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Abstract 

The  structure  of  human  pancreatic  a-amylase  has been determined  to  1.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA resolution  using  X-ray  diffraction 
techniques.  This  enzyme is found  to be composed  of  three  structural  domains.  The largest is Domain A  (residues 
1-99, 169-404), which forms a central  eight-stranded  parallel  @-barrel,  to  one  end of which are  located  the  active 
site  residues Asp 197, Glu 233, and  Asp 300. Also  found in this vicinity is a bound  chloride  ion  that  forms  ligand 
interactions  to  Arg 195, Asn 298, and Arg 337. Domain B is the smallest (residues 100-168) and serves to  form 
a calcium  binding site against  the wall of the  @-barrel  of  Domain  A.  Protein  groups  making  ligand  interactions 
to  this  calcium  include  Asn 100, Arg 158, Asp 167, and  His 201. Domain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC (residues 405-496) is made  up of anti- 
parallel  @-structure  and is only loosely associated with Domains zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and B. It is notable  that  the  N-terminal  gluta- 
mine  residue of human  pancreatic  a-amylase  undergoes a posttranslational  modification  to  form a stable 
pyrrolidone derivative that  may  provide  protection  against  other digestive enzymes. Structure-based  comparisons 
of human  pancreatic  a-amylase with functionally related  enzymes  serve to emphasize  three  points. Firstly, despite 
this approach facilitating  primary sequence alignments with respect to the numerous insertions and deletions present, 
overall  there is only - 15% sequence homology between the  mammalian  and  fungal  a-amylases. Secondly,  in con- 
trast, these same studies  indicate that significant structural homology is present and of the  order of -70%. Thirdly, 
the positioning of Domain C can vary  considerably between a-amylases.  In  terms of the  more closely related por- 
cine enzyme,  there  are  four regions  of polypeptide chain  (residues 237-250, 304-310, 346-354, and 458-461) with 
significantly different  conformations  from  those in human  pancreatic  a-amylase.  At least two  of these could play 
a role in observed differential  substrate  and cleavage pattern specificities between these enzymes. Similarly,  amino 
acid  differences between human  pancreatic  and salivary a-amylases  have been  localized and a number of these 
occur in the vicinity  of the  active site. 
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a-Amylases  catalyze  the hydrolysis of  a-1,4  glucan  linkages in 
starch  and  are widely distributed in nature, being found in  bac- 
teria,  plants  and  animals.  In  humans,  a-amylase is composed 
of 496 amino  acids  in a single polypeptide  chain, which is en- 
coded on chromosome 1 as part of  a  multigene family (Gumucio 
et al., 1988). These genes are regulated so that different isozymes 
are synthesized in either salivary glands or the  pancreas. The sal- 
ivary and pancreatic a-amylases  are highly homologous  in  terms 
of  primary sequence (Nishide et al., 1986) but do  exhibit some- 
what  different cleavage patterns  (Minamiura, 1988). The  func- 
tional  differences  observed  undoubtedly  arise from  the 15 amino 
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acid substitutions between these sequences, some of which occur 
in the  putative  active site region. 

The digestion of  starch  occurs in  several stages in humans 
(Truscheit et al., 1981; Semenza, 1987). Initially salivary a-amylase 
provides  a  partial  digestion, which breaks down polymeric starch 
into  shorter  oligomers.  Upon  reaching  the  gut  this  partially  di- 
gested starch is then extensively hydrolyzed into smaller  oligo- 
saccharides by the  a-amylase synthesized in  the  pancreas  and 
excreted into  the  lumen.  The  resultant  mixture of oligosaccha- 
rides, including  maltose,  maltotriose,  and a number of a-(l-6) 
and ~ ( 1 - 4 )  oligogiucans, then passes through  the  mucous layer 
to  the  brush  border  membrane.  At  this  point a number of 
a-glucosidases  function to  further  degrade  the oligosaccharides 
to glucose. This glucose is then  absorbed  and  enters  the  blood- 
stream by means of a specific transport  system. 
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An  unusual  feature  of  a-amylases isolated from  different 
sources is the  substantial  divergence  observed in their  primary 
sequences. Only minimal  homology is observed in sequence 
alignments  and  this is restricted for  the  most  part  to  four  short 
segments (4-9 residues in length)  of  polypeptide  chain  (Naka- 
jima et al., 1986; MacGregor, 1988; Jespersen et al., 1993). In 
contrast,  structural studies on a limited number of  these enzymes 
have  shown  that  greater  homology exists between them with re- 
spect  to  polypeptide  chain  folding.  a-Amylase  structures  com- 
pleted thus  far  include  those  of barley (Kadziola  et al., 1994), 
pig (Qian  et al., 1993; Larson et  al., 1994). and  the  fungal  en- 
zymes  from  Aspergillus oryzae (Swift et al., 1991) and  Asper- 
gillus  niger (Brady et al., 1991). These results also show that these 
a-amylases have  similar  active  site regions that  are centered about 
three highly conserved carboxylate  groups. However, although 
some progress has been made in understanding  the roles of these 
residues in thecatalytic event mediated by a-amylase (Qian et al., 
1994), much  of  this  process  remains  poorly  understood. 

Our  current  work  concerns  gaining a better understanding  of 
the  function  of  human  pancreatic  a-amylase  through  elucida- 
tion  of  the  three-dimensional  structure  of  this  enzyme using 
X-ray diffraction techniques. With these structural analyses the 
dual objectives of determining the overall polypeptide  chain  fold 
of human  pancreatic  a-amylase  and  attaining  an  accurate  as- 
sessment  of  the  active  site  architecture  of  this  enzyme  can be 
achieved. These  data will assist future  studies in the  rational de- 
sign of  inhibitory  agents  that present therapeutic  opportunities 
in a number of areas,  including  the  control  of  diabetes,  hyper- 
lipoproteinemia,  and possibly obesity  (Truscheit et  al., 1981; 
Clissord zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Edwards, 1988; Brogard et al., 1989; Scheppach 
et al., 1989). These  studies  also allow for  comparisons of the 
structure  of  human pancreatic a-amylase with those  of its coun- 

terparts  from  different organisms. The sequence, structure,  and 
function differences  observed between these  a-amylases  present 
a further  opportunity  to  gain insight into  the  details of the  cat- 
alytic  mechanism utilized by this  family  of enzymes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Results 

A  schematic  representation of  the overall  polypeptide  chain  fold 
determined  for  human  pancreatic  a-amylase is shown in Fig- 
ure I ,  along with the locations of each of  the  bound calcium and 
chloride  ions. In total  this  protein is composed  of  three  struc- 
tural  domains.  The  largest is Domain A,  which consists of  an 
eight-stranded parallel  @-barrel surrounded by a concentric cyl- 
inder  of  a-helical  segments.  The  direction  of view in Figure 1 
is set so as  to  look  directly  down  on  the  top  of  the  P-barrel of 
Domain  A, where the  three putative  active  site residues Asp 197, 
Glu 233, and  Asp 300 are  located.  Also  bound  near  to  the  ac- 
tive site is the  chloride ion. An interesting feature  of  Domain A 
is that it is constructed  from  two segments of polypeptide  chain 
that  include residues 1-99 and 169-404. 

Domain B is constructed  from residues 100-168, which oc- 
cur between the third  @-strand and a-helix of  the central P-barrel 
of  Domain A.  It primarily  forms  0-structure,  although a  small 
helix is present. The folding of Domain B forms a pocket against 
the wall of the  @-barrel  of  Domain A in which the  bound cal- 
cium  ion is found. As  evident  in Figure 2, the overall thermal 
factors  for  main-chain  atoms in Domain B (32.0 A*) are  con- 
siderably  higher  than  those  of  Domains A (17.3 A2) and C 
(20.5 A’). These results suggest one  role  of  the calcium  binding 
site of  human  a-amylase is to stabilize the  structure  of Domain B. 

Domain C is made  up  of residues 405-496 and  forms a com- 
pact unit on  the  opposite side  of Domain A from  Domain B. As 

Domain B 

Domain A 

Fig. 1. Stereo drawing of a schematic representation of the polypeptide chain fold of human pancreatic a-amylase. Also indi- 
cated are the relative positionings of the three structural domains present  in this protein (Domain A, residues 1-99, 169-404; 
Domain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB, residues 100-168; Domain C, residues 405-496).  along with locations of the calcium and chloride binding sites. 
N- and C-terminal ends of the polypeptide chain have also been labeled N and C, respectively. A central feature of this struc- 
ture  is the eight-stranded parallel &barrel that forms the bulk of Domain A and is believed to contain the active site region. 
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can  be seen  in Figure 1, Domain C folds  into  an  antiparallel 
0-barrel  type  structure  and is overall  much  more loosely asso- 
ciated with Domain A than is seen for  Domain B. In terms of 
primary  sequence, it is Domain C that is found  to be the  most 
variable between a-amylases  of  different  origins  (MacGregor, 
1988; Jespersen  et  al., 1993). 

One  unique  structural  feature  of  human pancreatic a-amylase 
occurs  at its N-terminal  end.  Here  the side-chain CD  carbon 
atom  of  the  terminal  glutamine residue is covalently bonded 
back to  the  normally  free  terminal  main-chain  amino  group  to 
form a stable  pyrrolidone derivative (pyrrolid-2-one-5-carboxylic 
acid).  This  posttranslational  modification is believed to  occur 

Fig. 2. A plot of the  average  thermal 
factors of main-chain  atoms  along  the 
polypeptide  chain of human  pancreatic 
a-amylase.  The  horizontal line drawn  at 
20.0 A2 represents  the  average  value  for 
the  thermal  factors of all main-chain atoms. 
At the  top of  this  plot is an  indication  of 
how  this  protein is divided  into  domains 
and  the  locations  within  the  polypeptide 
chain where residues involved in calcium (*) 
and  chloride (0) ion  binding  are  located, 
along  with  those believed to play  a  direct 
role in catalysis (0). I t  is clearly evident that 
Domain B as a whole  has  significantly 
higher main-chain  thermal  factors, with an 
overall  average of 32.0 A2. This is ia con- 
trast !o the  average  values  of 17.3 A* and 
20.5 A’ found  for  Domains A and C. 

spontaneously  (Kluh, 1981; Bodansky & Martinez, 1983) and 
results in the loss of  the  terminal  ND2  amide  nitrogen  group of 
the side chain of Gln 1 in the  form of NH,. Figure  3 shows  the 
conformation  of  the  polypeptide  chain in the vicinity  of Gln 1 
and Tyr 2,  and  the  unusual  N-terminal  end  structure  formed. 
Despite  their exposed surface  positioning,  these residues are 
found  to be well ordered with an  average  thermal  factor  for all 
atoms of 18.4 A’. This is also  apparent  from  the well-defined 
omit  map  difference  electron  density  found in the vicinity of 
these  residues as  shown in Figure  3.  This  unusual  N-terminal 
structure  may be a defensive mechanism against amino-peptidases 
and  other digestive  enzymes that  are present in the  medium in 

Fig. 3. Stereo  diagram  of  an  omit  differ- 
ence  electron  density  map in the  region  of 
the N-terminal end of the polypeptide chain 
of human  pancreatic  a-amylase.  This  map 
was  computed  with  the  omission of the 
whole of Gln 1 and  Tyr 2, and  the  con- 
toured  envelope is shown  at  the 4a level. 
Overlaid  in  dark  lines  are  the  final  refined 
positions of Gln 1 and  Tyr 2. As can be seen 
from  these  results, in human  a-amylase  the 
side  chain of Gln 1 is covalently  bonded 
back  to  what  would  normally be the  free 
terminal  amino  group  of  this  residue to 
form  a  stable  pyrrolidone  derivative. 
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which human  a-amylase must function. It  is notable  that all  pri- 
mary  sequences  of  mammalian  a-amylases  appear to have  an 
N-terminal  glutamine  residue  (Toda, 1988). 

Early  in  our  structural  analyses  of  human  pancreatic 
a-amylase,  and  before it was recognized that  Gln 1 formed a 
pyrrolidone  derivative,  attempts were made  to  fit  this  residue 
into  electron  density  maps  as a normal  glutamine.  This led to 
unsatisfactory stereochemistry and  abnormally high thermal  fac- 
tors  for  the side-chain atoms of  this residue. It is of interest that 
in both  structure  determinations  of  porcine  a-amylase  (Qian 
et  al., 1993; Larson  et  al., 1994) Gln zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 was refined  as a normal 
amino  acid.  In  both cases considerable  disorder,  coupled with 
high  thermal  factors, were noted  for  Gln zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI and  Tyr 2. These 
results and  our  observations with human  pancreatic  a-amylase 
(Fig. 3) suggest the porcine  enzyme, like its human  counterpart, 
also  has a cyclic pyrrolidone  end  and  that  each  of these porcine 
structures  should be reexamined to see if this feature would bet- 
ter fit the observed  electron  density. The results of  an earlier pri- 
mary  sequence analysis have also suggested that Gln I in porcine 
a-amylase is a pyrrolidone  derivative  (Kluh, 1981). 

With few exceptions,  the  observed  electron  density  over  the 
course  of  the  polypeptide  chain  of  human  a-amylase was com- 
parable  to  that  shown  for Gln zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 and  Tyr 2  in Figure  3.  The  only 
extended region having weak electron density for main-chain 
atoms  consisted  of residues 304-309, which are  part of  a  flexi- 
ble surface  loop.  As  Figure 2 shows, these  residues  have corre- 
spondingly high thermal  parameters,  the  average  of which for 
main-chain  atoms is 51.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA*, as  compared to 20.0 A' for all 
main-chain  atoms. In particular,  no significant  electron  density 
was  observed  for Gly 306. This region of  polypeptide  chain is 
near  the active  site  residue Asp 300 and  may play  a  role in bind- 
ing to  substrates (Qian et al., 1994). Two  other segments  of poly- 
peptide  chain  (residues 236-244 and 346-353) exhibit  elevated 
thermal  factor values. Both  of these are  part of extended loops, 
with one being adjacent  to  another active  site  residue (Glu 233). 
The  positions  of a number  of  side  chains belonging to solvent- 
exposed  amino  acids were also  not clearly defined. Residues 
having  only weak electron  density  beyond  CB  include  Gln  8, 
Asn 105, Trp 134, Gln 234, Asn 350, Asn  459,  and  Asp 471. 
Those  poorly resolved beyond CG were lysines 142, 208, 243, 
278, 322,  and  Arg 343. 

Two  other  notable  features  of  human  pancreatic  a-amylase 
are its ability  to  bind a chloride  and  calcium  ion.  As  Figure 1 
shows,  the  chloride  ion is bound in the direct  vicinity  of the  ac- 
tive  site and  may serve as  an  allosteric  activator  of  catalysis 
(Levitzki & Steer, 1974; Lifshitz & Levitzki, 1976). Chloride  ion 
coordination involves the side chains  of  Arg 195, Asn  298,  and 
Arg 337, along with a water molecule. These  interactions  are il- 
lustrated  in Figure 4A  and Kinemage 4, with the  corresponding 
distances involved detailed in Table 1. Two of the  chloride  ion 
ligands  observed  (Arg zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA195 and  Asn 298) are  adjacent  to  active 
site residues (Asp 197 and  Asp 300). This  chloride  ion is well 
resolved in  electron  density  maps  and  has a thermal  factor of 
31.0 A'. 

The  overall  positioning  of  the  bound  calcium  ion in human 
pancreatic  a-amylase is shown in  Figure 1 and its immediate en- 
vironment is illustrated in Figure 4B and  Kinemage 3. A total 
of  eight  ligand  interactions  are  made  from  main-chain, side- 
chain,  and water  molecules to this  calcium ion  and  the distances 
involved  are listed  in Table 2. This  calcium  ion is tightly bound 
(Vallee et al., 1959) and  refines  to a thermal  factor  of 20.8 A'. 

Table 1. Chloride  ion  binding  site  interactions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
in human  and  porcine  u-amyfases 

Distances (A) 

Interaction  Atom  Human  Porcine 

Arg 195 NE 3.47  3.21 
NH2 3.32 3.37 

Asn 298 ND2 3.25 3.26 
Arg 337 NH 1 3.35  3.39 

NH2 3.16 3.06 
Wat 0 3.32 3.21 

With  the  exception  of  the  interaction  to  the  Domain A residue 
His 201, all others  from calcium to protein groups involve amino 
acids in Domain B. In  many respects, the  calcium  binding site 
is a central organizing structural  feature of Domain B, the poly- 
peptide  chain  of which wraps itself around this site. It also serves 
to  bind  Domain B to  the  surface  of  Domain A  in the vicinity 
of  the  substrate binding channel  (Qian et al., 1994). It has been 
shown  that  the presence of  calcium is essential for  catalytic  ac- 
tivity  (Vallee et  al., 1959). 

Other polypeptide  chain  features  of note in human  a-amylase 
include  Ser 414 and  the  two  cis-prolines  at residues 54 and 
130.  Ser 414 is the  only  amino  acid  that  has  refined d , $  angles 
(-124", -1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAloo) that fall outside  the limits normally  observed. 
Reference  to  electron density maps  shows  that  Ser 414 is well 
resolved and is part of the end  of an extended surface loop. The 
terminal  turn  of this loop is unusual in that  hydrogen  bonds 
from  the  side chain  of  Asn 412 to  the  main-chain  amide  groups 
of Ser 414 and  Gln 416 appear  to  mediate  the  curvature  of this 
turn. A further  hydrogen  bond  from  the side chain of Asn 415 
is formed  to  the side chain  of Ser  414. Thus, it appears  that  the 
unusual  hydrogen  bonds  formed in  this turn  are responsible for 
the  nonstandard  main-chain  torsional angles of  Ser 414. Both 
of cis-prolines  54  and 130 are  also located at  the  ends  of ex- 
tended /3 loops.  Each of these is  well resolved in  electron  density 

Table 2. Calcium  ion  binding  site  interactions in human, 
porcine, and  the  fungal  a-amylases  from  Aspergillus 
oryzae (Taka) and niger (Niger) 

Distances (A) 

Interactiona  Atom  Human  Porcine  Taka Niger 

Asn 100 (Asp) OD1 2.31 
Arg 158 (Glu) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 2.51 
Asp 167 OD1 2.58 

OD2  2.49 
His 201 (Glu) 0 2.41 
Wat 0 2.46 
Wat 0 2.49 
Wat 0 2.65 

2.31 2.63 
2.32 2.55 
2.61 2.66 
2.64 2.14 
2.28 2.63 
2.44 2.36 
2.49 2.43 
2.62 2.61 

2.56 
2.63 
2.81 
2.61 
2.40 
2.50 
2.58 
2.60 

a Residue  numbering is according to the  sequence  alignment of Fig- 
ure 5 ,  with  amino  acids  differing  from  those of human  @-amylase  indi- 
cated  in  brackets. 
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tion  sphere  of  the (A) chloride  ion  bound  to 
human (thick lines) and  porcine  (thin  lines) 
pancreatic  a-amylases,  as well as (B) the cal- 
cium  ion  bound  to  these  enzymes  and (C) the 
comparable  calcium  site  found for the  fun- 
gal Taka  (thick  lines)  and Niger (thin  lines) 
a-amylases.  Coordination  interactions  are  in- 
dicated  with  dashed  lines  and  the  distances  in- 
volved are  presented in Tables 1 and 2. Bound 
water  molecules  have  also  been  drawn  and  la- 
beled “Wat.”  Amino  acid  numbering is accord- 
ing to  the  alignment  presented  in  Figure 5 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(Continues on facing  page.) 

maps  and  appears  to have been placed to assist  in the execution 
of the  sharp  turns necessary  in the  polypeptide  chain  at  these 
positions. 

Discussion 

Primary sequence alignments 

One  remarkable  feature of a-amylases  isolated  from  different 
sources is the divergence observed in their  primary  sequences. 
For  example,  alignments of the  sequences of animal  and  fun- 
gal a-amylases has found  homology  on  the  order of only - 10% 

between the  residues  present.  Indeed,  the dissimilarity  between 
the sequences determined for members of this family of enzymes 
has  made  formulating  justifiable  alignments  of these very dif- 
ficult, with the necessity of  introducing  multiple  insertions  and 
deletions  at  arbitrary  positions  to achieve even  minimal  corre- 
spondence  (for  example, see MacGregor, 1988; Jespersen  et al., 
1993). 

Overall  such  studies have found  only  four  short  segments of 
polypeptide chain that  demonstrate  reasonably  good  homology 
amongst  the  a-amylases.  These  include  residues 96-101, 193- 
201, 233-236, and 294-301 (Fig. 5 ) .  The  first of  these  segments 
is involved in  binding a calcium ion, whereas the latter  three  each 
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Fig. 5. Sequence comparison of human pancreatic and salivary, porcine, Taka, and Niger a-amylases. Sequences of human 
pancreatic  (Nakarnura et al., 1984; Wise  et al., 1984; Nishide et al., 1986) and salivary (Nakamura et al., 1984; Nishide et al., 
1986). porcine (Pasero et al., 1986; Qian et al., 1993), Taka  (Toda et al., 1982), and Niger (Takkinen et al., 1983) a-amylases 
have been aligned so as  to maximize the  structural homology present. The single-letter code is  used to identify amino acids and 
the residue numbering is  based on the sequence of human pancreatic a-amylase.  Primary sequence identity with that of the hu- 
man pancreatic enzyme is indicated by the boxes drawn. Also indicated are residues involved in forming  the calcium (*) and 
chloride (0) binding sites, as well as those residues (0) believed to directly take part in the  catalytic mechanism of a-amylase. 
Four short segments of polypeptide chain that  are highly conserved in all a-amylases are printed in bold. Portions  of polypep- 
tide chain  that occur at the same primary sequence location in this figure but that are found to fold in different  conformations 
between the mammalian and fungal  a-amylases are heavily underlined and labeled with the letters A-H. The precise locations 
of these structurally  different polypeptide chain segments in the three-dimensional structures of human pancreatic and Taka 
a-amylases are indicated in Figure 6. 
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contain a putative  active site residue (Boel et  al., 1990; Larson 
et al., 1994; Qian et al., 1994). In total, these  represent 27 amino 
acids  out  of  the -500 that  make  up  the  typical  a-amylase. All 
other regions of  the  polypeptide  chain sequences  of animal  and 
fungal  a-amylases  have essentially no  homology when aligned 
using traditional  methods based on matching schemes dependent 
solely on  amino  acid  identity. 

Despite the results obtained  from sequence  alignments,  recent 
structural  studies  have  shown  that  a-amylases  do have consid- 
erable similarity  with  regard to polypeptide  chain  folding.  With 
the  availability of the  atomic  coordinates  for  the  porcine  (Lar- 
son et al., 1994), Taka (Swift  et al., 1991), and Niger (Brady 
et  al., 1991) a-amylases,  along with those of the  human  pancre- 
atic enzyme as determined in this study, it is now possible to  take 
a structure-based  approach  to  facilitate a more  accurate se- 
quence  alignment for these  a-amylases. We have  completed such 
a study  and  the  results  are  presented in Figure 5 .  In  this  work 
an optimal  spatial  overlap between the  different  a-amylases was 
achieved by a  least-squares  fit  of  main-chain atoms of  those res- 
idues  in  the  four  homologous  primary  sequence  segments 
present, in addition  to  the position of the  bound calcium ion and 
the  main-chain  atoms  of  those  residues  with which it interacts 
(29  residues in total). 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6A and  Kinemage 1 show  the  structural  overlap 
achieved for  Domains A and B by this  approach  for  the  human 
and  Taka  a-amylases.  It is clear  from these  results that  there is 
a high degree of structural homology between these enzymes and 
a  similar result is obtained when comparisons  are  made between 
these  and  the  porcine  and Niger  enzymes as well. Reference 
to such  diagrams  has  allowed a topological assessment of  the 
true  alignment of the  primary  sequences of  these a-amylases 
(Fig. 5 ) .  Of particular  value in  these studies was the ability to 
use structural  correspondence  to place the variety of differing 
length  insertions  and  deletions in sequence  that  occur between 
these enzymes. The  patterns of insertions and deletions  observed 
in our studies are significantly different  than  those derived from 
sequence-based  alignments  (Nakajima  et  al., 1986) and  could 
serve  to  appropriately  position  the  corresponding  segments 
in the sequences of a-amylases  for which structures  are still 
unavailable. 

A difficulty  encountered  in  these  structural  comparisons 
involved  Domain C (residues 405-496) and  the  segment of 
polypeptide  chain (residues 340-404) linking  it to  Domain  A. 
Domain C appears  to  be  only loosely linked  to  the  core  of 
a-amylase  formed by Domains A and B and  has a substantially 
shifted overall positioning in the  fungal enzymes. Thus,  despite 
having a comparable  overall  fold in  all four  enzymes, it could 
not be properly  aligned  as  described  above.  Also  presenting a 
difficulty is the  fact  that  there  are  no  discernible  segments of 
primary  sequence  homology in Domain C that  might  form  the 
basis for  overlapping  this  structural  element between different 
a-amylases. 

To resolve this  problem,  the best structural  overlap between 
the  human,  Taka,  and Niger a-amylase  structures based on Do- 
mains zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and B was  taken zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas an  initial  starting  point.  Then  the 
polypeptide  chain of the Taka and Niger structures was artifi- 
cially  cleaved at  residue 340, which is at  the  start of the poly- 
peptide  chain  segment  linking  Domains A and C. With  the  aid 
of a  molecular graphics  workstation,  Domain C of  each  fungal 
enzyme was then  rotated  and  translated  to achieve the  maximal 
overlap  of  main-chain  coordinates  with  Domain C of  human 

a-amylase.  On  this  basis,  the  main-chain  atoms of 56 residues 
dispersed  throughout  Domain C were identified  as  being in 
homologous  positions in  all three  enzymes  and used to  guide a 
subsequent  least-squares  refinement of the initial structural over- 
laps.  It was found  that  rotations of 21.2' and 24.0°, along with 
translations of 6.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA and  8.0 A ,  were required to optimally  over- 
lap  Domain C of Taka  and Niger a-amylases, respectively, onto 
Domain C of the  human  enzyme.  As  Figure 6B shows,  this 
approach allowed for excellent fits of related  domains,  and  as 
found  for  Domains A and B, demonstrates  the  high  degree  of 
structural  homology present  between the  mammalian  and  fun- 
gal a-amylases  despite  the lack of primary sequence homology. 
As  shown in the  subsequent alignment of  the primary  sequences 
of Domain C based on these structural overlaps (Fig. 5 ) ,  one fea- 
ture of this  domain is the presence of a relatively large  number 
of insertions  and  deletions between sequences.  Reference to in- 
dividual  a-amylase  structures  shows these occur  for  the most 
part  at  the surface-exposed ends of 0-loops. The fungal enzymes 
also have notably  extended  C-terminal  ends. 

It is clear  from a comparison of the  structural  alignments of 
sequences  presented in Figure 5 ,  with earlier sequence-based 
alignments (Nakajima et al., 1986; MacGregor, 1988), that these 
are significantly different.  These new results serve to  make 
two  points. First, no  matter which alignment  procedure is used, 
the  overall  primary  sequence  homology  observed  between 
a-amylases is found  to  be low. Thus,  the  primary  sequence 
identity  found by a structure-based  approach  for  Taka  (17%) 
and Niger (14%)  a-amylases in comparison  to  the  human  en- 
zyme, is only  marginally higher than  that  found by traditional 
sequence-matching  techniques zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(- 10%). A  second conclusion is 
that,  despite these sequence  alignment  results,  there is signifi- 
cant  structural  homology between distantly related a-amylases. 
For  example,  our  work  shows  that  overall  there is -70%  topo- 
logical equivalence between the  animal  and  fungal  groups of 
a-amylases.  This suggests that  other  a-amylases whose primary 
sequences  are  correspondingly dissimilar are  also likely to  fold 
into structures comparable  to  that of human, porcine, Taka,  and 
Niger a-amylases.  It seems  within the  a-amylase family of en- 
zymes, that beyond the  four  short segments of polypeptide chain 
related  to  active site structure,  considerable flexibility is avail- 
able  to alter the identities of other residues to optimize enzymatic 
activity under  the  particular  conditions  that  each  a-amylase is 
required to  function.  Thus,  for these enzymes, polypeptide chain 
folding is the  overriding  constraint  over  the  course of molecu- 
lar  evolution  as  opposed to preservation of primary  sequence 
identity. 

Another surprising  result  arising from Figure 5 is the presence 
of eight segments  of  polypeptide  chain  that  occur  at  compara- 
ble positions in the  primary  sequences of both  the  animal  and 
fungal enzymes, but which are  found  to have very different fold- 
ing conformations (see Fig. 6 and Kinemages  1 and 2). These 
segments range in size from 4 to 20 residues and  on average con- 
tain  nine  amino  acids.  Of  the 71 residues involved, 62 occur in 
Domain A, with the  remainder  found in Domain C. As Fig- 
ure 5 shows,  among  these 71 residues,  only 4 are  conserved in 
all five primary sequences. The  alternative  folding  observed  for 
two  of these segments  could be rationalized  from  the  point of 
view that  they  occur  at  the  termini  of  the  polypeptide  chain.  At 
these locations  there  are fewer constraints on polypeptide  chain 
folding  and  therefore  the  opportunity  for  greater flexibility  in 
positioning.  However,  in  the case of the  other six intrachain seg- 
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ments, it is less clear what might be promoting  alternative poly- 
peptide  chain  conformations. For the most part these  segments 
consist  of extended  loops  and in their new conformations  inter- 
act with different  surface  groups.  It is likely that  long-range in- 
teractions formed by alternative amino acids substituted in other 
portions of the  polypeptide  chain  dictate  the  preferential  fold- 
ing  of  these  loops, which have  greater  freedom  of  movement 
than  polypeptide chains  buried  in the  core of the enzyme. These 
results  serve to highlight another  difficulty in comparing  pri- 
mary  sequences of low homology in the  absence  of  structural 
information. 

Homology of ion  binding and  active  site  residues 

Beyond the  considerable  polypeptide  chain  folding  homology 
observed,  the  a-amylases  compared in Figure 5 are  also highly 
homologous in terms  of  the site of calcium  binding near  the ac- 
tive site and  the  conformations  of  active site  residues. As  ref- 
erence  to  Figure 4 and  Kinemage 3 shows,  the  positioning, 
binding  ligands, and even  associated  water molecules within  this 
calcium  binding  site  are  virtually  identical  despite  the presence 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6.  Stereo  drawings  of  optimized  over- 
laps of the  course  of  the  polypeptide  chains 
of (A) residues 1-339 and (B) residues 340- 
496 of  human  (thick  lines)  and  Taka  (thin 
lines) a-amylases. Residues 1-339 comprise 
Domain B and most of Domain A (Fig. 1). 
Overlap of these two  domains was based on 
a  least-squares fit of the  main-chain  atoms 
of residues  in  four  segments of conserved 
primary  sequence  between  these  enzymes, 
as well as  those  forming  ligands in a  com- 
mon  calcium  binding  site  (Table  2). Po- 
sitions  of  the  calcium  and  chloride  ions 
bound  to  human  a-amylase  are  also  drawn. 
Residues 340-496 represent  the  linker  re- 
gion  between  Domains A and C, and  Do- 
main C itself.  Although  Domain C has  a 
similar  folding  topology  in  the  human and 
Taka  a-amylases, i t  has  a  different  place- 
ment  with  respect to  Domains A and B in 
these  enzymes.  Structural  overlap  of  Do- 
main C was achieved  by  cleavage of the 
polypeptide  chain  at  residue 340, followed 
by manual  and  least-squares  refinement 
to achieve  the  best  correspondence  as  de- 
scribed  in  the  text.  These  results  show  that 
Domain C in Taka  a-amylase is rotated  and 
translated by 21.2" and 6.4 A, with respect 
to its  human  counterpart. As described  in 
the text and  indicated in Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  there  are 
eight  segments of corresponding  primary 
sequence between the  mammalian  and  fun- 
gal  a-amylases  that in fact  have very dif- 
ferent  structural  conformations.  These  are 
indicated by the  arrows  and  the letters A-H. 
See Figure 5  for  the exact alignment of these 
segments.  The  primary  sequence  number- 
ing  shown is that of human  pancreatic 
a-amylase  (Fig. 5) and  every  25th  amino 
acid  along  the  polypeptide  chain  has been 
labeled,  along  with  the  terminal  ends. 

of differences in the  identities  of  some  of  the  amino  acids in- 
volved. This  can  be  explained by the  fact  that, with the excep- 
tion  of  the  replacement  of  Asn 100 for  an  aspartate in Niger 
a-amylase,  the  main-chain  atoms  of  substituted  amino  acids 
form  interactions  to  the calcium atom. A comprehensive list of 
the  interactions  formed within this calcium binding  site in all 
four  a-amylases is given in Table 2. It is notable  that  the se- 
quence  alignment in Figure 5 does  indicate higher than  back- 
ground  homologies  for  segments  including residues interacting 
with calcium. This includes residues 157-160 and 165-168, which 
are  not  associated with catalytic  residues.  These results  suggest 
that  calcium  binding  has  similar roles  in the  animal  and  fungal 
enzymes in organizing  and stabilizing the  structure  of  Domain 
B. Additional calcium  binding sites found in the plant and  fun- 
gal a-amylases (Boel et al., 1990; Kadziola  et al., 1994), but that 
are  absent in the  animal  enzymes, do not  appear  to play  a pri- 
mary  role in function. 

Another  important  ion binding  site  in the  animal cy-amylases 
is that  for chloride, which acts  as an allosteric activator (Levitzki 
& Steer, 1974; Lifshitz & Levitzki, 1976). Coordination of this 
ion is provided by the  side  chains of Arg 195, Asn 298, and 
Arg 337 (Table 1) and  the  structure  of this binding site is shown 
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Fig. 7. Stereo drawing showing the similarity 
in the conformations of the active site residues 
Asp 197, Glu 233, and Asp 300 in the struc- 
tures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof human,  porcine,  Taka,  and Niger 
a-amylases. These amino acids and those of 
immediately  surrounding  residues  in  the  animal 
a-amylases are drawn with dark lines, and 
those from the fungal enzymes are drawn  with 
thin lines. The  amino acid numbering scheme 
used  is  based on the sequence alignment  in Fig- 
ure 5 .  

in Figure4  and  Kinemage 4. Reference  to  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 shows  that 
two of the  amino  acids involved are conserved  in the  fungal  en- 
zymes,  whereas the  third,  Arg 337, is replaced by an isoleucine. 
The  absence of chloride  binding in the  fungal enzymes  in  light 
of  the similarity  of  overall  polypeptide  chain  folding in this area 
with the  animal  a-amylases points out  the importance  of the side 
chain of Arg 337 to  chloride  binding.  It is apparent  that  the  de- 
velopment of enzymatic  control  afforded by chloride  ion is an 
evolutionarily  recent event that  does  not seem to play  a role  in 
enzymes  from lower organisms. 

Corresponding  to  the high sequence  homology  about  the  ac- 
tive  site  residues Asp 197, Glu 233, and  Asp 300 are very simi- 
lar  conformations  for these  residues in  both  animal  and  fungal 
a-amylases (Fig. 7 and Kinemage 5 ) .  Indeed,  three  of  the  most 
conserved  segments  of  primary  sequence in the  a-amylases (res- 
idues 193-201,233-236, and 294-301) each contains  one of  these 
amino acids. This suggests that,  although  the  particular speci- 
ficities and cleavage patterns of  these a-amylases  may  vary,  the 
mechanism of catalytic action is likely to be the  same.  Note  that 
these  residues are localized near  to  the  major  calcium  binding 
site and in the  mammalian enzymes adjacent  to  the site of  chlo- 
ride binding. A similar constellation of catalytic residues has also 
been observed in the  structure  of barley a-amylase  (Kadziola 
et  al., 1994). 

Human and porcine pancreatic a-amylases 

It is of  interest  to  compare  the  polypeptide  chain  folding of 
the  human  and porcine a-amylases  to  gain  some insight into  the 
differing  substrate  and cleavage pattern specificities observed 
between  these related  mammalian  enzymes  (for a review see 
Toda [1988] and  references  therein).  As  Figure 5 shows,  there 
are 70 amino  acid  substitutions between the  sequences  of  these 
enzymes  and  these  are likely the basis for  the  functional  differ- 
ences observed.  Of  the  two  recent  structural  determinations of 
porcine  a-amylase,  the  atomic  coordinates  for  those of Larson 

et al. (1994) are  available  and  are used  herein for  structural 
comparisons. 

A plot  of  the  average  positional  deviations between main- 
chain  atoms in the  structures of human  and  porcine  a-amylases 
is shown in  Figure 8. The overall value for all  main-chain atoms 
was  found  to  be 0.32 A. In  total  there  are  four regions  of  poly- 
peptide  chain with significantly different conformations between 
these enzymes. These  include  residues 237-250, 304-310, 346- 
354, and 458-461. The first  of  these conformational differences 
is located adjacent  to a highly conserved  segment of primary se- 
quence (residues 233-236; Fig. 5 ) ,  which includes the active  site 
residue Glu 233. Four  amino acid substitutions  occur in  this vi- 
cinity at  residues 241, 245, 246, and 249. Of these,  the need to 
fit a proline in  place of  an  alanine  at  position 241 in human 
a-amylase  appears  to be responsible for  the  conformational dif- 
ferences observed. Pro 241 also causes the peptide bond between 
Leu 237 and Gly 238 to flip by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 180" and  the course of  the poly- 
peptide  chain in this  region to execute a wider turn  than seen in 
porcine a-amylase. Also affected is the positioning of the a-helix 
that  starts  near  Pro 241, but  substitution  of glycine at  residue 
249 (serine  in porcine  a-amylase) seems to limit this  shift  and 
beyond  this  latter  residue  the  conformation  of  the  polypeptide 
chain of both enzymes  resumes  a  similar course. As Figure 2 in- 
dicates, overall  this  region  of  polypeptide  chain has higher ther- 
mal  parameters  than  the  average. 

A second region  of conformational  differences is also in the 
active  site and involves residues 304-310 (Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8). It follows  im- 
mediately after a highly conserved segment of primary sequence 
(residues 294-301) that  contains  the  catalytic  residue  Asp 300. 
As  shown in Figure 2, the  loop  formed by residues 304-3  10 ex- 
hibits  the highest thermal  factors  observed  in  the  structure  of 
human  a-amylase  and  much of  this flexibility is undoubtedly re- 
lated  to  the  fact  that  four  of  the seven residues  involved are gly- 
cines. Only one  amino  acid  substitution is present, with Ser 310 
of the  porcine  enzyme  becoming  alanine in human  a-amylase. 
Although seemingly a  small change, residue 310 is directly in the 
active site  region and  may be a factor in  specificity differences 
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between these  enzymes. In porcine  a-amylase,  this  region  also 
has high thermal  factors,  but, on the binding of  an  inhibitor  in 
the  active  site, it  becomes much  more  structured  (Qian et al., 
1993,  1994). Thus, it appears  that  the  loop  formed by residues 
304-310 functions by shifting to enhance  binding to substrates 
in the  active site as  part  of  catalysis  and  then moves away  to  al- 
low for  the release of products  and  the complexation  of the next 
substrate molecule. This  would  explain  not  only  the  multiple 
conformations  observed  for this loop between or-amylases but 
also  the high incidence  of glycine  residues that would facilitate 
flexibility in the polypeptide  chain at this point.  It is notable  that, 
with  the  exception  of  residue 304, this  region of polypeptide 
chain is deleted  from  the  fungal  a-amylases. 

A third  region of conformational  differences between the 
human  and  porcine  a-amylases  occurs in the  extended  0-loop 
formed by residues 346-354. This  portion  of  polypeptide  chain 
is part of the link between the  A and C domains  of these enzymes 
(Figs. 1,  5 and Kinemages 1 and 2) and  exhibits high thermal 
factors  (Fig. 2). A total  of  three  amino  acid  substitutions  are 
present, involving residues 347, 349, and 352 (Fig. 5 ) .  The side 
chains  of  Gln 347, Gln 349, Asn 350, and  Asn 352 all take  on 
substantially  different  conformations in human  a-amylase,  and 
this is coupled  with a flip  of  the  peptide  bond between Gln 349 
and  Asn 350. This new peptide  bond  conformation results in a 
new P-turn  structure  being  formed in this region with a hydro- 
gen  bond being made between the  carbonyl  group  of  Asn 350 
and  the  amide  group  of  Asn 352. As  Figure 5 indicates,  this por- 
tion  of  polypeptide  chain  has a substantially  different  confor- 
mation in the  fungal  a-amylase. 

A  final region of  conformational differences involves residues 
458-461, which form  an  0-turn  about  midway  through  Domain 
C .  All four  of  these residues have  different  identities  in  human 
and  porcine  a-amylase  (Fig. 5 ) .  The  shifts  observed in Fig- 
ure 8 are likely due  to  the  exchange of glycine and  asparagine 
residues a t  positions 459 and 460 between these  enzyme se- 
quences.  Gly 459 is located at  the R2  position of  a Type I @-turn 
in porcine  a-amylase.  In  the  human  enzyme,  Gly 460 is located 
at  the R3 position, which  allows for  the  formation  of a Type 11 
@-turn  with a flip of the  central  peptide  bond between  residues 

400 450 496 

Fig. 8. Plot of the  average  positional  de- 
viations of main-chain atoms between the 
structures of human  and  porcine  pancre- 
atic  a-amylases.  The  horizontal line drawn 
represents the overall RMS deviation ob- 
served for these atoms of 0.32 A. At the top 
of this  plot is an  indication of how  these 
a-amylases are divided into structural do- 
mains and the  location zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof catalytic  amino 
acids (0) and those  involved in calcium (*) 
and  chloride (0) ion  binding. 

459 and 460. The  different  conformations of Type I and 11 
0-turns  accounts  for  the side-chain shifts observed between hu- 
man  and  porcine or-amylase in this  region.  It is possible that 
larger  differences  in structure  are  avoided  due  to  the stabilizing 
effect  of a local disulfide  bridge between  residues 450 and 462. 
Most  of  this region of  polypeptide  chain is deleted in the  fun- 
gal a-amylases  (Fig. 5). 

Thus, in terms  of  structural  differences, it seems that at least 
two  of  four such  regions may  have  an  impact  on  the  observed 
differential  substrate  and cleavage pattern specificities between 
human  and porcine a-amylases.  One of  these (residues 237-250) 
involves multiple  mutations in a segment of polypeptide  chain 
adjacent  to a highly conserved  region of primary sequence con- 
taining  the  catalytic  residue Glu 233. Although  the  structural 
shifts  observed do  not  affect  the  placement of Glu 233 (Fig. 7 
and Kinemage 5) .  they could  potentially  modify local substrate 
binding  preferences. The second region (residues 304-310) is po- 
sitioned directly  in the  active site and is known  to  interact  di- 
rectly  with bound  substrate.  There is one  mutation in  this area 
(residue 310) between the  human  and porcine a-amylase primary 
sequences,  and  the  conformation  of  this  loop in the  absence  of 
substrate is significantly  different in these two enzymes (Fig. 8). 
Whether this conformational  difference  translates  into a differ- 
ent  mode of binding  to  substrates  remains  to be determined 
through  structural  analysis  of a substrate  or  inhibitor  complex 
with human  a-amylase.  The  structural differences  observed for 
the  two  other  portions of polypeptide  chain (residues 346-354 
and 458-461) that  are  distant  from  the  active site are less likely 
to be involved in substrate binding except as part of remote bind- 
ing interactions with large  polymeric  substrates. 

Human  pancreatic  and  salivary  a-amylases 

In  humans, or-amylase is encoded by a multigene  family  located 
on  chromosome I (Gumucio  et  a]., 1988). The  regulation  of 
these  genes is such  that  different  a-amylases  are expressed in a 
tissue-specific manner in salivary  glands  and  the  pancreas. As 
is apparent  from  Figure 5 the  primary  sequences of the  pancre- 
atic  and salivary a-amylases  are very similar with -97% homol- 
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ogy overall.  Nonetheless, it has  proven possible to  develop a 
monoclonal  antibody specific for  the  pancreatic enzyme (Svens 
et al., 1989). Functionally the pancreatic and salivary a-amylases 
have  similar but  not identical cleavage patterns when tested with 
a variety of  substrates (see review by Minamiura, 1988). 

With  the  determination of the  structure of human  pancreatic 
a-amylase  the  opportunity  arises  to assess the  origin of  speci- 
ficity differences  observed  in its  salivary counterpart.  In  total 
there  are 15 amino  acid  differences between the sequences of 
these two enzymes (Fig. 5). The  overall  net  effect  of these sub- 
stitutions is to  add  three  more  polar  groups  and  three  additional 
charged side chains  to  the salivary a-amylase.  The largest con- 
centration of amino acid  changes (6  of 15) occurs  in the segment 
of polypeptide  chain (residues 340-404) that  connects  Domains 
A and  C.  The  number of changes  here is comparable  to  that 
found in comparisons  of  the  human  and  porcine  pancreatic 
a-amylases.  It is also a region  of  considerable  variance in pri- 
mary  sequence between the  mammalian  and  fungal  a-amylase 
families. 

In  terms  of  the active site region,  two  substitutions in  salivary 
a-amylase  could  have  implications  on  substrate  binding.  The 
first involves the replacement of Thr 163 by a  serine. In porcine 
a-amylase,  this  residue is believed to  interact with bound  sub- 
strates  (Qian et al., 1994). In a second  replacement, Leu 196 is 
exchanged for isoleucine in the  middle  of a highly conserved re- 
gion of primary  sequence. In the  direct vicinity  of this  substi- 
tution  are  Arg 195,  which binds  chloride  ion, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAsp 197,  which 
is a catalytic  residue,  and  His 201,  which is part of the  calcium 
binding site. Although the substitutions  occurring at residues 163 
and 196 are conservative in nature, it is conceivable that changes 
of this  type when located  at  such  strategic  positions  could have 
an  impact  on  enzymatic  function.  Further  clarification of the 
structural  elements  that lead to  differential activity  in the  hu- 
man  pancreatic  and salivary a-amylases will have  to  await  the 
structural  determination of the  latter  enzyme. 

Materials and methods 

Human  pancreatic  a-amylase was  isolated and  purified  from 
pancreatic tissue  using  a  glycogen affinity  precipitation  proce- 
dure  (Loyter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Schramm, 1962; Burk et al., 1993). Crystals of 
this  protein were obtained using the hanging drop  method. Crys- 
tallizations were  preceded by dialyzing the  protein  solution 
against zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 mM NH,OH and 100 mM  cacodylate  buffer,  pH  7.5, 
to a final  concentration of 20 mg/mL.  The  crystallization res- 
ervoir well solution  contained 60% 2-methylpentan-2,4  diol. 
Hanging  drops of 10 pL total  volume were prepared  from 5 pL 
of the  protein  solution mixed  with 5 pL of reservoir solution. 
Crystal  growth  plates were maintained  at 22 "C.  Crystals  of 
human  pancreatic  a-amylase  are  of  the  space  group  P2,2,2,, 
with unit cell dimensions of a = 53.04 A, b = 74.80 A, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc = 
137.34 A, with one molecule per asymmetric unit. In total,  three 
crystals were  used to collect diffraction intensity data  on  both 
Enraf-Nonius  FAST  and  Rigaku  R-AXIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI1 area  detectors  to 
1.8 A resolution. Details  of diffraction  data collection and  pro- 
cessing are  summarized  in  Table  3. 

A molecular  replacement approach  (XPLOR; Briinger, 1992) 
was used to  position a preliminary  model  of  human  pancreatic 
a-amylase within its  unit cell. This  starting  model consisted  of 
the  structure  of porcine a-amylase  (Larson et al., 1994) in which 
residues differing between the porcine and  human enzymes were 

Table 3. Data  collection and refinement  parameters 

I .  Data  collection 
Space  group 
Cell  dimensions (A )  

a 
b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

Resolution  range (A) 
No. of unique  reflections collected 
Overall  completeness(%) 

Inner shell (36.1-2.0-A) 
Outer shell (2.0-1.8 A) 

Merging  R-factor (070)" 

No. of  reflections used 
Resolution  range (A) 
No. of protein  atoms 
No. of  solvent  molecules 
Average  thermal  factors zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A') 

I I .  Refinement 

Protein  atoms 
Solvent  atoms 

Final  refinement  R-factor ( 0 7 0 ) ~  

P2,2,2, 

53.04 
74.80 
137.34 
36.1-1.8 
42,316 
82.1 
89.0 
63. I 
5.5 

41,646 
8.0-1.8 
3,946 
359 

21.1 
40.6 
17.4 

Fhkr 

hkl , = I  

modelled  as  alanines.  It was initially centered  at  the  origin of 
a PI unit cell with a = b = 200 A, c = 300 A and a = (3 = y = 
90", and  structure  factors were calculated  to 4.0 A resolution. 
A rotation  function search was conducted with the  radius of the 
search limited to 45 A about  the  Patterson origin and origin re- 
moval  applied.  The highest  peak  observed  was  10u above  back- 
ground, with the next  highest peak  being of height l u .  After 
optimization of the  rotation  function  maximum, a three- 
dimensional  translation  function  search was conducted with data 
in the  same  resolution  range.  The height of the largest peak 
found in this translation search was 23a  above  background.  The 
preliminary  solution  obtained  from  the results of the  rotation 
and  translation searches was further  subjected  to rigid body re- 
finement, which resulted in a crystallographic R-factor of 32.9% 
for  data in the 8.0-3.0 A resolution  range.  This was  followed 
by individual  atomic  positional  and  thermal  factor  refinement 
carried  out  with a data set extended to 2.5 A resolution.  The 
R-factor  was 26.2% at  this  point.  These  refinements and all 
those subsequently were carried out using data such that F> 20F. 

Following  this  preliminary  refinement, 2F, - F,.. F, - F,., 

and  omit difference  electron  density maps were calculated  in the 
regions about  those  amino acids  of human pancreatic a-amylase 
that  had been initially modelled as alanines during molecular re- 
placement  searches.  Examination  of these maps allowed  place- 
ment  of  the  appropriate side chains missing from  the  initial 
refinement model. Subsequent  positional and  thermal  factor re- 
finement,  followed by simulated  annealing  refinement  (Briin- 
ger, 1990) employing a slow cooling  protocol  that  started at 
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~ ~ 

RMS  deviation  Restraint 
Stereochemical  parameter  from  ideal  values  weight 

Distances (A)  
Bond (1-2) 
Angle (1-3) 
Planar zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1  -4) 

Planes (A)  

Chiral  volumes ( A 3 )  

Nonbonded  contacts(A) 
Single  torsion 
Multiple  torsion 
Possible  hydrogen  bond 

Torsion  angles (") 
Planar (0" or 180") 
Staggered  (+60",  180") 
Orthonormal (*90") 

0.016 
0.036 
0.049 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0.008 
0.122 

0.181 
0.132 
0.135 

1.9 
16.7 
32.1 

0.016 
0.025 
0.050 
0.010 
0.080 

0.150 
0.150 
0.150 

2.5 
20.0 
15.0 

4,000 K ,  reduced  the  R-factor  to 22.4%. At  this  stage  further 
26, - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF , .  and F, - 6. difference  electron density maps were  cal- 
culated,  along with  a complete set of omit  maps in which 10 
amino  acids were removed  sequentially  over  the  entire  course 
of all 496 residues  in the  polypeptide  chain. In this  manner, ex- 
tensive manual refitting of several sections of polypeptide  chain 
was carried  out  and  the calcium and  chloride  ions were added 
to  the refinement  model. Two  further  rounds  of positional,  ther- 
mal factor,  and simulated  annealing  refinements were then  con- 
ducted in conjunction with difference electron  density maps  and 
manual  refittings  to give a final  R-value  of  15.9%.  Extension 
of this structural  determination  to 1.8 A resolution  followed the 
same  refinement  and  refitting  procedures  outlined  above.  The 
R-factor  at  this  point in refinement was 19.9%. 

0 35 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 30 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I- 

I y 0 2 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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o? 0.20 

0.1s 

0 10 

Resolution (A) 
2.0 1.x 
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0.9 e, 
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o x  g 

0.24 A 

0 0 s  0 I O  0 15 0.20 0 2s 0.30 0.35 

(sin e)/ 
Fig. 9. Plot of  crystallographic  R-factor  as  a  function of resolution  at 
the  end of the  refinement  of  human  pancreatic  a-amylase.  The  theoret- 
ical dependence of R-factor  on  resolution  assuming  various levels of 
RMS  error  in  the  atomic  positions  of  the  model  (Luzzati, 1952) is shown 
as  broken  lines.  This  analysis  suggests an overall  RMS  coordinate  er- 
ror for  this  structure  determination of 0.18 A. The  top  portion  of  this 
figure (axes at  top  and right)  shows  the  fraction of reflections  observed 
and used in  refinement  as  a  function  of  resolution. 
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Final  structural  refinement was carried  out using a restrained 
parameter least-squares approach with PROLSQ  (Hendrickson, 
1985). This involved additional  alternating cycles of refinement 
and  manual  adjustments based on  omit  and  difference  electron 
density  maps  covering  the full course  of  the  polypeptide  chain. 
As  part of this  process, an extensive search for  bound water mol- 
ecules  was conducted using the  ASIR  method  (Tong et al., 
1994), with subsequent  manual  verification  of  the significance 
of  the  positions  identified. All water molecules were refined  as 
neutral oxygen atoms  having  full  occupancy  and  only  those re- 
fining to thermal  factors  smaller  than 76 A' were retained in 
subsequent  refinements.  Also  corrected  at  this  point was the 
structure of the N-terminal  glutamine  residue, which was found 
to be modified posttranslationally to form a stable  pyrrolidone 
derivative. 

The  final refined structure  of  human  pancreatic  a-amylase is 
composed  of 496 amino acids,  a calcium ion, a  chloride ion,  and 
360 water molecules. The  final  crystallographic  R-factor  ob- 
tained was 17.4% and a summary  of  other  refinement  results 
is presented  in  Table 3.  Table 4 provides an analysis of the  ste- 
reochemistry of  the  refined  human  pancreatic  a-amylase  struc- 
ture  and  the  restraint weights  used. An  estimate of 0.18 A can 
be made  for  the  overall RMS coordinate  error  of  the  current 
structure  based  on  the  Luzzati (1952) plot  shown in Figure  9. 
The  coordinates  for  human  pancreatic  a-amylase  have been de- 
posited in the  Protein  Data Bank (Bernstein et al., 1977). 
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