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Abstract: Adenylosuccinate lyase (ASL)  from Bacillus subtilis 
has been crystallized and  structural  analysis by X-ray  diffrac- 
tion is in  progress.  ASL is a 200-kDa homotetramer  that  cata- 
lyzes two  distinct  steps of de  novo  purine biosynthesis  leading 
to  the  formation  of  AMP  and  IMP;  both  steps involve the 
&elimination of fumarate.  A single point  mutation in the  hu- 
man  ASL  gene  has been linked to mental  retardation with au- 
tistic features. In addition,  ASL plays an  important  role in the 
bioprocessing of anti-HIV  therapeutics. E. subtilis ASL, which 
shares  30% sequence  identity and  70% sequence  similarity with 
human  ASL,  has been  crystallized and  data  to  3.3 A have been 
collected at 100 K.  The  space  group is P6J2  or  P6522 with a = 
b = 129.4 A; the length of the c-axis  varies  between 275 and 
290 A, depending on the  crystal.  An analysis  of  solvent content 
indicates a  dimer in the  asymmetric unit,  although a self-rotation 
function  and  an  analysis  of  native  Pattersons failed to  identify 
unambiguously the  location of any noncrystallographic  symme- 
try  axes. Structure  determination by isomorphous  replacement 
is in progress. 
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Adenylosuccinate lyase (ASL;  E.C. 4.3.2.2; also  known as ade- 
nylosuccinase) catalyzes two steps of the  de novo biosynthesis of 

Reprint  requests  to:  Todd 0. Yeates,  Department of Chemistry  and 
Biochemistry, Box 951569,  University  of  California, Los Angeles, Los 
Angeles,  California 90095-1569. ' Present  address:  Department  of  Biological  Structure  SM-20,  Uni- 
versity of Washington,  Seattle,  Washington  98195. 
' Present  address:  Janssen  Pharmaceuticals, 655 Phoenix  Drive,  Ann 

Arbor,  Michigan 48108. 
Present  address:  Clinical  Communications,  Parke-Davis  Pharma- 

ceutical  Research, 2800 Plymouth  Road,  Ann  Arbor,  Michigan 48105. 

purine  ribonucleotides,  both involving the removal  of fumarate 
(Seegmiller, 1980). In one  reaction,  ASL catalyzes the  conver- 
sion of 5-amino-4-imidazole-N-succinylocarboxamide ribotide 
(SAICAR)  to 5-amino-4-imidazolecarboxamide (AICAR).  This 
is the  ninth  step in biosynthesis of IMP  from ribose 5'-phosphate 
(Fig. 1A). In  the second reaction,  ASL catalyzes the conversion 
of  adenylosuccinate to AMP (Fig. IB).  Several disease  states 
have been associated with defects in the  purine  biosynthetic 
pathway,  including Down's syndrome and sensorineuronal deaf- 
ness (Patterson et ai., 1981; Becker et al., 1986). ASL  defects 
have  been associated with mental  retardation with autistic fea- 
tures  (Jaeken & Van den Berghe, 1984; Jaeken et al., 1988). In 
ASL-deficient patients, succinyladenosine and  SAICA riboside 
(degradative  products of ASL  substrates  adenylosuccinate  and 
SAICAR)  accumulate in body  fluids,  whereas  unaffected  sub- 
jects  show  no  detectable levels ( < 1  pM) of such compounds. 
Stone et al. (1992) identified  a single point  mutation  (T  to  C) 
in the  human  ASL gene that leads to  a Ser-413 to  Pro (S413P) 
alteration in the  enzyme. All three  of the mentally retarded chil- 
dren in a  Moroccan family were homozygous for this mutation. 
The  parents  and  unaffected  children in the family  were hetero- 
zygous and  the  alteration was absent in control  subjects.  The 
S413P  mutation leads to decreased  enzyme  stability,  as evi- 
denced by its greater heat  lability and its increased  sensitivity to 
guanadinium HC1 and  urea  (Stone et al., 1992). Neither the 
binding  of  adenylosuccinate  and  SAICAR to ASL  nor  the ki- 
netic parameters of the  enzyme were affected by this mutation. 
Decreased levels of ASL are detected (by western analysis) in the 
lymphocytes  of affected  patients relative to  unaffected individ- 
uals (Stone et al., 1992). It has been proposed  that  the  mutant 
enzyme is more  prone  to  degradation by cellular proteases  than 
its native  counterpart  (Stone et al., 1992). 

ASL  also plays an  important  role in the  conversion of  di- 
deoxypurine nucleosides to  dideoxynucleotide  triphosphates 
with known  anti-HIV  (human  immunodeficiency virus)  activ- 
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Fig. 1. The  two  reactions in de  novo  purine  biosynthesis  catalyzed by 
adenylosuccinate  lyase  (ASL). A: Ninth  step in the I I-step  de  novo  bio- 
synthesis of IMP  from  ribose-5-phosphate. R: Second  step in the  con- 
version of IMP to AMP. 

ity (Nair & Sells, 1992). 2',3'-dideoxyadenine  (ddA)  and 2',3'- 
dideoxyinosine  (ddl) have shown  promise in vitro  as  therapeu- 
tic agents  that slow the  proliferation of the  virus  (Mitsuya & 
Broder, 1986). ddI  has  undergone  phase I I  screening  and  has 
been approved  for clinical trials  (Mitsuya et al., 1990; Moyle 
et al., 1993). During  activation  of  ddI within the cell, ASL  has 
been found  to  convert  ddSAMP  with  only  2% efficiency  rela- 
tive to its physiological substrate, adenylosuccinate (Nair & Sells, 
1992). 

The  ASL gene has been isolated from  the bacteria Escherichia 
coli and Bacillus subtilis, and  cDNAs  have been isolated  from 
avian  (chicken) liver and  human liver (Ebbole & Zalkin, 1987; 
Aimi et al., 1990; Stone et al., 1992). The  human  and  avian  en- 
zymes are  both 459 amino  acids, 52.3 kDa,  and  are active as tet- 
ramers.  The Bacillus enzyme is 431 amino  acids,  displays a 
relative monomer  molecular weight of 52 kDa,  and is also  ac- 
tive as a tetramer.  The  human  and  avian enzymes share  85% se- 
quence  identity,  whereas  the  human  and Bacillus enzymes  are 
30% identical.  The  catalytic  mechanisms of these  enzymes  are 
similar.  There  are several  significant stretches  of  sequence iden- 
tity  present in all three enzymes,  including an 1 I-amino acid  pu- 
tative  "signature sequence" (263-GSSAMP[Y/H]KRND-274 for 
ASL)  found  in  enzymes  that  catalyze  0-eliminations of fuma- 
rate  (Stone et al., 1993). A putative  superfamily  of  metabolic 
enzymes  has been identified  that  includes 6-crystallines, fuma- 
rases, aspartases, argininosuccinate lyase, adenylosuccinate lyase, 
and 3-carboxy-cis,cis-muconate lactonising enzyme. These  en- 
zymes are all 200-kDa homotetramers  and  carry  out 0-elimination 
reactions  (Simpson et al., 1994). The  crystal  structures  of  tur- 
key 6-1 crystallin and E. coli fumarase C have been determined 

to 2.5 A and  2.0 A resolution, respectively, and reveal homo- 
tetrameric  enzymes with  222 symmetry  (Simpson et al., 1994; 
Weaver et al., 1995). 6-1 crystalline and  fumarase C  may represent 
structural  models  for  this  superfamily  of  metabolic enzymes. 

The gene encoding B. subtilis ASL  was  engineered with PCR 
to encode six amino-terminal histidyl  residues and placed  un- 
der  the  transcriptional  control of the 410 promoter of the pT7-7 
expression vector (Tabor & Richardson, 1985). The plasmid was 
introduced  into E. coli strain BL21 (DE3)  for  protein  produc- 
tion. Briefly, a I-L  culture of transformed  bacteria was grown 
at 37 "C in rich medium  and 100 pg/mL ampicillin to an  ab- 
sorbance  reading  at  600 nm of 0.5. IPTG was added to a  final 
concentration of 500 pM  and  incubation was continued  for  an 
additional 3  h. Bacteria were harvested by centrifugation  at 
20,000 x g for  20  min.  Recombinant B. subfilis ASL was puri- 
fied to homogeneity  from  the  crude lysate in a  single step  on 
NTA-agarose  saturated with Ni'+. Elution was accomplished 
witha0-500mMimidazolegradientin50mMTris-HCI,pH6.0, 
300 mM NaCI, following extensive washing with the  same buffer 
lacking  imidazole. Chromatographic  fractions  containing enzy- 
matic  activity were  pooled and  concentrated to 15 mg/mL in 
20 mM sodium  phosphate  buffer,  pH 7.0, 20 mM  NaCI. 

Crystals were obtained  at 22 "C in 1.3- I .5 M ammonium sul- 
fate, 0.1 M MES  buffer  at  pHs 5.5, 5.6,  and 5.8-6.2. Crystalli- 
zation trials at  pH 5.7 yielded only amorphous  precipitate.  The 
crystals  are  strongly  birefringent  hexagonal  bipyramids,  and 
grow to a  maximal size of 1.2 x 0.8 x 0.8 mm in 1-3 weeks from 
a standard  hanging-drop  vapor  diffusion  experiment  (Fig. 2). 
A ratio of 2: 1 for  protein to well solution was found to produce 
the largest crystals, and crystals of similar morphology and qual- 
i ty were found to grow in the presence or absence of I mM AMP 
added to the  protein  solution. 

The  crystals  diffract  X-rays to approximately 4.5 A resolu- 
tion  at 22 "C on  an  R-AXIS  Ilc imaging plate with a  Rigaku ro- 
tating  anode  source ( 1 0 0  kV, 50 mA, Cu-Ka radiation, 1.54-A 
wavelength),  but decay rapidly in the  beam.  Cryoprotection of 
the  crystals in 35-40%  glycerol and  the  mother  liquor used to 

Fig. 2. Hexagonal  bipyramidal  crystals of E. subrilis ASL.  These crys- 
tals  grew in 1.5 M  ammonium  sulfate, 0. I M  MES  buffer,  pH 5.8, in 
two weeks at 22 "C, and  measure  approximately  0.8 x 0.6 x 0.6 mm. 



788 M.R. Redinbo et al. 

support  crystal  growth  allows cooling of  the  crystals to  100 K 
in  nitrogen  gas.  This  extends  the  diffraction  resolution  to  ap- 
proximately 3.8 A resolution  on  an  in-house  R-AXIS imaging 
plate and effectively eliminates the problem  of crystal decay. The 
unit cell was determined  to  be  hexagonal, with a = b = 129.4 A,  
c = 280 A, (Y = 0 = 90°, y = 120°, by automated  indexing with 
R-AXIS  software  and  with  the  program  DENZO  (Otwinowski 
& Minor, 1995). The  length  of  the c-axis  varies from 275 to  
290 A depending on  the  crystal. A native  data set has been  col- 
lected to 3.3  A resolution at  100 K using  1.15-A  wavelength ra- 
diation  at  beamline  X12C,  National  Synchrotron Light Source, 
Brookhaven  National  Laboratory (c-axis = 282.1 A,  Rmerg2 = 
6.l%,  93%  complete, ( U u )  = 5.4 for  data between 3.4  and 
3.3  A resolution).  The  space  group was determined to  be  either 
P6,22 or P6,22 by examination  of  systematic absences, and  an 
analysis of the Matthew’s parameter (VM = 3.4 A3/Da)  indi- 
cated a dimer in the  asymmetric  unit  (Matthews, 1968). How- 
ever, a self-rotation  function  (Navaza, 1994) and  an analysis of 
native Pattersons  (both using data  to 3.3 A resolution) failed to 
identify  the  location  of  noncrystallographic  symmetry  axes. 

B. subtilis ASL does  not  share a high degree of sequence  iden- 
tity with any proteins  of known structure. B. subtilis ASL is 22% 
identical  over 431 amino  acids  to  the chicken 6-1 crystallin se- 
quence, which  was  built into  the  crystal  structure of turkey 6-1 
crystallin (chicken and  turkey 6-1 crystallin share  approximately 
90%  sequence  identity)  (Simpson  et  al., 1994). E. coli glutathi- 
one  synthetase,  for which a 2.0-A crystal  structure  has been re- 
ported  (IGLT;  Yamaguchi et al., 1993), is 18%  identical  to 
B. subtilis ASL over  a  122-amino acid  stretch.  As  expected, this 
122-amino  acid fragment  produced  no useful molecular  replace- 
ment  solutions using the  automated  molecular  replacement 
package  AMoRe  (Navaza, 1994). Structure  determination of 
B. subtilis ASL is progressing using the  isomorphous replace- 
ment  method. 
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r 

where N is the  number of unique  reflections, I,,r is the  i th   measurement  
of the  r th  reflection, ( I r )  is the  average of the  r th  reflection,  and n ( r )  
is   the  number of measurements of the   r th   re f lec t ion  of the  data   set .  
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