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ABSTRACT: δ-Crystallins are the major structural eye lens proteins of most birds and reptiles and are
direct homologues of the urea cycle enzyme argininosuccinate lyase. There are two isoforms ofδ-crystallin,
δ Ι andδ ΙΙ, but onlyδ ΙΙ crystallin exhibits argininosuccinate lyase (ASL) activity. At the onset of this
study, the structure of argininosuccinate lyase/δ ΙΙ crystallin with bound inhibitor or substrate analogue
was not available. Biochemical and X-ray crystallographic studies had suggested that H162 may function
as the catalytic base in the argininosuccinate lyase/δ ΙΙ crystallin reaction mechanism, either directly or
indirectly through the activation of a water molecule. The identity of the catalytic acid was unknown. In
this study, the argininosuccinate substrate was modeled into the active site of duckδ ΙΙ crystallin, using
the coordinates of an inhibitor-boundEscherichia colifumarase C structure to orient the fumarate moiety
of the substrate. The model served as a means of identifying active site residues which are positioned to
potentially participate in substrate binding and/or catalysis. On the basis of the results of the modeling,
site-directed mutagenesis was performed on several amino acids, and the kinetic and thermodynamic
properties of each mutant were determined. Kinetic studies reveal that five residues, R115, N116, T161,
S283, and E296, are essential for catalytic activity. Determination of the free energy of unfolding/refolding
of wild-type and mutantδ II crystallins revealed that all constructs exhibit similar thermodynamic stabilities.
During the course of this work, the structure of an inactiveδ ΙΙ crystallin mutant with bound substrate
was solved [Vallee et al. (1999)Biochemistry 38, 2425-2434], which has allowed the kinetic data to be
interpreted on a structural basis.

Crystallins are the major structural proteins of the verte-
brate eye lens, where they constitute 80-90% of the total
soluble lenticular protein (2). They are a diverse family of
proteins which function in maintaining the physical properties
of the lens such as its transparency and refractive index (3-
6). They are also speculated to protect the lens from UV1

and oxidative damage (7). Crystallin family members have
been classified according to their species distribution. The
ubiquitous crystallins (R, â, and γ) are incident in all
vertebrate species, while the taxon-specific variety (δ, ε, λ,
τ, etc.) are expressed in a species-dependent manner. The
ubiquitous crystallins are believed to have evolved much

earlier than the taxon-specific class (8). Crystallins are not
renewed, and therefore they must maintain their structural
and functional integrity throughout the lifetime of an
organism. Rather than evolving as highly specialized struc-
tural proteins, as might have been expected given their
essential lenticular functions, many of the taxon-specific
crystallins are direct homologues of house-keeping enzymes
(9-11). House-keeping enzymes have been recruited to the
eye lens by a phenomenon calledgene sharing. This is a
process whereby an enzyme is recruited, without any prior
gene duplication, to a new structural eye lens role (9, 11,
12). Recruitment presumably favors those enzymes which
are thermodynamically stable and able to accumulate to high
physiological concentrations without aggregating (8, 10, 13).
Following recruitment to the lens, gene duplication may then
occur; however, this is not necessary for the evolution of
the enzyme’s new structural role (11, 14-16). The genetic
mechanisms driving lens-specific overexpression of enzymes/
crystallins are not understood but presumably involve the
modification of promoter and/or enhancer elements. The
enzyme/crystallin is expressed at low levels in many tissues
to fulfill its enzymatic role while it is simultaneously
overexpressed in the lens as a crystallin.

δ-Crystallin is the major lenticular protein in avian and
some reptilian species, displacingγ-crystallin, which is a
principal constituent of mammalian lenses (17). δ-Crystallin
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imparts a soft, flexible property to the lens (18), which allows
for the long-range accommodation characteristic to the
eyesight of birds.δ-Crystallin is homologous to the enzyme
argininosuccinate lyase (ASL) (EC 4.3.2.1). After recruitment
of the enzyme to an eye lens function, gene duplication
occurred, resulting in theδ I and δ II isoforms. Although
there exists 88-94% amino acid sequence identity between
the δ I and δ II proteins from various species (12, 19, 20),
only δ II crystallin has retained ASL activity. ASL is
expressed predominantly in the livers of ureotelic species
where it participates in the urea cycle by catalyzing the
reversible hydrolysis of argininosuccinate to arginine and
fumarate. ASL is also ubiquitously expressed across all
species where it participates in arginine biosynthesis (21).
ASL/δ-crystallin belongs to a superfamily of enzymes that
includes class II fumarase (22), L-aspartase (23, 24), aden-
ylosuccinate lyase (25), and 3-carboxy-cis,cis-muconate
lactonizing enzyme (26). Each of these enzymes is biologi-
cally active as a 200 kDa homotetramer and catalyzes the
formation of fumarate via aâ-elimination reaction involving
cleavage of a CR-N or CR-O bond. Structures of four of
the six superfamily members have been solved by X-ray
crystallographic techniques (18, 27-31) and reveal that each
shares a common protein fold. Each monomer contains three
domains comprised primarily ofR-helices [see Figure 1 (1)].
The monomers oligomerize with 222 symmetry to form a
tetramer with the central helices of each monomer associating
to form a 20-helix core. Although the overall sequence
homology across all superfamily members is quite low
(approximately 15%), there are three highly conserved
regions of amino acid residues (Figure 1). The structural
studies on turkeyδ I crystallin (18) revealed that while these
three conserved regions are spatially remote from one another
in the tertiary structure of the monomer, they cluster together
as a result of quaternary assembly of the protein to form
four active sites, one at each “corner” of the enzyme. Each
active site cleft is comprised of one conserved region from
three of the four subunits that make up the tetrameric enzyme.
The location of the active site was confirmed by the structure

of Escherichia colifumarase C complexed with an inhibitor
(30).

The ASL reaction proceeds by a general acid-base
mechanism which is initiated by proton abstraction at the
Câ position of argininosuccinate to form a carbanion
intermediate. Subsequent proton donation at the guanidinium
nitrogen is accompanied by cleavage of the labile CR-N
bond to release the products, arginine and fumarate. Inhibitor-
boundEscherichia colifumarase C structures (30, 31) as
well as chemical modification and site-directed mutagenesis
of ASL andδ II crystallin (32-34) have implicated histidine
162 as being involved either directly in base catalysis or
indirectly through the activation of a water molecule. The
identity of the proton donor remains unknown, although
lysine 289, serine 114, histidine 162, and an active site water
molecule have all been suggested as possible candidates (18,
30, 31). In this study, duckδ II crystallin was used as a
structural model to identify those residues involved in acid
catalysis and substrate binding in the ASL/δ II reaction
mechanism. At the beginning of this study there was no
structure ofδ II crystallin/ASL with bound inhibitor or
substrate analogue available, and therefore the argininosuc-
cinate substrate was modeled into theδ II active site.
Coordinates ofE. coli fumarase C with citrate bound in the
active site (31) were used as a structural model for compara-
tive purposes in order to orient the fumarate moiety of the
substrate in the active site. These modeling studies served
as a basis for identifying amino acid residues which may
either putatively function as the acid catalyst in the reaction
mechanism or be involved in substrate binding. The roles
of these residues in catalysis were subsequently examined
by site-directed mutagenesis and quantitation of the kinetic
and thermodynamic properties of the mutant enzymes.

MATERIALS AND METHODS

Modeling the Substrate into theδ II ActiVe Site. To identify
residues which may participate in the catalytic mechanism
of δ II crystallin, the coordinates of a mutant H110Nδ II
structure (Turner and Howell, manuscript in preparation)

FIGURE 1: Sequence alignment of the three highly conserved regions across the ASL/δ crystallin superfamily. According to the duckδ II
numbering scheme, conserved region 1 includes residues 114-121; conserved region 2, residues 159-168; and conserved region 3, residues
282-296. Key to the 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. subtilisfumarase
C; FUM•EC, E. coli fumarase C; FUM•H, human fumarase C; ASP•BS, B. subtilisaspartase; ASP•EC, E. coli aspartase; ADL•BS,
B. subtilis adenylosuccinate lyase; ADL•H, human adenylosuccinate lyase; ADL•EC, E. coli adenylosuccinate lyase; CMLE•PP, P.
putida 3-carboxy-cis,cis-muconate lactonizing enzyme.
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were superimposed with those of an inhibitor-boundE. coli
fumarase C structure (31) using the program LSQMAN (35-
37). Superposition of the 20-helix core (inδ II corresponding
to residues 115-151, 171-196, 239-265, 293-314, and
330-354) of each tetrameric structure yielded a rms differ-
ence separation of 1.6 Å between corresponding CR positions.
The coordinates of argininosuccinate were built using the
program Quanta (38) and subsequently modeled into theδ
II active site using the program TURBO-FRODO (39). The
fumarate moiety of argininosuccinate was oriented to occupy
a position similar to that of the citrate inhibitor molecule
bound in the active site ofE. coli fumarase C. In general,
active site residues located within an 8 Å radius of the
substrate were chosen as candidates for site-directed mu-
tagenesis.

Site-Directed Mutagenesis.Site-directed mutants of duck
(Anas platyrhonchos) δ II crystallin were constructed using
the Unique Site Elimination Mutagenesis kit from Pharmacia
(40-42). Wild-type duckδ II cDNA was subcloned from
pET-3d (a gift of Dr. W. E. O’Brien) into theXbaI and
HindIII sites of the pUC-19 vector (Pharmacia), which
subsequently served as the template for all mutagenesis
reactions. Table 1 lists the mutagenic primers used in the
construction of each mutant. In addition to the mutation of
the desired codon(s), each oligonucleotide primer was
designed to introduce a new restriction endonuclease site into
the template sequence. This site served as a tool for the
selection of positive mutants. Mutated cDNA was then
subcloned into theXbaI and HindIII sites of the pET-3d
vector in frame with a C-terminal six-histidine tag. Prelimi-
nary screening of positive mutants was accomplished by
restriction enzyme mapping and was confirmed by DNA
sequencing over the area containing the mutation.

Protein Expression and Purification.DNA was trans-
formed intoE. coli strain BB101, the genotype of which is
ara ∆(lac proAB) ∆slyD (kanr) nalA argEam rif thiF′[lacIq

proAB+] (λDE3). TheslyD deletion prevents the expression

of a 21 kDa histidine-richE. coli protein that binds strongly
to the cobalt affinity resin used to purify the proteins studied
in these experiments. A single colony was used to inoculate
two 5 mL LB cultures which were incubated overnight at
37 °C. Overnight growths were then diluted in 1 L of LB,
and the culture was grown at 37°C to an OD600 of 0.5-0.6
at which point protein expression was induced by the addition
of IPTG to a final concentration of 1 mM. Cells were
harvested 3-4 h post-induction by centrifugation at 8000
rpm for 25 min at 4°C in a Beckman J2-21 centrifuge (JA-
10.5 rotor). The supernatant was decanted, and the cells were
stored at-20 °C until required. Frozen cells from 1 L of
culture were resuspended in 12.5 mL of column buffer
consisting of 10 mM Tris-HCl, pH 8.0, supplemented with
1 mM PMSF and 10µg/mL TPCK, and sonicated for a total
of 3.5 min with 30 s pulses followed by 60 s of cooling on
ice. The sample was centrifuged at 14 000 rpm for 30 min
at 4 °C in a Beckman J2-21 centrifuge (JA-20 rotor). The
soluble fraction was decanted and stored on ice while the
pellet was resuspended in column buffer, sonicated, and
centrifuged as in the previous step. The pooled (25 mL)
lysates were subsequently passed through a Millipore Millex-
HV 0.45 µM filtration unit. The lysate was divided in half
and each half mixed with 5 mL of Talon Metal Affinity Resin
(Clontech) that had been previously equilibrated with column
buffer. Binding of the protein was achieved by rotating the
samples for 30 min at 4°C. The samples were centrifuged
at 1500 rpm for 5 min at room temperature in a Beckman
GS-6KR centrifuge (GA-10 rotor), and the supernatant was
discarded. Each pellet was then washed in 50 mL of column
buffer and rotated for an additional 10 min at room
temperature. The samples were centrifuged as in the previous
step, the supernatant was discarded, and the final wash step
was repeated as before. The washed resin was then trans-
ferred to a column, and 30 mL of column buffer containing
15 mM imidazole was passed through under gravity flow.
The protein was eluted with 15 mL of 10 mM Tris-HCl, pH
7.5, 100 mM NaCl, and 100 mM imidazole and the eluate
collected in two 7.5 mL fractions. The first eluted fraction
contained most of the protein, as determined by relatively
high OD280 readings as well as the presence of a band of the
expected molecular mass of 50 kDa on an SDS-PAGE gel
(data not shown). The first eluted fraction was dialyzed
overnight at 4°C into 10 mM Tris-HCl, pH 7.5, and 1 mM
EDTA. This protocol yielded approximately 25 mg of about
95% pure protein from 1 L of bacterial culture.

Enzyme Assay.The enzymatic activity of wild-type and
mutantδ II crystallins was determined spectrophotometri-
cally. Reaction mixtures were prepared by diluting a stock
solution of sodium argininosuccinate (Sigma-Aldrich) to a
final concentration of 0.02-8.0 mM in 10 mM Tris-HCl,
pH 7.5. For the E296Q mutant the concentration range of
substrate used was 0.01-0.18 mM. Reactions were initiated
by the addition of 20-50 µg of enzyme. After brief mixing,
the enzymatic activity was monitored as a function of the
appearance of fumarate at 240 nm (ε ) 2.44 mM-1 cm-1)
on a Milton Roy 3000 spectrophotometer. All active enzymes
displayed Michaelis-Menten kinetics. Data points were
collected in triplicate and initial velocities fit to the Line-
weaver-Burk equation in order to determine the kinetic
parametersKm andVmax.

Table 1: Primers Used To Constructδ II Crystallin Mutantsa

mutant primer sequence (5′ to 3′)
E296Q P-GAA GAA CCC TGA TAG CCT GcA gCT GAT CCG C

PVuII
N116L P-CCG GAA GAA Gtc Gac tgG ATC AGG TTG TGA CTG

SalI
R113N P-GCA CAC CGG AAa ctc gAG GAA TGA TCA G

XhoI
R115N P-GCA CAC CGG AcG ttc gAa tAA TGA TCA GG

Bsp1191
S114A P-CAC ACC GGA AGA gct cGG AAT GAT CAG

SacI
S283A P-GCA CTG GCg cCA GCC TGA TGC CTC AGA AG

KasI
S284A P-CAC TGG CAG Cgc tCT GAT GCC TCA GAA G

Eco47III
T161V P-GCC TGG CTA tgt aCA CCT GCA GAA GGC CC

Bsp14071
Y323F P-GGA CTT CCA tca ACg TtC AAC AAG GAC C

Psp14061
Y323I P-GAC TTC CAA GtA Cta tCA ACA AGG AC

ScaI
a All mutagenic primers were phosphorylated at their 5′ ends.

Mismatched bases which constitute the mutagenic replacements are
shown in lower case. Restriction endonuclease sites have been
underlined and annotated to indicate the introduction of a new site into
the template sequence.
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Circular Dichroism Spectroscopy.The CD spectra of wild-
type and mutantδ II crystallins were measured on an AVIV
circular dichroism Model 62A DS spectrometer. A 0.2µM
solution of protein in 10 mM Tris-HCl, pH 7.5, and 1 mM
EDTA was scanned from 200 to 270 nm in a cell with a
path length of 0.1 cm. The spectra were acquired using 1
nm steps and an integration time of 1 s. To compare their
relative thermodynamic stabilities, the proteins were revers-
ibly denatured in guanidine hydrochloride (Pierce). A 0.2
µM solution of enzyme in 10 mM Tris-HCl, pH 7.5, and 1
mM EDTA was titrated from 0 to 6.9 M GdnHCl and 7.0 to
0.1 M GdnHCl for the denaturation and renaturation reac-
tions, respectively. Reactions were performed at 25°C in a
cell with a path length of 1 cm. After each addition of titrant
the sample was mixed for 60 s prior to obtaining the spectra.
Unfolding/refolding was monitored as a function of CD
signal at 222 nm. Each data point was taken as the average
of 301 observations measured over 30 s with an integration
time of 0.1 s. The denaturation/renaturation curve ofδ II is
biphasic, i.e., the structural transition from tetramer to
monomer occurs via an intermediate species. From analytical
ultracentrifugation studies on human ASL, the intermediate
has been identified as a dimer (43). Wild-type and mutant
denaturation data were fit to a tetramerT 2 dimer T 4
monomer equilibrium model using the numerical solver
BIOEQS (44, 45). Gibb’s free energies for the first (tetramer
T dimer) and second (dimerT monomer) transitions for
each of the unfolding and refolding reactions were quantitated
using this method.

RESULTS

Selection of Mutagenic Targets.The modeling of the
substrate, argininosuccinate, into the active site of the protein
identified the following residues as being within 8 Å of the
substrate: R113, S114, R115, N116, T161, E296, Y323,
H91, V119, T281, N291, D293, and K325. We have
concentrated on the first seven residues listed as they were
either in closest proximity to the modeled substrate (<4 Å)
or contained functional groups that may potentially function
in acid catalysis. S283 and S284 were additional candidates
because these two residues are invariant across all super-
family members (Figure 1) and are located on a conforma-
tionally flexible loop (the 280’s loop) that is thought to be
important for catalysis. E296 is speculated to participate in
a charge-relay with H162 (30), and therefore this residue
was mutagenized to demonstrate its importance in the context
of ASL/δ II crystallin. In designing theδ II mutants, amino
acid substitutions were kept as isosteric as possible in order
to minimize any structural variation that may occur in the
active site as a consequence of the mutation.

Assessing Conformational Integrity Using Circular Dichro-
ism.The CD spectra of wild-type and mutantδ II crystallins
were measured from 200 to 270 nm. All spectra displayed
minima at 208 and 222 nm as is characteristic of proteins
comprised of largelyR-helical secondary structure (Figure
2). The superposition of all spectra reveals that, with the
exception of R115N and E296Q, mutations introduced into
the wild-typeδ II sequence did not significantly alter the
secondary structural elements of the protein. The R115N and
E296Q mutants appear to have lost 20-30% of their
R-helicity in comparison to wild-typeδ II crystallin.

Global Fitting of ReVersible GdnHCl Denaturation Using
BIOEQS. Equilibrium binding curves monitored by CD
reveal that wild-type and mutantδ II crystallins are reversibly
denatured in GdnHCl. The shapes of both the denaturation
(0.0-6.9 M GdnHCl) and renaturation (7.0-0.1 M GdnHCl)
curves illustrate that the structural transition from folded
tetramer to unfolded monomer is biphasic in nature (Figure
3). The forward and reverse denaturation curves are super-
imposable, implying that this unfolding reaction is fully
reversible. Analytical ultracentrifugation studies on human
ASL have identified the intermediate species as a dimer (43).
Given this three-state transition model, two Gibb’s free
energies (∆G°) can be associated with each denaturation/
renaturation reaction.∆G°1 and ∆G°2 represent the free
energies of the tetramerT 2 dimer and 2 dimerT 4
monomer equilibria, respectively. Global fitting of GdnHCl

FIGURE 2: Circular dichroism spectra of wild-type, and mutantδ
II crystallins. Protein (0.2µM) was scanned from 200 to 270 nm,
and the resulting spectra were superimposed. Key to the plot: (])
wild-type δ ΙΙ crystallin; (0) E296Q; (4) N116L; (×), R113N;
(f), R115N; (b), S114N; (+) S283A; ()) S284A; (-) Τ161V;
([), Y323F; (O), Y323I.

FIGURE 3: Superposition of the experimental denaturation (O) and
renaturation (]) curves along with the modeled data for the
denaturation reaction (b) of wild-type δ II crystallin. Unfolding
was monitored as a function of the circular dichroism signal at 222
nm. In the denaturation reaction the sample was titrated from 0 to
6.9 M GdnHCl. For the renaturation reaction the titration was
performed from 7 to 0.1 M GdnHCl. The denaturation data were
fit to a biphasic transition using the program BIOEQS. The residuals
between the modeled and experimental observations at each data
point were small and random (data not shown).
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denaturation/renaturation data was performed by the numer-
ical solver BIOEQS (44, 45). An example of the quality of
the fit achieved using this analysis is provided in Figure 3
for the denaturation curve for wild-typeδ II crystallin. In
all cases the experimental data are very well described by
the model, as is evidenced both by the low random residual
values (data not shown) and by the lowø2 for the global fit.
The free energies associated the first and second transitions
of the denaturation of the wild-type and mutantδ II
crystallins have been calculated as the average of the
denaturation and renaturation experiments. For wild-typeδ
II crystallin ∆G°1, ∆G°2, and∆G°total were calculated to be
16.7 ( 0.2, 47.7 ( 1.7, and 64.5( 1.5 kcal/mol-1,
respectively.∆G°total represents the mean free energy of
unfolding for the tetramerT 4 monomer transition. The
average values for all mutants and wild-typeδ II crystallin
were calculated to be 16.6( 0.5, 47.2( 1.5, 63.8( 1.9
kcal mol-1 for ∆G°1, ∆G°2, and∆G°total, respectively. These
data indicate that wild-typeδ II crystallin and its mutants
all have similar thermodynamic stabilities. Free energies
corresponding to the overall tetramerT monomer transition
as well as the individual tetramerT dimer and dimerT
monomer transitions were comparable in magnitude for all
constructs examined. Reversible denaturation data suggest
that the introduction of these mutations into the wild-typeδ
II sequence does not perturb the thermodynamic stability of
the enzyme.

Kinetic Characterization ofδ II Mutants.The ASL activity
of wild-type and mutantδ II crystallins was quantitated
spectrophotometrically by monitoring the appearance of
fumarate at 240 nm. All active enzymes displayed linear
kinetics, and initial velocity data were fit to the Lineweaver-
Burk equation to determine the kinetic parametersKm and
Vmax (Table 2). Wild-typeδ II crystallin has a catalytic
efficiency of (7.4( 1.8)E4 M-1 s-1, which is comparable to
the value observed for wild-type human ASL. The mutations
R115N, N116L, T161V, S283A, and Y323I have each
abolished ASL activity, while the E296Q mutant has retained
only 0.001% residual activity. The kinetic parameters
estimated for the E296Q mutant are probably unreliable as
its activity is comparable in magnitude to the detection limit
of the assay. The S284A and Y323F mutants exhibit catalytic
efficiencies which are decreased by an order of magnitude
in comparison to wild-typeδ II. The remaining mutations
appear to have only modest effects on the rate of substrate
turnover. It is of interest to note that the Y323F mutant

exhibits aKm value which is increased 24-fold in relation to
the wild-type enzyme.

DISCUSSION

Assessment of the Modeling Studies.In this study, model-
ing was used to identify residues putatively involved in the
ASL/δ II crystallin catalytic mechanism. The coordinates of
an inhibitor-boundE. coli fumarase C structure (31) were
least-squares superimposed with those of a H110Nδ II
mutant (Turner and Howell, manuscript in preparation). The
argininosuccinate substrate was modeled into the active site,
using the position of the citrate inhibitor in theE. coli
fumarase C active site as a reference for orienting the
fumarate moiety of argininosuccinate. The substrate was
positioned to lie in an extended conformation across the
active site, such that its peptidic end was proximal to H91
(27) and its fumarate moiety within hydrogen-bonding
distance of H162. Modeling studies allowed for identification
of those functional groups which are best positioned to
interact with argininosuccinate, and as such these were the
most logical targets for site-directed mutagenesis.

Subsequent to the modeling and site-directed mutagenesis
studies presented here, the X-ray structure of an inactive
H162N δ II crystallin mutant complexed with argininosuc-
cinate was solved using X-ray crystallographic techniques
(1). This structure allows the validity of the model to be
assessed and provides a structural basis for the interpretation
of the kinetic data. The kinetic and structural data are in
good agreement with one another. Although not correct in
all its structural details, the model identified residues H91,
R113, S114, R115, N116, V119, T161, T281, N291, D293,
E296, Y323, and K325 as being within 8 Å of thesubstrate.
Examination of the crystal structure shows that the model
successfully identified approximately half of those residues
which make substrate contacts [see Figure 4 (1)]. S114,
N116, T161, N291, and Y323 interact directly with arginino-
succinate, as was predicted by the model, while H91 interacts
indirectly via a water molecule with the arginine moiety of
the substrate. Residues R113, V119, T281, D293, and K325,
which the model suggested might be involved in substrate
binding and/or catalysis, do not interact with argininosuc-
cinate. The model failed to identify residues S29, D33, R238,
L327, Q328, D330, and K331 as potential substrate binding
residues. The roles of these residues in catalysis have not
been examined in the current study.

Table 2: Kinetic Parameters for Wild-Type and Mutantδ II Crystallins

enzyme
Vmax

(µmol min-1 mg-1) Km (mM) kcat (s-1) kcat/Km (M-1 s-1)

wt δ II 1.5 ( 0.2 0.07( 0.01 4.9( 0.6 (7.4( 1.8)E4

S114A 0.73( 0.04 0.09( 0.01 2.42( 0.07 (2.6( 0.1)E4

R113N 0.20( 0.01 0.03( 0.01 0.62( 0.01 (2.3( 0.1)E4

S284A 0.03( 0.01 0.02( 0.01 0.12( 0.01 (5.3( 0.6)E3

Y323F 1.3( 0.1 1.7( 0.1 4.3( 0.1 (2.5( 0.1)E3

E296Q 1.5( 0.1 E-2 (5.8( 0.1)E-3 (5.3( 0.2)E-2 9.1( 1.4
R115N
N116L
T161V
S283A
Y323I
wt human ASL 9.8( 0.3 0.40( 0.03 32.8( 1.0 (8.4( 0.7)E4

a Kinetic parameters of wild-type and mutantδ II crystallins as determined by fitting initial velocity data to the Lineweaver-Burk equation.
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Circular Dichroism and ReVersible Denaturation ofδ II
Crystallins.Thermodynamic properties were determined for
wild-type δ II crystallin and each of its mutants. Gibb’s free
energies of unfolding/refolding were quantitated in each case
in order to verify that changes in kinetic parameters reflected
the enzyme’s ability to bind or catalyze substrate and were
not artifacts of an improperly folded or thermodynamically
less stable enzyme. Reversible denaturation ofδ II crystallins
in GdnHCl revealed that the structural transition from folded
tetramer to unfolded monomer occurs via an intermediate
species, which has been identified as a dimer from analytical
ultracentrifugation experiments performed on human ASL
(43). Two ∆G° values can be associated with a biphasic
denaturation/renaturation reaction.∆G°1 and ∆G°2 cor-
respond to the tetramerT dimer and dimerT monomer
equilibria, respectively. Free energies were determined using
the numerical solver BIOEQS (44, 45). Wild-type δ II
crystallin and its mutants all possess similar thermodynamic
stabilities, both for the individual∆G°1 and∆G°2 transitions
and for the overall unfolding/refolding reaction (∆Gtotal) (data

not shown). The free energies of denaturation/renaturation
were similar for each of the constructs examined, indicating
that the unfolding and refolding reactions occur via the same
thermodynamic pathway, i.e., a tetramerT 2 dimer T 4
monomer transition. The thermodynamic data indicate that
mutations introduced into the wild-typeδ II crystallin coding
sequence did not appreciably compromise the thermodynamic
stability of the mutants in comparison to wild-type enzyme.
In general, the tetramerT dimer and dimerT monomer
transitions are associated with free energies of 15-18 kcal
mol-1 (av 16.6( 0.5 kcal mol-1) and 45-50 kcal mol-1

(av 47.2( 1.5 kcal mol-1), respectively, resulting in an over-
all tetramerT monomer transition with a free energy of 60-
69 kcal/mol-1 (av 63.8( 1.9 kcal mol-1). On the basis of
GdnHCl denaturation data, it was concluded that any
differences noted in the kinetic parameters of each mutant
directly reflect the enzyme’s ability to bind or catalyze the
substrate and do not reflect a structurally altered protein.

The superposition of circular dichroism spectra (Figure
2) of wild-type and mutantδ II crystallins revealed that, with

FIGURE 4: (a) Ball-and-stick representation of argininosuccinate, in the same orientation as shown in (b) with the individual atoms labeled.
(b) CR trace (light gray) of the H162N active site (1) showing the location of the argininosuccinate substrate (medium gray) and the side
chains of protein residues that were mutated. (c) Schematic representation of the interactions between argininosuccinate and four enzymatically
important active site residues, Y323, N116, T161, and R115. Dashed lines represent interactions between atoms with distances given in
angstroms. Distances are not drawn to scale. The substrate makes additional interactions with active site residues S29, D33, R238, L327,
Q328, D330, and K331 [see Table 2 and Figure 4, Valle´e et al. (1)], which are not shown here.
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the exception of R115N and E296Q, the introduction of a
mutation did not perturb the secondary structural elements
of the constructs examined. Differences in the spectra of
R115N and E296Q may be due to errors in protein
concentration, which could arise from the presence of
impurities or small aggregates in the assay solution. If,
however, these differences are real, the data are indicating
that the R115N and E296Q mutants have lost 20-30% of
their R-helicity in relation to wild-typeδ II crystallin. It is
of interest to note that the R115N and E296Q mutations are
at the beginning of helices h7 and h12 of domain 2,
respectively [see Figure 1c (1)]. This domain is responsible
for the oligomerization of the protein and forms the 20-helix
core of the tetrameric enzyme (27). On the basis of their
locations in R-helices, the mutation of R115 and E296,
although unlikely, could destabilize these constructs, resulting
in an altered conformation and hence different CD spectra.
In general, both the thermodynamic and circular dichroism
spectra are in good agreement and consistent with the idea
that the kinetic parameters measured reflect the enzyme’s
ability to catalyze the substrate.

Roles of ActiVe Site Residues in Catalysis.The kinetic data
(Table 2) show that although wild-type duckδ II crystallin
and human ASL have differentVmax and Km values, they
still have comparable catalytic efficiencies, (7.4( 1.8)E4

M-1 s-1 and (8.4( 0.7)E4 M-1 s-1, respectively. The S114A
and R113N mutants both exhibit catalytic efficiencies that
are similar in magnitude to wild-type ASL/δ II crystallin
and as such are unlikely to participate directly in the catalytic
mechanism. These data preclude the possibility of S114
functioning as a hydrogen ion donor, as had previously been
suggested in the context ofE. coli fumarase C (30). The
X-ray data also indicate that S114 is not a catalytic residue,
as its Oγ1 is positioned 4.1 Å from the guanidinium group
of argininosuccinate. R113 does not make any contacts with
argininosuccinate. Its Nη2 moiety lies approximately 12 Å
from the C1, C2, and C3 backbone atoms of the substrate.

The roles of six functional groups, Y323, R115, T161,
S283, E296, and N116, each of which abolished activity
when mutated, can be explained in light of the X-ray data
(Figure 4). In the case of Y323, the two mutations Y323I
and Y323F each produce different kinetic results which can
be explained from the known protein-substrate contacts. The
Y323F mutant exhibited a catalytic efficiency that is
decreased by an order of magnitude in comparison to wild-
typeδ II crystallin [(2.5 ( 0.1)E3 M-1 s-1 vs (7.4( 1.8)E4

M-1 s-1]. The H162N crystal structure shows that the Y323’s

hydroxyl moiety is within hydrogen-bonding distance (2.7
Å) of the carboxyl oxygen of the peptidic end of the substrate
molecule. Removal of the hydroxyl group impairs binding,
as is evidenced by the 24-fold increase inKm (1.7 ( 0.1
mM) relative to that of the wild-type protein (0.07( 0.01
mM). TheVmax of the Y323F mutant (1.3( 0.1µmol min-1

mg-1) is comparable to that of wild-type (1.5( 0.2 µmol
min-1 mg-1), with the net effect being a catalytic efficiency
that is reduced by an order of magnitude in relation to the
wild-type enzyme. In contrast, the Y323I mutation com-
pletely abolishes detectable ASL activity, illustrating that the
phenyl group is a greater binding determinant than the
hydroxyl moiety. The structure reveals the potential for van
der Waal interactions between Cú and Cε2 ring members of
Y323 and the C1, C2, and N2 atoms of the substrate (3.7-
4.0 Å). These interactions would be lost in the Y323I mutant.

The loss of activity upon mutation of R115 may be
attributed to assigning it a substrate binding role, as this
residue makes hydrophobic interactions with the arginine
backbone of argininosuccinate. The Câ of R115 is positioned
3.8 and 3.7 Å from the C2 and C1 atoms of argininosuccinate,
respectively, suggesting that it may play a role in stabilizing
its flexible tail. R115 is also positioned to interact with H91.
The Cδ, Cú, and Nε atoms make contacts (3.1-3.9 Å) with
members of the imidazole ring and Câ atom of H91. R115
may therefore participate in correctly positioning H91 for
its putative substrate binding role. H91 interacts with the
arginine moiety of the substrate via a water molecule, and
mutation of this residue to glutamine or asparagine results
in a reduction of the activity to 10% of that of wild type
(27, 34). It is difficult to rationalize why H91 should have
such a major effect on catalysis, given that its interaction
with the substrate is not direct. T161 also interacts with
argininosuccinate Oδ1 (3.4 Å), and therefore the T161V
mutation presumably exerts its effect either by altering the
conformation of the adjacent H162 or by affecting protein-
substrate interaction, either of which would prevent substrate
turnover and account for the inactivity of this mutant.

Unlike the other residues examined, S283 and S284 are
relatively remote from the site of substrate binding (8.6 and
12.3 Å, respectively, from the CR of argininosuccinate)
(Figure 5). Both of these residues are invariant across ASL/δ
crystallin superfamily members and are located on a con-
formationally flexible loop (the 280’s loop) close to the active
site cleft. While the S283A mutation completely inhibits
catalysis, the S284A mutant exhibited activity that was an
order of magnitude less than that of the wild-type enzyme

FIGURE 5: Stereoview of the H110Nδ II crystallin active site showing the location of residues S283 and S284 in relation to K289 and
H162.
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(5.3( 0.6)E3 M-1 s-1 vs (7.4( 1.8)E4 M-1 s-1, respectively.
The functions of S283 and S284 remain unknown but are
likely to be structural rather than catalytic in nature. The
mutations may affect the flexibility of the 280’s loop and
therefore the position of K289, which is the only charged
amino acid that is absolutely conserved across all superfamily
members. K289 is speculated to help stabilize the carbanion
intermediate that is formed during hydrolysis. The importance
of this residue in catalysis has been demonstrated inE. coli
L-aspartase, in which a K289R mutant retained only 0.3%
of wild-type activity (46). Examination of an H110Nδ II
crystallin mutant structure, in which the 280’s loop can be
seen (Turner and Howell, manuscript in preparation), reveals
that the side-chain atoms of S283 and S284 are primarily
involved in local contacts with the backbone atoms of
adjacent residues G282, L285, and M286. The disruption of
these interactions may account for the inactivity of the S283
mutant, in which the loss of backbone stability could cause
a conformational change in the 280’s loop and a relocation
of K289.

The kinetics displayed by the E296Q mutant supports the
hypothesis that this residue participates in a charge-relay
system with H162 (30). The E296Q mutant displays a
catalytic efficiency that is 4 orders of magnitude less than
that of wild-typeδ II crystallin. Disrupting the charge-relay
would drastically diminish the proton-withdrawing abilities
of H162, resulting in only residual levels of catalytic activity.
Unlike the structural data available forE. coli fumarase C,
which implicates an active site water molecule as the catalytic
base, there is no evidence of the presence of an analogous
water molecule in the structure of either mutantδ II
crystallins (1, 27) or wild-type human ASL (29). Current
evidence would suggest that, in the catalytic mechanism of
ASL/δ II crystallin, H162 acts directly as the catalytic base
rather than exerting its effect by activating a water molecule.

The N116L mutant retained no detectable ASL/δ II
crystallin catalytic activity. This residue is located in the first
of the three highly conserved regions (Figure 1). On the basis
of its position relative to the substrate, we propose that N116
plays a role in substrate binding. N116 Oδ1 is located 3.4 Å
from the argininosuccinate N1 while the N116 Nδ2 makesπ
interactions with every atom of Y323’s phenyl group (3.5-
3.7 Å), suggesting that this residue also helps position Y323
for its substrate binding role. N116 in theδ II active site is
superimposable with the analogous residue in inhibitor-bound
E. coli fumarase C (31). In the latter structure, N116 Nδ2 is
positioned 3.0 Å from the O3 of the citrate inhibitor molecule.
While N116 is positioned 3.4 Å from the scissle bond of
argininosuccinate that is cleaved during the enzymatic
mechanism, the asparagine is unlikely to function as the
catalytic acid. N116 does not interact with other active site
residues, and therefore N116 could be responsible for
positioning a water molecule, perhaps the same water that
has been suggested to be involved in the catalytic mechanism
of E. coli fumarase C (31). To date, there is no crystal-
lographic evidence to support the involvement of water in
the catalytic mechanism of ASL/δ II crystallin, and therefore
the identity of the catalytic acid remains undetermined.

The kinetic results presented here are in good agreement
with the X-ray data. Together they provide us with a more
thorough understanding of the manner in whichδ II crystallin
binds and hydrolyzes its argininosuccinate substrate, al-

though the identity of the catalytic acid remains undeter-
mined.
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