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ABSTRACT: 0-Crystallin, the major soluble protein component of avian and reptilian eye lenses, is highly
homologous to the urea cycle enzyme, argininosuccinate lyase (ASL). In duck lenses, there are two highly
homologous) crystallins,d | ando Il, that are 94% identical in amino acid sequence. Whilecrystallin

has been shown to exhibit ASL activity in vitré,| is enzymatically inactive. The X-ray structure of a

His to Asn mutant of duck Il crystallin (H162N) with bound argininosuccinate has been determined to
2.3 A resolution using the molecular replacement technique. The overall fold of the protein is similar to
other members of the superfamily to which this protein belongs, with the active site located in a cleft
formed by three different monomers in the tetramer. The active site of the H1L62N mutant structure reveals
that the side chain of Glu 296 has a different orientation relative to the homologous residue in the H91N
mutant structure [Abu-Abed et al. (199B)ochemistry 3614012-14022]. This shift results in the loss

of the hydrogen bond between His 162 and Glu 296 seen in the H91N and tutleeystallin structures;

this H-bond is believed to be crucial for the catalytic mechanism of A3lLérystallin. Argininosuccinate

was found to be bound to residues in each of the three monomers that form the active site. The fumarate
moiety is oriented toward active site residues His 162 and Glu 296 and other residues that are part of two
of the three highly conserved regions of amino acid sequence in the superfamily, while the arginine moiety
of the substrate is oriented toward residues which belong to either domain 1 or domain 2. The analysis
of the structure reveals that significant conformational changes occur on substrate binding. The comparison
of this structure with the inactive turkeyl crystallin reveals that the conformation of domain 1 is crucial

for substrate affinity and that thiel protein is almost certainly inactive because it can no longer bind the
substrate.

Crystallins are soluble proteins found in vertebrate eye crystallins are not specialized lens proteins but are directly
lenses where they are believed to play a structural role by related to housekeeping enzymés-8), and in some cases
contributing to its bulk protein framework and conferring the crystallins have even been shown to demonstrate in vitro
special refractive properties to i2{4). Crystallins which the native activity of their homologu®{11).
constitute a group of proteins with very littte homology  §-Crystallin is the principal constituent of bird and some
among its members5) have been divided in two classes reptile eye lenses and accounts for-6@% of all the soluble
according to their distribution in vertebrate species. The lenticular protein. In the chicken and duck genomes, two
ubiquitous crystallins«-, 8-, and y-crystallins) are found  distinct functionald-crystallin genes, termed | and 6 I,
in all vertebrates while the taxon-specific enzyme crystallins are present in tandemi?—14). Comparison of the protein
(0, €, 4, etc.) are restricted in distribution to certain species. sequences fod | and S 1l reveals 88-94% identity among
Lens proteins are not renewed and are therefore among thehe differento-crystallins and 6571% identity to argini-
longest lived proteins in vertebrates, resisting aggregationnosuccinate lyase (ASLEC 4.3.2.1) {5—17). The two
and degradation and maintaining their structure for a long crystallin isoforms are the products of a gene duplication
period of time. Given these properties and the role that they event of the ancestral ASL gene. Despite their high sequence
play, it was surprising to discover that the taxon-specific identity and the similarity between these crystallins and

human ASL, ASL activity has only been detected in the

T Supported by a grant from the Medical Research Council of Canada Il isoform. Th,e loss of en;ymatlc activity observed for all
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quence variations could either affect residues involved in T p1c 1 pata Collection and Refinement Statistics
substrate binding and catalysis or residues important for

o ) . . resolution limits of data (A) 172.30
maintaining the catalytically active conformation of the total no. of measurements 194258
protein. no. of unique reflections 77291

0-Crystallin and ASL also belong to a superfamily of ;l’mbplete”ess of data (%) ; 99?2'2 (3976'4)
metabolic enzymes that all catalygeslimination reactions resolution range for refinement (A) 1230
with the release of fumarate. Members of this superfamily no. of reflections in refinement 71225
include ASL, class Il fumarase, adenylosuccinate lyase,  no. ?f fEﬂ‘?CtlonS used to COMPURZee 7210
3-carboxyeis,cismuconate lactonizing enzyme, aspartase, :gigl o of gg?\'/‘;?]t sites 1437%10
ando-crystallin. A general acid/base mechanism has been R .. call data (%) 229
proposed ford Il crystallin/ASL with a histidine residue Riree! (%) 29.0
implicated as the general bage 18 in the interconversion meafl'?’ Va'Uft’S_('&) "
of argininosuccinate to arginine and fumarate: emrl)'rzgmpg 2'”5 c D 44/42/48/43
domain 1 73/65%/58/47
L-Argininosuccinate domain 2 33/31/36/32
NH ¢ domain 3 50/48/71/66
2 waters 39
2 )K H substrate 58
oc N N rms deviation from ideality
+NH bond lengths (A) 0.006
3 -
€00 bond angles (deg) 1.2
dihedral angles (deg) 17.6
improper torsion angles (deg) 0.74
a | ast resolution shell: 2.382.30 A.® Rym= Y|l — <I>|/3I, where
. coo - | is the intensity measurement for symmetry-related reflections<drd
NH 5 is the mean intensity for the reflectiohRiactor = Y (|Fo| — [Fel)/Y |Fol-
)K . H 9 Ryree = Y(IFod = IFcd)/3|Fod, where s refers to a subset of data not
ooc N NH , H \ used in refinement comprising 10% of the d&Residues 17A31A
+NH and 73B and 87B are not included in the modélverageB values
3 coo ~ for domain 1, 2, or 3 for each monomer A/B/C/D.
L- Arginine Fumarate

EXPERIMENTAL PROCEDURES

Gene Expression, Protein Purification, Crystallization, and
Data CollectionDuck ¢ Il crystallin derived from the cDNA
of duck (Anas platyrhonchgseye lens (gift of W. E. O'Brien,
Baylor College of Medicine, Houston, TX) was over-
expressed irE. coli strain BL21(DE3)pLysS using a T7
olymerase system. Details of the expression of the wild type
nd the H162N mutant of duck Il crystallin have been
escribed previously1Q, 20. The procedure for protein

Since in the enzymatically inactive| crystallins His 91
is mutated to GIn, it was previously suggested that His 91
played a direct role in the catalysi&9). Four single site-
directed mutants in which the histidine residues at positions
91, 110, 162, and 178 were replaced with asparagine residue
were subsequently constructed to test this hypothesis and toy

idenltify thfehcatalytic histidhine ZO).h Prer:iminary Kinetic 1 rification and crystallization is the same as that described
analysis of these mutants showed that the H91N and |_'162Npreviously for H9IN mutantl). The crystals were grown

mutants were completely inactive, thus seemingly confirming using the hanging drop vapor diffusion method. Five
the catalytic role proposed for His 91. Subsequent studies icroliter drops of a 14 mg mL! enzyme solution, 100
on HO1IN, however, revealed that thiscrystallin mutant 3\ Tris-HCI (pH 8.5), and the precipitating solution, 18%
exhibited low levels of activity £10% of wild type), thus  yn) PEG MME 2K, 200 mM MgC}, and 100 mM Tris-
identifying His 162 as the most likely candidate for the ¢ (pH 8.5), were suspended over a 1 mL reservoir of the
catalytic base). Studies orEscherichia colifumarase C  precipitating solution. Platelike crystals grew within ap-
(FUMC) have also shown that the equivalent histidine, His proximately 4 days to a maximal size of 0.7 mr0.5 mm
188, is close to the active site, and Weaver et2l, 22 x 0.2 mm. The crystals belong to space gré&@p with four
have also proposed that this histidine plays a role in baseprotein molecules per asymmetric unit and with unit cell
catalysis. In this paper, we present the crystallization, three- gimensionsa = 94.58 A,b = 99.59 A,c = 107.14 A, and
dimensional structure determination, and refinement of theﬁ = 101.68. Crystals of the complex were obtained by
inactive duckd Il crystallin mutant H162N complexed with soaking a crystal for 24 h in a drop containing A0 of

the substrate argininosuccinate. This represents the firstwell buffer and 1ul of 40 mM argininosuccinate. Prior to
structure of an inhibitor or substrate analogue bound to data collection, a crystal was further soaked in a 15% v/v
ASL/S Il crystallin or one of their mutants. The analysis of glycerol/mother liquor solution for 5 min and then flash
this structure and its comparison with the structures of H91N frozen to 100 K. X-ray diffraction data were then collected
and turkeyd | crystallin (TDCI) have provided the following  using a Mar Research image plate (18 cm) detector at station
information: (1) the structural mapping of the residues 7.2 atthe CCLRC Daresbury Laboratory synchrotron (U.K.).
involved in substrate binding, (2) a proposal for the mech- The crystals diffracted at least to 2.3 A resolution, and the
anism of inactivation of the H162N protein, and (3) a data measured were processed using the DENZO/
confirmation, in part, of the hypothesis concerning the SCALEPACK program packag®®). The final data reduc-
enzymatic inactivity of thed | protein (1). tion statistics are listed in Table 1.
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Structure Determination and Refinemehhe structure of ~ atoms located at the beginning and end of each helix of
H162N was solved with the molecular replacement program domain 2. Starting from this position, an iterative least-
package AMoReZ4) using a monomer of the HI91N crystal squares fitting procedure was carried out between all the C
structure 1) as a search model. Rotation functions were atoms lying at a distance progressively decreasing from 5.0
calculated over a resolution range of 40 A, with a to 0.1 A. After this fitting procedure, thedCrms deviations
Patterson radius of 20 A. The final molecular replacement of all the Gu atoms were calculated in TURBEFRODO.
solution with four monomers in the asymmetric unit gave a It should be noted that while the data for the H162N mutant
correlation coefficient of 61.7% and atfactor of 32.7%. were collected at liquid nitrogen temperature and those for

The structure was refined using CN35(-27) with a H91N and TDCI were collected at 273 K, we do not think
maximum likelihood target function, a flat bulk solvent that the difference in temperature has influenced the structural
correction and no low resolution er cutoff applied to the ~ comparison presented here, as the structural differences found
data. Ten percent of the structure factor amplitudes werebetween H162N and TDCI are similar to the differences
randomly selected and excluded from the refinement andfound previously between H91N and TDAl) @nd the root-
used to compute a freR (Ryeo). After each refinement step, mean-square deviation between H162N and H91N is only
2|Fo| — |F¢l and |Fo] — |F¢| electron density maps were 0.54 A.
computed. Fourier components were weighted to reduce
model bias from an incomplete or partially incorrect structure RESULTS AND DISCUSSION
with the program SigmaAZ2@). Corrections to the model ) .

TURBO—FRODO @9). Structure refinement consisted of overall global fold as turkey | crystallin (TDCI) 32), HO1N

19 cycles of a combination of torsion angle refinement, duckd Il crystallin (1), human ASL 83), and to a lesser
Cartesian refinement, and conjugate gradient energy mini-€xtent FUMC @2) andE. coli L-aspartate ammonia-lyase
mization. At the end of each round of refinement, grouped (34). While each monomer should consist of 463 amino
and individual B-factor refinement was performed. The acids, the first 16 amino-terminal residues of monomers B,
refinement protocol reduced the crystallogragRitactorand ~ C, and D, the first 31 residues of monomer A, segment 76
R-free [Riacior (Rred)] from 36.1% (36.8%) to 22.9% (29.0%) 89 in monomer B, and a variable number of residues located
in the resolution range 172.3 A. in the region 276293 of each monomer have not been

During the refinement, the peptide linkage between included in the model as the electron density for these
residues Ser 321 and Thr 322 of each monomer was built ag’€sidues was of insufficient quality for the conformation to
a cis peptide, as previously described in the HO1N crystal P& determined, presumably due to their conformational
structure {). Noncrystallographic symmetry (NCS) restraints flexibility. The secondary structure of the protein is pre-
were applied separately to each domain of the four monomersdominantly helical with a total of 21 helices per monomer.
with weights chosen to minimize thByee value. As the  1here are three distinct domains per subunit (Figure 1a).
difference betweemacior and Ryee decreased during rounds Domains 1 and 3 have a similar overall topology, with each
1-6 of the refinement, the NCS restraints were relaxed and domain consisting of two helixturn—helix motifs, arranged

were completely released after round 6. During rounds@ mut_ually pgrpendicular to each other. Domain 2 i_s Comprised
manual corrections were carried out independently on the Of nine helical segments. Five of them are coaxially aligned
N-terminal segment and residues 2781 and 29%293 of in an up-down—up—down—up orientation to form a central

each of the four monomers. A total of 476 ordered water five-helix bundle. The tetramer is approximately 110xA
molecules obeying proper hydrogen-bonding conditions with 95 A x 95 A and can be thought of as two dimers of closely
electron densities greater than &.6n a 2F,| — |F¢ and interacting monomers (Figure 1l_:)). Two monomers associate
2.50 0n a|Fo| — |F¢| SigmaA-weighted maps were gradually Via helices h8, h11, anq h.12 (Figure 1c) Whlle the tetramer
included, and an additional stage of Cartesian refinement was'S the result of the association of two such dimers. The central
added to the refinement protocol in order to refine the h12 helices of each monomer form a four-helix bundle at
position of the water molecules which are kept fixed during the core of the protein. The overall tetramer is held together
torsion angle refinement. Argininosuccinate, built using BY mainly hydrophobic interactions along the length of the
QUANTA (Molecular Simulations Inc., 1996) and XPLO2D three helices h8, h11, and h12. The overall tetramer exhibits
(30), was modeled into the electron density during the final 222 symmetry.
stages of refinement (rounds 219). The final model Catalytic Site and Loss of Catalytic Adtly in the H162N
comprises 13290 protein atoms, 20 inhibitor atoms, and 476 Mutant. The location of the active site was first identified
solvent molecules. The stereochemical quality of the model in the structure of TDCI32) and later confirmed by several
was checked by PROCHECHKY), and the Ramachandran structural studies on FUMC2(, 22, 35. The most highly
plot showed that 90.3% of the residues lie in the most favored conserved stretches of amino acid sequence across the
region and that no residues reside in the disallowed regions.superfamily (denoted c1, residues 11421; c2, residues
The final refinement parameters are shown in Table 1. 159—-168,;; and c3, residues 282296;) (see Figure 1c)
Structural Alignment and ComparisoBtructural align- which are dispersed in each monomer (Figure 1a) are brought
ment was carried out by superimposing either the H91N or together in the tetramer to form the active site cleft (see
TDCI structure on the H162N Il crystallin structure or Figure 1b). No major structural differences were found to
each of the catalytic sites B, C, and D of the H162N structure exist between the H162N and H91N crystal structufgs (
on catalytic site A using the RIGID option in TURBO as pairwise superposition of thex@tom of both structures
FRODO @9). The first step is a rough rigid body alignment yields a root-mean-square (rms) deviation of only 0.54 A.
based on the coordinates of eight structurally equivalent Significant differences were found, however, in the confor-
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Ficure 1: Schematic diagram showing the three-dimensional topology of thedldgtystallin (a, top left) monomer and (b, bottom left)
tetramer as well as (c, right) its primary structure compared to the inactivedduzriystallin. (a) Schematic diagram of the three-dimensional
topology of a monomer. (b) Schematic diagram of the tertiary structure of the tetramer of H1B2Nystallin. (¢) Complete sequence
alignment of duclkd 1 and é Il crystallin. Key to sequence alignment: Duck I, dutk crystallin; Duck Il, ducké Il crystallin; Sec.Struc.,
secondary structure xhhelix numberx; Sx, f-sheet numbex). In the three panels, domain 1 is colored in medium gray, domain 2 in light
gray, and domain 3 in dark gray, and the highly conserved regions across the superfamily are colored according to their localization:
region cl, red; region c2, green, and region c3, yellow. Panels a and b were prepared using the program Ma)script (

mation of the side chains of residues located in each of theGlu 296 Oel. In the H162N mutant, it is clear that the
four active sites. average 1.15 A shift of the mutated side chain (measured
During the initial rounds of refinement, the sigmaA- between the € atoms of the superimposed side chains)
weighted Fourier difference electron density maps clearly results in a rotation of the side chain of Glu 29éich now
indicated that the orientation of the side chain of the mutated interacts with Pro 2920, Arg 29% N#2, Asn 163 O, Asp
residue, Asn 162, was significantly altered relative to the
position of His 162 found in the HOIN structure. This 2 Notations: Each of the four catalytic sites is made up of residues
dlffere_nce in f[he conformation is the result of a hydrogen from three different monomers (termed monomers 1, 2, and 3). The
bond interaction between Asn 16041 and Lys 325N four active sites can be formed without distinction by monomers A, B,
(see Figure 2 Although H91N is a mutant structure, residue and D; B, A, and C; D, C, and A; or C, D, and B. The four active sites
91 is located~14.5 A from residue 162, and therefore this Nave been labeled A, B, C, and D according to which monomer
. T . . .~ contributes residue 162, i.e., active site A contains Asm16&. The
mutant can be considered as “native” in the active site region. notation X indicates that the residue X belongs to monoineith i =
In the H91N structure, the & of His 162 interacts with 1, 2, or 3 or, more precisely if necessary, witk A, B, C, or D.
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FiGure 2: Stereoview of the catalytic site for H162N (thick lines) and H91N (thin lines) dubkcrystallin for active sites A and D (a,
top) and B and C (b, bottom), respectively. The interactions between Asnd®R2and Lys 325N and between Glu 296061 and Pro
292; O are represented by black dashed lines. This figure was prepared with the program FBERBDO @9). For clarity, in this and
the following figures, side chains are labeled with the appropriate one-letter code and amino acid number.

293 O, and/or Asn 2910061. The last interaction (Asn 291 type activity 33, 37. In each of the four active sites, a
is only found in monomer A. It remains unclear why the variable number of residues in the loop 27892 could not
interaction between Asn 162061 and Lys 325 N is be located, a result of their conformational flexibility. After
preferred to the potential interaction between Asn, X821 complete relaxation of the NCS restraints it was possible to
and Glu 296 Oel which would mimic the interaction  puild independently residues in each monomer belonging to
between His 162Nel and Glu 296Oe1 found in the HOIN  segments 276281 and 296-292, which represent the lower
and the homologuous TDCI and FUMC structures. The His and upper part of the loop, respectively, and to characterize
162—Glu 296 interaction is believed to be crucial for the two different types of conformations for segment 2284
catalytic mechanism of ASK/ Il crystallin. Glu 296 is (see Figure 2).

involved in a charge relay system with His k6®%hich as ) . . . .
. S 0 The first conformation of the 280’s loop is seen in active
a result of the interaction is rendered more nucleophilic and sites B and C (containing Asn 1§2and Asn 162

Ir:,:lit? attTr?gS t?]iepegzzgﬂsxedzg) be the catalytic base involved Inrespectively). In active sites B and C, Glu 286 Oc1 makes
P a hydrogen bond with Pro 29@) O (Figure 2a), which is

Conformational Variation of the 280’s Loofhe reori- ) : . . o
entation of Glu 296s side chain in the H162N structure is  Shifted approximately 1.0 A relative to its position in the

closely related to conformational changes observed in the 191N structure. This interaction, not found in the H91N
highly conserved region c3, residues 2&86. This region structure, is the consequence of th_e Glu 296 side-chain
is believed to be important in the catalytic reaction. The '€orientation. The second conformation for the 280's loop
absolute conservation of Lys 289 throughout the superfamily (Figure 2b) is seen in active sites A and D (containing Asn
and the observation that mutation of this Lys to Arg in 162x and Asn 163, respectively). A complete reorientation
aspartase 36) completely abolishes the binding of the of Pro 292 and Pro 292 abolishes the interaction observed
substrate to the enzyme suggest that this residue is involveddreviously between Pro 292 and Glu 296 in active sites B
in stabilizing the enzymesubstrate complex either by and C (see Figure 2a). The increased thermal motion
hydrogen bonding to one of the CO@roups of the fumarate ~ observed for the lower part of both loops, which can only
moiety or by stabilizing the negatively charged carbanion be modeled to residues Zy&nd 278, respectively, suggests
intermediate. The evidence of the importance of this region that the new conformation of this proline induces a much
is also shown by the disease causing Q286R mutation inlarger conformational change in the 280’s loop than the
human ASL (288 ir 1), which exhibits only 0.01% of wild- conformation of the proline seen in active sites B and C.
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Ficure 3: Stereoview of the substrate argininosuccinate with the fikgl-2 F. (+10, thin lines) map obtained after the last round of
refinement and the initiaF, — F¢ (+20, thick lines) omit map calculated after round 1 of refinement.
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FiGure 4: Stereoview of the argininosuccinate binding site formed by monomers A, B, and D. Regions c1, c¢2, and c3 are colored as
previously described in Figure 1. Argininosuccinate (AS) is colored in blue and domain 1 (with the exception of region c1) is colored in
orange. The amino acid side chains, with the exception of R115, interact either directly or indirectly via H-bonds with the substrate. R115
is within van der Waals distance and has been shown to be critical for substrate biB@jinghe figure was prepared with the program
TURBO—-FRODO.

This hypothesis is confirmed, in part, by the superposition flexible molecule, lies across the catalytic site such that the
of the H91IN and H162N mutant structures, which shows fumarate moiety is oriented toward Asn 291Asn 162,
that the reoriented proline in active sites A and D in the and residues located in the conserved regions ¢2 and c3,
H162N structure would sterically clash with residue Ser 280 while the—NH3* and—COO™ groups of the arginine moiety
in the HI1N structure. are oriented toward residues Serp28lis 915, Tyr 323,
These results show the intrinsic flexibility of the protein GIn 32&, and Lys 333 (Table 2). These residues belong to
in this region. However, it is difficult at this stage to know either domain 1 or domain 2 of monomer D. The thermal
if these conformational changes are the direct result of the factors obtained for the modeled substrate (average%8 A
H162N mutation or the characterization of two specific are compatible with the substrate being present at full
conformations among a family of conformations available occupancy in the structure. A closer examination of the
for this loop. values of the thermal factors along the substrate reveals that
Argininosuccinate BindingArgininosuccinate was found  the arginine moiety is more stable than the fumarate moiety.
to be bound to the enzyme in active site B (see Figure 3). Indeed, the second carboxylate of the fumarate moiety group
Figure 4 shows that argininosuccinate, a conformationally cannot be modeled in the electron density map (see Figure
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Table 2: H-Bond Interactions between Argininosuccinate and fumarate moiety of the substrate would be required to enable
H162N 6 I Crystallin the @3 hydrogen to be within hydrogen abstraction distance
of His 162. This reorientation is not possible in the current

argininosuccinate H162N distance (A) . .
7S 051 GIn 328D N2 27 structure, due to the position of the residue Asn 291
AS O51 Ly2 331D N 58 However, this part of the model (the 280’s loop) has been
AS 052 Tyr 323 D OH 27 shown to be very flexible and could thus probably accom-
AS 052 HO 147 W 2.8 modate a different orientation of this part of the substrate.
H0 147 W Leu327DO 2.9 Despite the poor definition of the fumarate part of the
H,0 147 W Arg 238 D NH2 25

substrate, it is however evident that the stabilization of the

H.O 147 W Asp 330 D ©2 31 - . ;

H,O 147 W Lys 331D N 36 central part and the arginine moiety of the substrate involves
AS N4 GIn 328 D N2 3.0 residues which are located in each of the three conserved
AS N4 Ser29D @ 3.8 regions, c1, c2, and c3. The central part of the substrate,
AS N4 H0 69 W 3.2 i o i

H.0 69 W His 91 D N2 33 linking the arginine and fumarate moieties (atoms N1, N2,

H,0 69 W Ser29D @ 3.4 and N3), interacts directly with Ser 134nd Asn 116 of

H,0 69 W Asp 33D @1 2.9 region cl in domain 1. These residues are two of the most
AS N1 Asn 116 D @1 3.4 conserved residues across the superfamily in this region. It
AS N1 Asn 116 D N2 3.9 ;

has even been speculated in FUMC that Ser 114 could be

AS 051 Asn 291 A @1 2.6 S
AS 052 Asn 291 A B1 28 the catalytic acid41). However, both the structure presented
AS Oyl Thr161B Q11 3.4 here and that of FUMC with citrate bound are more

consistent with Ser 114 playing a structural ro?d)( The
3). The failure to locate these residues is almost certainly interaction between Ser 114y® and AS N3 is 4.1 A. In
due to the conformational flexibility of the adjacent Asn the current structure, the nitrogen of the scissible bong ®l1
291a/Asp 293, segment. is close to Asn 116 (3.4 A). However, since it is unlikely
Although we would have expected the substrate to be that an aspargine can act as the catalytic acid, it appears that
bound to all four active sites, the fact that only one active this residue is involved in substrate binding and stabilizing
site was found to contain the substrate could be explained,the conformation of Tyr 323 (also involved in substrate
in part, if the various conformations of the 280’s loop found binding) (see the accompanying paper for more detailed
in the model affect the ability of the enzyme to bind the discussion of the role of these residue3§)(
substrate. Table 2 shows that the Asn 2%lde chain is Interestingly, the interaction network created by the
involved in stabilizing the substrate. This interaction is not binding of the substrate helps to stabilize domain 1 of the
possible if the conformational change seen at Pro,282 protein. Comparison between tBefactors of the first domain
active sites A and D occurs. While the conformation of the of the four different monomers unambiguously shows that
280’s loop in active site C is comparable to that found in the domain 1 involved in substrate binding (domain 1,
active site B in which the substrate was found, a closer monomer D) is more stable than the domain 1 of the other
examination of this active site (i.e., C) reveals that Arg 115 three monomers [overaB-factor of 47 & (for monomer
is in a different conformation. Instead of interacting via D) versus 57 A (for monomer C), 65 A(for monomer B),
hydrogen bonds with residues Glu 95, His 110, and GIn 118 and 71 & (for monomer A)] (Table 1). Two water molecules
and via van der Waals interactions with His 91, Arg 115 (69y and 14%,) which participate in this network of
now interacts with Asn 116. The residue lies across active interactions seem to be essential to the stabilization. These
site C, preventing access to the substrate binding site andwater molecules bridge residues Sep,28sp 33, and His
prohibiting both Asn 116 (see Table 2) and itself from 91y and residues Leu 337Asp 33@, Lys 33%, and Arg
interacting with the substrate. The8@f Arg 115 makes 338&, with the —COO™ and—NH3;* groups of the arginine
van der Waals contacts with the aliphatic part of the moiety of the substrate, respectively. TBactors (28.4 and
substrate’s arginine moiety. The importance of both of these 21.2 A for 69y and 147, respectively) for these water
residues in substrate binding has been demonstrated by sitemolecules are significantly lower than the aver&gkactor
directed mutagenesiS§). calculated for all solvent molecules (39.5%)Aand are
The partially undefined fumarate moiety makes discussion therefore in good agreement with their putative role in the
about the catalytic mechanism difficult. On the basis of the stabilization of the substrate. One of the water molecules
results of previous FUMEinhibitor complex structures, the  bridges His 91 N2 and AS N4. This histidine has been
position of the fumarate moiety in the catalytic site is shown to be critical for substrate binding, as the His to Asn
unexpected and could suggest that the enzysubstrate and human ASL His to GIn mutants have been shown to
complex seen here does not reflect the true binding of the exhibit only 10% of the wild-typ@ Il crystallin activity (1,
fumarate moiety of the substrate to the wild-type enzyme. 41). This reduction in activity is the result of a 10-fold
Due to the orientation of the fumarate moiety and the absenceincrease irky, relative to that of the wild-type enzyme. Given
of His 162, no water molecule is found in the active site. the significant reduction of catalytic activity when His 91 is
We can therefore not comment on the hypothesis suggestednutated {, 41), it is perhaps surprising that this residue does
for FUMC that a water molecule acts as the catalytic base not make a direct contact with the substrate but interacts via
(21, 35, 39. The water molecule is believed to be activated a water molecule. This aspect will be discussed further in
by the charge-relay pair Glu 33His 188 which are the following sections.
equivalent to Glu 296 and His 162 in this structure. If the ~ Comparison between Domain 1 of the Four Monomers of
current hypothesis regarding the catalytic mechanism of the H162N StructuréA comparison of domain 1 of monomer
ASL/6 1l crystallin is correct 9, 40), a reorientation of the D, which participates in substrate binding, and domain 1 of
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FiGure 5: (a, top) Plot of the rms deviation between domain 1 of monomer D and monomers A, B, and C (small dashed black line,
monomer A; solid gray line, monomer B; solid black line, monomer C). The squares colored in light gray indicate regiBAsaR8l

76—91 where the rms deviations are found to be the most significant. (b, bottom) Stereoview of the superposition of resigBes 27

domain 1 of monomer B (thin lines), monomer C (normal lines), and monomer D (thick lines) using the procedures described in Experimental
Procedures. The homologous segment of monomer A has not been modeled in the H162N structure (see Results and Discussion) due to the
poor quality of the electron density in this region. Monomer D is the only monomer involved in substrate binding.

monomers A, B, and C reveals rms deviations of 0.64, 0.64, sibility of this residue <7 A?. The lack of significant
and 0.69 A, respectively. While most of the differences are conformational changes between the main chain and side
the result of small changes in the backbone conformation, chain of Asn 91 in the H91N structure and His 91 in the
two regions differ by more thm1 A (see Figure 5). These H162N structure shows that the position of the Asn residue
regions are adjacent in the structure and include residues 25 in the H91N mutant is unchanged and therefore the increase
34 and 76-91. Two residues located in region-284 (Ser in K, observed cannot be due to a conformational change
29 and Asp 33) interact directly or indirectly via a water  in this residue. Can we therefore explain the loss of 90% of
molecule, with the-NH3" group of the arginine moiety of  activity in the H91IN mutant?
the substrate. Only one residue (HispPlocated in the A reorganization of the water molecule network in the
second region 7691 interacts indirectly via a water vicinity of Asn 91 leading to a loss of substrate binding is
molecule with the arginine moiety of the substrate (see Table improbable as there is no major side-chain conformational
2). While the structural variation occurring in region-25  changes in the vicinity of His 91 in the absence of any bound
34 is almost certainly the consequence of the substratesubstrate. The water molecule bridging Hisp;94ith the
binding, the shift observed in the second region (data not substrate in the H162N structure also interacts with residues
shown) does not affect the position of the His 91 side chain. Ser 29 and Asp 33. A comparison between domain 1 of
This conformation variation (7691) is not affected by and  monomer D of H162N and the homologous monomer in the
should not affect substrate binding. Figure 5a clearly indicatesH91N structure reveals the same conformational differences
that residues 3575 are less conformationally variable. that were observed between H162N monomers on substrate
Comparison between H91N and H162N Structures in the binding (i.e., movement of residues-2384). There appears
Vicinity of His 91.Abu-Abed et al. {) proposed that His 91  to be no structural reason why the conformational changes
was directly involved in binding. Our results show that His seen on substrate binding should not be possible in the H91N
91 and the substrate do interact but that the interaction isstructure. Given the variation in the side-chain conformation
not direct but via a water molecule (Figure 4 and Table 2). for Arg 115 exhibited in the H162N structure, it may be
This perhaps is not surprising given the low solvent acces- tempting to suggest that the interaction between His 91 and
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Ficure 6: Comparison between domain 1 of TDCI (thin lines) and domain 1 of monomer D of Ha@Rkrystallin (thick lines) in the
vicinity of residues 2534. This figure was prepared with the program TURBERODO.
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Arg 115 (van der Waals interaction betweep énd @ of affinity found betweend | and ¢ Il. Figure 6 shows the
His 91 and © and Nt of Arg 115) is not maintained in the  conformational differences found in residues—22 of
H91N structure and that the increasekin was associated = monomer D of H162N and TDCI and the contribution that
with an altered conformation for Arg 115, a residue that has other substitutions located either in region-8a. of domain
been shown to be important in substrate bindir3®).( 1 or in domain 2 make to these conformational differences.
However, the van der Waals contact between Asn 81 C The conservation of the interaction between Arg 35 and Asp
and Arg 115 © and N is maintained in the H91N structure, 339 in botho | andd 1l crystallins means that residues-25
and there is in fact no evidence for any conformational 34 must accommodate the bulkier substitutions found in
variation of Arg 115 in the H91N structure. It therefore segment 7691 [Ser ¢ 1) to Trp 765 (6 1) (lle in duck 6 I)
remains unclear exactly why the H91N mutant has lost 90% and Leu ¢ |) to Phe 8% (6 11)] and domain 2 [lle § I) to
of its enzymatic activity. Phe 333 (6 IlI)]. These substitutions cause the large
Conformational Differences Seen in Domain 1 on Sub- conformational differences that occur in this region. Fur-
strate Binding: Implications fod | Inactivity. The replace- thermore, the side chains of Asn 328 and Ser 29 interact
ment of His 91 with GIn ind | crystallin could explain, in directly with the substrate in the H162N structure. In TDCI,
part, its loss of catalytic activity since this residue appears however, the M2 atom of Asn 328 is hydrogen bonded to
to be crucial for substrate binding. However, unlike the H91N the Oy atom of Ser 29. This hydrogen bond would prevent
mutant ofo 1l crystallin, 6 | crystallin is completely inactive,  them from interacting with the substrate. While the substitu-
and therefore additional factors have to be responsible fortions do not alter significantly the position of residue 91 in
the complete loss of catalytic activity inl. The comparison  either structure, in TDCI they change drastically the position
of the H162N mutant structure with that of TDCI yields of residues 2532 and 76-91, which have been shown to
results similar to the comparison of the H91N mutant participate in the stabilization of the arginine moiety of the
structure with TDCI ). The two regions found previously  substrate. We postulate that the conformation of residues 25
to differ on substrate binding (residues-28%4 and 76-91) 34 in TDCI may directly affect the substrate binding affinity
differ even more significantly when monomer D of H162N and therefore suggest that the shift of residues25in 6
is compared to TDCI. Interestingly, with the exception of | crystallin, in combination with the His> GIn mutation at
His 91, the residues in these regions which are involved position 91, is responsible for the loss of the catalytic activity.
(directly or indirectly via a water molecule) in substrate
binding are conserved in TDCI. This indicates that the loss ACKNOWLEDGMENT
of affinity for the substrate in TDCI is most likely the
consequence of the conformational changes seen in this.l_
region. The H91N structure had previously shown that the
conformational changes in residues—88l were caused by
the substitution of the small side chains in TDCI with larger
and bulkier side chains in H91N1), Interestingly, the REFERENCES
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