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Escherichia coli argininosuccinate lyase has been crystallized

from a highly concentrated sample of puri®ed recombinant

�-methylacyl-CoA racemase, in which it occurred as a minor

impurity. The structure has been solved using molecular

replacement at 2.44 AÊ resolution. The enzyme is tetrameric,

but in this crystal form there is a dimer in the asymmetric unit.

The tetramer has four active sites; each active site is

constructed from loops of three different subunits. One of

these catalytic loops, near residues Ser277 and Ser278, was

disordered in previous structures of active lyases, but is very

well ordered in this structure in one of the subunits owing to

the presence of two phosphate ions in the active-site cavity.

The positions of these phosphate ions indicate a plausible

mode of binding of the succinate moiety of the substrate in the

competent catalytic complex.
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PDB Reference: arginino

succinate lyase, 1tj7, r1tj7sf.

1. Introduction

Argininosuccinate lyase (ASL; EC 4.3.2.1) participates in

arginine synthesis in all organisms catalyzing the reversible

breakdown of argininosuccinate to arginine and fumarate

(Fig. 1). The reaction is also part of the urea cycle, the major

pathway for the detoxi®cation of ammonia in ureotelic species.

ASL is a member of a superfamily of enzymes that are active

as tetramers and catalyze similar �-elimination reactions in

which a CÐN or CÐO bond is cleaved, with subsequent

Figure 1
The reaction catalyzed by the enzyme argininosuccinate lyase. A and B
refer to protic protein side chains that are presumed to be important for
the catalysis. Only functional H atoms are explicitly shown.



release of fumarate as one of the products. Other members of

the superfamily with known structures include fumarase

(Weaver & Banaszak, 1996), aspartase (Fujii et al., 2003) and

adenylosuccinate lyase (Toth & Yeates, 2000). The enzymes in

this superfamily catalyze similar reactions but have very little

sequence similarity. However, there are three regions in which

amino-acid sequences are highly conserved (Turner et al.,

1997; Sampaleanu et al., 2002). The crystal structures of ASLs

from several species have been studied, in particular the duck

�1 and �2 eye lens crystallins (Sampaleanu, Vallee, Slingsby et

al., 2001; Sampaleanu et al., 2002; Vallee et al., 1999; Abu-

Abed et al., 1997), which are inactive and active homologues

of ASL, respectively. The structures of human ASL at 4 AÊ

resolution (Turner et al., 1997), inactive human Q286R ASL

(Sampaleanu, Vallee, Thompson et al., 2001) and inactive

turkey �1 crystallin (Simpson et al., 1994) have also been

studied. These studies have shown that the three highly

conserved sequence regions, referred to as C1, C2 and C3, are

in loops that surround the catalytic site and provide most of

the catalytic residues. Of these loops, the C1 and C2 loops are

well ordered in all structures. The C3 loop is in an open

disordered conformation in the structures of active lyases; a

closed conformation has only been observed in one structure

of the inactive duck �1 crystallin, with one sulfate ion bound in

the active site (Sampaleanu, Vallee, Slingsby et al., 2001). Here,

we report the 2.44 AÊ resolution structure of ASL from

Escherichia coli (eASL). This enzyme (SWISS-PROT entry

ARLY_ECOLI) is the gene product of the argH gene

(Blattner et al., 1993); its sequence identity to human ASL is

45%. The structure analysis shows that in this structure the

¯exible C3 loop is in a well ordered closed conformation in

one of the active sites, with two phosphate ions bound.

2. Materials and methods

2.1. Crystallization

eASL was crystallized unintentionally while optimizing the

crystallization conditions of recombi-

nant �-methylacyl-CoA racemase,

resulting predominantly in bipyramidal

crystals (Bhaumik et al., 2003). These

crystals were grown at room tempera-

ture in mother liquor consisting of

1.26 M ammonium phosphate pH 7.0.

The space group was P6122 or P6522

and the unit-cell parameters were

a = b = 121.5, c = 255.3 AÊ . These crystals

were grown routinely from several

batches of the puri®ed racemase; the

purity at the various stages of puri®ca-

tion is shown in Fig. 2. These bipyr-

amidal crystals were well ordered but

small. Consequently, studies aimed at

®nding suitable growth conditions for

larger crystals were carried out. The

mother liquor and crystals in the crys-
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Figure 2
(a) Purity of �-methylacyl-CoA racemase at different stages of its puri®cation. Lane 1, molecular-
weight standards (kDa); lane 2, 60% ammonium sulfate-precipitated sample dissolved; lane 3,
sample after DEAE column; lane 4, sample after octyl Sepharose column. (b) Analysis of the
crystallization drop. Lane 1, molecular-weight standards (kDa); lane 2, protein solution used for
crystallization; lane 3, dissolved bipyramidal crystals; lane 4, crystallization drop after removal of
bipyramidal crystals.

Table 1
Data-collection and re®nement statistics.

Values in parentheses are for the highest resolution shell.

Data-collection statistics
Space group P6122
Unit-cell parameters

a = b (AÊ ) 121.47
c (AÊ ) 255.25

Temperature (K) 100
Wavelength (AÊ ) 1.134
Resolution (AÊ ) 35±2.44 (2.53±2.44)
Rmerge² (%) 9.9 (40.1)
Completeness (%) 99.8 (98.7)
hIi/h�(I)i 20.7 (6.06)
Unique re¯ections 42164 (4091)
Redundancy 14.4 (6.1)
Mosaicity (�) 0.25
B factor from Wilson plot (AÊ 2) 35.4

Re®nement statistics
Resolution (AÊ ) 20±2.44
Total No. re¯ections 39912
No. re¯ections in working set 37891
R factor (%) 16.6
No. re¯ections in test set 2021
Rfree (%) 21.7
Protein atoms 7011
Glycerol atoms 18
Phosphate atoms 10
Water atoms 247

Geometry statistics
R.m.s.d. bond distance (AÊ ) 0.013
R.m.s.d. bond angle (�) 1.5
R.m.s.d. B (AÊ 2)

Main-chain bonded atoms 1.1
Side-chain bonded atoms 2.1

Average B (AÊ 2)
Main-chain atoms 16.5
Side-chain atoms 20.1
Solvent molecules 32.7

Ramachandran plot³
Most favoured region (%) 94.6
Additionally allowed regions (%) 5.1
Generously allowed regions (%) 0.2
Disallowed regions (%) 0.0

² Rmerge =
P

h

P
i jhIih ÿ Ih;ij=

P
h

P
i Ih;i , where hIih is the average intensity for

re¯ection Ih and Ih,i is the intensity of an individual measurement. ³ As de®ned with
PROCHECK (Laskowski et al., 1993).



tallization drops were analyzed by SDS±gel electrophoresis.

For this, the crystals were ®rst transferred to fresh mother

liquor and washed several times; the washed crystals were

dissolved in water. From this SDS±gel electrophoretic analysis,

it was found that the bipyramidal crystals were not of

�-methylacyl-CoA racemase but of a very minor contaminant

(Fig. 2), while the intact racemase was still present in the

mother liquor. A subsequent analysis of the dissolved crys-

talline protein by mass spectrometry showed it to be E. coli

ASL. Under the employed crystallization conditions the

protein concentration was approximately 24 mg mlÿ1.

Assuming that the impurity was present at approximately 2%,

it seems that the eASL concentration was less than

0.5 mg mlÿ1. Apparently, the high solubility of the racemase

and the low solubility of eASL under the employed conditions

favoured the crystallization of eASL. In fact, a minor crystal

form present as small needles under these conditions

(Bhaumik et al., 2003) was shown to be the crystalline race-

mase and was used for further structural studies of the

racemase (Savolainen, Bhaumick et al., manuscript in

preparation).

2.2. Data collection, data processing, structure solution and
refinement

Diffraction data were collected from a cryocooled crystal at

100 K using a solution of 1.26 M ammonium phosphate pH 7.0

containing 30% glycerol as cryoprotectant. The crystal was

brie¯y soaked in the cryoprotectant solution and subsequently

¯ash-cooled by rapidly moving it from the cryo-solution into a

cold nitrogen stream. A data set was collected by the rotation

method with 0.5� rotations per frame at a wavelength of

1.134 AÊ at beamline I711, MAX-lab, Lund, Sweden. The

image frames of this data set were indexed and integrated

using the programs DENZO, SCALEPACK (Otwinowski &

Minor, 1997) and the CCP4 package (Collaborative Compu-

tational Project, Number 4, 1994). The data-processing

statistics are shown in Table 1.

The VM coef®cient (Matthews, 1968) calculation (VM =

3.1 AÊ 3 Daÿ1) indicates the presence of two subunits in the

asymmetric unit. The structure was solved by molecular

replacement using the program CNS (BruÈ nger et al., 1998)

with the coordinates of the mutant of duck �2 crystallin (PDB

code 1k7w; Sampaleanu et al., 2002) as a search model as it is

the highest resolution (1.96 AÊ ) structure currently available.

The molecular-replacement calculations were performed with

the A subunit of the 1k7w model using space group P6122. The

orientations and positions of two subunits were found. After

rigid-body re®nement, simulated-annealing re®nement was

performed with CNS, followed by a REFMAC5 re®nement

(Murshudov et al., 1997) and a density-modi®cation cycle with

the program DM (Cowtan, 1994). Finally, an initial model was

built using the program RESOLVE (Terwilliger, 2000). After

another round of REFMAC5 re®nement, a second automated

model-building step was performed using the program MAID

(Levitt, 2001). From this model (70% complete), the complete

model was built by visual inspection of the electron-density

map using the graphics package O (Jones et al., 1991). In the

structure, only two N-terminal residues from the A subunit

and six N-terminal residues from the B subunit are missing.
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Figure 3
(a) The eASL subunit with its three domains: domain 1 (the N-terminal
domain), domain 2, and domain 3 (the C-terminal domain). (b) The eASL
tetramer. The NCS twofold axis (marked by an arrow) runs vertically.
Monomers A, B, C and D are shown in orange, cyan, green and pink,
respectively. The crosses in the closed active site mark the phosphate
positions.



These residues could not be built because the electron-density

maps of these regions were featureless. The completed model

was further re®ned with REFMAC5, using the TLS mode to

describe the overall anisotropy of the molecule. After each

re®nement step, �A-weighted 2Fo ÿ Fc and Fo ÿ Fc electron-

density maps (Read, 1986) were computed and corrections to

the model were made with the program O. Water molecules

with proper hydrogen-bonding coordination were progres-

sively introduced while monitoring the decrease in Rfree. At

the end of the re®nement, three glycerol molecules and two

phosphate ions were included in the model. PROCHECK

(Laskowski et al., 1993) was used to analyze the stereo-

chemistry of the model. The ®nal re®nement statistics are

presented in Table 1.

3. Results and discussion

3.1. Overall structure

The structure of eASL has been re®ned at 2.44 AÊ resolution

with good re®nement statistics (Table 1). In this crystal form

there are two subunits per asymmetric unit (Fig. 3). For

subunit A residues 3±457 could be built, while for subunit B

the structures of residues 7±457 are de®ned in the electron-

density map. The N-terminal region of subunit A is better

ordered than that of subunit B and has a different structure.

Like all other enzymes in the �-elimination superfamily, the

eASL subunit consists of three domains. Domain 1 includes

residues 3±105, domain 2 residues 106±363 and domain 3

residues 364±457. Domain 2 is elongated and is essentially a

bundle of ®ve long helices. Domains 1 and 3 are more compact

spherical domains.

The NCS twofold axis for the two subunits of the asym-

metric unit intersects with a crystallographic twofold axis (Fig.

3). The intersection of these twofold axes generates the

tetrameric molecule. The core of the tetramer is formed by the

interactions between the helical bundles of domain 2 of each

of the four subunits (Fig. 3). The N-terminal and C-terminal

domains protrude out of the core (at opposing ends), giving

the tetramer its peculiar shape (Fig. 3). The active site is built

from regions of three different subunits (Figs. 3 and 4) such

that there are four active sites per tetramer. At each end of the

tetrameric helical bundle there are two active sites. In the

structure of eASL these two active sites are related by the

NCS twofold axis (Figs. 3 and 4). As can be

seen in Figs. 3 and 4, the two active sites are

dissimilar. One active site is in an open

conformation and unliganded, while the

other active site is in a closed conformation

with two phosphate ions bound. The highly

conserved peptide regions C1, C2 and C3

are in loops near the active site as shown in

Fig. 4. These regions protrude into the

active site from different subunits. The

active site complexed with the phosphate

ions is formed by C1 residues 106±116 (just

after domain 1 of subunit A), C2 residues

153±163 (protruding out of domain 2 of

subunit C) and C3 residues 273±291

(protruding out of domain 2 of subunit B).

In addition, this active site is shaped by the

helical domain of subunit B, the N-terminal

domain (domain 1) of subunit A and the C-

terminal domain (domain 3) of subunit C,

as shown in Fig. 4.

From comparison of the open and closed

conformations of the active site, it can be

seen that the N-terminal region (residues 3±

15), the C-terminal domain and the C3 loop

change their conformations. In the closed

conformation, the C3 loop and domain 3

move towards the N-terminal domain and

the N-terminal residues 3±15 adopt a new

conformation in which they interact with

the closed C3 loop and the closed C-term-

inal domain. The C3 loop of the open active

site could be built completely (Fig. 4) but

has relatively high B factors, while the C3

loop of the closed active site is very well
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Figure 4
(a) A stereoview of the top half of the eASL tetramer showing the two active sites related by
the non-crystallographic twofold axis. The colouring code is the same as that in Fig. 3(b). The
crosses mark the phosphate sites in the closed active site. (b) Zoomed-in picture of the closed
active site showing phosphate ions and argininosuccinate (grey) as observed in the structure of
S283A duck �2 crystallin (Sampaleanu et al., 2002). The three active-site regions, C1 of subunit
A (orange), C2 of subunit C (green) and C3 of subunit B (cyan) are labelled. The N-terminus of
subunit A (orange), seen near the C1 region of the same subunit, is labelled N.



de®ned and has low B factors. The N-terminal residues 3±15

are also much better de®ned in the closed active-site structure.

This closed active-site arrangement has been seen in only one

other ASL structure: the complex of the inactive duck �1
crystallin with sulfate. Only one sulfate was present in this

active site and in this sulfate-complexed structure the N-

terminal region was disordered.

3.2. The closed liganded active site

The two phosphates bound in the closed active site will be

referred to as phos-1 and phos-2. The phos-1 site is occupied

by the sulfate ion in the structure of the inactive duck �1
crystallin (data not shown). The phos-1 site is near the C2

region. The phos-2 site is near the C1 region. The C3 loop is

near both phosphates (Fig. 5). Initially, it was suspected that a

copuri®ed succinate was possibly present in this closed active

site; however, the re®nement of a succinate did not properly

describe the shape and size of the electron-

density map, while two phosphates

provided a good description of the maps

and resulted in clean Fo ÿ Fc difference

maps. Fig. 5 shows the difference map of the

region of the catalytic site before the model

included any active-site ligand; super-

imposed on the difference density is shown

the ®nal model of the two phosphate ions.

The presence of the two phosphate ions

correlates with the high phosphate

concentration in the mother liquor. The

presence of negatively charged ions at these

positions is also in good agreement with the

contacting side chains, as summarized in

Table 2. For example, phos-1 and phos-2

make salt-bridge interactions with Lys283

and Arg109, respectively. Moreover, each

phosphate O atom is hydrogen bonded to

at least one side-chain hydrogen-bonding

partner. The phosphates are not hydrogen

bonded to any ordered water molecules.

3.3. Implications for the reaction
mechanism

There is much structural and enzymo-

logical data available on duck �2 crystallin

and its mutated variants (Sampaleanu et al.,

2002; Wu et al., 1998). Nevertheless, a

precise description of its reaction

mechanism has been elusive owing to the

absence of a crystal structure of an active

metabolic ASL having a liganded compe-

tent active site. From mutagenesis data of

duck �2 crystallin (and from sequence

conservation) it is clear that the residues

crucial for full catalytic activity are His162

and Ser283 (duck �2 crystallin sequence

numbering; Sampaleanu et al., 2002). From
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Figure 5
(a) The active-site region of eASL where the two phosphate ions are bound. The three different
catalytic active-site regions are shown in different colours (C1 in orange, C2 in green and C3 in
cyan). The electron density is from the �A-weighted Fo ÿ Fc map (Read, 1986), calculated from
the model before any ligand had been included in the model. P1 and P2 refer to phos-1 and
phos-2, respectively. The protein part includes residues 108±111 (C1 region), 154±156 (C2
region) and 275±285 (C3 region), as well as Glu290. (b) The active-site region of eASL with
superimposed argininosuccinate, as observed in the structure of S283A duck �2 crystallin
(Sampaleanu et al., 2002). Also shown is the proposed mode of binding of the succinate moiety
in a competent active site (see text). The three different catalytic active-site regions are shown
in different colours (C1 in orange, C2 in green and C3 in cyan).

Table 2
Distances (within 3.5 AÊ ) between the two phosphate ions and
neighbouring active-site residues.

Phosphate eASL residue Distance (AÊ )

O1 (phos-1) His156C N"2 2.9
O2 (phos-1) Lys283B N� 2.6
O2 (phos-1) Asn285B N�2 3.1
O3 (phos-1) Asn110A N�2 2.8
O3 (phos-1) Thr155C O1 2.6
O3 (phos-1) His156C N"2 3.3
O4 (phos-1) Ser277B O 2.5

O1 (phos-2) Asn110A O�1 2.7
O2 (phos-2) Arg109A N�2 2.8
O2 (phos-2) Ser278B N 2.9
O2 (phos-2) Arg109A N" 3.4
O3 (phos-2) Ser108A O 3.1
O3 (phos-2) Ser277B O 3.0
O4 (phos-2) Arg109A N 2.6
O4 (phos-2) Arg109A N" 3.1
O4 (phos-2) Ser278B O 2.3



the available data it has been hypothesized that His162 is

possibly the catalytic base and Ser283 is possibly the catalytic

acid. However, His162 is not fully conserved in the super-

family and the possible role of Ser283 (which is fully

conserved) is uncertain owing to the absence of a structure of

the closed competent active site. Consequently, this structure

of the complexed closed active site of eASL provides new

information on the possible catalytic role of this histidine and

this serine. For eASL the equivalent residues are His156 and

Ser277. A possible mode of binding of the succinate moiety of

the substrate argininosuccinate is shown in Fig. 5. This

proposed mode of binding is obtained by superposing the

carboxylate moieties of trans-succinate on the two phosphate

ions. Such a superposition is achieved in a straightforward

manner as the PÐP distance between the two phosphate ions

(3.9 AÊ ) is very similar to the C1ÐC4 distance of the C atoms

of the carboxylic acid moieties of succinate in its all-trans

geometry (3.7 AÊ ). The mode of binding of argininosuccinate in

the open form has been observed in the structures of the

inactive variants of duck �2 crystallin S283A (Sampaleanu et

al., 2002) and H162N (Vallee et al., 1999). From the compar-

ison of the observed mode of binding of argininosuccinate to

the open active site and the predicted mode of binding of

succinate to the closed active site in eASL it can be seen that

the succinate moiety of argininosuccinate rotates into a new

position when the active site closes. This movement of the

succinate is required in order to avoid clashes with the closed

C3 loop. This rearrangement of the succinate moiety is

achieved by enforcing a trans conformation for the succinate

moiety and a major rotation about the C�ÐN�1 bond of the

arginine moiety, followed by further rearrangements of the

whole molecule. As a result the arginine moiety essentially

does not move, except for the guanidino moiety which moves

by approximately 1 AÊ to the His156 side chain. With respect to

the succinate moiety, the phos-1 carboxylic acid moiety

remains bound in the same pocket, but the phos-2 carboxylic

acid moiety moves so that it becomes hydrogen bonded to the

side chains of the C1 region. In the proposed orientation of the

succinate (Fig. 5) the arginine moiety of the substrate points

downward into its corresponding binding pocket and the

pro-R hydrogen of the C� atom points to the side-chain O

atom of Ser277 (the distance between succinate C� and

Ser277 O is 3.0 AÊ ). Kinetic data using a labelled substrate has

shown that the pro-R hydrogen is abstracted by the enzyme

(Wu et al., 1998). This suggests that the Ser277 side chain could

initiate the catalysis by abstracting a proton from the C� atom.

The Ser277 side chain thus becomes the base; this role will be

facilitated by the hydrogen bonding between Ser277 O and

the carboxylate group of the succinate moiety (Fig. 5). In

addition, the nucleophilicity of the Ser277 O atom is further

enhanced by the oxyanion-hole-like environment made by the

peptide NH groups of residues 279 and 280 (Fig. 5). A similar

role has been suggested recently for the corresponding serine

in aspartase (Fujii et al., 2003). In the proposed mode of

binding the His156 side chain points to the guanidino group of

the arginine moiety, such that it would be possible to proto-

nate this moiety when it becomes the leaving group in the

second half of the reaction. This proposal requires that His156

is doubly protonated, both at N�1 and at N"2. In the phosphate

complex this indeed is the case, as N�1 is hydrogen bonded to

Glu290 (Fig. 5) and N"2 to phos-1 (Table 1). Also, in the

modelled complex with the succinate moiety His156 is doubly

protonated: His156 N�1 is hydrogen bonded to Glu290 (Fig. 5)

and His156 N"2 is hydrogen bonded to the phos-1 carboxylic

acid moiety. The sequence conservation of Glu290 is highly

correlated with the sequence conservation of the histidine

(Sampaleanu et al., 2002). His156 is conserved as a histidine in

the sequences of ASL, adenylosuccinate lyase and fumarase,

but not in some other members of this superfamily, such as

aspartase (Sampaleanu et al., 2002). At least two possible

explanations might rationalize the non-conservation of this

histidine in this superfamily. (i) `Hopping' of essential catalytic

residues between catalytic loops of homologous enzymes of a

superfamily has been observed (Hasson et al., 1998; Todd et al.,

2002); in this case the functionality of His156 is replaced by

another histidine in another loop. (ii) The leaving group is

protonated by another residue or by a water molecule, for

example after a rearrangement of the active site following the

®rst step of the reaction. For the aspartase reaction, it is

currently not clear whether the leaving group is ammonia or

an ammonium ion (Fujii et al., 2003). Summarizing, the

proposed mechanism, in which Ser277 acts as a catalytic base,

is consistent with the available enzymological data of the wild-

type and mutated �2 crystallins as well as with the known

sequence conservations of the C1, C2 and C3 regions of the

superfamily.
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