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ABSTRACT: O-Crystallin, the major soluble protein component in the avian eye lens, is homologous to
argininosuccinate lyase (ASL). Twicrystallin isoforms exist in ducke,1- andd2-crystallin, which are

94% identical in amino acid sequence. While duicrystallin (dc2) has maintained ASL activity,
evolution has rendered dudi-crystallin (dcl) enzymatically inactive. Previous attempts to regenerate
ASL activity in ddcl by mutating the residues in the 20s (residues2D) and 70s (residues 789)

loops to those found indt?2 resulted in a double loop mutant (DLM) which was enzymatically inactive
(Tsai, M. et al. (2004Biochemistry 4311672-82). This result suggested that one or more of the remaining
five amino acid substitutions in domain 1 of the DLM contributes to the loss of ASL activityad din

the current study, residues Met-9, Val-14, Ala-41, lle-43, and Glu-115 were targeted for mutagenesis,
either alone or in combination, to the residues founddo2d ASL activity was recovered in the DLM by
changing Met-9 to Trp, and this activity is further potentiated in the DLM-M9W mutant when Glu-115
is changed to Asp. The roles of Trp-9 and Asp-115 were further investigated by site-directed mutagenesis
in wild-type ddc2. Changing the identity of either Trp-9 or Asp-115 ific@ resulted in a dramatic drop

in enzymatic activity. The loss of activity in Trp-9 mutants indicates a preference for an aromatic residue
at this position. Truncation mutants afeR in which the first 8, 9, or 14 N-terminal residues were removed
displayed either decreased or no ASL activity, suggesting residu®4 are crucial for enzymatic activity

in doc2. Our kinetic studies combined with available structural data suggest that the N-terminal arm in
ASL/62-crystallin is involved in stabilizing regions of the protein involved in substrate binding and catalysis,
and in completely sequestering the substrate from the solvent.

Crystallins account for the majority of soluble proteinsin ~ -Crystallin is uniquely expressed in the eye lens of birds
the eye lens where they contribute to its structural and and reptiles and is directly related to the enzyme arginino-
refractive properties. Two categories of crystallins exist: the succinate lyase (ASL)Following the recruitment of ASL
ubiquitous crystallinsd,3,y) which are found in all verte-  to the eye lens in ducks, a duplication event occurred
brate lenses, and the taxon- or species-specific crystallins.resulting in two tandemly arrangedicrystallin genesgl
Taxon-specific crystallins are not specialized lens proteins, and 62-crystallin. The two isoforms are 94% identical in
but were recruited to their role from a variety of metabolic amino acid sequent¢and 69 and 71% identical to human
enzymes through a process termed gene shafipgrtis ASL (hASL), respectively. In humans, ASL is expressed
phenomenon involves the acquisition of a novel secondary predominantly in the liver, where it is involved in the
function by a gene usually through a modification in gene

expression without loss of the primary function or duplication T Abbroviat JUp— — sl h o
i i reviations: , argininosuccinate lyase; , human argini-
of the gene 2) Molecular evolution through gene Sha”ng nosuccinate lyase;ot2, ducko2-crystallin; ddc1, duckdl-crystallin;

differs from the more widely recognized view that gene cx conserved amino acid region X, where X corresponds to 1, 2, or
duplication, either complete3) or partial @) is required for 3; 211-chimera, a hybrid duakcrystallin protein, consisting of domain

the evolution of a new function. After recruitment of the 1 from the active duck2-crystallin isoform and domains 2 and 3 from

ot . the inactive duckd1-crystallin isoform; DLM, duckj1-crystallin double
enzyme to the lens, dUpllcatlon of the gene can occur in loop mutant, where residues 231 and 74-89 have been mutated to

response to evolutionary pressures or adaptive conflicts.  those of duckd2-crystallin; dc2-TRUN (1-X), duck 62-crystallin
truncation mutant with residues-X removed, X corresponds to 8, 9,
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Recovery of ASL Activity in dcl

Active site

Ficure 1: The structure of the DLM33) showing the representa-
tive quaternary structure of thiecrystallin proteins. Monomer A

is shown in ribbon representation, with each structural domain
colored in a different shade of blue. Domains3 encompass
residues +110, 111361, and 362466. In monomer A, the three
regions of conserved amino acid residues are shown in red<C1
112-119, C2= 157-166, C3= 280—-294). The conserved regions

in each of the other monomers are shown in yellow, violet, or green.
PyMol was used for figure preparatioA4).

formation of urea. Although birds are uricotelic, the ASL/
02 protein is found at lower levels outside of the duck lens
where it acts as an enzyme in arginine synthesis.
ASL/62-Crystallin belongs to a superfamily of homotet-
rameric enzymes which includes class Il fumaraSg (
adenylosuccinate lyasé)( L-aspartase?(, and 3-carboxy-
cis, cismuconate lactonizing enzym®)( Although these
enzymes share only ¥80% overall amino acid sequence
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FiGUrRe 2: Schematic representation afal, the 211-chimera, and
the DLM. The residues in the 211-chimera or DLM which
correspond to those found idcR are colored blue, with the residue
numbers indicated below. Domain 1 of the 211-chimera extends
from residues +169, due to the restriction enzyme used to generate
the protein 82). The positions of the remaining amino acid
differences between the DLM and 211-chimera are shown in the
final panel. Adapted from Tsai et al3J).

Despite the fact thatdtl and dc2 differ by only 27
amino acid residues, onlyod2 has been shown to exhibit
ASL activity (31). Therefore, the two isoforms represent an
interesting system for investigating factors that contribute
to both loss and gain of function in the protein, thus,
providing us with insight into the enzymatic mechanism of
ASL/62-crystallin. We had previously hypothesized that the
docl protein is enzymatically inactive due to its inability to
bind the substrate, the result of amino acid substitutions in
the 20s and 70s loops (residues-ZA and 74-89, respec-
tively). This hypothesis was based on the findings that: the
putative catalytic residues are conserved betwekri @nd
doc2; 17 out of 27 amino acid differences betweeytd
and d)c2 reside in the N-terminal domain (domain 1); a
protein consisting of domain 1 froméd2 and domains 2

identity, there exists three regions of highly conserved amino and 3 from dcl (211-chimera) 32) exhibited a relative

acid residues (denoted €C3). Crystal structures are
available for all members of the superfamily, (7, 9—12)

catalytic efficiency of 29%; and structural comparisons of
different o-crystallin proteins revealed the largest confor-

and reveal a common fold, with each monomer comprised mational variability was localized to residues-221 and 74-
of three structural domains (Figure 1). The three conserved89, the 20s and 70s loops. Consequentlydeldiouble loop

regions are found spatially remote in the monomer, but come mutant (DLM) was constructed in which the residues which
together in the tetramer to form four multisubunit active sites. differed between dcl and @éc2 in the 20s and 70s loops
Each active site is found at the interface of three different were mutated to those found idcR. Although the DLM
monomers, with each monomer contributing residues from was expected to exhibit ASL activity, the protein was found
a different conserved region (Figure 1). Residues in the to be enzymatically inactive, and while structurally similar
conserved regions of the superfamily members have beento ddc2, isothermal titration calorimetry revealed that the

implicated in the aciethase mechanism of the enzymas-
24).

The ASLIb2-crystallin reaction is initiated by abstraction
of a proton from the @ position of the substrate. Inhibition

DLM, like docl, is unable to bind argininosuccinat&s).

The DLM and 211-chimera differ by only five amino acid
residues at positions 9, 14, 41, 43, and 115 (Figure 2). These
residues are Met, Val, Ala, lle, and Glu in the DLMkIL,

studies with a nitro-analogue of argininosuccinate have respectively, and Trp, Ser, Gly, Met, and Asp in the 211-
provided evidence for the formation of a carbanion inter- chimera/édc2, respectively. The absence of enzymatic activ-
mediate in the reaction pathwa®5). Subsequently, proton ity in the DLM must therefore be attributed to one or more
donation to the guanidinium nitrogen of argininosuccinate of the amino acid substitutions at these positions. In an

results in cleavage of thedC-N bond and product release.
Given that the reaction occurs withans-stereochemistry

attempt to restore ASL activity in the DLM, the residues at
positions 9, 14, 41, 43, and 115 were mutated either alone

(26), two separate groups are required for proton abstractionor in combination to those found indd2. Interestingly, the
and donation. From extensive structural and biochemical single Met-9 to Trp mutation was sufficient to recover ASL

studies, Ser-2812Q, 27) and His-16021, 28—30) have been
implicated as the catalytic acid and base in the AQL/
crystallin reaction mechanism, respectively.

activity in the DLM. Furthermore, the activity of this DLM-
M9OW mutant is potentiated when Glu-115 is changed to Asp.
The precise roles of Trp-9 and Asp-115 in wild-typéca
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Table 1: Kinetic Parameters affan Values

relative
catalytic efficiency catalytic
Vimax Km Keat Keal Km efficiency Tma
mutant ((umol/min)/mg) (mM) (s (stM) (%) (°C)
doc2 wild type 0.9804:0.023) 0.045£0.005) 3.2664£0.076) 7.35¢1.70)x 10¢ 100 67
211-chimera 0.752(0.023) 0.119£0.017) 2.508£0.023) 2.1340.14)x 10* 29.0 57
DLM Mutants
MowW 1.162¢-0.120) 2.72440.441) 3.87440.400) 0.14440.089)x 10* 2.0 71
MOW/V14S 1.3384:0.051) 3.159£0.183) 4.459¢£0.170) 0.142£0.093) x 10* 1.9 63
MOW/E115D 1.075£0.035) 0.29440.032) 3.585£0.118) 1.25240.372)x 10 17.0 71
M9OY/E115D 0.73840.029) 0.6104£0.089) 2.46040.096) 0.40440.109) x 10* 55 65
M9OF/E115D 0.154£0.017) 0.2124£0.043) 0.513£0.026) 0.24240.060)x 10* 3.3 65
A41G/143M inactive 72
143M inactive 71
E115D inactive 69
doc2 Mutants
WA 0.040¢-0.001) 0.112¢0.025) 0.155£0.090) 0.1364£0.020) x 10* 1.9 67
W9OM 0.024¢-0.001) 0.115£0.026) 0.081£0.005) 0.0764£0.019)x 10* 1.0 67
W9R 0.0444-0.002) 0.069£0.017) 0.1474£0.082) 0.220£0.050) x 10* 3.0 67
WYy 1.188¢0.022) 0.1064£0.008) 3.960£0.073) 3.640£0.949)x 10* 49.5 67
WOF 0.273(-0.009) 0.11140.015) 0.909£0.032) 0.833£0.209) x 10* 11.3 67
D115A 2.529¢:0.047) 0.255£0.016) 8.4314£0.156) 3.3064£0.958)x 10* 45.0 53
D115E 2.559£0.035) 0.273£0.012) 8.532£0.116) 3.13440.920) x 10* 42.6 71
TRUN[1-8] 0.661¢-0.015) 0.083£0.007) 2.2044£0.049) 2.713¢0.676)x 10* 36.9 67
TRUN [1-9] 0.047@-0.002) 0.105£0.018) 0.15740.006) 0.15140.032) x 10* 2.1 67
TRUN [1-14] inactive 69
docl Mutants
MOwW inactive 69
MOW/E115D inactive 67

aTemperature at which signal is half lost at 222 nm.

were examined using site-directed mutagenesis. While theas previously describe?). The eluted protein (15 mL)
N-terminal arm (residues-115) is conformationally flexible ~ was collected in one fraction and dialyzed overnight &4

and has not been observed in any ofdherystallin structures  agains$ 4 L of buffer A (10 mM Tris-HCI, pH 7.5, and 1

determined to date?Q, 21, 27, 33, 34), previous results3p, mM EDTA). All proteins were>95% pure as determined
36) and the site directed mutagenesis and N-terminal by SDS-PAGE (data not shown).

truncation mutants @2-TRUN [1—8], [1-9], and [1-14], The mutants were assayed for ASL activity by monitoring
respectively) presented here suggest that this region of ASL/5t 25°C the production of fumarate at 240 nm £ 2.44
o2-crystallin is important for enzymatic activity. Our bio- -1 cmY) (32). Stock solutions of disodium argininosuc-
chemical results together with the recently determined qjnate (Sigma) were prepared ranging from 0.2 to 20 mM.
structure ofEscherichia coliASL (eASL) (37), suggestthat  The stock solutions were subsequently diluted so that the
the N-terminal arm in dc2 is required for stabilizing regions  final concentration in the reaction mixture (800) ranged

of the protein involved in substrate binding and/or catalysis, from 0.02 to 2.0 mM. The reactions were initiated by adding
and completely sequestering the substrate from solvent during g g of protein. In some instances where low levels or no
catalysis. ASL activity was detected, the assay was repeated with up

MATERIALS AND METHODS to 200ug of protein. All assays were performed in triplicate.
Construction of Site-Directed and Truncation Mutaise The initial velocities were averaged and normalized to the

Quick Change Site-Directed Mutagenesis method (Stra_t- Sr:aflzsﬁn%ﬁ F:r:?r:immugsi?{zggggcv\?;?rgt?tt:iﬂﬁrﬁéémbhyfi?tri]r?g
agene, La Jolla, CA) was used to construct all mutants in . . . . .
. " the data to the Michaelis-Menten equation using Sigma Plot

Table 1. To generate the truncation mutants, an additional (SSPM., Chicago, IL)
Ncol site was engineered into the wild-typéa® gene 82) S ) 9 N ) ) )
prior to the codon corresponding to Trp-9, Gly-10, or Gly- C|rc_ular Dichroism SpectroscopZircular dichrosim (CD)
15 in the translated product. In each case, the2epET-3d experiments were performed on an AVIV CD spectropola-
vector containing the new restriction site was digested with fimeter (model 62A DS). All scans were performed between
the enzymeNcol, resulting in three fragments. The fragments 200 and 260 nm with a path length of 0.1 cm on protein
corresponding to the truncateda® gene and empty pET-  Solutions of 0.4 mg/mL in buffer A. The CD signal was
3d vector were recovered using a gel extraction kit (Qiagen), Normalized to the amount of protein used. To examine the
and the fragments were ligated together atNoel sites by thermal stabl!lty of each protein, the loss of ellipticity at 222
incubating at 10°C for 4 h with T4 DNA ligase. DNA nm was monitored as the protein samples were heated from
sequencing (ACGT Corporation and The Center for Applied 25 t0 101°C. The temperature was increased in°Q
Genomics at The Hospital for Sick Children, Toronto) increments, with 1 min preequilibration between readings.
confirmed the presence of all desired mutations. Amino Acid Sequence Alignments and Structural Com-

Protein Expression, Purification, and Kinetic Analysisie parisons.Amino acid sequences were retrieved from the
C-terminal His-tagged proteins were expressed and purified SWISS-PROT database, and Clustal \88f was used for
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the multiple sequence alignment. Structural alignments wereresidues are deleted idd2 (ddc2-TRUN [1-8]), a relative
performed with PROFIT (version 6.0) written by G. D. catalytic efficiency of 37% is observed. Removal of only
Smith. Structurally equivalent residues in five of the helices one additional residue §¢2-TRUN [1—9]) results in a more

in domain 2 of the proteins were chosen and subjected to andramatic drop in ASL activity, with the mutant displaying a
iterative least-squares fitting procedure. The residues chosercatalytic efficiency that is 2.1% of the wild-type enzyme. A
for the d-crystallin proteins were 124142, 175-195, 238- 2.3-fold increase K, is observed for dc2-TRUN [1-9]
262, 294-312, and 327345. The numbering for the (0.11 mM) while thek. is decreased 21-fold (0.167%.
structurally equivalent residues in eASL is shifted by four Removal of five more residues from the N-terminus results

due to the shorter N-terminus in this protein. in a protein (@c2-TRUN [1—14]) with only minor residual
activity. Low correlation coefficients for the measured rates
RESULTS were obtained for 6c2-TRUN [1—14] even when up to 200

ug of protein was used. Kinetic parameters could not be
calculated with confidence, and therefore this mutant was
considered to be inactive.

Stability of the Wild-Type and Mutant Proteiff® ensure
that the differences in the enzymatic activities of the mutant
proteins were not a consequence of conformational changes
resulting from the mutations or truncations, the secondary
structures and thermal stabilities of the mutant proteins were
assessed using circular dichroism. For all proteins, similar
spectra with minima at 208 and 222 nm were observed,
characteristic of proteins with large-helical content (data
not shown). While not all spectra superimposed, the similar
overall shape suggests that neither the mutations nor the
truncations significantly altered the secondary structure of
the proteins. Variations in the spectra may be the result of
small errors in the protein concentration determination. The
thermal stabilities of the proteins were investigated by
monitoring at 222 nm the change in ellipticity as the
temperature was increased from 25 to 1@1All transitions
. . S o Tom the folded to unfolded state as a function of temperature
mutant, relative cataly.tlc efficiencies of 17, 5.5, and 3.3% were found to be cooperative and irreversible due to complete
are observed,.rgspectlvely. denaturation of the proteins. Although no thermodynamic

No ASL activity is detected when the MOW and MOW/' narameters can be obtained from such irreversible reactions,
E115D mutations are made in the context of theldprotein. this serves as a simple method to compare the thermal

doc2 Site-Directed MutantsTo investigate the role of  stabilities of the mutant proteins to that of the wild-type
Trp-9 in the active dc2 protein, this residue was changed enzyme. The midpoint of transition for the majority of mutant
to Ala, Met, Arg, Tyr, and Phe. Mutating Trp-9 to Ala, Met,  proteins was similar to wild-typedt2 (65-72 °C) (Table
or Arg, resulted in mutant proteins with catalytic efficiencies 1), suggesting the thermal stabilities were not grossly affected
that were <3% of the wild-type enzyme. For all three by the mutations or truncations. The exceptions were the
mutants, an increase I, is observed (1.52.5-fold), while 211-chimera and &2-D115A mutant which display de-

a concomitant 22 (W9A and WOR)- and 40 (W9M)-fold creased thermal stabilities, with transition midpoints of 57
decrease irkat is observed. When Trp-9 is mutated to the and 53°C, respectively.

aromatic residues, Tyr and Phe, relative catalytic efficiencies

of 49.5 and 11% are measured, respectively. A 2.5-fold DISCUSSION

increase irKy, is observed for both at2-W9Y (0.11 mM) Restoration of ASL Agiity in the DLM. To determine
and dc2-WOF (0.11 mM). While thek for doc2-W9Y  which amino acid substitutions in domain 1 obal in
(3.96 s) is similar to that of the wild-type enzyme, a 3.6-  a(dition to those in the 20s and 70s loops are responsible
fold decrease is observed fodeR-W9F (0.91 st). for the loss of ASL activity, a series of single and double

Since the relative catalytic efficiency of DLM-MOW/  mutants of the DLM was constructed in which Met-9, Val-
E115D was 8.5-fold higher than the single DLM-MOW 14, Ala-41, lle-43, and Glu-115 were mutated to the residues
mutant, Asp-115 was also targeted for mutagenesi®a2d  found in dc2 (Table 1). Although the DLM exhibits a
to assess the importance of this residue for ASL activity in relative catalytic efficiency of 2% when Met-9 is mutated
the protein. When Asp-115 is mutated to either Ala or Glu, to Trp, this is significantly lower than the levels of activity
proteins with relative catalytic efficiencies of 45 and 42.6% measured for the 211-chimera (29%). Ser-14, Gly-41, Met-
are observed, respectively. TKg is increased-6-fold for 43, and/or Asp-115 must contribute in some manner to the
both dbc2-D115A (0.25 mM) and éc2-D115E (0.27 mM).  enzymatic potential of the 211-chimera relative to the DLM-
Thekeais also increased 2.6-fold for both mutants (8:9s ~ M9W mutant. The dramatic 8.5-fold increase in catalytic

doc2 Truncation MutantsTo investigate the importance  efficiency of DLM-M9W/E115D compared to the single
of the N-terminal segment indd2 for ASL activity, three DLM-MO9W mutant was somewhat surprising given the
truncation mutants were constructed in which the first 8, 9, conservative nature of the Asp to Glu substitution. This result
or 14 residues were removed. When the first eight N-terminal demonstrates that, although a Trp residue is required at

DLM and dbcl Mutants.The inactive DLM differs from
the active 211-chimera by only five residues in domain 1.
These are Met-9, Val-14, Ala-41, lle-43, and Glu-115 in the
DLM/docl and Trp, Ser, Gly, Met, and Asp, respectively,
in the 211-chimerait2 (Figure 2). Thus, the residues at
the five positions were mutated either alone or in combination
in the DLM to the residues found in the 211-chimers@.
The two-amino acid insert at position five idcR is not
found in any other ASLd2-crystallin and is not thought to
be important for enzymatic activity.

The mutations 143M, E115D, and A41G/I43M made in
the background of the DLM did not lead to any detectable
ASL activity (Table 1). A relative catalytic efficiency of
~2% is measured for both DLM-M9W and DLM-M9W/
V14S. Thekg values for these mutants are similar to the
wild-type enzyme, but a 60- and 70-fold increaseKin is
observed for DLM-M9W (2.72 mM) and DLM-M9W/V14S
(3.15 mM), respectively. When the mutations MOW, MY,
and M9F are made in the background of the DLM-E115D
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position 9 for ASL activity in the DLM, the additional Glu-
115 to Asp mutation significantly potentiates the activity of
the single DLM-M9W mutant. The similar kinetic parameters
for DLM-M9W and DLM-M9W/V14S suggest the Val
substitution at position 14 does not contribute significantly
to the absence of enzymatic activity in the DLM&L. This

Tsai et al.

in contrast to their mesophilic counterpadg§); The presence

of Tyr or Arg in place of Trp may result in a more
thermostable protein, a property required for the extreme
conditions in which archaea are often found. However, in
contrast to the relatively high levels of ASL activity observed
for doc2-W9Y, the dc2-W9IR mutant exhibited a catalytic

result was expected as a valine residue is found at theefficiency of only 3% relative to the wild-type enzyme,

equivalent position in hASL.
Since ASL activity can be restored in the DLM by

changing Met-9 to Trp and is further increased when the

suggesting a positively charged residue is not tolerated at
this position in dc2.
Interpretation of the site-directed mutagenesis results for

additional E115D mutation is made, we were interested to Trp-9 is complicated by the limited availability of structural
see the effect of these mutations in the background of theinformation. In alld-crystallin structures determined to date
docl protein. Given that residues in the 20s and 70s loops (9, 20, 21, 27, 34), the first 15-17 N-terminal residues could

of doc2 have been implicated in substrate bindigg, 34),
we did not expect that the MOW or MOW/E115D mutations
would be sufficient to regenerate enzyme activity in thel
isoform. As anticipated, mutating Met-9 alone or in com-
bination with Glu-115 to the residues ick did not lead
to any detectable ASL activity indtl. The latter verifies

the importance of the residues in the 20s and 70s loops for

not be modeled due to weak or absent electron density.
However, in the structures of the Q286R hAS35) andE.
coli ASL (eASL) (37) enzymes, electron density of sufficient
quality has allowed the N-terminal segment to be partially
modeled. The contribution of Trp-9 and the N-terminal arm
to the enzymatic activity of dc2 is discussed below.

The Role of Asp-115 indd2. Asp-115 belongs to the first

substrate binding and thus catalysis. However, mutating theconserved region (C1, residues +119) and is absolutely

amino acid residues in the 20s and 70s loops d@fldto
those found in dc2 are alone insufficient to restore ASL
activity in the protein, as exemplified by the DLM. Recovery
of enzymatic activity in dcl requires the additional mutation
of Met-9 to Trp, as demonstrated by the current results.
The Role of Trp-9 in dc2. A sequence alignment of 89
active ASLbH2-crystallin proteins from the SWISSPROT

conserved across all sequences of active A31idrystallin
proteins. In the present study, a50% drop in catalytic
efficiency is observed when Asp-115 is mutated to Glu or
Ala in doc2. The role of Asp-115 can be explained in light
of the ddc2-S281A-substrate complex2(). Residues 113

115 are found at the beginning of one of the core helices in
domain 2. This helix is preceded by a loop region formed

database indicates that the residues corresponding to Trp-®y residues 109112. Despite the fact that Asp-115 does
and Asp-115 in dc2 are 88 and 100% conserved, respec- not interact directly with the substrate, the neighboring
tively. The importance of these residues for ASL activity in residues Arg-113 and Asn-114 participate in binding the
doc2 is further demonstrated by the present mutagenic andfumarate and guanidinium moieties of argininosuccinate
kinetic results for the DLM. To gain additional insight into  (Figure 3). Ser-112 appears to be important for maintaining

the roles of Trp-9 and Asp-115, these residues were targetedhe conformation of Asn-114 as itsy@atom is within

for site-directed mutagenesis in wild-typéa?®.
Mutation of Trp-9 to Met or Ala results in proteins with
catalytic efficiencies that are less than 2% of the wild-type

hydrogen-bonding distance (2.9 A) of the backbone nitrogen
atom of Asn-114. In turn, the &1 atom of Asp-115 is
observed to hydrogen-bond (3.3 A) to the backbone nitrogen

enzyme. These results were not so surprising given theatom of Ser-112, while its @ atom interacts via a water
nonconservative nature of the substitutions and suggest thamolecule with the oxygen atom of Gly-110. Given these

the Trp-9 to Met substitution indt1 contributes significantly

to the loss of activity in the protein. The more conservative
substitutions, W9Y and WO9F resulted in relative catalytic
efficiencies of~50 and 11%, respectively. The hydroxyl
group in Tyr appears to favor enzymatic activity. To further
test the preference for Tyr over Phe at position 9, two
additional DLM mutants were constructed in which Met-9
was changed to either Tyr or Phe in the background of DLM-
E115D. The residue preference at position 9 in DLM-E115D
was also determined to be Trp Tyr > Phe. Interestingly,
the sequence alignment of AS12-crystallins demonstrates

interactions, Asp-115 is likely involved in stabilizing the
structural transition from loop to helix, residues Arg-113 and
Asn-114, and thus ensuring precise positioning of arginino-
succinate for catalysis. The fumarate moiety is common to
all the substrates catalyzed by the ASL/Fumarase C super-
family, and the residues involved in binding this portion of
the substrate are highly conserved. Not surprisingly, mutation
of these residues has been shown to negatively impact
substrate binding and catalys0(41). Although the charge

of the residue is conserved in théa2-D115E mutant, the
additional methylene group in the glutamate side chain may

that, in species where a tryptophan is not found at this be sufficient to perturb the local structure of the region. In
position, the substitution is limited to Tyr or Arg. The only ddc2-D115A, the interactions contributing to the stabilization
exception is ASL fromHalobacterium spwhere a glycine of this region would be lost, resulting in a protein with a
is found. All ASLs with the Trp to Tyr or Arg substitution =~ compromised ability to bind the substrate.

are from archaeal species. The Trp to Arg substitution is As previously observed2(Q, 41), the Asp-115 mutants
specific to ASLs from five anaerobic methanogens and one demonstrate that even mutations to residues which do not
from an anaerobic sulfur-metabolizing organism. Charge interact directly with the substrate can have a significant
charge interactions have been shown to increase proteinimpact on the enzymatic activity of the protein. The ASL/
stability through the formation of salt bridges. The presence §2-crystallin active site is complex, given that residues from
of polar residues has also been associated with improvedthree different monomers must work in a highly coordinated
thermal stability in proteins39), and a strong preference manner to bind the substrate. A complicated network of
for Tyr over Trp has been observed in thermophilic proteins interactions involving residues both close to, and remote
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Ficure 3: Stereoview of the interactions between Asp-115 and neighboring residues as obsede2t 8281 20). Side chains are only
shown for the indicated residues. The substrate argininosuccinate is shown in cyan. Hydrogen bonds and water molecules are shown as
dashed lines and blue spheres, respectively. PyMol was used for figure prepaddyion (

from, the active site is required for optimal binding and Trp-9, contribute significantly to the catalytic potential of
orientation of the substrate for catalysif). Thus, mutation doc2.
of any of the residues involved in maintaining this network  Awailable ASL Structures and Insight into the Role of the
would be expected to negatively impact the enzymatic N-terminal Arm.The first hASL structure to be solved was
potential of the protein. a low 3.5-A resolution structurel®), in which the first 19
The N-terminus Is Important for Enzymatic Adtly in N-terminal residues could not be modeled due to the absence
doc2. Despite its conformational flexibility, there is evidence of electron density for this region of the protein. A high-
to suggest that the N-terminal segment in A&2-trystallin resolution structure of a Q286R hASL mutar85( was
is important for enzymatic activity in the protein. Our subsequently determined in which residuesl8 could be
mutagenic results have shown that changing the identity of modeled for one of the two monomers in the asymmetric
Trp-9 in ddc2 results in a drastic decrease in ASL activity. unit (ASU). This structure allowed an initial snapshot of the
Furthermore, the mutation of Arg-12 to GIn in hASL has potential conformation of the N-terminal arm in ASI2-
been identified in a patient with the genetic disease, crystallin. Trp-9 and Arg-146 are observed to participate in
argininosuccinic acidurig36), and the corresponding R12Q van der Waals interactions, while residues-16 formed a
hASL mutant exhibits only 10% wild-type activity in vitro  loop and were within hydrogen-bonding distance of Arg-
(35). To investigate the effect of truncating portions of the 141, Thr-142, Tyr-277, GIn-344, and Ser-351 from another
N-terminal segment on the enzymatic activity o, three monomer 85). In the conformation observed in Q286R
mutants were constructed in which the first 8, 9, or 14 hASL, the N-terminal arm is in close proximity to the active-
N-terminal residues were deleted. site cleft of the second monomer, although it does not make
The sequence alignment of active A8Rfcrystallins direct interactions with residues forming the active site. In
revealed that several ASLs possessed shortened N-terminlight of this, we had previously hypothesized that amino acid
relative to dc2. The ASL proteins with the shortest substitutions in this region could result in a conformation
N-termini are fromCaulobacter crescentuandPyrococcus that does not allow for substrate binding and cataly3. (
furiosus where residue 2 in each case is equivalent to residueln such a scenario, entry of the substrate into the active site
9 in doc2. To investigate the importance of the first eight may be prevented, and/or movement of the 280s loop and
N-terminal residues ind@t2 for ASL activity, a truncation ~ domain 3, events which are hypothesized to be important
mutant was constructed in which these residues werefor catalysis, may be hindered.
removed. Given that a relative catalytic efficiency of 37%  Recently, the structure of the wild-type eASL protein was
is observed for dc2-TRUN [1—-8], residues 8 appear to determined 7). A 45, 44, and 42% sequence identity exists
be important, although not essential, for enzymatic activity between eASL and hASL &2, and dcl, respectively. The
in doc2. On the other hand, the)d2-TRUN [1—9] mutant eASL structure was solved with two monomers in the ASU,
exhibits a relative catalytic efficiency of only 2%, an 18.5- and interestingly, two phosphate molecules were located in
fold decrease relative tood2-TRUN [1—8]. This result one of the two active sites. As a result, significant confor-
provides further evidence that Trp-9 plays a crucial role in mational changes were observed in three regions of the
conferring enzymatic activity todt2. As residue 15 is the  protein which formed this active site: the N-terminus of
extent of the N-terminal arm that has ever been observed inmonomer A, the 280s loop (residues 27286 in eASL) of
the o-crystallin structures, five more N-terminal residues monomer B, and domain 3 of symmetry related monomer
were removed to generate théa2-TRUN [1—-14] mutant. C. Conformational changes in these regions do not occur in
Not surprisingly, no ASL activity was detected for this the absence of phosphate, as demonstrated by the second
protein. The truncation mutants demonstrate that, althoughphosphate free active site. The phosphate-bound and -un-
the N-terminal segment indd?2 is conformationally flexible,  bound sites will be referred to as the “A” and “B” active
the residues in this region of the protein, and in particular sites, respectively, for the remainder of the paper. Movement
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A

N-terminal arm

B 1396 1396

Ficure 4: (A) The “closed” active site in eASL3{). Monomers A, B, and C, which contribute residues to the active site, are colored
green, orange, and pink, respectively. The two phosphate ions are shown in red stick representation. The N-terminal arm-i&E3jdues 3

is shown in dark blue for emphasis. (B) Interactions between the N-terminal residues of monomer A and key residues in neighboring
monomers B and C in eASL. The orientation and coloring for the monomers is the same as in panel A. Each amino acid is labeled with
the one letter code and numbered according to the eASL sequence. The label color for each residue corresponds to which monomer it
belongs. PyMol was used for figure preparatidd)(

of the N-terminal arm, the 280s loop, and domain 3 toward its entirety, residues-713 appear to form an extended helical
the active site upon phosphate binding results in a “closed” structure.

active site (Figure 4), similar to that observed in the sulfate  The large conformational change in the N-terminal arm
bound dc1 and DLM proteins Z7) (Figure 5). of monomer A is coupled with closure of the 280s loop
Phosphate binding in active site “A” causes the N-terminus (monomer B) and movement of domain 3 (monomer C)
of monomer A to become ordered, allowing residued 3 toward the active site (Figure 4). A structural alignment
to be modeled (when referring to the eASL protein, the between monomers A and B of eASL revealst @ns
numbering will be according to the eASL sequence which deviations of up to~11 and 8 A for the 280s loop and
is shifted by four and six relative to hASLdd1 and @c2, domain 3, respectively. When the structural alignment is
respectively, due to the shorter N-terminus in the protein). performed with only the third domain independent of the
Only residues 713 could be modeled for monomer B, which  rest of the protein, an average.@ms deviation of~2 A is
contributes to the formation of the “B” active site. A observed. This suggests that the large conformational move-
structural comparison of eASL and Q286R hASL demon- ment of domain 3 in eASL is the direct result of phosphate
strates that the conformations of the N-termini in these two binding. The magnitudes of the conformational changes in
proteins are dramatically different (Figure 6). In monomer the 280s loop and domain 3 in eASL are similar to those
A of eASL, residues 313 are observed to “swing” into the  observed in dc1 and the DLM when sulfate is boung3).
active-site cleft in the presence of phosphate. While the Movement of these regions has been proposed to be
N-terminal arm of the B monomer in eASL is not visible in  important for sequestering the substrate from solva, (
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B

N-terminal
arm

Ficure 5: (A) Structural alignment of thedt1 (yellow), dc2-S281A (pink), and eASL (green) active sites. The N-terminal arm (residues
3—13) of eASL is colored dark blue. Also shown are the relative positions of sulfate (orange), phosphate (red), and argininosuccinate
(cyan) in the active sites of the)dl, eASL, and dc2-S281A structures, respectively. (B) Stereoview of image in panel A. PyMol was used

for figure preparation44).

a phenomenon frequently observed in proteins during interaction with Arg-113 Z0). The importance of the
catalysis. Furthermore, a structural comparison of eASL and interactions between Trp-4 and putative substrate binding/
substrate-bounddt2-S281A demonstrates that the spatial catalytic residues is exemplified by thedeR2-W9 and
positions of the two phosphate ions and the fumarate moietytruncation mutants.
of argininosuccinate are very similar (Figure 5). The eASL  Residues other than Trp-4 in the N-terminal arm interact
structure represents the first example of an active ASL/ with the 280s loop of monomer B. For example, a hydrogen
o2-crystallin protein in which the conformational changes bond is observed between Arg-7 #l) and GIn-282
in the 280s loop and domain 3 have been observed. This(backbone oxygen atom). TheGitom of Arg-7 is also
structure not only reinforces our previous hypothesis that within van der Waals distance of thg8@nd G atoms of
these movements may be relevant to the enzymatic mech-ys-284. These interactions are probably important for
anism of ASLH2-crystallin but also allows us to draw insight  maintaining the conformation of the 280s loop so that Lys-
into the conformation and role of the N-terminal arm during 283 is positioned correctly. Lys-283 is invariant across all
substrate binding and catalysis. the superfamily members. The equivalent residuedo2d

In the eASL structure, Trp-4 (Trp-9 indd2) is observed  Lys-287, has been proposed to stabilize the carbanion
to make van der Waals interactions with Ser-275, Gly-276, intermediate that is formed after abstraction of thfegoton
and Ser-277 from monomer B (Figure 4B). These residuesfrom the substrate. In the mutant-substrate complexes of
form part of the 280s loop and are absolutely conserved doc2, Lys-287 is the only positively charged residue in the
across the ASL/Fumarase C superfamily members. Ser-27%icinity of the substrate, and its mutation completely
(Ser-281 in @c2) is the proposed catalytic acid in the ASL/ abolishes ASL activity in the wild-type enzyme (unpublished
02-crystallin enzymatic mechanisr2@). Furthermore, the  data). Hydrogen bonds are also observed between Thr-9 (N-
Nel atom of Trp-4 makes a hydrogen bond with thelO  atom) and Asp-271 (62), Ala-11 (O-atom) and Arg-272
atom of Glu-82. The corresponding residue ircd is Glu- (N#n1), and Asp-13 (N-atom) and Arg-272 (O-atom). Asp-
86, which is found in the 70s loop and has been shown to 271 and Arg-272 precede the 280s loop in eASL which starts
stabilize the guanidine moiety of argininosuccinate via its at residue 274. The 280s loop is intrinsically flexible and
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FiGUrRE 6: Structural superposition of monomer B of Q286R hASL
(35 (violet) and monomers A (green) and B (orange) of eASL
(37) highlighting the large conformational difference in the N-
termini of the two proteins. Only the upper half of each monomer
is shown. The side chains for Trp-9 and Trp-4 are shown for Q286R
hASL and monomer A of eASL, respetively. The two phosphate
ions bound in the active site of eASL are shown in red stick
representation. PyMol was used for figure preparati®t). (

has been associated with weak or absent density in the
structures of various superfamily membet§,(21, 42, 43).
In eASL, the 280s loop in monomer B appears to be more
rigid, as supported by the averaBefactor of 15.5 & for
this region of the protein, compared to 26.2f8r monomer
A. Interaction of the 280s loop with residues in the
N-terminal arm probably contributes to this more stable
conformation. Upon catalysis and closure of the 280s loop
over the active site, precise placement of residues for their
role in the enzymatic mechanism is likely achieved in part
through their interaction with the N-terminal arm.
Interactions are also observed between Gly-6 and Arg-7
and residues in domain 3 of monomer C. The backbone
nitrogen atom of Gly-6 is within van der Waals distance of
the @2 atom of His-386 (3.7 A), while its main chain .
oxygen atom makes several contacts with Gly-389 and Glu- \ ,
390 (3'6_3;7 A). GlY'G, also interacts |nd|rec'FIy with thedd FIGURE 7: Surface representation of the active site regions of (A)
atom of His-385 via its hydrogen bond with Wat-96. The dsc2, (B) ddcl, and (C) eASL. Argininosuccinate is shown in
Ne and G atoms of Arg-7 are within van der Waals distance magenta. Although present, the substrate is not visible in panel C
of the @1 atom of lle-396, while its backbone oxygen atom dye to complete sequestration of the supstrate in the eASL active
is 3.5 A from the G2 atom of Val-393 (Figure 4B). site. PyMol was used for figure preparatiof].

The N-terminal residues in eASL appear to be important domain 3 toward the active sit87). Surface representations
for stabilizing regions of the protein which contribute to the of wild-type dSc1 and dc2 with modeled argininosuccinate
formation of the active site. The conformations of the 280s clearly demonstrate that the conformational changes in the
loop and domain 3 appear to be particularly influenced, as 280s loop and domain 3 result in a more closed active site,
numerous interactions are observed between the N-terminalallowing partial sequestration of the substrate from solvent
arm and residues in these two regions. It is therefore not (Figure 7A,B). The eASL structure suggests that, in addition
surprising that removal of Trp-9 and additional residues from to these events, the N-terminal arm “swings” into the active-
the N-terminus of dc2 would result in a dramatic decrease site cleft into a position to help stabilize residues in the 280s
or complete abolishment of ASL activity. The precise roles loop and domain 3 for their role in substrate binding or
of the first eight residues ind&2, however, remain somewhat catalysis. The consequence of the movement of the N-
elusive owing to the shortened N-terminus in éASL and lack terminal arm is that the active site is now completely
of structural detail for residues—B. occluded, as shown in Figure 7C. These results suggest that

Together, the Q286R hASL and eASL structures demon- catalysis in ASLd2-crystallin requires the complete seques-
strate that the N-terminal arm is able to undergo significant tration of substrate from solvent, which is achieved through
conformational movements. We previously hypothesized thatthe combined conformational movements of the 280s loop,
substrate binding and catalysis in A8PFtcrystallin is domain 3, and the N-terminal arm. After catalysis, product
accompanied by closure of the 280s loop and movement ofrelease likely requires the 280s loop and domain 3 to return
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to their unbound or “open” conformations. In this event, the 10.
N-terminal arm must undergo another large scale motion to
remove it from the active site region, as steric clashes would
otherwise occur between the N-terminal residues and those 11.
in the 280s loop (Figure 5). This alternative conformation
may be one that resembles the conformation of the N-
terminal arm in the Q286R hASL structure. 12

CONCLUSIONS

We have shown that ASL activity can be recovered in the 13.
DLM by mutating Met-9 to Trp, the corresponding residue
in doc2. Furthermore, the activity of this single DLM-M9W
mutant is significantly potentiated when Glu-115 is changed
to Asp. The critical role of these residues in conferring ASL
activity to ddc2 is supported by thest2-W9 and dc2- 15.
D115 mutants. The truncation mutants demonstrate that,
although the N-terminal arm is conformationally flexible in
o-crystallin, this region of dc2 and, in particular Trp-9, is 16.
necessary for ASL activity. The phosphate-bound structure
of E. coli ASL suggests that, upon substrate binding and
catalysis, the N-terminal arm undergoes a significant con-
formational change in which this region of the protein 17.
“swings” into the active site cleft. This action occurs in
concert with movement of the 280s loop and domain 3
toward the active site and allows complete sequestration of 18,
substrate during catalysis. The extensive interactions between
the N-terminal arm and residues in the 280s loop and domain
3 suggest that the N-terminus of AS is critical for
stabilization of these regions during substrate binding and 19.
catalysis.

14.

ACKNOWLEDGMENT 20.

The authors thank Luda Lobsanov for technical support,
Dr. Alan Davidson for use of his CD spectropolarimeter,
and Dr. Liliana Sampaleanu for providing the DLM-pET-  21.
17b construct.

REFERENCES 22.

1. Piatigorsky, J., and Wistow, G. J. (1989) Enzyme/crystallins: gene 23
sharing as an evolutionary strate@ell 57, 197—199.

2. Piatigorsky, J., and Wistow, G. (1991) The recruitment of
crystallins: new functions precede gene duplicat®cience 252
1078-1079. 24

3. Kimura, M., and Ota, T. (1974) On some principles governing
molecular evolutionProc. Natl. Acad. Sci. U.S.A. 72848-2852.

4. Gilbert, W. (1978) Why genes in pieced®ature 271 501. 25

5. Weaver, T. M., Levitt, D. G., Donnelly, M. I., Stevens, P. P., and
Banaszak, L. J. (1995) The multisubunit active site of fumarase
C from Escherichia coli Nat. Struct. Biol. 2654—662. 26

6. Stone, R. L., Zalkin, H., and Dixon, J. E. (1993) Expression,
purification, and kinetic characterization of recombinant human
adenylosuccinate lyasé, Biol. Chem. 26819716-19716. 27.

7. Shi, W., Dunbar, J., Jayasekera, M. M., Viola, R. E., and Farber,

G. K. (1997) The structure af-aspartate ammonia-lyase from
Escherichia coli Biochemistry 369136-9144.

8. Williams, S. E., Woolridge, E. M., Ransom, S. C., Landro, J. A., 28.
Babbitt, P. C., and Kozarich, J. W. (1992) 3-Carboxy-cis,cis-
muconate lactonizing enzyme frorRseudomonas putidas
homologous to the class Il fumarase family: a new reaction in  29.
the evolution of a mechanistic motiBiochemistry 319768
9776.

9. Simpson, A., Bateman, O., Driessen, H., Lindley, P., Moss, D.,
Mylvaganam, S., Narebor, E., and Slingsby, C. (1994) The 30.
structure of avian eye lens delta-crystallin reveals a new fold for
a superfamily of oligomeric enzymeNat. Struct. Biol. 1724~
734.

Biochemistry, Vol. 44, No. 25, 2009043

Toth, E. A., Worby, C., Dixon, J. E., Goedken, E. R., Marqusee,
S., and Yeates, T. O. (2000) The crystal structure of adenylosuc-
cinate lyase fronfPyrobaculum aerophilumeveals an intracellular
protein with three disulfide bondd, Mol. Biol. 301 433-450.
Turner, M. A., Achyuthan, A. M., Hershfield, M. S., Mclnnes, R.
R., and Howell, P. L. (1994) Expression, purification, crystal-
lization and preliminary X-ray analysis of human argininosuccinic
acid lyaseJ. Mol. Biol. 239 336-338.

. Turner, M. A,, Simpson, A., Mclnnes, R. R., and Howell, P. L.

(1997) Human argininosuccinate lyase: a structural basis for
intragenic complementatiorRroc. Natl. Acad. Sci. U.S.A. 94
9063-9068.

Weaver, T., Lees, M., and Banaszak, L. (1997) Mutations of
fumarase that distinguish between the active site and a nearby
dicarboxylic acid binding siteProtein Sci. § 834-842.

Brosius, J. L., and Colman, R. F. (2000) A key role in catalysis
for His89 of adenylosuccinate lyase Bécillus subtilis Biochem-
istry 39, 13336-13343.

Brosius, J. L., and Colman, R. F. (2002) Three subunits contribute
amino acids to the active site of tetrameric adenylosuccinate
lyase: Lys268 and Glu275 are requir@iochemistry 412217
2226.

Lee, T. T., Worby, C., Dixon, J. E., and Colman, R. F. (1997)
Identification of His141 in the active site dacillus subtilis
adenylosuccinate lyase by affinity labeling with 6-(4-bromo-2,3-
dioxobutyl)thioadenosine’ 8nonophosphate). Biol. Chem. 272
458-465.

Lee, T. T., Worby, C., Bao, Z. Q., Dixon, J. E., and Colman, R.
F. (1999) His68 and His141 are critical contributors to the
intersubunit catalytic site of adenylosuccinate lyaseBatillus
subtilis Biochemistry 3822—32.

Lee, T. T., Worby, C., Bao, Z. Q., Dixon, J. E., and Colman, R.
F. (1998) Implication of His68 in the substrate site BHcillus
subtilis adenylosuccinate lyase by mutagenesis and affinity
labeling with 2-[(4-bromo-2,3-dioxobutyl)thio]adenosinensono-
phosphateBiochemistry 378481-8489.

Saribas, A. S., Schindler, J. F., and Viola, R. E. (1994) Mutagenic
investigation of conserved functional amino acid&scherichia

coli L-aspartase]. Biol. Chem 269, 6313-6319.

Sampaleanu, L. M., Yu, B., and Howell, P. L. (2002) Mutational
analysis of duck delta 2 crystallin and the structure of an inactive
mutant with bound substrate provide insight into the enzymatic
mechanism of argininosuccinate lyageBiol. Chem. 2774166~
4175.

Vallee, F., Turner, M. A., Lindley, P. L., and Howell, P. L. (1999)
Crystal structure of an inactive duck delta Il crystallin mutant
with bound argininosuccinat&iochemistry 382425-2434.

Segall, M. L., and Colman, R. F. (2004) GIn212, Asn270, and
Arg301 are critical for catalysis by adenylosuccinate lyase from
Bacillus subtilis Biochemistry 437391-7402.

. Weaver, T., Lees, M., Zaitsev, V., Zaitseva, |., Duke, E., Lindley,

P., McSweeny, S., Svensson, A., Keruchenko, J., Keruchenko, I.,
Gladilin, K., and Banaszak, L. (1998) Crystal structures of native
and recombinant yeast fumarase Mol. Biol. 28Q 431-442.

. Weaver, T., and Banaszak, L. (1996) Crystallographic studies of

the catalytic and a second site in fumarase C fiescherichia
coli, Biochemistry 3513955-13965.

. Raushel, F. M., and Nygaard, R. (1983) Kinetic mechanism of

bovine liver argininosuccinate lyas&rch. Biochem. Biophys. 221
143-147.

. Hoberman, H. D., Havir, E. A., Rochovansky, O., and Ratner, S.

(1964) Biosynthesis Urea. X. Stereospecificity of the arginino-
succinase reactiod, Biol. Chem. 2393818-3820.

Sampaleanu, L. M., Vallee, F., Slingsby, C., and Howell, P. L.
(2001) Structural studies of duck delta 1 and delta 2 crystallin
suggest conformational changes occur during catalgsishem-
istry 40, 2732-2742.

Garrard, L. J., Bui, Q. T., Nygaard, R., and Raushel, F. M. (1985)
Acid—base catalysis in the argininosuccinate lyase reacfion,
Biol. Chem. 2605548-5553.

Lee, H. J., Chiou, S. H., and Chang, G. G. (1993) Inactivation of
the endogenous argininosuccinate lyase activity of duck delta-
crystallin by modification of an essential histidine residue with
diethyl pyrocarbonateBiochem. J. 293 (Part 2637—544.
Patejunas, G., Barbosa, P., Lacombe, M., and O'Brien, W. E.
(1995) Exploring the role of histidines in the catalytic activity of
duck delta-crystallins using site-directed mutagendsigq. Eye
Res. 61151-154.



9044 Biochemistry, Vol. 44, No. 25, 2005

31.

32.

33.

34.

35.

36.
37.

38.

Piatigorsky, J., and Horwitz, J. (1996) Characterization and enzyme
activity of argininosuccinate lyase/delta-crystallin of the embryonic
duck lens Biochim. Biophys. Acta 129358-164.

Sampaleanu, L. M., Davidson, A. R., Graham, C., Wistow, G. J.,
and Howell, P. L. (1999) Domain exchange experiments in duck
delta-crystallins: functional and evolutionary implicatioRsptein

Sci. § 529-537.

Tsai, M., Sampaleanu, L. M., Greene, C., Creagh, L., Haynes, C.,
and Howell, P. L. (2004) A duck deltal crystallin double loop
mutant provides insight into residues important for arginino-
succinate lyase activityBiochemistry 4311672-11682.
Abu-Abed, M., Turner, M. A., Vallee, F., Simpson, A., Slingsby,
C., and Howell, P. L. (1997) Structural comparison of the
enzymatically active and inactive forms of delta crystallin and
the role of histidine 91Biochemistry 3614012-14022.
Sampaleanu, L. M., Vallee, F., Thompson, G. D., and Howell, P.
L. (2001) Three-dimensional structure of the argininosuccinate
lyase frequently complementing allele Q28@ochemistry 40
15570-15580.

Craig, H. J. (1994) ituniversity of Torontg Toronto, Canada.
Bhaumik, P., Koski, M. K., Bergmann, U., and Wierenga, R. K.
(2004) Structure determination and refinement at 2.44 A resolution
of argininosuccinate lyase froEscherichia coliActa Crystallogr.,
Sect. D: Biol. Crystallogr. 601964—-1970.

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994)
CLUSTAL W: improving the sensitivity of progressive multiple

39.

41.

42.

43.

Tsai et al.

sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choiddycleic Acids Res. 22
4673-4680.

Sarin, J., Raghava, G. P., and Chakraborti, P. K. (2003) Intrinsic
contributions of polar amino acid residues toward thermal stability
of an ABC-ATPase of mesophilic origifrotein Sci. 122118~
2120.

. Gromiha, M. M., Oobatake, M., and Sarai, A. (1999) Important

amino acid properties for enhanced thermostability from meso-
philic to thermophilic proteinsBiophys. Chem. 8 51—-67.
Chakraborty, A. R., Davidson, A., and Howell, P. L. (1999)
Mutational analysis of amino acid residues involved in arginino-
succinate lyase activity in duck delta Il crystalliBiochemistry

38, 2435-2443.

Toth, E. A., and Yeates, T. O. (2000) The structure of adenylo-
succinate lyase, an enzyme with dual activity in the de novo purine
biosynthetic pathwayStruct. Fold Des. 8163—174.

Yang, J., Wang, Y., Woolridge, E. M., Arora, V., Petsko, G. A.,
Kozarich, J. W., and Ringe, D. (2004) Crystal structure of
3-carboxy-cis, cis-muconate lactonizing enzyme fidseudomo-
nas putida a fumarase class Il type cycloisomerase: enzyme
evolution in parallel pathway$iochemistry 4310424-10434.

. DeLano, W. L. (2002)he PyMOL Molecular Graphics System

DelLano Scientific, San Carlos, CA.
BI050346S



