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Abstract

The use ofEscherichia coliasparaginase Il as a drug for the treatment of acute lymphoblastic leukemia is complicated
by the significant glutaminase side activity of the enzyme. To develop enzyme forms with reduced glutaminase activity,
a number of variants with amino acid replacements in the vicinity of the substrate binding site were constructed and
assayed for their kinetic and stability properties. We found that replacements of Asp248 affected glutamine turnover
much more strongly than asparagine hydrolysis. In the wild-type enzyme, N248 modulates substrate binding to a
neighboring subunit by hydrogen bonding to side chains that directly interact with the substrate. In variant N248A, the
loss of transition state stabilization caused by the mutation was 15 kdrfwl L-glutamine compared to 4 kJ ndi

for L-aspartig8-hydroxamate and 7 kJ mot for L-asparagine. Smaller differences were seen with other N248 variants.
Modeling studies suggested that the selective reduction of glutaminase activity is the result of small conformational
changes that affect active-site residues and catalytically relevant water molecules.
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Bacterial asparaginases have been employed in the treatment ddmage, acute pancreatitis, and other disturbances. It is thought
acute lymphoblastic leukemi{@LL ) for almost 30 year§Wriston that many of these effects are caused by the glutaminase activity of
& Yellin, 1973; Gallagher et al., 1989Among the clinically useful  EcA2, which amounts to about 2% of its activity toward aspara-
asparaginases, isoenzyme Il frétacherichia coliEcA2) and an  gine(Ollenschléger et al., 1988Glutamine is the major transport
asparaginase isolated froBErwinia chrysanthem{ErA) are now form of amino nitrogen in the blood and also an amino group
most widely used. Asparaginases, in combination with other drugsjonor for many biosynthetic reactions. A prolonged decline of
are first administered to induce a remission of the dis¢iasieic-  plasma glutamine levels, therefore, impairs a variety of biochem-
tion therapy. At a later stage, the continued application of aspa-ical functions, especially those of the liver.

raginase helps to prevent further outbre@ksintenance therapy; In view of these facts, enzymes best suited for ALL treatment
for a recent review see Miller & Boos, 1998 he biochemical would be those with a high activity, a lo#,,, and a strong pref-
mechanism of asparaginase action in ALL therapy is simple: thesrence for asparagine over glutamine. ECA2 and ErA best meet
transformed cells responsible for the disease have an absolute riwese criteria, whereas other asparaginases preferentially hydrolyze
quirement forL-asparagine due to a decreased or missing asparaflutamine(see Fig. 2 In the 1980s, an asparaginase frdfolinella

gine synthetase activity. Depletion of asparagine in the bloodsuccinogenesWsA) appeared to be promising, because in vitro
therefore, inhibits their proliferation. However, asparaginase therstudies indicated that its glutaminase activity was negligibler-

apy is often accompanied by serious side effects. In addition t@en & Distasio, 1981; Distasio et al., 198However, the crystal
hypersensitivity reactions, long-term treatment may lead to liverstructure of WsA(Lubkowski et al., 1996showed that its active

site is almost identical to that of ECA2. In addition, WsA over-
expressed irE. coli had a glutaminase side activity considerably

Reprint requests to: K.H. Réhm, Philipps University, Institute of Phys- higher than that reported in the literatu(®. Liesert & K.H.
iological Chemistry, Karl-von-Frisch-StraBe 1, D-35033 Marburg, Ger- Rohm, unpubl. obs.

many; e-mail: roehm@mailer.uni-marburg.de. . . . . -
Abbreviations: ECA2, Escherichia coli L-asparaginase, isoenzyme || All known glutaminasegsparaginases of microbial origin have

(EC 3.5.1.3; ErA, Erwinia chrysanthemasparaginase; WsApolinella ~ almost the same tertiary and quaternary structures and closely
succinogeneasparaginase; AHA,-aspartic8-hydroxamate. related active sites. ThE. coli type Il enzyme(EcA2) has been
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Y25-a

Fig. 1. Stereoview of the ECA2 active site with bound aspartasp). Residues with suffix “—a” belong to subunit A, those with suffix
“—c” to the neighboring subunit C. Hydrogen bonding interactions relevant for substrate binding or catalysis are indicated by dashed
lines. A number of conserved water molecules are depicted as circles.

studied most extensively. Crystal structures of the E@&partate  covalently boundB-aspartyl residue at T12, suggesting that T12
complex (Swain et al., 1998and of variant ECA2 T89\(Palm rather than T89 is the primary nucleophilBalm et al., 1996

et al., 1996 together with kinetic data collected in our laboratory Second, our kinetic data indicate that the role of the putative “triad”
(Wehner et al., 1994; Schleper, 19%8lowed the identification of is fundamentally different from the situation in serine enzymes
residues involved in substrate binding and catalyséee Fig. 1 (Schleper, 1999 Recently, an alternative “triad,” made up of res-
Most of these amino acids are strictly conserved within the familyidues T12, Y25, and E283, was proposé&ttlund et al., 2000

(Fig. 2). A pair of threonine residues, T12 and T89, are located atSuch a scheme would imply a function of Y25 as general base,
either side of the scissile bond of the substrates. T12 and thehich is unlikely for chemical reasons. Second, E283, a crucial
adjacent Y25 are components of a mobile loop that closes over theesidue in such a mechanism, assists in substrate binding but is
active site during catalysig\ung et al., 2000 while T89, D90 and largely dispensable for catalysiSchleper, 1990 Thus, the cata-
K162 are all located in a rigid part of the structure. The relation-lytic mechanism of the bacterial asparaginases remains a matter of
ship between the latter residues, which resemble the catalytic triad$ebate.

of serine hydrolases, has led to the suggestion of an analogous The aim of the present study was to design and construct ECA2
“asparaginase triad{Dodson & Wlodawer, 1998 However, a  variants with significantly reduced glutaminase activity. The use of
number of results from our laboratory are not consistent with thissuch enzymes in ALL therapy may mitigate the side effects asso-
notion. First, the crystal structure of variant ECA T89V showed aciated with wild-type EcA2.

Enzyme Vgin/Vasn partial sequences
exchanged 57 59 88 248

N ¥ ¥
EcA2 ( 0.01) I DR T THGTD TR NLYK+ D DD- -
WsA (<0.01) IGEOE .. PEFP- -EAIXVDD - -
ErA (0.9 ) - -jNeledar- - MKAG - - MABIEN * - plagz{euysliy - - SVSV - - DEMLPG:- *
AGA (1.0 ) - VABES SMAN - - NAIXOPD - -
PfGA ( 1.4) IABES - - iny:{eiydly - < [ENEeSVSS s - NAIHQPD - -

T M i

58 89 90 283

catalytic residues

Fig. 2. Sequence alignment of type Il asparaginases. The partial sequences shown include catalytical residues and the residues
mutagenized in the present studgxchanged). Residues conserved in all type Il enzymes are printed in reverse. The sequences shown
are for asparaginase Il froB coli (EcA2; Jennings & Beacham, 199@V. succinogeneasparaginas@/NsA; Lubkowski et al., 1996

and glutaminas¢/asparaginases froB chrysanthem(ErA; Filpula et al., 1988 Acinetobacter glutaminasificaiégA; Tanaka et al.,

1988, andPseudomonas fluoresce(RfGA; Hiser et al., 1999Approximate ratios of the glutaminase and asparaginase activities of

the enzymes are given in coluneg,/vasn-
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Results rameters for several different substrates, thermodynamic binding
constantKy for aspartate were determined from the dependence
of fluorescence quenching on ligand concentration. Stability pa-
rametersAG(H,0) andT,, were derived from guanidinéiClI de-
In the context of the present study, we were interested in variantaaturation curves and thermal denaturation experiments, respectively
with low activity toward glutamine, but retaining high asparagi- (Derst et al., 199%
nase activity. Therefore, residues required for catalfisss, T12,
Y25, T89, D90, and K16Rwere not taken into account. S58 and
E283 were also excluded, because they are necessary for efficieRinetic properties
substrate binding. On the other hand, a number of residues that ) o ) )
surround the entrance to the active site without directly interactind™©" detailed kinetic analyses;asparaginey.-glutamine, and the
with the substrate, appeared to be good candidates for a targetSiPStrate analog-aspartic acig8-hydroxamate¢AHA) were used
modification of substrate specificity. These amino acids and thei@S Substrates. AHA was chosen, becausethealues for Asn of
relationship with other residues and with bound aspartate are showfild-type ECA2 and many variants are in the micromolar range,
in Figure 1. Aspartate is both an inhibitor and a substrate of EcAZ2nd thus are difficult to determine with sufficient precision, while
(R6hm & Van Etten, 1986 for AHA a highly sensitive and reliable assay is availafdee

In the EcA2-aspartate complex, the side-chain carbonyl grouNaterials ar_1d methodisActivities towardL-asparagine_Were usu-
of Q59 is hydrogen bonded to the ammonium function of bounda”Y de'termlned at a cqnstant substrate conceptra.tlon of 5 mM,
aspartate. A network of further hydrogen bonds interconnects Qs¥/hich is almost saturating for most mutants. Kinetic parameters
with E283 and Y25, and with the putative catalytic nucleophile, dtermined in this way are summarized in Tables 1 and 2.

T12. The amide group of N248 bridges the side-chain carboxylates Figure 3 compareky, values for AHA with binding constants,
of D90 and E283, which, in turn, are involved in electrostatic Ka» for 1-aspartate. Both parameters were determined at pH 6,

interactions with the ammonium function of the substratete ~ Pecause aspartate binding at higher pH is too weak to be easily
that both N248 and E283 belong to a neighboring subutte ~ Measured by our assa(AHA) andKq(Asp), when plotted against
substrate carboxylate group is held in position by S58 via hydro£ach other, exhibited a more or less linear correlatiég. 3), i.e.,
gen bonds to the side-chain hydroxyl group and the main-chaifthe mgtatlons .affected bgth parameters in the same way. This is
NH, respectively. Glycines 11, 57, and 88 are immediate neighborESpeC'a”y obvious for series of homologous mutants, for example,

of catalytic residueéT12, S58, and T89 while V27 is part of the O Variants with exchanges at position 2¢fashed ling
hydrophobic “back wall” of the substrate binding pocket. To visualize the differential effects of a given mutation on the

Additional information was provided by the aligned sequencedmover of AHAand GIn, respectively, Figure 4 compares selected
of type |l asparaginase$ig. 2). Glycines G11 and G8&all se- AAG’f _vglues for these substrat_eAAG* is calculated from the
quence data given in EcA2 numberjnare conserved in all mi- specificity constant®.,/K, of wild-type enzymes and mutants,
crobial asparaginases. V27 is close to Y25, an active-site residue,
which is also present in all type Il enzymes. Residues G57 and Q59
are immediately adjacent to S58, while N248 is preceded by a pair
of invariant glycine residue€245 and G24) Note that the en-
zymes with high glutaminase activity contain serine at posi-
tion 248. In the present study, glycines 11, 57, and 88 as well as
V27 were replaced with apolar amino acids of varying size to
restrict the space available for the larger glutamine substrate. Po-
sitions 59 and 248 were substituted with both polar and nonpolar
amino acids to allow for modifications of the hydrogen bonding
network that interconnects these residues with neighboring amino —~
acids and the substrate. In the following, asparaginase variants £
where residue X at position nnn is replaced with residue Y are
referred to as “EcA XnnnY.”

Choice of residues for mutagenesis

log K4 (Asp

Expression and purification

All asparaginase variants described here were expressed and pu-
rified by our standard protocéHarms et al., 1992aThe resulting
preparations were at least 95% pure. Yields varied between 5 and

20 mg of .purified enzyme per liter cH coli cultl_Jre, depending on 50 45 40 35 30 25 20
the stability of the respective proteins. All variants had the normal
tetrameric structure, as verified by analytical gel filtration. log Ky (AHA)

Fig. 3. Michaelis constants for AHA and binding constants for Asp of
) wild-type EcA2 and EcA2 variants. The datmeasured at pH 6.0 and
Features of ECA2 variants 25°C and shown on logarithmic scajesre for wild-type enzymée®) and
. . . variants with amino acid replacements at position(A}, 27 (Q), 57 (O),
The variant enzymes were thoroughly characterized with respect tgg (0), 88 (), and 248(0). The residues introduced by mutagenesis are
their catalytic and structural properties. In addition to kinetic pa-indicated in one-letter amino acid code adjacent to the symbols.



Table 1. Kinetic parameters for ECA2 variarits

L-Aspartic acidg-hydroxamate L-Glutamine

Keat Km Keat/Km AAG Keat Km Keat/Km AAG
Substrate (s (molL™1) (M~1s™ (kI mol™1) (s (molL™1) (M~1s™ (kI mol™1) L-Asparagine
Wild-type 2.9+0.1)-10" 3.5(+0.4).10°° 8.3.10° — 3.3(+0.2)-10" 3.5(+0.5)-10° 9.3.10" 4.9(+0.3)-10"
G111V 1.1(+0.1)-107* 7.0(+x1.5-107° 1.6.10° 15.5 — — — — 1.2+0.1)-107!
G11L <1.1072 1.3(£0.4-107* <8.10t 23.0 — — — — <1.1072
V27L 1.03(+0.03-10* 1.1(+0.3-107° 9.4.10° -03 9.1(+1.1)-107? 4.4+2.4.10°° 2.1-10* 3.7 8.0+0.5-10°
V27M 1.08(+0.06)- 10" 1.5(+0.3-107° 7.2.10° 0.4 3.2+0.3-1072 4.0(+0.5)-1073 8-10° 6.1 3.4+0.4)-10°
G57A 1.54+0.08-10" 6.9(+1.9-10°° 2.2.10° 33 1.0+0.1)-1072 5.7(+2.6)-10°3 1.8-10* 4.1 1.8+0.2)-10*
G57V 8.6+0.5-107* 5.0(+1.1)-107° 1.7.10* 9.7 6(+1)-1072 2.4+0.4-10°8 2.5.10° 9.0 5+0.5-107*
G57L 2.0+0.1)-107 8.2(+0.9-10°° 2.4-10° 14.5 — — — — 5+1)-10%
Q59G 1.43+0.11)-10" 1.8(+0.4)-1073 7.9-10° 11.6 1.0+0.2-1072 5.0(+1.0)-1072 2.1071 15.3 7.1+1.0)-10°
Q59A 9.71+0.6)-10° 1.9(+0.4)-1073 5.1.10° 12.6 1.0+0.3-1073 1.0(+0.3)-1072 1.107t 17.0 8.q+1.5-10°
Q59E 2.0+0.06-10° 3.7(x0.4.107° 5.4.10* 6.8 2.4+0.2-107% 2.3(+0.5-1072 1.0-10° 11.3 5.7+0.5-10°
G88A 4(+1)-10°2 4.0(+1.0-107° 1.0.10? 22.4 — — — — —
Gssl <1.1072 5.0(+1.0-10°° — >20 — — — — —
N248A 2.7+0.1)-10* 1.9(+0.1)-107* 1.4.10° 4.4 2.9+0.3-1073 1.6(+0.1)-1072 2.107* 15.3 1.2+0.1)-10*
N248G 2.3+0.06-10" 2.1(+0.2)-10°* 1.1-10° 5.0 4.6+0.6)-10°3 6(+2)-1073 8.1071 11.8 1.3+0.2)-10"
N248D 4.6+0.3-10° 5.6(+0.2-10°° 8.2.10% 5.8 6.8+1.1)-10°° 3.5(+1.5-10°° 1.9-10° 9.7 3.0+0.5-10°
N248Q 2.1+0.1)-10" 1.5(+0.2)-107* 1.4.10° 4.4 3.2+0.5-1072 2.1(+0.3-1072 1.5-10° 10.3 1.5+0.1)-10"
N248E 2.6+0.1)-10" 1.4(+0.1)-107* 1.9-10° 3.7 1.9+0.1)-107? 7(+1)-1072 2.7-10° 8.8 1.5+0.2)-10*

aThe data were measured with the substrates indicated at pH 7.0 468d 25G* measures the loss of transition state stabilization caused by the mutsdieriext
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Table 2. Kinetic constants for the hydrolysis ofasparagine and-g|
at pH 7.0 and 25C

2013

utamine by wild-type EcA2 and variant ECAN248A

L-Asparagine L-Glutamine
kcat Km kcat/Km AAG kcat Km kcaI/Km AAG
(sh) (molL™%) (M7ts™)  (kImol™) (s (molL™%) M™1s™h)  (kImol™?)
Wild-type 2.4+0.1)-10' 1.5(+0.2).10°° 1.6-10° — 3.3(+0.2-101  3.5(+0.5-107%  9.4.10! —
ECAN248A  7.0+0.1)-10° 9.5(+0.6)-10°° 7.4.10% 7.6 2.9+1)-10°° 1.6(+0.2-10°2  3.1.10°! 15.3

and measures the loss of transition state stabilization resultin
from an amino acid exchange.

Glycines 11 and 88

Both residues are immediately adjacent to the catalytic threonin
T12 and T89see Fig. 1. Not unexpectedly,
large hydrophobic residues almost completely abolished catalysi
AHA binding, on the other hand, was not markedly impaired. As

AAG* (kJimol)

V27L V27M G57A

AAG* (kJ/imol)

AAG* (kJ/mol)

N248G

N248A N248D N248Q N248E

Fig. 4. Loss of transition state stabilization due to amino acid replacements

in ECA2. Values ofAAG* were calculated from the data in Table 1 for the
substrates -asparticB-hydroxamate(light color) and L-glutamine (dark
color). n.d., Not determined.

es” 7= . - . : -
their replacement with active site. Valine at position 27 is typical of ECA2, while all other

dype Il asparaginases have alanine at that posititig. 2). Sub-

ghown by Figure 3, the changes made at position 11 interfered with
aspartate binding more strongly than the mutations at position 88.

Valine 27

¥27 is one of the amino acids lining a channel that leads into the

stitution of V27 with leucine and methionine significantly im-
proved AHA binding, as indicated by lowé,, values, while the

keat Values for either variant were only moderately reduced. In fact,
the Michaelis constant for AHA of ECA V27[11 uM at pH 7) is

the lowest of all ECA2 variants known, and its “specificity con-
stant” kea/Kn is higher than that of wild-type EcAdeading to a
negativeAAG*). However, the changes made did not sufficiently
discriminate between asparagine and glutamine to make the re-
spective enzyme variants attractive in the context of this visek

Fig. 4).

Glycine 57

All known type Il asparaginases with high glutaminase activities
have alanine at position 57, while in EcCA2 and WsA it is glycine
(Fig. 2). Nevertheless, the replacement of G57 with alanine had
little effect on substrate specificity. The activities with all three
substratesAHA, Asn, and GIn) were reduced to 30—40%, while
the K, values as well a¥y for aspartate were essentially un-
affected. The exchange of G57 with bulky resid(¥al and Ley
strongly reducedk for all substrates, again without significant
effects on substrate binding. As above, these modifications did not
alter the substrate specificity in the desired manner, i.e., the activ-
ity toward asparagine was reduced by almost the same factor as
that toward glutamine.

Glutamine 59

Only EcA2 and WsA have glutamine at position 59, while gluta-
mate is found in the other class Il enzymes. The corresponding
replacement in EcAZi.e., Q59 with B reducedk.4 for all three
substrates to about 10% of the wild-type value without signifi-
cantly discriminating between the asparaginase and glutaminase
activities. On the other hand, the removal of the side chain at
position 59 (EcA Q59Q or its reduction in size ECA Q59A)
affected glutaminase activity to a much larger extent than the turn-
over of AHA or Asn. Both mutations strongly increased &g
Values for AHA and the binding constants for aspartsée Table 1;
Fig. 5, confirming that Q59 is indeed important for efficient sub-
strate binding.
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log Kcat

T (°C)

PKm

4 5 6 7 8 9 36 38 40 42 44 46 48 50 52 54 56
pH AG(H,0) (kJ mol™)

Fig. 5. pH Profiles of kinetic parameters for wild-type EcA2 and N248 Fi : -
; - . g. 6. Stabilities of ECA2 variants. Stability paramete&y&(H,0) and Ty,
\éﬁ;ar?]t:(':)h;ng33;‘:3?,\‘?2;2;?0:\‘gz;:(g)'oNi%ag(zg;tgrmlﬂ;g%% were as described in Materials and methods for wild-type en2ghand
Y ! ! ! variants with amino acid replacements at position(@J, 57 (O0), 59 (¢),

@. and 248(0). The residues introduced by the mutation are given in one-
letter amino acid code adjacent to the symbols. Variants with replacements
at positions 11 and 88 were unsuitable for thermal denaturation studies due
to low residual activities. For these variantsiz(H,0O) is indicated by
vertical arrows.

Asparagine 248
EcA2 and WsA differ from the other type Il asparaginases with
respect to amino acid 248. While the former have asparagine at
that position, the latter contains a seritiég. 2). With the excep-  dynamic constants, whil&,, values are purely empirical “melting
tion of EcA N248D, all amino acid substitutions made at posi-temperatures,” i.e., the temperatures where half of the activity was
tion 248 affected the substrate specificity of the enzyme in thdost under the conditions of the experiments. Due to the different
same general way: The activity toward AHA remained essentiallyprobes used, equilibrium denaturation only detected gross changes
the same; the maximum velocity of asparagine hydrolysis wasf conformation(W66Y is at a distance of 14 A from the active
moderately reduced, and the turnover of glutamine was stronglgite aspartaewhile the loss of activity upon thermal denaturation
impaired(see Table L This was most notable with variant ECA may also reflect small local changes in the active site. For most of
N248A, where the loss of transition state stabilization of GIn hy-the EcA2 forms studied here, an approximately linear correlation
drolysis(15.3 kI mol'?) was twice as high as that for asparagine betweenAG(H,0) and Ty, was observed. Exceptions were the
(7.6 kI mol'%; see Table 2 and more than three times higher than mutations at positions 27 and 57, which led to a decrease of
the value for AHA(4.4 kJ mol ). AG(H0), but not of T;;,. As confirmed by Figure 6, none of the
Figure 5 summarizes the pH dependence of the kinetic parammutations seriously compromised the overall stability of the en-
eters of AHA hydrolysis by wild-type EcA2 and four N248 mu- zyme. On both scales, the loss of stabilization energy did not
tants. With all of these enzymegq was almost independent of pH exceed 20%. Thus, under physiological conditions atG37all
between 5 and 8. ECA N248G and EcA N248A showed a markedariants described here should be sufficiently stable for therapeutic
decrease oflg, (i.e., an increase d{,, at low pH, which was not  applications.
seen with wild-type enzyme and mutants N248D and N248E. The
pKn, vs. pH profile of EcA N248A suggests that the protonation of
a residue with an apparenkKpbetween 6 and 7 is responsible for
the increase ik, at low pH. In the present study we show that the substrate specificity of type
Il glutaminasegasparaginases, i.e., their relative preference for
one of the alternate substrates glutamine and asparagine, is mod-
ulated by amino acid side chains that interact withdkemmonium
Two independent methods were used to estimate the effects of ttgroup of the substrates. Among these residues, N248 appears to be
mutations on EcA2 stability, i.e., equilibrium denaturation in especially important. Any one of a number of mutations made at
guanidineHCI (monitored by the fluorescence of the only trypto- position 248 affected the turnover of GIn to a much geater extent
phan of EcA2, W6§ and thermal denaturatiofmonitored by  than that of Asn or the Asn analog AHA. Our kinetic data indicate
activity measuremenksThe results of both approaches are com-that the reduction of glutaminase activity is mainly due to a re-
pared in Figure 6. Note thatG(H,0) values are true thermo- ducedk.,, while substrate binding is only moderately impaired.

Discussion

Stabilities
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Kinetic significance of g and K

When interpreting kinetic parameters, one has to keep in mind th
keatandK, are inherently complex kinetic constants. The available
evidence indicates that ECA2 employs a double-displacement, 09

“ping-pong” mechanism with a covalegtaspartyl enzyme inter-
mediate(Ehrman et al., 1971; R6hm & Van Etten, 1988 sim-
plified scheme of such a mechanism is

Ky ke, ke Ky
E+AS=EADE DER<=E+P;

Py H,0 k-a

where A is the substrateE'is the acyl enzymeP, is NHz (or
NH,OH in the case of AHA andP, is aspartate. Withks = ks
[H,0O] and Ks = k_1/kq, the kinetic parameterk., and K, are
given by

koks ks
ket K Sk + Ky

at m

2015

duction of increasingly larger side chains into position (3fa,

al, Leu) progressively reduceki.,; without markedly increasing

m for AHA or glutamine(Table 1. Hydrophobic side chains at
osition 57 may interact with the charged groups of the substrate
and thus interfere with one or more step of the catalytic cycle.
Rotations or translations of the substrate during catalysis may re-
sult in even closer distances. Protein stability was not appreciably
affected by mutations at position %3ee Fig. 8.

The predictions made for Q59, on the other hand, were borne
out by experiment. Deletion of the side chain as in ECA2 led to a
50-fold increase ofK,, for AHA, accompanied by a moderate
reduction ofk.g. This is consistent with Q59 assisting in substrate
binding by hydrogen bonding to the substrate ammonium group.
Replacement of Q59 with glutamate, which is capable of a similar
interaction, did not affedf,, (at least that for AHA. On the other
hand, the negative charge introduced in this variant appears to
interfere with catalysis as indicated by a 10-fold decreade @f
These effects were more pronounced with glutamine as the sub-
strate, leading to highexAG* values for all of the variants exam-
ined. The greatest loss of stability was seen with ECA Q59E, probably

ConsequentlyK,, may not be taken as a direct measure of substratelue to electrostatic repulsion of its side chain with the side-chain
binding unlesk, < k3, i.e., unless acylation is rate limiting. With carboxylates of D90 and E283. The stabilizing effect of the inter-
EcA2, there is firm evidence that this is indeed the case. First, actions of the Q59 side-chain amide group with neighboring res-
number of asparagine derivatives with substituted amide nitrogeidues seems to be insignificant, as indicated by wild-type values
are hydrolyzed at widely different rates that inversely correlatefor ECA Q59A on both scalegFig. 6).

with the chemical stability of the respective amide bdterr-
mann et al., 1974 If deacylation was rate limitingg.,; would be

While Q59 is primarily involved in substrate binding, N248
plays a pivotal role in stabilizing both the ground state and tran-

independent of the type of the amide bond of the substrate. Seconslition state of catalysis. This contribution of N248 is especially

as shown by Figure 4, thK,, values for AHA and the binding

important for the turnover of the poor substrate glutamine, as

constants for aspartat€;, which are true equilibrium constants, indicated by much highekAG* with all variants examined. The
exhibit a linear correlation over several orders of magnitude. Thirdjmportance of N248 for catalysis is most noticeable with enzymes
the inhibition constant&; for aspartate are similar to the respec- where the amide group is missirge., ECA N248G and EcA

tive binding constantky (data not shown Thus, in the case EcA2,

N248A). Unexpectedly, glutamine at position 248 could not sub-

Km is a reliable indicator of binding affinity, while the magnitude stitute for asparagine, indicating that strict sterical requirements

of Keat is governed byk,.

Role of active site residues

have to be met. The acidic residues Asp and Glu were also unable
to maintain efficient turnover. In the case of ECA N248D, it is
probably the negative charge that interferes with catalysis, decreas-
ing keat by an order of magnitude. On the other hand, Asp and Glu

Not unexpectedly, replacements of the glycines located in the imat position 248 both prevented the increas&gfat low pH seen
mediate neighbourhood of the catalytic threonines 12 and 89 alwith EcCA N248G and EcA N248AFig. 5. We assume that this
most completely abolished EcA2 activity. Modeling studies showedeffect is due to the protonation of D90, the anionic form of which
that valine at position 11 and alanine at position 88 can be accombinds to the substrate ammonium graspe Fig. 1 An additional
modated without seriously disturbing the active site geoni{éya  negative charge introduced at position 248 apparently compensates
not shown. Indeed, these mutations had little effect on enzymefor the loss of that interaction.
stability (Fig. 6) and on AHA binding(Table 1. In summary, In addition to its catalytic role, N248 is also a significant sta-
glycine residues at positions 11 and 88 appear to be an absolul®lizing factor for the EcCA2 tetramer. All mutations at position 248
prerequisite for the optimum orientation of the neighboring cata-destabilized the enzyme to about the same extent, decreasing
lytic side chains. AG(H,0) by 12-14 kJ mot?, or T,,, by 6-10°C, respectively. This

Residue 27, located in the rigid part of the active site behind thaés not surprising, in view of the fact that N248 is involved in
substrate, is apparently not crucial for either catalysis or bindinghydrogen-bonding interactions between different subufsee
With the exception of ECA2, most type Il enzymes have alanineFig. 1).
there(see Fig. 2, and the present study shows that Leu and lle are To examine possible structural consequences of amino acid re-
accepted as well. Interestingly, these mutations do not affect theplacements at position 248, we modeled several such variants as
mal denaturation but significantly decrease the stability in guani-complexes with glutamate and subjected their active-site regions to
dine hydrochloridgFig. 6). Their effects on catalysis depend on energy minimizatior(see Materials and methgdsn the calcula-
the substrate used: AHA turnover is almost unchanged, while théions, none of the mutations led to significant shifts of the ligand
hydrolysis of both Asn and Glu is reduced to about 20% of the(glutamate with respect to the catalytic residues or of the catalytic
wild-type value, due to a decreaskd. residues with respect to each otli@ata not shown This suggests

As judged by the localization of G5(ee Fig. 1, one should that the catalytic contributions of N248 are rather subtle and prob-
expect that mutations at that position affect substrate binding ratheably affect transition states rather than ground states, i.e., the
than catalysis. Our data show that the opposite is true: the introenzyme—substrate and the enzyme—product complexes. Possibly, it
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is the dynamics of the active site during catalysis that is primarilywere carried out as described befokarms et al., 199)aln each
affected by the mutations. In that case, the static picture providedase, the mutant genes were completely sequenced to exclude the
by our energy minimizations would not contribute at all to an presence of additional, unwanted base changes.

understanding of the kinetic data.

Kinetic experiments

Possible application of N248 variants in ALL therapy EcA2 activities were determined at 25 with L-aspartic acids-

Although physiological studies with the variants described herehydroxamate(AHA, Sigma, St. Loui$, L-asparagine, and-
have not been performed yet, our kinetic data allow some predicglutamine as substrates essentially as described by Der{1&38.
tions as to their performance in the treatment of ALL. In normal Enyzme and substrates were incubated in 50 mM i$ 5-7),
blood serum, the concentrations of asparagine and glutamine afops(pH 6-8, or Tris(pH 7-9. In the discontinuous AHA assay,
about 50 and 60@.M, respectively(Ollenschlager et al., 1988 hydroxylamine released upon hydrolysis of the hydroxamate is re-
Using these values and the data shown in Table 2, we find tha@cted with 8-hydroxyquinoline under oxidative conditions to yield
the asparaginase activity of ECA N248A in vivo would amount to an intensely green oxindol dye with an absorption coefficient of about
12% of the wild-type activity, whereas the activity toward gluta- 1.7-10* L=*mol~*cm~* at 705 nm. Owing to the high sensitivity
mine would be reduced to 0.2% of the wild-type value. Consider-and excellent repoducibility of the assay, Michaelis constants down
ing the amounts of enzyme typically administered in ALL therapyto 20 M and turnover constants as low as 0.0% san be deter-
(10,000 U in a single doggthis activity ratio should still allow the ~ mined without difficulty. The activities of most EcA2 variants to-
depletion of asparagine without markedly reducing the much higheward AHA are comparable to or higher than those toward asparagine.
serum concentration of glutamine. The somewhat lower stability ofn the alkaline range, Nt¥DH becomes increasingly unstable, which
the variant may or may not affect its half-life in vivo. The mech- has to be taken into account when working at pH values above 8.
anism by which the enzyme is cleared from the circulation is The hydrolysis ofi-asparagine and-glutamine is traditionally
unknown; however, it appears that the antigenicity of the protein ignonitored by measuring the formation of ammonia with Nessler’s
more important in this respect than its thermodynamic stabilityreagent. This assay is much less sensitive than the AHA method
(Miiller & Boos, 1998. Clearly, this point and the general perfor- and generally less reliable. Therefore, the formation of;Nidm
mance of the variants in vivo have to be elucidated by furtherAsn or GIn was usually followed with a coupled enzymatic assay
experiments. using glutamate dehydrogenase as the indicator enz\edaner
etal., 1992 The method monitors the absorption change of NADH
at 340 nm(e = 6.22.10° L mol~*cm™1) and can be applied in a

Materials and methods continuous manner. It is only useful at higher pH values, and thus
unsuitable for studies of pH dependencies.
Site-directed mutagenesis Estimates of the kinetic parameté(s; and K, and their stan-

dard deviations were obtained by nonlinear regression using the
program SigmaPlot. The effect of a given modification on transi-
tion state stabilizatiodAG* is calculated from

Site-directed mutagenesis of th@sBgene encoding EcA2 was
performed by the phosporothioate meth&ayers et al., 198&s
described previouslyWehner et al., 1992 Mutations were intro-
duced by means of the following degenerate oligonucleotide prim-

ers (mutagenic base changes shown in boldface AAG* = —R-T-In Kear/Km(mutany

Keat/Km(wild-type)

Enzyme variants Primer . . . .
Protein concentrations were determined from ultraviolet spectra
GO011V.L 5-GCA ACC GGC (&) TG ACC ATT (molar absorption coefficient of ECAZ at 280 neygo = 1.07-10°
GCG3' Lmol~tcm™2).
V027L,M 5-AAC TAC ACA C ATG GGT AAA
GTT-3 -
GO57ALV 5-GTG AAT ATC (GO(T, QC Tcc spartate binding
CAG GAG' The binding ofL-aspartate to EcCA2 was studied at °Z5and
QO059AE, G 5-ATC GGC TCG3 C,A, G GAC pH 6.0 by titration experiments using the fluorescence of the single
ATG AAG3 tryptophan residue of the enzyme as spectroscopic jsateeHarms
G088V, A 5-ATT ACC CAC (GA)( T,C)T ACC etal., 1991h The data were corrected for dilution and dissociation
GAC AC&' constants for aspartat&; were estimated by fitting the following
N248A,D,G 8-GGT AAC GGG C,A, GC CTG equation to the corrected curves
TAT AAAZ
N248Q,E B-GGT AAC GGCQ,G)AG CTG TAT AF = (AF,/2[E))
AAAZ

{(E]+ [L] + Ka) = \([E] + [L] + Kg)2 — 4[E][L]}

Mutant clones were identified by DNA sequencing. Then thewhereAF is the fluorescence change observed at a total aspartate
mutant ansB genes were subcloned into the expression vectoiconcentration of L], AF, is the fluorescence change at saturating
pT7-7 (Tabor & Richardson, 1985Expression of ECA2 variants aspartate concentrations, ajtd] is the concentration of enzyme

in E. coli CU1783 and purification of the recombinant enzymesactive sites.
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