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ABSTRACT. Duck 61 ando2 crystallin are 94% identical in amino acid sequence, and vd@lerystallin

is the duck orthologue of argininosuccinate lyase (ASL) and catalyzes the reversible breakdown of
argininosuccinate to arginine and fumarate,dtiésoform is enzymatically inactive. The crystal structures

of wild type duckd1 andd2 crystallin have been solved at 2.2 and 2.3 A resolution, respectively, and the
refinement of the turkey1 crystallin has been completed. These structures have been compared with
two mutant duckd2 crystallin structures. Conformational changes were observed in two regions of the
N-terminal domain with intraspecies differences between the active and inactive isoforms localized to
residues 2332 and both intra- and interspecies differences localized to the loop of residu@9.7As

the residues implicated in the catalytic mechanismd2fASL are all conserved id1, the amino acid
substitutions in these two regions are hypothesized to be critical for substrate binding. A sulfate anion
was found in the active site of duakl crystallin. This anion, which appears to mimic the fumarate
moiety of the argininosuccinate substrate, induces a rigid body movement in domain 3 and a conformational
change in the loop of residues 28090, which together would sequester the substrate from the solvent.
The duckol crystallin structure suggests that Ser 281, a residue strictly conserved in all members of the
superfamily, could be the catalytic acid in th2 crystallin/ASL enzymatic mechanism.

Crystallins are the major proteins in vertebrate lenses, enzymes also occurs in a taxon-specific manner in the corneal
representing 8090% of the total water-soluble proteins in  epithelial cells of vertebrates (bovine BCP 54 and chicken
this organelle ). The refractive properties of the lens o1 crystallin) and invertebrates (squid S crystallin and
originate in the gradual accumulation of crystallins in the drosocrystallin) §), suggesting that gene sharing is a more
concentric layers of the fiber cells, while the transparency widespread phenomenor?)( Indeed, gene sharing has
of the lens is acquired through the short-range interactionsrecently been suggested to be an important factor in eye
established between crystalliry.(In vertebrates, crystallins  morphogenesis and evolution, contributing to the eye's
can be divided in two classes, the ubiquitous crystallins ( diversity and complexity§).

B, andy) and the taxon-specific crystallind,(e, ¢, n, 4, u, o crystallin is the major soluble protein in the eye lenses
p, 7, and S) 8, 4). The discovery that crystallins are of birds and terrestrial reptiles. This crystallin was recruited
multifunctional proteins that have been recruited from a wide from the housekeeping enzyme argininosuccinate lyase
variety of proteins, from small heat shock proteins to (ASL)! (5, 9), a cytosolic enzyme that catalyzes the reversible
housekeeping enzymes, led to the development of the genéoreakdown of argininosuccinate to arginine and fumarate.
sharing or gene recruitment hypothess4). According to The gene recruitment step, which was followed by gene
this theory, no gene duplication is required prior to recruit- duplication, resulted in two proteindl andd2 crystallin.
ment of a protein to a refractive role in the lens. Following In ducks, the amino acid sequences ofdieandd2 isoforms
the recruitment step, gene duplication may occur with the (docl and @c2, respectively) are 94% identical, and the
subsequent specialization of the duplicated géheRecent sequences ofdtl and dc2 are 69% and 71% identical to
studies indicate that overexpression of various metabolic that of human ASL, respectivelyp(10). During evolution,
only the 82 isoform has retained enzymatic activity and is
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the duck orthologue of ASL in non-lens tissué4,(12). 61 changes are the result of a sulfate ion bounddold in a
crystallin is assumed to have become more specialized forposition that appears to mimic the fumarate moiety of
the structural role in the eye lens and in the process has lostargininosuccinate in the enzymatically activéc@. The
its catalytic function {3—15). The loss of enzymatic activity ~ structural analyses suggest that Ser 281 could be the acid
in 01 crystallin is the consequence of the amino acid catalyst in the enzymatic mechanism of théc2/ASL
differences (27 of 466) between the two isoforms. Datk superfamily.
and 62 crystallin therefore offer a unique system for
investigating the catalytic mechanism of ASL. MATERIALS AND METHODS
ASL and ¢ crystallin are members of a superfamily of Expression and Purification ofdt1 and dc2. The dbcl
enzymes that are active as homotetramers and catalyzeexpression vector (pET-17h3d1) was described previously
similar reactions in which a£-N or C,—O bond is cleaved  (32). The d’c2 expression vector (pET-3d3d2) was a gift
with the subsequent release of fumarate as one of theof W. E. O'Brien (Baylor College of Medicine, Houston,
products. Members of the superfamily include class Il TX). The pET-17b-dcl and pET-3d-dc2 plasmids were
fumarase 16), aspartasel(f), adenylosuccinate lyasé§), transformed intdEscherichia coliBL21 (DE3) pLysS and
and 3-carboxyeis,cissmuconate lactonizing (CMLE) enzyme  the proteins expressed using a T7 polymerase system. The
(19). Although the level of overall amino acid sequence expression protocol was similar to that described previously
homology between these proteins is low {&D%), there for wild type ddc2 (15, 30).
are three highly conserved regions that are remote from each Purification of d5c1.Duck 01 crystallin was purified using
other in the monomer structure but cluster together in the a three-step purification protocol. The first two steps involved
tetramer to form the four active site80—23). The location anion exchange chromatography on a DEAE-cellulose (DE-
of the active site was confirmed with the structure determi- 53 Whattman) column. Initially, a linear gradient from O to
nation of various superfamily members with bound inhibitors, 300 mM NaCl (500 mL) was used to elute the protein. The
substrate analogues, or substra®$27). protein fractions that eluted between 50 and 100 mM NacCl
Structural and biochemical studiezd(29) as well as site-  were pooled and concentrated with a Biomax Ultrafree 15
directed mutagenesis da@0f have suggested that His 160, mL concentrator (Millipore). The concentrated fractions were
directly (20, 22) or via a water molecule2g), is responsible  desalted by overnight dialysis at 2C. Samples were
for proton abstraction (base catalysis), while Lys 287 has subsequently reloaded on the DEAE-cellulose column, and
been proposed to stabilize the carbanion intermed2@e (  a finer linear gradient from 0 to 100 mM NaCl was used for
21). Although site-directed mutagenesis experiments of duck elution. The peak protein fractions (@70 mM NaCl) were
02 crystallin 31) and the structure of an inactive duéR pooled, concentrated, desalted, and analyzed on a-SDS
crystallin mutant with substrate boun24j have confirmed PAGE gel and found to be-90% pure.
the role of a number of residues in the active site, a viable To obtain higher-purity protein samplesjal was further
candidate for the catalytic acid has yet to be identified and purified by two alternative methods, chromatofocusing on a
questions remain about the role of His 160, as this residueMono-P FPLC column and affinity chromatography on an

is not conserved across the superfamily. arginine-Sepharose column. Isochromatofocusi@g) (re-
Since all the residues known or suggested to be involved sulted in a protein that was98% pure. This protein fraction
directly in catalysis are conserved betweéh and 62 (sample A) was exchanged into 10 mM Tris-HCI (pH 7.5),

crystallin, the sequence variations between the two mustl mM EDTA, and 1 mM DTT and stored at €. For the
replace crucial substrate binding residues or produce con-arginine-Sepharose 4B (Pharmacia Biotech) column puri-
formational changes that prevent substrate binding and/orfication, a stepwise gradient of 1, 2.5, 5, 7.5, 10, and 25
catalysis ind1 crystallin. Most of the amino acid differences mM arginine was used for elution. The protein was eluted
(17 of 27) are clustered in the first structural domain with 2.5 mM arginine and found by SDSPAGE to be 98
comprised of residues-1112. Biochemical and structural 99% pure (sample B).

data have shown the importance of some of these residues Purification of d’c2. The purification protocol for dc2
(15, 22, 31) and have demonstrated the crucial role that the was similar to that described above fayal except that the
entire domain 1 plays in the recovery of catalytic activity final purification step was achieved using gel filtration

by chimeric proteins of ducldl and 62 crystallin 32). chromatography. Low-molecular weight contaminants were
Significant conformational changes in domain 1 were also removed by loading the protein sample on a S-200 Sephacryl
observed when comparing the turké&l crystallin (Hcl) (20) column (Pharmacia), with a gel bed heightlom and a
and the H91N and H162Ndd2 structures32, 24). total volume of 200 mL, and eluting the sample with 10 mM

The previous structural comparisons involved mutant duck Tris-HCI (pH 7.5) and 1 mM EDTA at £C. Fractions
02 and wild type turkey1 crystallin, and therefore, it could  containing the highest-puritydd2 (~98%) were pooled and
not be determined if the observed conformational variations concentrated.
were the result of intra- or interspecies differences. We report  Crystallization, Data Collection, and Structure Determi-
here the structure determinations of wild type dddkand nation. Wild type ddcl (samples A and B) anddd2 were
02 crystallins, the complete refinement of turkéy crys- crystallized at room temperature using the hanging drop
tallin, and structural comparisons of all availablerystallin vapor diffusion method (see Table 1 for crystallization
structures. The results of these studies show that distinct inter-conditions). Data were collected for both wild typé&cd and
and intraspecies conformational differences do exist and thatdéc2 at the National Synchrotron Light Source (NSLS)
they are localized to domain 1. A major conformational (Brookhaven National Laboratory, Upton, NY) and subse-
change in a loop of domain 2 and a rigid body movement in quently processed using the DENZO/SCALEPACK software
domain 3 are also observed idal. These conformational package §3) (Table 1).
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Table 1: Crystallization, Data Collection, and Data Processing Statistics

docl, data set A docl, data set B doéc2

protein concentration (mg/mL) 8 6 20
precipitant (w/v) 14% PEG 550 MME 15% PEG 550 MME 14% PEG 2000 MME
additive 7 mM ZnSQ 10 mM ZnSQ 300 mM MgCk
buffer, pH 100 mM MES, 7.5 100 mM MES, 6.5 100 mM HEPES, 7.5
morphology prism-like prism-like flat plates
average size (mm) 0.760.2x 0.15 0.8x 0.25x 0.2 0.4x 0.2x 0.1
NSLS beam linel (A) X12C, 0.98 X8C, 1.0 X12C, 0.98
detector type Brandeis 1K CCD MAR 30 cm IP Brandeis 1K CCD
space group P3;21 P3:21 P2,
cell dimensions a=Db=100.7 A, a=Db=100.6 A, a=935A,

c=167.2A, c=168.0 A, b=199.1A,

y =120 y =120 c=107.2 A,

p=102.r

no. of molecules/asymmetric unit 2 2 4
resolution limits (A) 26-2.8 20-2.2 20-2.3
no. of total reflections 84845 147604 277694
no. of unique reflections 28147 48769 79045
mean redundancy 3 3 35
completeness (%) 91.4 (899%) 96.4 (94.29 93.2(92.19
averagd/o(l) 6.7 7.4 15.2
% reflections withl > 20(1) 57.9 (34.99 83.7 (63.79 74.1(46.29
Reyn® 0.08 (0.349 0.08 (0.29 0.05 (0.22

aTurkey 01 crystallin purification, crystallization, data collection, and processing have been reported prevafishigochromatofocusing
purified ddc1. ¢ Arginine—Sepharose-purifieddt1. @ Last resolution shell: 2.692.6 and 2.28-2.2 A for the 2.6 and 2.2 Adt1 data, respectively,
and 2.38-2.3 A for djc2. © Rym = || — OVEI, wherel is the measured intensity for symmetry-related reflections#fid the mean intensity

for the reflection.

The structures of dcl and d@c2 were determined by

Table 2: Summary of the Final Model Refinement Statistics

molecular replacement using the program AMoR4) @nd

docl (set B) @c2 tocl
a monomer of the H1_10N<§ut2 mutant (M. A. Turner and o~ range (A) 2022 2023 3505
P. L. Howell, unpublished results) as the search model. R (%) 19.0 20.8 15.7
Correlation coefficients of 0.49 and 0.43 aRdactors of Riee (%) , 23.3 26.0 21.3
0.39 and 0.30 were obtained foball and dc2, respectively. ", 0f reflections used in 47139 73580 66791
For ddcl, data set A (from protein sample A) was used t0 no. of reflections used 4749 7436 6651
determine the structure and for initial refinement. The phases t fompﬁt?ree t
H inN0. O non-nyarogen atoms

were subsequently extended to 2.2 A using data set B (protein brotein 6914 13921 13679
sample B). solvent 516 655 588

Refinement and Model Buildingihe models were refined sulfate 10
using the program CNS3p) with a maximum likelihood me;rc‘)?:iic‘or ) 3 3 a
target function 86, 37), a flat bulk solvent correctior3g), per monomer 28/32  32/36/32/32 42/42/42/38
and no low-resolution ov cutoff applied to the data. Ten (A/B or A/B/C/D)
percent of the reflections were randomly selected to compute perdgﬂgﬁlnl 35/43 33/42/56/54  42/56/48/56
an Ryee for cross-validation of the modeB6). Each refine- domain 2 22/24 24/28/23/23  34/32/34/31
ment step consisted of torsion angle simulated anne&@®)g ( domain 3 36/42 50/49/33/35 62/53/57/42
grouped and individuaB-factor refinement, and the subse-  solvent 37 33 47
quent calculation o, weighted 2Fo| — |Fc| and |Fo| — rmzliil;avtiiltion from ideal values 23
|F¢| electron density map<t(, 41). These maps were then bond lengths (&) 0.008 0.006 0.005
used to correct the models by manual rebuilding in TURBO-  bond angles (deg) 1.3 11 1.1
FRODO ¢2. ik T S

Refinement of the Wild Typ&ddl and dc2 Structures. Ramachandran plot (% residues 93.4 90T 90g

Noncrystallographic symmetry restraints were applied ini- in most favored regions

tially and gradually relaxed during the refinement. A cis

monomers of both structures. Water molecules with proper
hydrogen bonding coordination and electron densities higher

3 Reryst= 2(|Fol — |Fcl)/Z|Fol. ® Riee = Z(|Fos — |Fcd)/Z|Fod, Where
peptide was modeled between Ser 319 and Thr 320 in all“s” refers to a subset of data not used in the refinement, representing
10% of the total number of observatioris\o residues were found in
the disallowed regions of the Ramachandran plots.

than 1o on 2IF,| — |F¢| and 2.% on |F,| — |F¢| 04 Weighted

maps were progressively introduced while monitoring the corrections were made and several side chain rotamer
decrease iRy (Table 2). For dcl, a sulfate anion was  conformations were changed, the corrected model was further
located in thes, weighted|F,| — |Fc| omit maps and modeled  refined using CNS. Noncrystallographic symmetry restraints
into the active sites. were applied initially and gradually relaxed. These correc-

Refinement of the Wild Typédl StructureThe previously  tions, together with water molecule addition, decreased the
reported model of turkeyl crystallin 0) did not contain Reryst and Ryee Values from 20.2% and 26.2% to 15.7% and
any solvent molecules. After a small number gftiackbone 21.3%, respectively.
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Ficure 1: Comparison of the availablé crystallin and ASL amino acid sequences. Amino acid residues that show 108085, or

>60% conservation are shaded in black, dark gray, and light gray, respectively. The figure was prepared using the program53gneDoc (
The delimitation between the three structural domains<D3) is shown with arrows, while the locations of the three conserved amino
acid sequences in the ASL superfamily (€23) are shown with boxes. Important catalytic residues Thr 89 Klis 160 @), Ser 281

(%), and Lys 287 ¥) are also indicated. Abbreviations: CDd1 crystallin; CD2,02 crystallin; AL, argininosuccinate lyase.

For all three structures, the accessible and buried surfacewas used to analyze the stereochemistry of the models. The
areas were calculated with the algorithm in the CNS package,final refinement statistics for all three models are presented
using a probe with a radius of 1.4 A3). This algorithm in Table 2.
calculates buried surface area by summing the accessible Amino Acid Sequence and Structural Alignmeritee
surface area for each monomer and subtracting from this theavailabled crystallin and ASL sequences were retrieved from
accessible surface area of the oligomer. PROCHEGH ( the SwissProt database, and CLUSTAL46) was used to
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A)

Domain 1 1

core helices (the beginning and the end of each helix in
domain 2) were selected, and an iterative least-squares fitting
procedure was performed, prior to calculating the average
rms deviation.

RESULTS AND DISCUSSION

Overall Fold. The wild type dcl and @c2 structures
(Figure 2) have the same overall architecture as that described
previously for cl (20), HO1N ddc2 (22), H162N djc2 (24),
and human ASL Z3). The N-terminus of each monomer

Domain 2 '~ Domain 3 appears to be flexible as there is generally poor quality
electron density for these residues, and as a consequence,
variable numbers of residues (209) at the N-terminal are

B) missing in the monomers of theddl and @éc2 structures.

C-Terminal residues 463466 are missing in both structures.
Each monomer contains 21 helices and can be divided into
three structural domains (Figures 1 and 2A). The N-terminal
domain (domain 1) consists of two heliturn—helix motifs
arranged perpendicular to each other and is similar in
topology to the C-terminal domain (domain 3). Nine central
helices form domain 2. This is the most rigid domain in the
protein as reflected by the lower-than-averagéactors
(Table 2). Five of these central helices are clustered together
in an up-down—up—down—up orientation to form a five-
helix bundle. The most extensive interactions observed
between monomers involve three of the five core helices
from each monomer and result in the formation of the closely
Ficure 2: (A) Surface representation of thedaR tetramer. associated dlmers,.véc and. B-D. Accessible anq burleq
Monomers A-D are shown in yellow, blue, green, and red, Surface areas confirm the importance of these interactions
respectively. The three structural domains of monomer Bdafld as the average surface area buried at the interface of-tiie A
(blue) are labeled. (B) Superposition of thicd (yellow) and dc2 (or B—D) dimer (7490 &) is larger than the one buried at
(blue) tetramers. Thedt1 tetramer was generated from monomers he A—B (or C—D) (3427 ,)3@) or A—D (or B—C) (3786 ;g)
A and B present in the asymmetric unit and symmetry-related . . .
monomers C and D. The locations of the four active sites present'nterfa(_:e (seg Materials and Methods). TW(_) closely associ-
in the tetramer are indicated by the large ovals. ated dimers interact to form a tetramer (Flgure 2A) Each
monomer contributes one helix to form a four-helix bundle
perform the multiple-sequence alignment. This alignment was at the core of the protein. The assembly of ¢herystallin
further improved on the basis of the structural data (Figure tetramer as a dimer of dimers is in agreement with the

1). experimental observation that a dimer intermediate forms
The structural comparison between monomers belongingduring cold dissociation of ASL4E).
to different or to the samej crystallin structure was Sulfate Binding in the Acate Site Region of @tl. The

performed using the RIGID option in the program TURBO- location of the active site cleft in the ASL superfamily was
FRODO @2). Structurally equivalent residues located in the first suggested from the wild typ&d¢l structure Z0) and

Asn 114,

Ficure 3: Stereoview of the electron density in the active site regiondafld Theo, weighted 2F,| — |F| (1o) and|Fo| — |F| (150)
electron density maps calculated after the;5Qvas omitted from the refinement are shown in thin and thick lines, respectively. Water
molecules are denoted by W and the residue number.



Structural Studies od Crystallins Biochemistry, Vol. 40, No. 9, 20012737

Table 3: Hydrogen Bond Interactions between the Sulfate lon,
Water Molecules, and Duc#l Crystallin

docl water molecule-protein  distance

sulfate residues interaction A
SO, 0, Lys 287x N¢ 2.77
SO,0;  Asn 289 Ng2 3.03
SO, 0, Ser 2840, 2.61
SO0,  W269 2.73

W269 Ser 2810, 3.23

W269 Ser 1180, 278
SO, 05 His 16 N, 2.61
SO,0;  W508 2.75

W508 Asn 114 Ny» 2.79%
SO,0,  Thr15%0,; 2.77

aThis represents the distance between water molecules W269 and
W508, and residues Ser 281 and Ser 112, and Asn 114, respectively.

then confirmed by structural studies on fumarase¥; 26,
47) and H162N dc2 (24). In the ASL superfamily, there B)
are three regions of conserved amino acid sequences denotel
C1, C2, and C3, and comprised of residues-1129, 157

166, and 286-294, respectively (Figure 1). These regions

are far apart in the structure of the monomer but cluster
together in the tetramer to form four independent active sites
(Figure 2B). Each of the three monomers that make up an
active site contributes a different conserved region. A sulfate

ion has been located in the active site region@¢H (Figure

3). This ion interacts either directly or via a water molecule

with conserved amino acid residues His 160, Thr 159, Ser
281, Lys 287, Asn 289, Ser 112, and Asn 114 (Table 3).
(Please note thatéd1l and écl are enzymatically inactive

and therefore do not have an active site. For the purposes of
the comparisons presented in this paper, the regiaicin

that is structurally homologous to the active site 6td is

termed the “active site region”.)

His 160 interacts directly with the sulfate ion. This
histidine is found in conserved region C2 and has been
proposed to act as the catalytic base in the enzymatic
mechanism by abstracting a proton from thg & the FIGURE 4: Superposition of dcl (yellow), bcl (green), dc2
substrate either direct20, 22) or through a water molecule ~ (blue), and H162N dc2 (red) showing a closeup of the confor-

. : ; mational changes observed in (A) the 280’s loop (residues-255
(25). Asn 289 and Asn 114 interact directly and via a water 300) and (B) domain 3 (residues 35250). In panel A, the bound

molecule with the sulfate ion, respectively (Table 3). These gyjfate found in the écl structure is shown in purple. Residues
residues belong to conserved regions C3 and C1, respec274—290 are absent from the H162MaR structure 24) and are
tively, and have been suggested to be involved in substratetherefore not present in panel A.

binding 24, 31). The G sulfate oxygen also interacts via a
water molecule with the Oatom of Ser 112. This residue is
part of conserved region C1 and has been suggested to pla)ét
a structural role iy crystallin 24, 31) and a catalytic one
in fumarase CZ5). Lys 287 and Ser 281 belong to conserve

Comparison of dcl with all the available) crystallin
ructures identified two conformational changes that appear
q fo be the consequence of sulfate binding (Figures 2 and 4).

region C3 and interact directly with the sulfate. Lys 287 is '€ G 'ms deviation plots (Figure 5) show movements of
the only positively charged residue in the active site region 2PProximatef 8 A in the 280’s loop (Figure 4A) and up to
and is thought to be responsible for stabilization of the 4 A for domain 3 of dc1 (Figure 4B). The conformational
carbanion intermediat@Q, 21). Ser 281 has also been shown c¢hanges between the different structures are clearly distin-
to be essential for catalysi81). Chakraborty et al.31) guishable from the inherent small variations present in each
proposed that Ser 281 plays a structural role in maintaining of the s_tructures that was analyzed. When all four monomers
the conformation of the loop comprised of residues-280 belonging to the same structure are compared, some varia-
290 (280's loop) of conserved region C3, while Thr 159 tions (<1 A) are observed in the more flexible domains
(conserved region C2) affects catalysis by influencing the (domains 1 and 3, highd-factors; see Table 2). However,
conformation of the adjacent His 160 or the protein the low overall G rms deviations (0.360.41 A for 415-
substrate interactions. The significance of the sulfate ion 447 G, atoms) between all monomers of a structure suggest
present in the active site, the conformational changes that no significant intrinsic differences occur withidal,
observed, and the implications for catalysis are discussedddc2, or H91N or H162N dc2. The conformational changes
below. observed in the 280’s loop and domain 3 are therefore unique
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Ficure 5: Plot of the G rms deviation vs residue number between
monomer A of @cl and monomers A obtl (green), dc2 (blue),

H91N dbc2 (orange), and monomer D of H162Na? (red). For

H162N djc2, only one active site was occupied by substrag, ( B)
and therefore, the monomer forming most of the contacts with the
argininosuccinate, monomer D, was used.

Asp 337

lle/Phe 333
to the dcl structure and are also independent of crystal
packing interactions.

Residues in the highly flexible 280’s loop (conserved
region C3) are often difficult to locate in the electron density
maps 24, 48). In docl, the sulfate ion interacts directly with
Ser 281, Lys 287, and Asn 289, rigidifying this loop and
locking it into a specific conformation (Table 3 and Figure
4A). Examination of the temperature 8 factors for the

280's loop relative to those for domain 2 of the same protein y
clearly shows that this loop is more stable in théct ©) !
structure. The average-factors for the 280’s loop are 26 ~{p GIn/His 89

and 44 R for doc1 and dc2, respectively, while the average
B-factor for the rest of domain 2 is24 A2 in both cases.

The consequence of both sulfate binding and the confor-
mational change of the 280’s loop is that a concerted rigid
body movement of residues 36@50 of domain 3 occurs
(Figure 4B). This rigid body motion is supported by the fact
that if domains 3 from all the structure are superimposed
independent of the rest of the protein the average rmsFicure 6: (A) Structures of dcl (yellow), Bcl (green), dc2
deviation for this domain is 0.7 A. This is comparable to (blue), and H162N éc2 (red) showing the conformational changes

i At ineSeen in domain 1. Closeup of the structural differences observed
the average rms deviation observed for the other domalnsin the loops of residues (B) 232 and (C) 74-89. Amino acid

(Se? Figure 5). Sulfate binding affects the position of loop residues that differ betweenddl (yellow) and dc2 (blue) are
residues Ser 281 and Ser 282 that are hydrogen bonded t@nhown as stick representations. Each amino acid is labeled with

His 388 and Arg 385, respectively. These residues are partthe corresponding three-letter code, black fécH and dark blue
of one of the helices that make up domain 3 of a neighboring for doc2.
monomer. The movement of the 280's loop and the

maintenance of the main chaiside chain hydrogen bonds 280’5 |oop and domain 3 betweenal and #c1 could also

385 resultin the observed rigid body motion. These structural haye on the catalytic mechanism is described in more detail
perturbations result indt1 having a more compact structure, pgjow.

Lew/Trp 74

Wizth the buried surface area in théal tetramer (29 320 In addition to the structural variations in the 280’s loop
A?) being larger than that in eithedd2 (27 613 R) or tocl and domain 3 of dc1, two other significant conformational
(27 812 R) (see Materials and Methods). changes were observed betweeitH and écl (Figures 5

Structural Comparison between the Enzymatically Ingcti  and 6A). The first involves residues in the loop of residues
0 Crystallin Proteins dcl and tc1. The original motivation 74—89 and appears to be the consequence of two interspecies
for determining the structures of both enzymatically inactive amino acid differences. Leu 74 and lle 79 ofcd are
and actived crystallin was to examine differences in the substituted with Ser and Leu iddl1, respectively (Figure
structures that could help us to understand the loss of1). We have previously suggested that the conformational
enzymatic activity in thed1 protein. The structural differ-  variation in this loop is a major contributing factor to the
ences in the 280’s loop and domain 3 are however uniqueloss of enzyme activity id1 crystallin 4). The significance
to ddcl and are not found idtl. The Hcl structure does  of this loop movement will be discussed in more detail in
not have a sulfate ion bound in the active site region, and the context of the structural variations seen betweéeild
this suggests that the conformational differences seen in theand djc2.
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The second conformational difference affects residues Sersubstrate binding24, 31).
319 and Thr 320 of domain 2. In thedcdl and @c2 Structural Comparison between Wild Typécd and
structures, the peptide bond between these two residues i$4162N dic2 with Bound Argininosuccinat&he structure
in the cis conformation, while it is trans id¢1. While we of the enzymatically inactive H162Ndd2 mutant has been
had speculated that this cis peptide bond may be importantdetermined with substrate bound in one of its active sites
for catalysis 22), the presence of the cis peptide in both (24). Comparison of this structure with that odcil reveals
inactive and active duckd crystallin would suggest a that the fumarate moiety of the substrate and the sulfate ion
structural rather than enzymatic role for this difference. The are in comparable locations in the active site (Figure 7).
cis peptide is probably involved in maintaining the confor- Superposition of the Cbackbones reveals that in the region
mation of the loop of residues 31826, as this loop contains  of the active site closest to the fumarate moiety only small

Tyr 321, an important substrate binding resid@é)( conformational changes to residues 45@d 16@, 112,—
Structural Comparisons between Wild Typkcdl, ddc2, 116, and 294—296, occur. Larger deviations in the,C
and H91N dc2. The structures of wild typedtl and dc2 backbones are observed in those parts of the active site

were determined to eliminate any interspecies differencesinvolved in binding the arginine moiety of the substrate.
that may occur betweendl1 and dc2 that could complicate  These regions correspond to residues-232, and 74—
our analysis and attempts to understand the structural basi89 of domain 1.

for the loss of enzymatic activity id1 crystallin. As a In the loop of residues 2332, the structural variations
consequence, théd¢l structure has not been included in the between dcl and H162N dc2 with bound substrate are
structural comparisons presented below. comparable to differences seen betweedtld and the

First, we examined the intraspecies structural differences substrate-free, wild type dd¢2 (Figures 5 and 6). The
that occur in the absence of bound substrate by comparingconsequence of this conformational variation is that residues
docl, dc2, and the H91N dc2 mutant. The structures of in this region in dcl are further away from the arginine
wild type ddc2 and H91N dc2 are very similar as indicated moiety of the substrate than in the H162Nc2 structure.
by an rms deviation of only 0.49 A for 448,Gitoms. The In addition, the orientation of the Thr 26 and Ser 27 side
comparison againstd1 revealed, however, that in addition chains is changed by almost T8Figure 7). These differ-
to the structural changes observed on sulfate binding ences would have a negative impact on substrate binding as
discussed above, two other conformational changes occurresidues in the loop of residues 232 interact with the
at residues 2332 and 74-89 (Figures 5 and 6). substrate in the H162N structure. Argininosuccinate interacts

The major difference between the inactivécd and all directly with Ser 27 and via a water molecule with Asp 31
doc2 proteins is in the region of residues-2® (Figure (Glu 31 in ddcl) (24).
6B). There are six amino acid differences in this region, two  While it is not obvious what effect residues-789 have
of which are nonconservative. Lys 23 and Tyr 30 tcd on substrate binding, the identity of residue 89 appears to
are replaced indcl with Met and Thr, respectively (Figure be important. Although the Catoms of residue 89 appear
1). Despite the~4 A shift in the backbone observed in this to be in the same position indd1 and H162N dc2, the
region, the salt bridge between the side chains of Arg 33 interactions of their side chains differ. In H162Nva2,
and Asp 337 is maintained in all structures. Additional van residue 89 is a histidine that interacts with the arginine moiety
der Waals interactions also occur between Arg 33 and residueof the substrate via a water molecule and makes van der
333. The amino acid at position 333 is lle inal and Phe  Waals contacts with Asp 38, Asp 87, Arg 113, and GIn 116
in doc2. These observations suggest that residues in the(24). In docl, this histidine residue is substituted with a
region of residues 2332 may play a role in maintaining glutamine. The poor quality of the electron density also
the structural integrity of domain 1 and the overall structure indicates that the side chains of GIn 89, Arg 113, and Gin
of the d crystallin monomers as well as in substrate binding 116 are disordered. The conformation of the Arg 113 side
(see below and re24). chain in the dc1 structure appears to be influenced by both

The conformation of residues in the loop of residues 74 the loop of residues 7489 and the 280’s loop, as this residue
89 appears to be highly variable. Structural differences occur makes van der Vaals contacts with not only Glu 86 and Gin
not only between dcl and $cl (discussed above) but also 89 but also Ser 282. Like Arg 113, its neighboring residues
between dcl and different dc2 structures (Figures 5 and Asn 114 and Ser 112 (conserved region C1) have also been
6C). Given the small number of structures available and the shown to be important for substrate bindirzgl(31) (Figure
large variations seen in this loop, it is difficult to determine 7). The dcl structure supports this conclusion with Asn
whether this region is just inherently flexible or whether a 114 and Ser 112 interacting via a water molecule with the
specific conformation is required for catalysis to occur. sulfate ion. This structural comparison suggests that the
Several observations however support the latter hypothesisidentity and conformation of the residue at position 89 and

First, the conformation of this loop is closer in théc@ wild the conformation of the loop of residues—789 are critical
type and mutant structures than it is in eithécdl or tHcl. for maintaining the conformation of the residues involved
Second, the mutation of Asp 87 to Gly in ASL causes the in substrate binding.

disease argininosuccinic aciduri49}, and the mutation of These observations regarding the importance of residues

His 89 to Asn in @c2 results in a protein with only 10% 23—32 and 74-89 are consistent with our previous studies
activity (22). Finally, any large conformational variation in (22, 24, 32) and reinforce the hypothesis that conformational
this loop will affect residues in the neighboring regions, changes in domain 1 are the primary cause for loss of
residues 2332 of domain 1 (Figure 6) and conserved region enzymatic activity ind1 crystallin.

C1 of domain 2 (Figure 1). Both of these regions contain  Catalytic Mechanism of thé2 Crystallin/ASL Systerithe
residues that we have shown previously to be important for docl structure with bound sulfate and the hypothesis that
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Ficure 7: (A) Closeup of the active site region ofcll and H162N dc2. The backbone and residue side chains correspondingctb d

are colored according to their monomer of origin (as in Figure 2A). The H16%2 Backbone and residue side chains are shown in gray.
The sulfate anion (S£) is shown in pink and the argininosuccinate substrate (AS) in orange. The inset shows the argininosuccinate with
all atoms labeled. (B) Stereoview of the image shown in panel A emphasizing the depth of the active site region.

the observed structural changes in the 280’s loop and domainDuck 61 crystallin therefore offers insight into the potential

3 could also occur in &2 prompted a re-examination of conformation of this loop in the presence of bound substrate.
the catalytic mechanism of the protein. The structural Additionally, the conformation of the 280’s loop iddl is
alignment of d@cl and H162N dc2 clearly shows that the different from that found in any of the uncomplexéd
sulfate ion can be superimposed with one of the carboxylate crystallin structures {cl, ddc2, and H91N dc2) (Figures
groups of the fumarate moiety of the substrate (Figure 7A). 4A and 5). If substrate binding indd2 induces the same
While the 280’s loop is not visible in the H162Nod2 conformational changes of the 280’s loop as that observed
structure with substrate bound, it is seen in theXdstructure. in docl, then only a slight rearrangement of the fumarate
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moiety or the side chain of Met 284 would be required to of enzymatic activity in the Thr 159 to Valé¢2 mutant
eliminate steric hindrance (Figure 7A). The electron density (31) and the lack of strict conservation of His 160 across
for the fumarate moiety is not well-defined in the H162N the superfamily. While His 160, given its charge relay
doc2 structure, suggesting that such a conformational changenteraction with Glu 294, is the more attractive base catalyst,
would be possible. The interactions seen éct between its lack of conservation across the superfamily is puzzling
the sulfate and the 280’s loop suggest for the first time an given the similarity of the three-dimensional structures of
interaction between argininosuccinate and Ser 281. Whenthe members of the superfamily and the expectation that the
the substrate is modeled in the wild typ&c@ structure, the  catalytic machinery will be conserved. A comprehensive
O, atom of Ser 281 is 8.8 and 7.7 A from the Bnd G, structural comparison of all members of the superfamily in
atoms of the substrate, respectively. With the conformational the presence and absence of bound inhibitors is in progress
change of the 280’s loop seen in thécd structure, these  and should shed further light on the role of Ser 281, His
distances are reduced to 3.9 and 2.85 A, respectively. Thel60, and Thr 159 in the catalytic mechanism.

distance between the,@tom of Ser 281 and the;Nitom

of the substrate could also be shortened with a reorientationCONCLUSIONS

of the side chain of Ser 281. The conformational change and
flexibility of the 280’s loop allow it to form a “lid” over the
active site (Figure 7B), sequestering the substrate from the
solvent. Ser 281 comes within hydrogen bonding distance
of the scissile bond of the substrate and is in a position to

The structural comparisons presented here suggest that a
significant conformational change in the 280’s loop and rigid
body movement of domain 3 may occur on substrate binding.
In addition, the results suggest for the first time that strictly
. . conserved residue Ser 281 could be the acid catalyst and
act as thg catalytic acid. . . raise questions regarding the role of His 160, the putative

In addition to Ser 281 being in the proximity of the sulfate, .aa\vtic base. These hypotheses are however based on the
there are other observations supporting the hypothesis thai, ,ctural comparison of the inactivedcl—sulfate and
this residue may play an important role in the enzymatic \416oN gyc2—substrate complexes. Structures of wild type
mechanism of dc2/ASL. The reaction occurs with trans  ys5¢5 with inhibitor bound and/or of an inactivéd2 mutant
stereochemistnyS0, 51), and Ser 281 is on the opposite side ity sypstrate bound (in which the mutation does not
of the substrate with respect to putative catalytic base His significantly affect the substrate binding capacity) will be
160. Kinetic isotope studies show that the last step of the yaierminant in confirming whether Ser 281 is the acid

reaction, the cleavage of theyNC, bond of the substrate  5¢51vst and what role His 160 has in the catalytic mecha-
in which a proton is donated to,Nis the rate-limiting step gy’

(51). These data suggest that the acid catalyst may be a weak

acid, making a serine residue a more attractive candidateACKNOWLEDGMENT

for the acid catalyst than either asparate or glutamate as each _ ) o
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