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SUMMARY

Cross-linkage of L-asparaginaSe (L-asparaginme amidohydroiase, EC 3.5.1.1), a tetranmeric
enzyme from Escheric/iia coli, has been acconmphisimed w’ith dimetimylsmnherimidate. Approxi-
nmatelv 60 #{182}�of the enzyme is converted to dimers anmd higimer oligonmers. Associated with

cross-linmkage is a loss of enzymatic activity to about 17 #{182}�of timat foumid in time nmative en-

zynme. Using [1, 8-’4Cjdimetimylsuberimidate, S molecules of time suberimidate were shown

to bind per monomer, a value conI’e5�)Onding to 25 #{182}�.of the lysine residues. Time relative

catalytic activity of the modified enzyme tow’ard time alternative substrates L-glutaminme,
�-cyanmo-L-alaIminie, and 5-diazo-4-oxo-L-norvahine was essentially time sanme as that for time
mmative enzyme.

INTRODUCTION

Time timerapeutic activity of L-aspanaginmase
(L-asparagine amidohydnolase, EC 3.5.1.1)
against lymphoblastic leukemia in humans

(1, 2) may be limited by its distribution
after intravenous imnject ion. Ti (‘!iZVflIC

(nmmol nvt 133,000) has beemi simown to be

composed of four idemntical subunits (3, 4),
with one catalytic site on each imionmomer (3).
Sinmce time degree of dissociation of time enzyme
into monmomers may cotmtrol time �)assage of

activity from the plasma timrouglm capillaries

into time inmterstitial space, molecular modi-

ficationms of time enmzvme appear to he a

profitable approach to time improvemenmt of
therapy. As part of this study, it w’as eon-
sidered important to prepare enizyme that
could not dissociate. Time reag(’nmt dimetimyl-
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subenimidate has b(’(’tm shiowmm by I)avies atmd

Stark (5) to cross-link subunmits of oligomenic

enzymes by reaction w’itim hysinme #{128}-arninio
groups. Time present study examinmes time
reactioti of L-aSpal’aginmase witim dimethuvl-
subem’imidate, quantifies thue degree of cross-

linkage ivitim this reagent, atmd compares time
relative (‘nmzymatie activity toward alterna-
tiv(’ smmbstnates witim that of time mmative

enzyme.

MATERIALS AND METHODS

L-Asparaginiase froni Esc/ieric/t ia coli
(Lyovac; \Ierck Simarp & i)oimme, lot

C-7941) was dialyzed agaitmst distilled water

to remove mannmitol added as a preservative.
After lyopimilizatiotm time material had a
specific activity of 300-310 units/mg of pro-
tein and was stored at - 100. Aerylanmide
electropimoresis and ultracentnifugal analysis
has indicated at least 95 #{182}purity omn a pro-

tein basis inn thus l)1’(’Pat’atiotm. 1)inmethyl-
suberimidate was prepared a.s described by

Davies amid Stark (5) from suhet’onmitrile
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(�\ldnichm (1hmemicmml (1onnpativ). [1 ,S_14(2j_

1)init’tlm\’lsuheninmidate was kitmdly pl’el)al’ed

l)y I)r. P. K. Chanmg front 1 ,6-diiodoimexanme
h)\’ condensation with [m4C]KCX (0.5 nmCi/
imimole) anmd suhsequenmt conversionm of time

suberonitrile as described. Radioactivity was

assayed in a Packard liquid scinmtillation

spectrometer with a toluenme-et hanoI seinmt il-
lationi fluid contaitmimmg 1 #{182}Z(1ab-O-Sil. Slices
of time Itcryhtmid(’ g(’ls W’(’l’(’ hmomog(’Imize(l inn

time seintilhationm fluid for counmtinmg. Time

activity of time enzyme n�’as determinmed
n’outinely by a s1)(’ctropimotometrie assay
based on time decomposition of 5-diazo-4-
oxo-L-niorvaline (3).

After treatment with DMS,2 time enmzynme

was coneermtrated for electropimoresis by
ultrafiltration with No. 100 cohlodioni bags,
25,000 mol wt exclusion (Seiuleiehmer &

Schuell). Gel elect ropimoresis n�’as performed
onm a Canalco nmodel 6 apparatus wit it 5 �
gels conitainning 0.1 % sodium dodecyl sulfate

as described by Summers et al. (6), except

timat urea was omitted from time preparatiomi.
Time current nn’as mainmtainmed at S mamp/

column for 3-4 imr withm sodium phosphate
buffer (0.1 �n, pH 7.2) conmtairming 0.1 #{182}

sodium dodecyl sulfate as the runniimg
buffer. Samples of native and modified L-

a.sparaginase w’(’re introduced into time ap-
paratus after dilutionn w’itim ant equal volume
of a solution eonmtainmitmg sodium phospimate

buffer (0.2 M, pH 7.2), 0.2 % sodium
dodecyl sulfate, 20 % sucrose, anmd sufficient
bromphenmol blue to serve as a marker.

The gels were fixed with 12.5 % triehloroacetic
acid and stained inn Coomassie blue dye
aecordmnug to time procedure of Chrambach,
Reisfeld, Wyckoff, arid Zaccari (7). After
destainninmg, gels were preserved in 5 � aque-

ous glycerol and time band intensity was de-

terniined with a Gilford spectrophotometer
scanning attachment at 550 urn. Time relative

activity of the modified enzyme tow’ard �-

eyano-L-alanine w’as determinmed by sub-
stituting this nitrile (1.5 rmi) for L-aspara-
gine in time coupled enzyme assay for L-

asparaginmase described by Coonmey et al. (8).
Time rate of inmaetivationm of time catalytic

2 The abbreviations used are: 1)MS, dinmethyl-

suberinnidate; DON, 5-diazo-4-oxo-L-norvaline;
SDS, sodium dodecyl sulfate.

ci’nmters in tii(’ nlO(lif1(’dl (‘nmzvnne by 1)(JNV

\V’tS dleterminmed by inmcubatiotm of etmzyme

(0.4 unit) witim DONV (0.5 m�si) in 4 nml of
Tris-HCI buffer (0.05 mn, pH 8.0) at 370�

Residual activity inn 0.2-nil portionms of time
reaction mixture was assayed by time coupled

enzyme method (5), inn wimicim the L-a.spara-
ginme conicenitnationi was inmeneased to 0.33 mgi.

Glutamimmase activity was measured by time
�\essl(’r reaction according to time method of
\ leister (9).

RESULTS

Evaluation of tine optimal parameters for

cross-hinkinmg L-asparaginmase withm D\ IS es-
tablisimed the fohlowinng conditions. To a

solution of tlm(’ enmzyme (1 mg/ml) inn 0.2 M

tniethanohaminme HC1 (1)11 S.5) at 4#{176}was

added solid DMS (2 mg/mI); time reactionm

nn’as allowed to prOceed for up to 6 lmr. Corn-
trol studies indicated timat DMS was stable
inn time buffer for 6 un at this temperature.

CONTROL DMS

(+)

(- MONOMER

�- DIMER

� TRIMER

4 TETRAMER

- ORIGIN

ENZYME
FIG. 1. SDS-acrylarnide gel electrophoresis of

native and DMS-cro.s’s-linked L-a.sparaginase

Left, native B. coli asparagimmase; right, L-

asparaginase after treatnmemst with 1)MS for 6 lmr.
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Excess reagent was removed by dialysis

against 1000 volumes of Tris-HC1 (0.05 r�i,

pH 8) for 18-20 imr with at least omme buffer
change. After conmcenntrationn to 10-20 nng’ml

by ultraflltnationm, the modified enzyme was

analyzed on a 5 #{182}acrylamide gel con-

0

FIG. 2. Mobility of individual oligomers on SDS-

acrylainide gel elect rophoresis after reaction of as pa-

raginase with DMS

The conditions of electrophoresis and deter-

mination of mobilities are described in the text.

The nmolecular weight values were based on the

mobility of the native mommomer (mol wt 33,000).
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tainmimug 0.1 � 51)5 itm time gel ammd nunmniinmg

buffer (h”ig. 1). rn immobility of the various
cross-litmke(l 5l)ecie� �sas directly l)rol)ort�)nmaI

to time logarithm of nnultiples of time nnoni-
ourmer (nnol �vt 33,000) (1’ig. 2). This (lemonm-

stration of four major species after cross-

linkage affords furt her cotmfmrmat n )ti of time

tetnamenic nature of the enmzvme. rfim(, rela-

tive amnoumnts of cnoss-litmked species larger

t huani thme tet ramen (lecneased sharply. mm-

creased amounmts of imigimer forms were 01)-

served, hmowever, whmenn imigimer C( )nmcenmtra-

tiouus of enzyme (3 immg’ml) were preseimt iii

time reaction mixture. Time rate of itmactiva-

tiomm of eimzyme activity was twice as great

withm DMS at 2 nngnnl compared to 1 nng/imml
utmder time same cotmditionms, but time final

degree of inactivatioum was time same. Ad-
ditioni of 10 mg of DMS per milliliter caused

proteint precipitation.
To facilitate studies of time time course of

D’sIS biniding, time reaction was stopped by

time addition of acid to protonate lvsinme �-

amino groups. Portions of time reaction mix-
ture taken at different times were a(ljusted
to pH 4.5 with glacial acetic acid (0.01 ml’ ml

of reaction mixture before dialysis at pH 6.0)

to remove excess reagent. Witim �I ,S-’�C1
DMS, time rate of covaleimt attachmnmennt to n�-
asparagmnmase as w’ell as time degree of cross-

linkage ntrmd inactivation could be measmmred.
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FIG. 3. Time course of DJJS-L-asparaginase interaction

Conmditions for the emmzyme assay and radioactivity determinmation are described iii the text. Time de-
grees of cross-linkage are expressed as percentage of dimers or higher forms as determimued by gel scami-

nimmg. The reaction was terminated at each time point as indicated in the text by adjustment to phI 4.5.

#{149},asparagine hydrolysis; U, percentage of cross-linkage; A, moles of 1)MS homimud �em� nuiile of cmi-

zyme (nmol wt 133,000).
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FIG. 4. Correlation between protein content an (1 ra(lioactivity in lm4Cl DMS-cross-linked L -asparaginase

after SDS-gel eleetrophoresis

Enzyme was treated with [‘�C} 1)MS immider time sanie comiditiomis as described imi Fig. 1 amid was ammalyzed

as described in time text. - - -, demisitometer readimmg (proteimu); 0, radioactivity.

TABLE 1

0 2 4 6 8 10 12

En zym (Itic activity of cross-/inked ollgomeric species

of L-asparaginase
Gel

fraction Composmtion Specific activity

uflitS/?iig

32

23

15

13

8
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i”igure :3 indicates that time rate of polym(’1�
forniation decreased tiuroughout time time
course and that inactivation of time enzyme

paralleled polynner fornmationm. Time rate of
hinmdinig of radioactive DMS to the enzyme,

imowever, proceeded at a more conmstanmt rate

durinig the first 2 imr but essenntialhy stopped
after 6 mr. Furtimer additions of DMS after
6 imr did niot cimange time cross-linkage or

ennzymatic activity.
Eacin subunit of asparaginase contains 21

hvsinme residues (10). A minimum of 5 nnnnd a

nnaximurn of 10 of these residues react nvitim

D MS unmder time experimental cormdit ions,

presumably because time otimer lysinmes are
inaccessible witimini time tertiary structure.
As inndieated mm Fig. 4, the total nmumber of
molecules of [‘4C]DMS bound to time various
ohigomeric fornns was time same as for time

imionomer. This might be predicted, since
only a small percenmtage of time DMS residues
in any onne subunmit may he involved in

intermolecular iinmkages.

Since time residual enzymatic activity could
he attributed to nnonmomers timat mad nmot been
cross-linked, time activity of time various

species of oligomers was determinned. Tnt-
dividual segmeumts of time SDS-aerylamide
gels were eluted by maeeratirmg time gel inn
buffer containing 6 M urea. Time SI)S was

removed by passage timrougin a colunmnn of
Biorad AG 1-X2, 100-200 mesim (formate

form), as described by Weber and T�uter

(11), and time effluenmt was dialyzed against
0.05 M Tris, pH 8, to remove urea. After

1 lOW � nmonmomner

2 100% dinner
3 41% dinner,

59% trimer

4 18% trmmer,

82% tetranuer

5 69% tetranmer,

31% higher ohigomners

eolneermtrationm by ultrafiltrationm, time specific
enmzvmatie activity of time eluted enzyme was
assayed and time purity of time oligomeric

species was determinmed by SDS-aerylamide
gel electropimoresis. Table 1 inndieat es timat

all cross-linked species are active but timat time

specific activity of the monmomeric bands is

somewhat greater. Time lower specific ac-

tivity itt all bands compared to time activity
before SDS-acrylamide elect rophmoresis re-

flects inactivation durinng the separation

procedures, as noted by Weber and [cuter
(11). Since renmaturation of the higher oligo-

merle species after exposure to SDS arid
urea may have been less complete timan for
time monomer, time activity recovered mm these

species must be coimsidered time minimal value

for timeir activity before elect ropimoresis.

Table 2 indicates time relative activity witim



Substrate
Substrate

concentra-
tion

Control enzynme
DMS-cross-linked

enzvnie

panoles/,nin/nzi,’

52

2.4

1.8

1.7

Percentage
of control

17.2

21.2

24.8
23.2
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TABLE 2

ilelative enzymatic activity of native and cross -liiiked L -as paraginase

The cross-linked emmzynme had beemm treated with UMS for 6 hr as simowmi imi Fig. 3. Emmzvmmmatic ac-

tivity was determimmed as described under MATEIIItLS AND MEtttom).S.

L-Asparagimue

n�-Glutanmmimue

/3-Cyano-L-alamii mie

5-I)iazo -4-oxo-L-mmorvalimie

�.mnzoies/ inin/nig

20 3(X)

25 11.4

40 7.2

3 7.2

alterniat i’ve subst rates at concenmtn’at ionms nip-

proaciming their maximal velocities. Time
reaction velocity nvitim all substrates was

reduced to time same degree. However, tine
rate of innactivationn of time catalytic site by

DONV was essentially unaffected (cormtrol,

0.40 unit inactivated per imours; cross-linked
enzyme, 0.42 unnit inactivated per imour).

DISCUSSION

Time forniation of covalent linkages be-

tween the subunits of L-asparaginase from
E. coli annd SDS-acrylamide gel electro-
phoresis hints provided further confirmatiomn
of the tetramerie structure. Durinmg the

course of this cross-hinmkinng reaction, con-

siderable enzymatic activity is lost, but
finite activity remains despite exiuaustive

treatment witim DMS. Time data inn Fig. 4
arid Table 2 for covalent modificationn by
DMS suggest timat lysine amino groups ac-
cessible to DMS are nmot essenntial to cnn-

zymatic activity but timat the process of
cross-linkage someimow alters time catalytic

site, either through stenic iinterferenmce
created by time DMS residues or by distor-

tion of time subunit nnear the active site. The
covalent reaction of DONV with time cnn-
zvme inn tine region of time active site, imow-
ever, proceeded at the same rate. Thus,
time amino acid residue witim which DONV
reacts to form a covalent hinnkage may nnot be

directly involved inn catalytic activity.
Another modificationm of L-asparaglna.se in
this laboratory by treatment witim tetra-
nitrometimanme also causes cross-linking inn
additionn to time expected formation of nitro-
tyrosine residues (12). Altimougim time catalytic

activity of time tiitro-enmzvnie is reduced, time

relative activity toward time various sub-
strates iS greatly modified, presumably be-

cause of time participationm of tyrosinme residues
mm time catalytic cenmter.

Tine quantitative data pt’esenmted inn this
report emphasize that mummy 1)\IS molecules

tb mnot react to cross-link subunits. Some of
time lvsitne amino groups cann react witim D\IS
timrougim otmly onme enmd of the reagent, aumd the
subseqrmenmt reaction of the otimer imido ester
group with water to form an ester precludes

its participationm in eross-linkinmg. Othmer mole-
eules of DM5 may react by forming ititra-
subummit bounds timrougim 2 ly.siunes residues inn

time same simbunit. Sinmee a minimum of 5 amid
a maximum of 10 of time 21 hvsine residues
in each suhuinit react with DMS, it would
seem from Fig. 4 timat conditions are optimal
for cross-hinnkinmg between subunits in time

early stages of time reaction. Subsequent re-
action of DMS witim less accessible amiumo
groups of lysine apparently does not create a
spatial relationmsimip favorable to intersub-

unit cross-linkage.
The covalently cross-linked enzyme pre-

I)ared in timis study provides a useful refer-
ennce material for current studies directed at

tine preparatioim of monomeric forms of the
enzyme. Comparative biological properties
will be time subject of a future report.
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