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A conservative and apparently harmless A176V mutation in intracellular S.
cerevisiae L-asparaginase (ScerAl) completely abolishes the enzyme activity.
Sequence and structural comparisons with type I1 bacterial L-asparaginases
show that the mutated residue is in a very conservative region and plays a vital
role in the cohesion of functional tetramers of these enzymes through partici-
pation in side-chain...main-chain (Ser) 04...0 (Ala) hydrogen bonds across the
tetramer interface. The fact that bacterial L-asparaginases of type I show less
conservation in this region suggests that they may have different quaternary
structure while adopting the subunit fold and intimate dimer architecture of
type Il enzymes. A comparison of all available sequences of microbial L-
asparaginases confirms that separate intra- and extra-cellular enzymes evolved
in prokaryotes and eukaryotes independently. However, an analysis of the
available complete genome sequences reveals a surprising fact that Haemophi-
lus influenzae possesses only a type Il asparaginase while the archaebacterium

Methanococcus jannaschii has a type I gene, but not a type IL
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The yeast Saccharomyces cerevisiae, in a
way analogous to several bacterial organ-
isms, produces two biochemically and geneti-
cally distinet L-asparaginase isoenzymes re-
sponsible for converting L-asparagine to L-
aspartic acid and ammonia (Dunlop et al.,
1978). One of these (asparaginase 11, ScerAll,
the ASP3 gene product) is a cell wall glyco-
protein, while the other (asparaginase I,
ScerAl, the product of ASPI) iz a constitu-
tively expressed intracellular enzyme. The
ethylmethanesulphonate-induced, asparagi-
nase I-deficient S. cerevisiae strain, XE101-
1A, contains a conservative A176V change in
the amino-acid sequence. Genetic evidence
indicated that this substitution was respon-
sible for the null aspl-12 allele carried by
XE101-1A (Sinclair ef al., 1994). More re-
cently, we have also directly confirmed this
conclusion by expressing S. cerevisiae ASP1
in K. coli; the A176V mutation abolishes
activity of the recombinant ScerAl enzyme
(unpublished).

It is guite surprising that this highly con-
servative A—V substitution, at a hydropho-
bic residue that is obviously not invelved in
the catalytic reaction, should render the en-
zyme completely inactive. Since the three-di-
mensional crystallographie structure of the
ScerAl enzyme is not available, we decided
to investigate this question using the crystal-
lographically determined structures of sev-
eral bacterial L-asparaginases, including the
enzymes from Escherichia coli (EcAll) and
Erwinia chrysanthemi (ErA) which for many
years have been in clinical use as potent
anti-leukemic agents (Gallagher et al., 1989).

In addition to type II enzymes, such as
EcAll and ErA, which are found in the perip-
lasm, there are also biochemically and ge-
netically separate cytosolic enzymes classi-
fied as type I, most notably EcAl, another
isoenzyme found in E. coli.

All L-asparaginases that have been charac-
terized structurally so far are class II bacte-
rial enzymes that are active as tetramers and
exist in their crystal structures as 222-sym-
metric homotetramers (Swain et al., 1993;
Miller et al., 1993; Lubkowski et al., 1994a,
b, 1996; Jakob ef al., 1997). More precisely,
an asparaginase tetramer should be viewed
as a dimer of intimate dimers (AC + BD)

1997

(Swain et al., 1993; subunit designation as in
PDB file 3ECA). Basically, an active site
(which in the EcAll sequence includes T89,
K162, D90, and possibly other residues, Fig.
1a) is formed in the larger N-terminal do-
main of a subunit (for instance, A) with some
additional contacts from the C-terminal do-
main of the intimately bound subunit (C)
(Figs. 2, 3). The reason why the enzyme must
assume a tetrameric form in order to be
active remains elusive in spite of the accumu-
lated structural data. The intriguing conse-
quences of the conservative A176V mutation
in SeerAl may provide a starting point for the
understanding of the role of the tetrameric
nature of the enzyme.

SEQUENCE ALIGNMENTS

Prior to structural comparisons, we
aligned the amino-acid sequences of all
complete members of the microbial L-
asparaginase family identified in the
EMBL and SWISSPROT sequence data-
bases (http://www.ebi.ac.uk). Three of these
thirteen sequences (those of Haemophilus
influenzae, Mycobacterium tuberculosis and
Methanococcus jannaschii) are derived from
large-scale genome sequencing projects.
These predicted enzymes have not been char-
acterized biochemically, but the first of them
is clearly very closely related to EcAll (Fig.
1a). The sequences were compared using the
PILEUP program of the GCG package
(Devereux ef al., 1984). In Fig. 1 they are
ordered according to their degree of similar-
ity, determined by the pairwise comparisons
generated by PILEUP. Those enzymes for
which three-dimensional structures have
been determined have their names under-
lined.

The (mutually cross-referenced) EcAl se-
quences in the EMBL and SWISSPROT data
banks are different. While the former (acces-
sion code M26934) gives the N-terminal se-
quence as reported in the original reference
{Jerlstroem et al., 1989), the latter (accession
code P18840) is derived by translating from
a different initiation codon (16 amino acids
farther upstream). Originally, the initiation
codon for ansA was assigned on the basis of
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being the only one within the cloned region
which had a reasonable Shine-Dalgarno con-
sensus adjacent to it (Jerlstroem et al., 1989).
However, the reading frame was continu-
ously open upstream of this point to the end
of the Jerlstroem et al. clone, and a TGGTI
sequence is encoded immediately upstream
of their proposed initiator codon. Since this
motif is highly conserved in all other
asparaginases (Fig. 1a) and since the second
T is essential for catalysis (Swain et al., 1993;
Palm et al, 1996), the originally proposed
EcAl sequence is certainly truncated at its
N-terminus. We translated the relevant re-
gion of the longer DNA sequence D90820
(Kohara clone No. 329; Aiba et al., 1996) to
define the upstream limits of the ORF. Only
one upstream methionine is present in this
ORF, and the resulting protein has 16 addi-
tional N-terminal amino acids, as in P18840;
this revised sequence was used in the align-
ment of Fig la.

Five of the bacterial enzymes (EcAll, ErA,
PGA, AGA, WsA) are recognized as type 11
microbial asparaginases because of a high
level of sequence similarity and localisation
in the periplasmic compartment. In contrast
EecAl, the constitutive intracellular E. coli
enzyme, is classified as type 1. The two S.
cerevisiae enzymes have not been placed
within this grouping scheme. We previously
suggested that the separate intra- and ex-
tracellular isoenzymes arose in the prokary-
otic and eukaryotic lineages by independent
ancestral asparaginase gene duplication
events (Sinclair ef al.,, 1994). The ScerAll
sequence we used in our comparison at that
time was C-terminally truncated compared
to other asparaginases. However, a more re-
cent cosmid sequence from the S. cerevisiae
genome project (Goffeau ef al., 1996) which
includes four identical copies of the ASP3
gene (U51921) differs from the previous se-
quence (J03926) by a single frameshift. This
alters and extends the C-terminal part of
ScerAll, and our alignment of the new se-
gquence shows clear similarities to ScerAl
extending right to the C terminus. A sequenc-
ing error in J03926 (Kim et al., 1988) is thus
most likely. In the new alignment, the con-
clusion regarding the independent duplica-
tion events in bacteria and veast is rein-
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forced, since ScerAl and ScerAll are much
closer to each other than to any of the bacte-
rial enzymes (Fig. 1a). Furthermore, both of
these enzymes appear to belong to the class
1l asparaginase family, even though ScerAl
is intracellular.

The multiple sequence alignment and asso-
ciated dendrogram (Fig. 1b) also suggest
classifications for the Mycobacterium and
Bacillus enzymes (though the dendrogram
does not represent a true evolutionary tree).
The B. subtilis asparaginase is grouped with
EcAl rather than EcAll, and thus appears to
be a type I enzyme. The B. licheniformis
enzyme, though, appears most closely related
to the Mycobacterium asparaginase, which is
a type II enzyme (vide infra).

For a more objective assessment of the re-
lationship of the Bacillus and Mycobacterium
asparaginases to other members of the fam-
ily, we eliminated the variable-length N- and
C-terminal fragments and performed multi-
ple pairwise similarity comparisons over
residues 2-326 of Fig. 1, using the DIS-
TANCES GCG program. By this method,
BsA is most similar to the archaebacterial
Methanococcus asparaginase and then to
EcAl; it is much less similar to all other
sequences. We therefore classify BsA (and
MjA) as type I enzymes, though it should be
emphasized that the divergence of the three
type I enzymes from each other is much
greater than that within the Gram negative
bacterial type 1l group, and is in fact compa-
rable to the distance of the two S. cerevisiae
enzymes from any of the bacterial type II
enzymes. MtA, in contrast, is clearly much
more like a type II than a type I enzyme in
the DISTANCES analysis.

BIA (van Dijl et al., 1991) is the most diffi-
cult enzyme to classify. It has the greatest
similarity to ScerAll and MtA (type II en-
zymes) in DISTANCES, but there are none-
theless some short motifs (underlined in Fig.
1a) uniquely shared with the B. subtilis en-
zyme, including the *TDA* in place of the
*ADG* (residues 123—125 in EcAll sequence)
motif discussed in detail below. Analysis us-
ing PILEUP and DISTANCES of four se-
quences alone (EcAl, Ecall, BsA, BIA) again
places EcAl and BsA in one group and EcAll
and BlA in another. Compared pairwise
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Bacillus subtilis

E. coli asparaginase 1

Methanococcus jannaschii

Acinetobacter glutaminasificans

Pseudomonas TA

E. coli asparaginase 11

Haemophilus influenzae Rd

| Wolinella succinogenes

Erwinia chrysanthemi

S. cerevisiae asparaginase |

S. cerevisiae asparaginase II

Bacillus licheniformis

Mycobacterium tuberculosis

Figure 1. a. Alignment of the amino-acid sequences of bacterial and fungal L-asparaginases identified
in the EMBL and SWISSPROT sequence data banks (http/www.ebi.ac.uk).

The identifying codes and the accession numbers of the aligned L-asparaginase sequences are as follows: BsA,
Bacillus subtilis, M63264 (Sun & Setlow, 1991); MjA, Methanococcus jannashii, Q60331 (Bult ef al., 1996); EcAl,
E. coli, cellular, type 1, (ansA) M26934 (Jerlstroem ef al., 1989);, AGA, Acinefobacter glutaminasificans, P10172
(Tanaka ef al,, 1988); PGA, Pseudomonas TA, P10182 (Lubkowski et al., 1994a); EcAll, E. coli, periplasmic, type
11, (ansB) M34234 (Bonthron, 1990); HiA, Haemophilus influenzae, P43843 (Fleischmann et al., 1995); WsA,
Wolinella succinogenes, P50286 (Lubkowskiet al., 1996); ErA, Erwinia chrysanthemi, M14741 (Minton et al., 1986}
SeerAl, 8. cercvisiae, cellular asparaginase I, (ASP1) Z27406 (Sinclair et al., 1994); ScerAll, S. cerevisiae, cell-wall
asparaginase 11, (ASP3) U51921 (Goffeau et al., 1996); MtA, Mycobacterium tuberculosis, @10759; B1A, Bacillus
ticheniformis, 211497 (van Dijl ef al., 1991). This multiple alignment was produced in GCG PILEUP (Devereux et
al., 1984). The order of the last two sequences (MtA and BlA) in the alignment has been reversed for ease of
indicating the highlighted residues in the SADGP critical region. Sequences classified as type [ are geparated from
the others by a single empty line. Numbering above the BsA sequence refers to the mature EcAll subunit. The
critical SADGP region is shown in white on black lettering, as is the five-residue repeat in the MtA sequence. The
shading of conserved residues was performed according to the following scheme. BOXSHADE v.3.0 {Hofmann &
Baron, unpublished) was used to identify positions where 11 or more sequences are identical or similar (according
to the usual groupings GA;VLIM;ST;DE;KR;FYW;NQ). Then at each of these positions, green shading was used
to indicate identity (if 8 or more sequences were identical) and yellow similarity. Positions where all 13 sequences
show identity were further highlighted by boxes; in many cases (e.g. T12, 558, T89, K162) these are elements
postulated to be involved in the catalytic process (Swain ef al.,, 1993). Next, a separate BOXSHADE analysis of
the eight clearly type Il enzymes (excluding MtA and BIA) was used to identify positions where all eight are identical
or similar, and such additional positions were shaded in blue, also shading any residues in the other five sequences
which happen to match. The A176 residue mutated in S. cerevisiae XE101-14 is indicated by an arrow. In this
alignment it is matched with A123 in the EcAll sequence. Underlined residues are motifs of 3 or more amino acids
which are uniquely conserved between the two Bacillus enzymes. b. Dendrogram generated by PILEUP showing
the clustering relationships between the asparaginase sequences.
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(GAP or BESTFIT) to BlA, EcAl has slightly
more similar but EcAll slightly more identi-
cal residues. Overall, the difficulty in class-
ifying BIA indicates that further information
(including the crystal structure of a type 1
enzyme) is required to define clearly the
relationship between the families.

The altered residue in the A176V mutant of
ScerAl is located in a conserved region,
SADGP, residues 175-179 in ScerAl or
122-126 in EcAll (Fig. 1). This sequence is
shared by both S. cerevisiae enzymes and by
all the clearly type Il bacterial asparagi-
nases, with a minor exception in PGA, which
has a methionine instead of the proline. In
contrast, the archetypal class I enzyme,
EcAl, has an RSDGQ pattern in this region,
sharing only the DG dipeptide with the class
IT family. Both Bacillus sequences have a
*TDA* pattern, homologous with the central
SDG tripeptide in EcAl, which is in favour of
a type I classification (though see above).
The most intriguing pattern is seen in MtA
which in the alignment of Fig. 1 has a se-
quence characteristic of type Il enzymes ex-
cept for the first residue (G) which lacks a

hydroxyl group.

MODELLING STUDIES

In the EcAll structure, residue A123, the
equivalent of A176 in ScerAl, is located in a
loop on the surface of a subunit and in the
quaternary structure of the protein is in-
volved in intersubunit interactions that
bring the two intimate dimers (i.e. dimers
A/C and B/D in EcAll labelling) together
within a tetramer. The interactions occur
between a loop segment in subunit A and its
equivalent in subunit B, as well as between
subunits C and D. The situation in the tetra-
mer interface region has been analysed using
the computer graphics program O (Jones &
Kjeldgaard, 1994). The analysis was carried
out for EcAll and was later repeated using
all available crystallographic structures of
bacterial asparaginases. For easier visuali-
sation and numerical estimate of the agree-
ment between the three-dimensional struc-
tures of the compared enzymes, the program
ALIGN was used to superimpose the corre-
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sponding Co. atoms by the method of least
squares (Satow et al., 1986). The results of
the superpositions were displayed and fur-
ther analysed in O.

RESULTS AND DISCUSSION

The discussion below is mainly based on the
three-dimensional structure of the periplas-
mic enzyme from E. coli (EcAIl), the first
L-asparaginase structure to be determined
(Swain et al., 1993), which serves as a struc-
tural reference in this field. In the EcAll
structure, the A123 equivalent of ScerAl
A176 is located far enough from the active
site and the bound reaction product (Figs. 2,
3) to exclude any possibility of its direct
involvement in the catalytic mechanism. It is
located in a broad loop (115-125) which in
the tertiary structure is adjacent to another,
very long flap-like loop (9-31) which has been
implicated as a mobile gate important for
substrate’s entry and possibly orientation in
the active site (Swain ef al., 1993; Lubkowski
et al., 1994a). Figure 3 suggests that the
115-125 loop itself, through its proximity to
the flap loop might also play a role in control-
ling substrate’s access to the active site.
However, a much more obvious and possibly
more important role of A123 emerges from
the analysis of the interface between the
subunits forming a functional enzyme.

The EcAII A123 residue is found at the A/B
(and C/D) intersubunit interface where the
intimate dimers come into contact to form the
tetramer (Figs. 2, 3, 4). It forms a short
0..H-O hydrogen bond with the hydroxyl
group of S122 in the complementary subunit.
Due to the symmetric nature of the tetramer,
two such hydrogen bonds exist at the A/B
{and also C/D) junection (Figs. 3, 4). The 0...0
distances in these bonds are between 2.53
and 2.92 A in EcAII (Table 1) and are, there-
fore, in the most preferred range for such
interactions in proteins (Jeffrey & Saenger,
1991). We have identified the same mode of
interaction at the tetrameric interface in all
other structures of bacterial asparaginases
(Table 1). The O...0 distances in Table 1
range from 2.46 to 2.93 A confirming the
conclusion derived from the EcAll structure.
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Figure Z. Stereoview of the 222-symmeitric EcAll tetramer along the dyvad relating dimer AC to BD
{coordinates as in PDB entry 3ECA).

The subunits are shown in colour Caot traces (A red, B green, C gold, D blue). The active sites are formed within
the intimately bound dimers (AC and BD). One (of the two) active sites within the AC dimer is shown, and one in
BD. The active sites are marked by red spheres representing the residues involved in eatalysis (and residing in
the N-terminal domains of the A and B subunits} and by yellow spheres representing the bound aspartate ligands,
The blue spheres mark the A123 residues at the A/B interface and show their spatial relationship to the active
gites in the N-terminal domains of A and B.

The average O...0 distance in the hydrogen
bonds listed in Table 1 is 2.772(2) A, nearly
identical to the most preferred O...0 distance
(2.762 A) observed in ice (Wells, 1990). We
stress that this pattern of Ser Oy(H)...O (Ala)

mers, i.e. is invariant at both truly symmetric
and pseudosymmetric dimer-dimer inter-
faces. We therefore conclude that this pair of
side-chain...main-chain hydrogen bond inter-
actions seems to be very important, perhaps

even critical, for the echesion of the tetramer

interactions is present in all known crystal-
of type Il L-asparaginases, where the crucial

lographic structures of L-asparaginase tetra-

Figure 3. Stereo close-up view of the interface area between subunits A and B, with active sites marked
by red and yellow spheres as in Fig, 2.

The red spheres mark the Co atoms of residues T89, D80, K162, and T12. The yellow sphere marking the Ca atom
of the Asp ligand is flanked by T89 and T12, the potential nucleophiles. The 5122, A123 residues crucial for the
formation of the A/B interface are shown in ball-and-stick fashion and the (123 Oy)-H...0(122) hydrogen bonds
across the interface are shown as broken lines. As in Fig. 2, the view is nearly along the twe-fold axis betwean A
and B. The active gite formed in the N-terminal domain of B (green) is partly covered by the C-terminal domain
of D (blue). An analogous relation exists between A (red) and C (gold).
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Figure 4. View of the 115-125 loops with the 5122, A123 residues forming the interface between subunits
A and B of the EcAIl tetramer (coordinates as in PDB entry SECA).

The hydrogen bonds between the side chain of 5122 and the main chain carbonyl of A123 aeross the interface are
shown as broken lines. Due to the symmetric nature of the tetramer, iwo such bonds are formed around the interface
two-fold axis. Note the peculiar shape of the 115-125 loops, which fold over the CB atoms of their A123 residues.

amino acids, SA, are present in an absolutely
conserved SADG sequence (Fig. 1).

The reason why the character of the amino
acid at position 123 is so important is ex-

plained by Fig. 5. The 115-125 loop (of which
A123 is a part) has a peculiar shape, forming
in its N-terminal segment a sort of a niche
which covers residue 123. The niche is just

Table 1. Hydrogen bonding distances (A) between $122 Oy(H) and A123 O (EcAlIl numbering) at the
tetramer interface in the structurally characterised bacterial L-asparaginases,

Primed residues are in the complementary subunit across the tetramer interface (e g. A-B in EcAIl).

{Ser) 0y...0 (Ala")

(Ser’) Oy...0 (Ala)

EcAITl*

ErA®

PGA®

PGAY

AGAS
WAE

AB
/D
1/2

AMAT

B/B’

2.53
2.63
2.74
2.79
2.93
2.82
2.85
284
2.85

2.46
2.78

2.79
2.92
2.75
2.75
2.77
2.92
2.85"
2.84°
2.85°
2.46°
2.78*

*PDE entry 3ECA: *Coordinates provided by Dr. Maria Miller; “PDB entry 3PGA: “Coordinates provided by Drs. Krzysztof Lewinski
and Lukasz Lebioda for a high resolution (1.7 A) structure of PGA; "Crystallographic symmetry; 'PDB entry 1AGX; *Coordinates pro-

vided by Dr. Alexander Wiodawer,
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big enough to accommodate the Cp atom of
A123. In addition, it is lined with hydrophilic
groups (at least four O atoms and partial
contributions from amide N atoms) which
may position Al123 through repulsive inter-
actions. It is obvious from Fig. 5 that replac-
ing A123 with any bigger residue would de-
stroy the precise fit in this area and might
lead to a disruption of the tetrameric inter-
face. Possibly, only two A123X mutations
could be tolerated. (i} X = G — there would
be no steric hindrance between G123 and the
tight niche. However, without the 123 Cp, the
cavity itself might collapse, disrupting the
precise geometrical tuning in this crucial
area. (ii) X = 8 — although bulkier than
alanine, serine could use its OH group to
form H-bond(s) with the hydrophilic groups
on the niche wall to compensate for the un-
favourable steric interactions.

Since the hydrogen bond formed across the
tetramer interface is formed between A123
and 8122, the latter residue should be simi-
larly important for enzymatic competence of
the protein. This is confirmed by the con-
served SA pattern seen in sequences 4-11 in
Fig. 1a. However, since S122 is located in a
less constricted area (Fig. 4), its role will
reside in the chemical nature of the side
chain which must be capable of forming a
hydrogen bond with the carbonyl O atom of
residue 123°. One might hypothesise that
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S122T (or 5175T in ScerAl) would be the only
mutation tolerated at this site. We are cur-
rently testing this hypothesis by site-directed
mutagenesis of ScerAl.

The above hypothesis about the role of the
SA dipeptide in stabilising type 1l asparagi-
nase tetramers through side-chain...main-
chain O...0 interactions appears to be vio-
lated by MtA, which on the grounds of se-
quence homology is a type II enzyme (vide
supra), and vet in Fig. 1a has a GADAP
sequence aligned with the SADGP region in
EcAll. However, inspection of the MtA se-
quence reveals that immediately before the
GADAP pattern (MtA residues 128-132)
aligned with the EcAIl SADGP sequence by
PILEUP, there is a similar patiern, SADAP
(MtA residues 123-127), which could per-
fectly fulfil our predictions. We therefore hy-
pothesise that MtA has an unusual situation
in the analysed region, in that there is a
duplication of a similar pentapeptide that
could cause gaps with respect to the EcAll
sequence. It will be most interesting to check
this prediction when the crystallographic
structure of the M. tuberculosis enzyme be-
comes available.

To confirm the conservation of the strue-
tural features of the 115-125 region in
asparaginase [I tetramers, we have superim-
posed all available A/B type dimers, using the
A/B dimer of EcAll as a target. Each super-

Figure 5. Stereoview of the 115-125 loop with 8122, A123 shown as ball-and-stick, and the cavity-form-
ing residues 116-120 shown in van der Waals representation (coordinates as in PDB entry SECA).

Note the scoop-like shape of this cavity with its concave surface lined with oxygen atoms (red), and the position
of the A123 Cp atom {shown as a grey van der Waals sphere) in it.
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Figure 6. Comparison of the 115-125 loops at the A/B interface of the EcAIl tetramer (as in Fig. 4) with
corresponding segments in several structurally characterized L-asparaginases.

The structures illustrated in this Figure have been superimposed (ALIGN, Satow et al., 1986) on the EcAll A'B
dimer using all Ca atoms of the corresponding dimers. The loops are represented as tubes following the main
chain atoms, and the crucial residues forming the interface link, 5122 and A123 in Ecall sequence, are shown at
atomic resolution. Note the close agreement of the shape of the loops and nearly identical positions of the atoms
critical to the formation of the interface: 5122 Oy, A123 O and Cp (EcAll numbering). Colour code: red EcAll
subunits A/B, orange EcATl C/D, grey ErA 1/2, light blue ErA 3/4, green PGA 1/2, light green PGA 3/4, yellow
AGA. Source of coordinates: EcAll, PDB entry 3ECA; PGA, PDB entry 3PGA; AGA, PDB entry 1AGX; ErA, Dr.

Maria Miller.

position was based on all Co atoms in the
corresponding dimers. The calculations were
done in ALIGN (Satow et al, 1986) and
included the following dimers: EcAIl C/D
(Swain et al.,, 1993), ErA 1/2 and 3/4 (Miller
et al., 1993), PGA 1/2 and 3/4 (Lubkowski et
al., 1994a), WsA A/A’ and B/B’ (Lubkowski
et al., 1996), and AGA (Lubkowski ef al.,
1994b). Figure 6 shows that the 115-125
loops (EcAIl numbering) trace in all cases an
essentially identical path, and that the posi-
tion of A123 CP with respect to the rest of the
loop is always the same. Also, the hydrogen-
bonded groups, 5122 (Oy)-H and A123 O, are
located in all dimers in identical positions.
The agreement between the Co positions of
the 5122 and A123 residues in the compared
dimers is of the order of 0.4 A, and usually
better than the r.m.s. deviation for all Cx
pairs in the superimposed dimers, which is
of the order of 0.9 A (Table 2).

Figure la reveals that the type I asparagi-
nases differ significantly from the type II
enzymes in the region corresponding to the
SADGP sequence (EcAIl 122-126). There is

only one residue, the central aspartate,
which appears with absolute conservation in
the two families (even in the Archaebacterial
Methanococcus sequence). We have analysed
its structural role in detail, and conclude that
it has an exclusively intrasubunit function
stabilising the conformation of the peculiar
115-125 loop (EcAIl numbering) depicted in
Figs. 4 and 6. These interactions include
hydrogen bonds between the carboxylic
group of the aspartate and the main-chain
amide groups of two residues at the entry to
the 115-125 loop, M115 and R116 (EcAlIl
numbering). In the EcAll structure, these
interactions (illustrated in Fig. 7) are char-
acterised by the following N...O distances:
(M115) N..082 (D124) 2.81 A, (M115)
N...051(D124)3.16 A, (R116) N...051 (D124)
2.98 A.

Taken as a subset, the type I enzymes (and
BlA) have a variable pattern in the EcAll
region SADGP and homology is limited to the
central tripeptide which, in this class (though
based on a limited number of cases), appears
to be (S/T)D(A/G). Even though there is a
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Table 2. Ca~-Co deviations in A/B-type dimer superpositions on the EcAlIl A/B target

Co-Co dev. (A)
Superposition r.m.s. dev. (A) Co atoms $122 (A) A123 (A)
S122 (B) A123 (B)
EcAll C/D° 024 623 0.44 0.22
0.26 0.19
ErA 1/2° 0.87 609 0.42 0.34
0.70 0.37
ErA 3/4° 0.85 607 0.39 0.26
0.59 0.33
PGA 1/2° 1.02 548 0.47 0.29
0.32 0.25
PGA 3/4° 0.99 588 0.61 0.26
0.50 0.30
Aga? 0.98 613 0.35 0.09
0.37 0.25
WsaA A/A® 0.97 600 0.59 0.56
0.49 0.36
WsA B/B* 0.99 600 0.56 0.59
0.52 0.44

*PDB entry 3ECA; "Coordinates provided by Dr. Maria Miller; ‘PDB entry 3PGA; "PDB entry 1AGX; "Coordinates provided by Dr. Al-

exander Whodnwer

hydroxyl-bearing residue in this pattern, it is
unknown if it could play an intersubunit
cohesive role similar to that played by 5122
in EcAIl and other type II enzymes. The
doubt stems from the fact that, in the absence
of a more extensive sequence similarity, it is
guestionable whether a carbonyl group
analogous to A123 C = O would be correctly
positioned across the interface to accept a
hydrogen bond. In addition, the S/T residue
is now adjacent to the absolutely conserved
aspartate, which is quite certain to be pri-
marily responsible for stabilising the tertiary
structure in its region. On the other hand,
the (S/T)D(A/G) tripeptide occurring in the
three examples of type I asparaginase could
be responsible for a different mode of inter-
subunit interactions. We, therefore, hypoth-
esise that the arrangement of intimate di-

mers into a tetramer in type I enzymes might
be different, if such tetramers exist at all.
The molecular mass of EcAl, estimated by gel
filtration (64+5 kDa) has in fact previously
been taken to indicate that this enzyme may
be a dimer in its native state (Jerlstroem et
al., 1989).

CONCLUSIONS

Sequence alignments for the family of mi-
crobial L-asparaginases, with the two E. coli
isoenzymes (EcAl and EcAll) as standards
for type I (“cytosolic”) and type II (“periplas-
mic”) asparaginases, allow classification of
the currently known amino-acid sequences
into two broad categories. Based on these
alignments, the type I group includes
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asparaginases from B. subtilis and Methano-
coccus jannaschii, while the L-asparaginase
from Mycobacterium tuberculosis belongs to
class II. Only B. licheniformis asparaginase
is uncertain in its placement; it has closest
similarity to MtA. The two §. cerevisiae en-
zymes, intracellular (ScerAl) and cell-wall
(ScerAll), are both clearly class II, in line
with our suggestion that the asparaginase
genes were independently duplicated in
prokaryotes and eukaryotes after the diver-
gence of these lineages. In the case of Haemo-
philus influenzae, we have a type II enzyme
very close in sequence to EcAll. However, H.
influenzae does not appear to have an equiva-
lent of EcAl; searching of the complete H.
influenzae genome (http://www.tigr.org/tdb/
mdb/hidb/hidb.html) using the EcAI peptide
sequence reveals the previously identified
sequence (HI0754) as the only significant
match. Conversely, M. jannaschii does not
have an EcAll homologue; only the type I
sequence analysed above (MJ0020) is identi-
fied by searching with the EcAll sequence

1997

Figure 7. Hydrogen bonding
interactions between D124
and the residues at the be-
ginning of the 115-125 loop
(EcAll model and sequence,
PDB entry 3ECA).

Except for D124, which iz shown
ecomplete with the side chain, for
the rest of the illustration (resi-
dues 114-116 and 123-125)
only main-chain atoms are
ghown.

(http://www.tigr.org/tdb/mdb/mjdb/mjdb.
html).

The A176V mutation (which completely
kills enzymatic activity) occurs in ScerAl in
a region, SADGP, that is nearly absolutely
conserved in type Il asparaginases. This se-
quence is in a loop region of very peculiar
shape, located on the surface of a subunit in
all crystallographically characterised (type
II) L-asparaginases. In the tetramers (which
are found in all known structures of type II
asparaginases), two residues from this re-
gion, the SA dipeptide, are involved in a pair
of side-chain...main-chain Oy(H)...O interac-
tions that seem to be crucial for the formation
of tetramers from intimate (catalytic-centre
competent) dimers. Curiously, in the MtA
sequence, the SADGP pattern is repeated in
two consecutive, closely related variants
(SADAPGADGP). From the sequence and
structural conservation in type Il asparagi-
nases of the region in which the ScerAl
A176V mutation occurs, as well as from the
constancy with which this area participates
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in the tetrameric interface, we infer that this
mutation abolishes enzymatic activity by dis-
rupting tetramer formation. We also predict
that similar consequences would be observed
by mutating A123 in EcAll or the corre-
sponding alanine in other type II asparagi-
nases. The lack of a more extensive homology
between type 1 and type I asparaginases in
the discussed region may indicate that, if
they exist at all, tetramers of type [ enzymes
could have a different intersubunit interface.
There is an absolutely conserved residue in
the centre of the SADGP pentapeptide, the
aspartate, in both type Il and type I enzymes.
The present analysis shows that this residue
is important for the conformation of a pecu-
liar loop at the surface of an asparaginase
monomer. In summary, asparaginases of
type I and type Il may share similar subunit
fold and intimate dimer organisation but not
necessarily the same quaternary structure.

We wish to thank Drs. Alexander
Wtlodawer, Maria Miller, Krzysztof Lewinski
and Lukasz Lebioda for making the coordi-
nates of several bacterial asparaginases
available to us prior to their release through
the Protein Data Bank.
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