (b) duck δ II crystallin,
respectively. The mean of three measurements is plotted, and the
error bars correspond to the standard error of the mean.
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illustration of the overall two- and three-dimensional topol-
ogy of the subunit is given in Figure 4 a,b. The subunit is
approximately 95 Å× 40 Å× 35 Å. There are three distinct
domains in each subunit, which are flanked by N- and
C-terminal arms. Domains 1 and 3 have a similar overall
topology with each domain consisting of two helix-turn-
helix motifs, arranged mutually perpendicular to each other.
Domain 2 is comprised of nine helical segments, five of
which are coaxially aligned in an up-down-up-down-
up orientation, to form a central five-helix bundle.
The tetramer is approximately 110 Å× 95 Å× 95 Å and

can be thought of as two dimers of closely interacting
monomers (Figure 4c). The closely interacting monomers
associate via helices h8, h11, and h12, while the tetramer is
formed by the association of two such dimers via helix h12
of each monomer. The four central h12 helices form a
classical four-helix bundle at the core of the protein. Both
the closely associated monomers and the tetramer are held
together by mainly hydrophobic interactions along the length
of helices h8, h11, and h12. The overall structure of the
tetramer exhibits 222 noncrystallographic symmetry as
previously observed in the self-rotation function (Abu-Abed
et al., 1994).
In addition to the structural similarity with turkeyδ I

crystallin (Simpson et al., 1994) and human ASL (Turner et
al., 1997), duckδ II crystallin is also structurally similar to
fumarase C fromE. coli (Weaver et al., 1995), hence
reinforcing the hypothesis that all members of this enzyme
superfamily will share a common structural fold. Some
variation in the topology of theδ crystallins/ASL and
fumarase C does occur in domain 1, with differences seen
in the connectivity of some of the helical segments and in

the presence of an N-terminal antiparallelâ-sheet in the
fumarase C structure which is absent in the crystallin
structures.
Location of the ActiVe Site. The active site has been

defined previously (Simpson et al., 1994; Weaver et al.,
1995) for the structures of turkeyδ I crystallin and fumarase
C, respectively. The three regions of highly conserved
residues (Figure 1a), which are well dispersed in the structure
of the monomer (Figure 4a,b), come together in the tetramer
(Figure 4c) to form the putative active site cleft (Figure 5).
The location of the active site has been confirmed for
fumarase C (Weaver & Banaszak, 1996; Weaver et al., 1995,
1997). In the structure solution the fumarate analogue,
tungstate, was used as a heavy atom derivative and was found
to be located close to the highly conserved regions. Sub-
sequent studies of fumarase C with the inhibitor 1,2,4,5-
tetracarboxybenzene and citrate have provided further evi-
dence as to the location of the active site (Weaver &
Banaszak, 1996) as have the structures of two mutant forms
of E. coli fumarase C (Weaver et al., 1997). These studies
also provided evidence for the presence of a second dicar-
boxylic binding site which Weaver et al. (1997) suggest is
a potential activation site for the fumarase enzyme. There
is no evidence, to date, that such an activation site is present
in the duckδ II crystallin or human ASL structures.
In δ II crystallin, the conserved regions c2 from monomer

B and c3 from monomer C are close together, with the Nδ1

of His 162B within hydrogen-bonding distance of the Oε2

of Glu 296C or, if the orientation of the histidine residue
was inverted, the Oδ1 of Asn 289C. Other interactions
between the two conserved regions occur between the Oγ1
and carbonyl oxygen of Thr 161B and the Nú of Lys 289C

FIGURE 4: Schematic diagrams showing (a, left) the two-dimensional and three-dimensional topology of the duckδ II crystallin (b, center)
monomer and (c, right) tetramer. (a) Diagram showing the extent of the secondary structural elements with helical segments depicted as
cylinders (h,R-helix; g, 310 helix), â-sheets (â) by arrows, and loop regions by dark lines. The residues at the beginning and end of each
segment of secondary structure are numbered accordingly. The first 16 N-terminal and the last 3 C-terminal residues have been omitted
from this diagram (see text). The secondary structure elements were assigned using the program DSSP (Kabsch & Sander, 1983). The
dashed lines represent the extent of the three domains into which this monomer can be divided. The regions of highly conserved sequence
across the superfamily given in Figure 1a are shaded in red in both panel a and panel b. (b) Schematic diagram of the three-dimensional
topology of a monomer. (c) Schematic ribbon diagram of the tertiary structure of the tetramer of H91Nδ II crystallin. The highly conserved
regions across the superfamily are colored according to the monomer in which they are located: monomer A, red; monomer B, blue;
monomer C, green; monomer D, yellow. The numbers indicate the location of the four active sites. Panels b and c were prepared using the
program Molscript (Kraulis, 1991).
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and Gln 164B Nε2 and the carbonyl oxygen of Lys 290C.
The conserved residues of region c1 (114-120) do not
interact directly with either of the other two regions (c2 or
c3) (see Figure 5). Only Asn 116 and Ser 114, two of the
most conserved residues across the superfamily in this region
(Figure 1a and 5), are oriented toward the highly conserved
His 162, Glu 296, and Lys 289 residues but are∼6 and∼9
Å away from His 162, respectively. Although it had been
speculated, based on the fumarase structure (Weaver et al.,
1995), that Ser 114 has a catalytic role, there is no
experimental evidence that supports this hypothesis. If the
conserved residues in region c1 play any role in the catalytic
mechanism, it appears more likely that it is structural,
involved potentially in the binding of the substrate rather
than directly in catalysis, a hypothesis that is supported by
the lack of homology across the superfamily in this region
(Figure 1a) and the structure of fumarase C with citrate bound
(Weaver & Banaszak, 1996).
Catalytic Mechanism. Kinetic studies of the bovine ASL

(Garrard et al., 1985) and duckδ II crystallin (Lee et al.,
1993) have implicated a histidine residue in the catalytic
mechanism. The proximity of His 188 (equivalent to His
162 in duck II crystallin, region c2) in fumarase to the
tungstate ion (Weaver et al., 1995) would suggest that His
162 is the catalytic histidine in ASL/δ II crystallin. Site-
directed mutagenesis of His 162 to an asparagine residue
(Patejunas et al., 1995) confirms the importance of this
residue in the catalytic mechanism as enzymatic activity is
completely abolished. However, until the structure of a
substrate analogue or inhibitor-protein complex for ASL/δ
II crystallin has been determined, it is still not clear what
role His 162 plays in the reaction mechanism and what other
residues may be involved in binding the substrate and
catalysis.
The presence of a hydrogen bond between His 162 (Nδ1)

and Glu 296 Oε1 and the absence of any well-defined water
molecule coordinated to the histidine would seem to support
the original “charge relay” hypothesis of Weaver et al. (1995)
and would suggest that His 162 was the catalytic base. The
absence of any well-ordered water molecule from theδ II

crystallin structure in this location does not, of course, rule
out the possibility that this His 162 could be responsible for
activating a water molecule which would subsequently act
as the base as suggested by Weaver et al. in their subsequent
study of a number of inhibitor molecules bound to fumarase
C (Weaver & Banaszak, 1996). In both scenarios, the
hydrogen bond between His 162 and Glu 296 would make
His 162 more nucleophilic and therefore more capable of
abstracting a proton either from the Câ position of the
substrate to initiate the reaction or from the water molecule.
The hydrogen bond interaction would also render His 162
less likely to carry a positive charge and therefore less likely
to offer stabilization of the negatively charged carbanion
intermediate.

One argument against His 162 having a direct role in
catalysis is that if histidine 162 was the catalytic base, then
the reaction mechanism is not conserved across all members
of the superfamily, as both CMLE andE. coliaspartase lack
a histidine at this position. The histidine has been replaced
by tryptophan and glutamine in CMLE andE. coliaspartase,
respectively (Figure 1a). In CMLE, Glu 296 is also not
conserved.E. coli aspartase also appears to be unique in
the superfamily, as the enzyme requires a divalent metal ion
for activity at alkaline pH (Flazone et al., 1988; Ida &
Tokushige, 1985).

Also located in the active site cleft are the highly conserved
residues, Lys 289 and Asn 291, and Thr 161. The Nú of
Lys 289 is positioned within hydrogen-bonding distance of
Oδ1 of Asn 291 and the carbonyl oxygen and Oγ1 of Thr161.
The absolute conservation of Lys 289 throughout the
superfamily and the observation that mutation of this Lys to
Arg in aspartase (Saribas et al., 1994) completely abolishes
the binding of the substrate to the enzyme strongly suggest
that this residue is involved in stabilizing the enzyme-
substrate complex, either by hydrogen bonding to one of the
carboxylate moieties on the substrate or by stabilizing the
negatively charged carbanion intermediate (Simpson et al.,
1994). Alternatively, Lys 289 could be the catalytic acid as
suggested by Weaver and Banaszak (1996).

FIGURE 5: Stereoview of the putative active site of duckδ II crystallin. Conserved regions 1, 2, and 3 are contributed to the active site by
different monomers and are represented by thick lines in the diagram; each is labeled according to the monomer to which they belong. The
distance between Asn 91 and His 162 is 13.8 Å.
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Potential Role of His 91. Since a histidine residue had
been implicated in the ASL/δ crystallin catalytic mechanism
and as the enzymatically inactive chicken and duckδ I
crystallins were found to possess a histidine to glutamine
mutation at position 91, it had previously been suggested
that His 91 was directly involved in catalysis and that this
mutation was the primary cause for the loss of enzymatic
activity in δ I crystallin (Barbosa et al., 1991b). However,
contrary to earlier reports (Patejunas et al., 1995) that the
His 91 to Asn mutant (H91N) of duckδ II crystallin is
completely inactive, our kinetic analyses show that the
mutant in fact exhibits approximately 10% of the wild-type
δ II crystallin activity. The Lineweaver-Burk plots (Figure
3) for the rates of the forward reaction as catalyzed by the
H91N mutant and wild-typeδ II crystallin are linear with
no evidence of any negative cooperativity. The kinetic
parameters,Km andVmax,calculated from these plots are 0.83
( 0.11 mM and 1.54( 0.14µmol of fumarate formed min-1
(mg of protein)-1 and 8.25( 1.64 mM and 1.37( 0.06
µmol of fumarate formed min-1 (mg of protein)-1 for wild-
type and the H91N mutant, respectively. While the two
proteins exhibit comparable maximal velocities, their Michae-
lis constants for argininosuccinate differ significantly, with
a 10-fold increase being observed in theKm value for the
H91N mutant. As there are no significant structural differ-
ences relative to the wild-type protein (Patejunas et al., 1995),
the kinetic data suggest that the low levels of enzymatic
activity exhibited by this mutant are the result of impaired
substrate binding and implicate histidine 91 in a substrate
binding role rather than actual catalysis.
The location of His 91 in the active site (Figure 5) supports

the hypothesis that His 91 is involved in substrate binding
and not directly in catalysis as the residue is∼13.8 Å away
from His 162. Given this distance and provided that there
are no large structural changes in this area upon substrate
binding, it appears unlikely that His 91 could participate
directly in the catalytic mechanism. However, it is possible
that His 91 could interact with the peptidic end of the
substrate. Argininosuccinate, a conformationally flexible
molecule, could lie across the active site cleft such that the
fumarate moiety is oriented toward His 162 and the
conserved regions c2 and c3, while the-NH3

+ and-COO-

groups of the arginine moiety are oriented toward His 91.
While this hypothesis has yet to be confirmed with the
structure of an enzyme-inhibitor complex, it is consistent
with our kinetic data, as the Michaelis constant of the H91N
mutant is the only kinetic parameter affected by the mutation.
As His 91 is not conserved across the superfamily, but is
only conserved in ASL’s and enzymatically activeδ II
crystallins, we postulate that its role is in defining the
substrate specificity of these members of the enzyme
superfamily.
In addition, these kinetic results are now consistent with

early studies of the human ASL protein, where histidine 89
(equivalent to histidine 91 in duckδ II crystallin) was
mutated to a glutamine residue. This H89Q ASL mutant
was also found to exhibit 10% of wild-type activity (Barbosa
et al., 1991a). The mutation of histidine 91 to glutamine in
the enzymatically inactiveδ I crystallins could therefore
account for a significant portion, perhaps as much as 90%,
of the loss of catalytic activity. However, since this mutation
is just one of the 28 amino acids that differ between the
enzymatically inactive and active forms of the duck eye lens

protein, other point mutations (Figure 1b) or conformational
changes as a consequence of the point mutations must also
contribute to the inactivation of the protein.

Structural Differences betweenδ I andδ II Crystallin. δ
I crystallin is enzymatically inactive, despite the presence
of all the residues implicated in the catalytic mechanism
(Figure 5) and the preservation of almost all of the highly
conserved residues across the superfamily (Figure 1a). The
only variation in the conserved regions is a Glu to Asp
mutation at position 117 betweenδ I and δ II crystallin,
respectively. The replacement of His 91 with Gln inδ I
crystallin could explain, in part, the loss of its catalytic
activity since His 91 appears to be crucial for substrate
binding. However, unlike the H91N mutant ofδ II crystallin,
δ I crystallin is completely inactive, and therefore additional
factors have to be responsible for the lost catalytic activity.
A structural comparison of the enzymatically inactive turkey
δ I crystallin (Simpson et al., 1994) and the duck H91Nδ II
crystallin mutant was therefore undertaken. While this
comparison should ideally be between the wild-type duckδ
I and δ II proteins, as this would eliminate any structural
differences that may occur between the species that do not
relate to the loss of enzymatic activity, the structures for these
proteins are unavailable at present. The resolution of the
data available for the wild-type duckδ II structure is
considerably less than that of the H91N mutant (3.0 vs 2.5
Å). However, comparison of the structures of the wild-type
δ II and the H91N mutant shows no major structural
rearrangements as a result of the H91N mutation. The
comparison of the H91N mutant structure with that of turkey
δ I crystallin should therefore yield results similar to a
comparison of the wild-type duckδ II protein and the turkey
structure. It should be noted that the sequence of turkeyδ
I crystallin is unknown and that the sequence of chickenδ
I crystallin (Figure 1b) has been used in the turkeyδ I model.
It is expected that the sequence identity between chicken
and turkeyδ I crystallin will be greater than 90% (Simpson
et al., 1994).

A comparison of the main chain positions of the individual
monomers of each structure to every monomer in the second
structure reveals an average rms deviation of 0.56( 0.02
Å. This value is slightly larger than the average rms
deviations seen between each of the individual monomers
of the two structures. The average rms deviation for all
monomers is 0.29( 0.05 and 0.27( 0.04 Å for the duck
and turkey crystallins, respectively. The small deviations
observed for the NCS related molecules reflect the fact that
strict noncrystallographic symmetry was not maintained in
the final stages of refinement. While most of the differences
are the result of small changes in the backbone conformation,
two regions in each monomer differ by more than 1 Å. These
regions are adjacent in the structure and include residues 25-
32 and residues 76-91. The backbone ofδ II crystallin has
shifted approximately 5.0 Å and is between 3 and 4 Å relative
to the δ I structure for the 25-32 and 76-91 regions,
respectively. In each of the regions there are two noncon-
servative sequence changes: Ile (δ I) to Lys 25 (δ II), Thr
(δ I) to Tyr 32 (δ II), Ser (δ I) to Trp 76 (δ II), and Leu (δ
I) to Phe 81 (δ II). Each of these changes involves the
substitution of a small side chain (δ I) by a larger, bulkier
one (δ II), with the introduction of a positive charge at
position 25. In order to accommodate the substitutions, the
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backbone conformation of theδ II structure has had to
change.

Both structures have rather disordered N-termini. The
conformational change for residues 25-32 may therefore just
be the result of the flexibility of the region as indicated by
the higher than average thermal parameters. Examination
of residues 76-91, however, shows that residues Trp 76 and
Phe 81 inδ II crystallin (Figure 6) are involved in a ring-
stacking interaction, and in order to accommodate the bulkier
side chains at these locations, the backbone has shifted
downward. This shift does not alter significantly the position
of residue 91, where the Hisf Asn mutation has been
introduced to the sequence of duckδ II crystallin. The
electron density for region 76-91 is also noisy but un-
equivocally shows the changes between the two structures.
Since both of these regions lie at the lower corner of the
putative active site (Figure 5) and are quite distant from the
highly conserved residues, it is not immediately obvious how
these structural changes could affect the catalytic activity.
However, it is interesting to note that both the active duck
and chickenδ II crystallins contain the large aromatic
residues at positions 76 and 81. Goose crystallin, which has
been shown to be enzymatically active (Yu & Chiou, 1993),
is more similar in amino acid sequence to duckδ I (97%
identity) than to duckδ II (93.8% identity) crystallin. While
only one of the two genes for gooseδ crystallin has been
sequenced, it is interesting to note that in the sequence
available residues 76, 81, and 91 are tryptophan, phenyla-
lanine, and histidine, respectively. These are identical to the
residues found in the active duck and chickenδ II crystallin

and hence support the suggestion that these residues are
important in conferring enzymatic activity on the enzyme.

The only other significant difference between turkey and
duck δ crystallin structures is a difference in the peptide
linkage between residues Ser 321 and Thr 322 (Figures 2
and 7). In the duckδ II crystallin structure this peptide
linkage is in thecis conformation while in the turkeyδ I
crystallin structure it is in thetrans conformation. Given
the infrequency with which non-proline cis peptides occur
(Stewart et al., 1990) and their role in the catalytic activity
of the protein when they do, it is tempting to suggest that
this difference is the key to the loss of enzymatic activity in
δ I crystallin. However, if thecis peptide does play a role
in the enzymatic mechanism, it would have to be an indirect
one as the residues are completely buried, although the 320-
324 loop of one monomer does make a number of hydrogen
bond contacts to the residues on the 159-168 loop (con-
served region 2) of a second monomer both directly (Table
3) and via a network of water molecules. The 158-168 loop
contains His 162, a residue that appears critical for catalytic
activity. The 320-324 loop in which thecispeptide occurs
is stabilized in duckδ II crystallin by a hydrogen bond
between Nδ2 of Asn 324 and the main chain O of Pro 320.
Asn 324 is mutated to serine in the turkeyδ crystallin, and
while the potential for a hydrogen bond does exist, the
distance between the two groups (Ser 324A Oγ and O of
Pro 320A) is 5.3 Å. The amino acid sequence in this region
for duck δ I crystallin is identical to that of duckδ II
crystallin (Figure 1b), and therefore duckδ I crystallin should
be able to stabilize this loop in a manner similar to that seen

FIGURE 6: Stereoview of the 76-91 loop for turkeyδ I (thick lines) and duckδ II (thin lines) crystallin. Side chains for residues 76, 81,
and 91 have been included as these residues are not conserved between theδ I andδ II sequences (see Figure 1b).

FIGURE 7: Stereoview of the loop containing residues 320-324 and the surrounding residues for turkeyδ I (thick lines) and duckδ II (thin
lines) crystallin.
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for duckδ II crystallin. Confirmation of the presence of a
cis peptide in duckδ I crystallin will require the structure
to be determined. However, this suggests that the structural
variation seen in this region is the result of differences
between the duck and chicken species and not a difference
between the enzymatically inactive and active forms of the
protein.
Role of Domain 1. In a study of embryonic duck lens by

Piatigorsky and Horwitz (1996), it was discovered that five
different isoforms of theδ crystallin protein exist. The five
isoforms are the result of varying numbers ofδ I and δ II
monomers present in each tetramer (i.e., 4:0, 3:1, 2:2, 1:3,
and 0:4,δ I to δ II crystallin monomers). Under saturating
conditions theVmax for each isoform was directly related to
the number ofδ II monomers present in the isoform, with
the tetramer of fourδ II monomers being the most active
and the tetramer with 4δ I monomers being inactive.
Examination of Figure 8 shows a schematic diagram of the
four active sites that would be found in the protein, indicating
which monomer (A-D) and which conserved region (1-3)
contributes to each site. Using this diagram we can predict
how many “native” active sites will be present in a
heterotetrameric mixture ofδ I andδ II as a function of the
number of conserved regions or domains that could be
affecting activity. For example, in the case where you have
a ratio of 3δ I to 1 δ II monomers in a tetramer and all
three regions that make up the active site contribute to the
loss of catalytic activity, then regions A1, A2, A3, B1, B2,
B3, C1, C2, and C3 would all compromise the activity in
some way and no active sites could be formed that did not
contain at least one of these regions. If all three regions
contribute to the loss of enzymatic activity, we would have
expected this heterotetramer to be catalytically inactive. Since
it was found to exhibit activity, all three regions cannot
contribute to the loss of catalytic activity. A similar analysis

can be performed assuming that either two regions or one
of the regions that contribute to the active site is involved
in conferring loss of enzymatic activity. The number of
native active sites that would result from this analysis is
represented in Table 4. What is obvious from Table 4 and
the kinetic results of the five different isoforms is that the
linear relationship between the number ofδ I monomers and
the reduction in catalytic activity can be best explained if
sequence variations in only one of the three regions that
constitute the active site affect the activity of the protein.

We postulate that the region/domain that confers the loss
of enzymatic activity is the first domain in which we see
the large conformation change in loop 76-91 and where the
His f Gln mutation at position 91 is found. Our kinetic
results suggest that the Hisf Gln mutation only affects the
binding of the substrate and although, in the absence of a
structure of the duckδ II protein with an inhibitor or substrate
analogue bound, it is difficult to assess how the conforma-
tional changes seen in the 76-91 loop affect the catalytic
activity, it is interesting to note that most of the amino acid
differences between duckδ I andδ II crystallin do occur in
this domain (Figure 1b). Since almost all residues that have
been implicated in the catalytic mechanism and that lie in
the conserved regions are conserved between theδ I andδ
II crystallins and there are very few structural differences

Table 3: Summary of Hydrogen Bond Contacts for Residues
320-324

distance (Å)

residue and atom interaction δ I crystallin δ II crystallin

Pro 320A
O Nδ2 Asn 324A 2.7

Ser 321A
N Oδ1 Asp 261B 2.9 2.8

Oδ2 Asp 261B 3.6 2.5
Oγ1 Nε2 His 178B 2.9 a

Thr 322A
N O Tyr 160B 2.9
Oγ1 O Tyr 160B 2.9 3.5

Tyr 323A
O N His 162B 3.0

O Thr 161Bb 2.5
Asn 324A
Nδ2 O Pro 320A 2.7
O N Asp 326A 3.0 2.9

N Leu 327A 3.2 3.0
aWhile the Oγ1 of Ser 321A makes no direct interaction with His

178B in duckδ II crystallin, it does makes an indirect inaction via
water molecule 163 (2.77 Å) to the Oγ1 of Ser 177B (distance O 163
to Oγ1 Ser 177B 2.89 Å).b The difference in the hydrogen bonds
between Tyr 323 (δ II) or Phe 323 (δ I) is due to the difference in the
orientation of the peptide group between residues Thr 161B and His
162B. In the present orientation in turkeyδ I crystallin, the interaction
quoted is between two carbonyl oxygens and is therefore unfavorable.
However, if the peptide group was flipped, the O of Phe 323 would
make a good hydrogen bond to the N of His 162B.

FIGURE 8: Schematic diagram of the four active sites ofδ II
crystallin. Each circle represents an active site and is numbered
1-4. In each active site the three conserved regions have been
represented by a different shape and are shaded according to which
monomer they belong. The labels indicate which region/domain
(1-3) of which monomer (A-D) makes up the active site. For
example, active site 1 is made from monomer A, conserved region
1; monomer B, conserved region 2; and monomer D, conserved
region 3.

Table 4: Effect ofδ I Monomers on the Number of Active Sites in
a Heterotetrameric Mixture ofδ I andδ II

ratio of
δ I to δ II

3 conserved
regions affected

2 conserved
regions affected

1 conserved
region affected

4:0 0 0 0
3:1 0 0 1
2:2 0 2 or 0a 2
1:3 1 2 3
0:4 4 4 4

a The exact number of native active sites that will be present will
depend on how the individual monomers of each type (δ I or δ II)
form the tetramer. Due to the symmetry of the system there are certain
combinations that will yield two active sites while others will result in
no native-like active sites. For example, if monomers A and B (or C
and D) areδ I and conserved regions 1 and 2 affected the enzymatic
activity, then two native active sites will be formed (see Figure 8).
Similarly, the same applies for monomers A and D (or B and C), with
conserved regions 1 and 3 affecting the activity. Other combinations
of monomer and conserved regions will result in no native active sites
being formed.
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that occur in these regions, this would suggest that the
conformation of domain 1 and the amino acids in this region
are critical for substrate binding and that thereforeδ I
crystallin is inactive because it can no longer bind to
substrate.
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