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Abstract 

The  3-dimensional  structure  of  inorganic  pyrophosphatase  from Therrnus thermophilus (T-PPase)  has been  de- 
termined by X-ray  diffraction  at 2.0 A resolution  and  refined  to R = 15.3%.  The  structure  consists  of  an  antipar- 
allel  closed  @sheet and 2 a-helices  and resembles that of the yeast enzyme in spite of the  large  difference in size 
(174 and 286 residues, respectively),  little sequence  similarity  beyond  the active center  (about  20%),  and  differ- 
ent oligomeric organization (hexameric and  dimeric, respectively). The similarity of the  polypeptide  folding in the 
2 PPases  provides a very strong  argument in favor of an evolutionary  relationship between the yeast and bacte- 
rial  enzymes. The  same  Greek-key  topology of the  5-stranded  0-barrel was found in the  OB-fold  proteins,  the bac- 
teriophage gene-5 DNA-binding protein, toxic-shock syndrome toxin-1, and  the  major cold-shock protein  of Bacillus 

subtilis. Moreover, all known nucleotide-binding sites in these proteins  are  located  on  the  same side  of the  0-barrel 
as  the  active  center in T-PPase. Analysis  of the active center  of  T-PPase revealed 17 residues of potential  func- 
tional  importance, 16 of which are  strictly  conserved in  all sequences of soluble  PPases.  Their possible role in the 
catalytic  mechanism is discussed on  the basis  of the  present  crystal  structure  and with  respect to site-directed mu- 
tagenesis studies on  the Escherichia coli enzyme.  The  observed  oligomeric  organization of T-PPase allows us to 
suggest  a  possible mechanism  for  the  allosteric  regulation of hexameric  PPases. 

Keywords: active center;  allosteric  regulation; crystal structure; divergent evolution;  inorganic  pyrophosphatase; 
Therrnus therrnophilus 

Inorganic  pyrophosphatase  (pyrophosphate  phosphohydrolase, 
EC 3.6.1.1) catalyzes  hydrolysis  of inorganic  pyrophosphate  as 
well as oxygen exchange between water and inorganic phosphate 
and PPi:Pi equilibration  (Butler, 1971; Josse & Wong, 1971; 
Lahti, 1983). PP, is a by-product of numerous  important reac- 
tions  including nucleic acid  polymerization,  coenzyme  synthe- 
sis, and  amino  acid  and  fatty  acid  activation. By cleaving PP, ,  
the  enzyme  shifts  the  overall  equilibrium  in  favor of  synthesis 
and  thus plays a vital role  in  the cell. PPase  might  also play  a 
role in evolutionary  events by affecting  the  accuracy  of  DNA 
copying  during  chromosome  duplication  (Herbomel & Ninio, 
1980). On  the  other  hand,  PPase  provides  the simplest model 
reaction  for  studies on energy transduction  at  the level of  phos- 
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Abbreviations: PPi, inorganic  pyrophosphate; Pi,  inorganic  phos- 
phate; PPase, inorganic pyrophosphatase. B-PPase,  E-PPase,  P-PPase, 
T-PPase, and Y-PPase are the enzymes from Bacillusstearothermophilus, 
Escherichia coli, PS-3, Thermus thermophilus, and yeast, respectively. 

phoanhydride  bond  formation  and  breakdown,  and  the  data de- 
rived might  be useful for  understanding  the  mechanism of both 
PP, and  ATP synthesis. 

PPase is present in virtually  any  cell-animal,  vegetable, or 
microbial-and is mainly localized  in the  cytosol. All  cytosolic 
PPases  isolated so far  require  divalent  cations  (preferably 
Mg2+)  for activity and have  similar catalytic  properties  but  dif- 
ferent  quaternary  structures.  Most  prokaryotic  PPases  form 
hexamers  of  molecular weight of 120 kDa,  whereas  eukaryotic 
enzymes  are  homodimers  of 30-35-kDa subunits.  PPases  from 
Escherichia coli and  from  baker's yeast are  the best studied 
members  of  the 2 groups  (Cooperman et al., 1992). The  amino 
acid  sequence  identity between them is only about  25%.  Exten- 
sive chemical modification studies  indicated residues that might 
be essential for catalytic  activity and  substrate binding (Cooper- 
man, 1982). The genes encoding these PPases have  been  cloned 
(Kolakowski et al., 1988; Lahti et al., 1988) and site-directed mu- 
tagenesis studies of the  catalytic mechanism are  now  under way 
(Lahti  et  al.,  1990b, 1991). Thus,  detailed  3-dimensional  infor- 
mation  on  PPases is urgently  required.  The  only  crystal  struc- 
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Fig. 1. Ribbon representation of the T-PPase subunit produced with 
MOLSCRIPT (Kraulis, 1991). The N- and C-termini and the secondary- 
structure elements are labeled: @-strands with numbers from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 to 8, a- 
helices with  letters A and B. The location of the active center is indicated 
by a sulfate. Conservative residues outside the active center are shown 
(see “Structural role zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof conserved amino  acids”). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ture  determined  to  date is that  of  Y-PPase. It has been  solved 
by  multiple  isomorphous  replacement  at 3.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA resolution 
(Kuranova  et al., 1983; Terzyan  et at., 1984), and a preliminary 
report  on  the refinement at 2.35 A resolution has been published 
(Chirgadze  et  al., 1991). 

As a step  toward  understanding  the  general  principles  of  ca- 
talysis by PPases  and  evolutionary  relationships between the 
members of this  family  of  enzymes, we have  determined  the 
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3-dimensional  structure  of  PPase  from Thermus thermophilus. 

The 2.0-A crystal  structure  of  T-PPase  described in this  paper 
can  serve  as a template  model  for  studies  of  other  prokaryotic 
PPases  because  they  are highly homologous in terms  of  amino 
acid  sequence. 

Results and  discussion 

Structure of T-PPase subunit and comparison to Y-PPase 

The  polypeptide  chain of T-PPase is folded into a globular  sub- 
unit of size of  28 x 40 x 42 A 3 .  The  core  of  the  subunit is com- 
posed of a highly  twisted 6-stranded  antiparallel  &sheet, which 
forms a 5-stranded  0-barrel  (strands 1,4,5,6,   and 7;  see Fig. 1 
and Kinemage 1). Two  a-helices (A and B) and a long @-hairpin 
(strands 2 and 3) surround  the sheet. Residues preceding and fol- 
lowing helix A form  consecutive  &turns  and  can  be  described 
as  distorted 310-helices. In  total  there  are 4 short helices 3,0, 6 
&turns of type I ,  and 2 of  type I1 in the  T-PPase  structure. Both 
0-turns  of  type I1  (residues 23-26 and 80-83) contain glycines 
in the ( i  + 2) position.  The  secondary-structure elements (Fig. 2) 
have been determined  on  the  basis of main-chain  hydrogen 
bonds  and  conformational  angles 4 and $, with  the  help of the 
program  DSSP  (Kabsch & Sander, 1983). Classification  of 0- 
turns  follows  Richardson (1981). The  secondary  structure re- 
vealed by X-ray analysis is in agreement with the optical rotatory 
dispersion  data  measured  on  E-PPase  (Burton  et  al., 1970). 
which  suggested  little cr-helical content. 

A closed 0-sheet  structure  can  be  described by 2 integral  pa- 
rameters:  the  number  of  strands, n, and  the  shear  number, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 
(McLachlan, 1979). The 0-barrel in T-PPase has n = 5 and S = 8 
(Fig. 3). The  mean  radius  of  the  barrel (5.8 A) and  the  average 
inclination  of  the  strands  to  the  barrel axis (50’) calculated from 
these  parameters  agree well with the observed  values of 6 A and 
50°, respectively. The small  radius of  the barrel  requires a strong 
coiling of the  0-strands,  which is promoted  by  0-bulges in 
strands I and 7 at  positions 21 and 90. The glycine residue in 
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Fig. 2. Amino acid sequence alignment of 
PPases from S. cerevisiae(Y-PPase), E. coli 
(E-PPase), and 7: rhermophihrs (T-PPase) 
based on the 3-dimensional superposition 
of T-PPase and Y-PPase structures. Amino 
acids conserved in all soluble  PPases are 
written  in boldface. Secondary-structure el- 
ements and residue numbers are indicated 
for T-PPase (below sequences) and Y-PPase 
(above sequences). CY, a-helix; P ,  helix 3,o; 
@, @-strand. 
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S = 8  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. Topology of &structure in the 
T-PPase  subunit.  The @-barrel is unrolled 
with the first  strand  repeated  twice on both 
sides to show its shear number zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8. Hy- 
drogen  bonds  are  shown by dotted lines. 
Residues forming the interior of the barrel 
are  shown  as black circles with I-letter 
amino acid symbols. 

position  56  provides  conformational flexibility for bending  of 
strands 4 and  5.  The  interior of the  0-barrel is tightly  packed 
with  hydrophobic  side  chains.  The  only  exception is the  pair 
Asp 54-Ser 75, with a  hydrogen bond between their side  chains. 
The  &barrel is closed at  the  bottom by the  amphipathic helix 
B, which donates  residues  Ala 161 and Val 165 to  the  interior 
of  the  barrel. A short  loop  connecting  strands 5 and 6 closes the 
top  side of the  barrel  and  contributes Leu 79 to  the  hydropho- 
bic  core.  Structural  determinants  of  the  0-barrel discussed here 
support  recent  findings  of  Murzin (1993) based on a compari- 
son  of 4 nonhomologous  proteins  containing  5-stranded closed 
0-sheets. 

The  structure  of  the  T-PPase  subunit is similar to  that  of 
Y-PPase (Fig. 4; Kinemage 1). Their  superposition based on all 
174 common C, atoms (Fig.  2) gave  an  average  deviation  of 
1.98 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. When  atoms  deviating by more  than 2 A were  excluded 
from  the  comparison,  the  structures could be superimposed with 
an  average  deviation  of  0.94 A for  the remaining 126 C, atoms. 
The  Y-PPase  subunit  consists  of 2 0-sheets  (0-strands  1,  2, 4, 
5 ,  and 11, and @-strands 3,6,7,8,9,  and 10) and 2  long  a-helices 
(A  and B). The most  conserved  regions of  the  structure in terms 
of  the  spatial  superposition  of  the 2 PPases  are  the  &barrel  and 

m-helix A, whereas helix B is tilted by IO”. Parts  of  the sequence 
corresponding to the  0-strands 1, 2,  and 1 1  are  missing in 
T-PPase, so that it contains  only  the  0-hairpin  equivalent  to  the 
strands 4 and 5 of  Y-PPase.  Irregular  fragments  of  the  chain 
show significant conformational freedom  deviating by up  to 4 A 
between the 2 structures. 

If one  describes  the  shape  of  the  Y-PPase  subunit  as a hat, 
then  the  T-PPase  subunit  can be obtained by removing the brim 
of  this  hat  (Fig. 4; Kinemage 1). The  active  site in both  PPases 
is located  inside  the  crown.  The  brim in the  Y-PPase  hat is 
formed by the N- and  C-terminal  fragments  of  the  chain  and in- 
sertions in the  loop regions and  can  be removed without  disturb- 
ing the rest of the  structure.  The  similarity  of  the  polypeptide 
folding in T-PPase  and  Y-PPase  provides a very strong  argu- 
ment in favor  of  an  evolutionary  relationship between the yeast 
and bacterial  enzymes. Taking  into  account  the much  higher  de- 
gree of sequence  homology between prokaryotic  PPases (43-48% 
identity)  as well as  similar  molecular weights and  oligomeric  or- 
ganization,  one  can expect  significant  similarity of their tertiary 
and  quaternary  structures.  The  3-dimensional  similarity  of 
T-PPase  and  E-PPase is also  supported by the  fact  that  their 
crystals  are  isomorphous  (Moroz  et  al., 1991). 

Fig. 4. Superposition of  T-PPase (dark 
coil) and Y-PPase (light coil). Residue  num- 
bers  are shown for Y-PPase at the insertion 
sites. The location of the active center is in- 
dicated by a sulfate. 
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Comparison with topologically similar proteins 

The  5-stranded  P-barrel  structure  has been found in the  major 
cold-shock protein  from Bacillus  subtilis (Schindelin et al., 1993; 
Schnuchel et al., 1993), the  gene-5  DNA-binding  protein  from 
bacteriophage  fd (Brayer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& McPherson, 1983), toxic-shock syn- 
drome  toxin-1  (Prasad  et  al., 1993; Acharya et al., 1994), and 
the  OB-fold  proteins  (Murzin, 1993),  which include  staphylo- 
coccal  nuclease,  the  anticodon-binding  domain  of yeast asp- 
tRNA  synthetase,  B-subunits  of  heat-labile  enterotoxin  and 
verotoxin  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE. coli, and  the  N-terminal  domain  of  staphy- 
lococcal  enterotoxin B. Superposition of T-PPase  and  staphy- 
lococcal nuclease, a representative of the  OB-fold  proteins, 
yields an  average  deviation of 1.5 A for  the 33 C, atoms  of 
their  barrels used for  comparison.  All  proteins reveal the  same 
Greek-key  topology  of  the  barrel.  The rest  of the  structure is 
very different in  these proteins.  In  spite zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the lack of  sequence 
homology,  the  oligonucleotide-binding site  in the OB-fold pro- 
teins  and  proposed  binding sites  in the gene-5 and  cold-shock 
proteins  are  located  on  the  same  side  of  the  P-barrel  as  the ac- 
tive  centers  in  T-PPase  and  Y-PPase, i.e., on  the  face  formed 
by strands 5 and 7  (Fig. 1;  Kinemage 1). Two  explanations  of 
the  phenomenon  are possible. One is the existence of a common 
ancestor  of  soluble  PPases  and  some of the  nucleotide-binding 
proteins.  This  is,  however, unlikely because  the  OB-fold  pro- 
teins have a different  shear  number of the  0-barrel ( S  = 10) that 
implies  different  packing inside the  barrel  as  compared  to  the 
PPases.  Another  explanation  assumes  that  they evolved inde- 
pendently to the (3-barrel as  one of the  stable types of  the  struc- 
ture.  The  shallow  groove  on  the  barrel  surface  surrounded by 
loops  forms a potential  binding  site, which  was edited by evo- 
lution  for  different  ligands. 

In  the  recent  classification of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa+P folds  (Orengo & Thorn- 
ton, 1993) Y-PPase was placed in a group of large complex  mol- 
ecules.  Taking  into  account  the  structural  and  functional 
similarities  between soluble  PPases, it seems reasonable  to  con- 
sider  them  as  members of 1 group in spite of the  different size 
of the molecules. The  principal  element  of  their  structure is the 
5-stranded 0-barrel.  Therefore they can  form a subgroup of a-(3- 
roll proteins. 

Active center and catalytic mechanism 

The  active-site  pocket is located between the  0-barrel  and helix 
A (on  the  top  of Fig. 1; Kinemage 1). It is a hemispherical  con- 
cave with a diameter of 10 A as  measured between  side chains 

of residues  aligning the  pocket.  The large  active  center of  PPase 
is supposed  to  accommodate  at least  3 Mg2+  ions  and PPI or 2 
Pi (Bond  et  al., 1980; Knight et al., 1984; Baykov  et  al., 1989, 
1990). 

X-ray  analysis of Y-PPase  (Kuranova et al., 1983; Terzyan 
et  al., 1984) revealed 17 residues  that  might be involved  in 
Mg2+  and PP, binding.  Fifteen  of  them  appeared to be  con- 
served in all sequences  of  soluble PPases  known  to  date (Fig. 2). 
All 15 (Glu 21, Lys 29, Glu  31,  Arg  3,  Tyr 51, Tyr  55,  Asp  65, 
Asp  67,  Asp  70,  Asp  97,  Asp 102, Lys 104, Tyr 139, Lys 140, 
and Lys 148) reside in the active-site  cavity of  T-PPase  (Fig.  5; 
Kinemage  2). The  other 2 putative  functional residues, Glu 148 
and Glu 150 of Y-PPase, belong to  the “acidic  hexapeptide” 147- 
152 (residues 97-102 in T-PPase), which could be locally aligned 
to match  glutamate residues in  different  PPases  (Lahti et al., 
1990a). The  common  feature of this  fragment is that all PPases 
contain Glu and Gly amino acids although  the sequences are  not 
strictly conserved.  The “acidic hexapeptide”  forms a short  loop 
between 0-strands 6 and 7. We suppose  that  glutamic  acid  in ei- 
ther of the  positions  from 98 to 100 can  take  part  in  the active- 
center  interactions  due  to  the flexibility of the  loop  provided by 
glycine  residues. In  T-PPase  the  electron density for this  region 
is weak and discontinuous and  the  atomic B-factors are  the high- 
est for  the molecule  (Fig.  10).  Gly 1 0 0  has a conformation  for- 
bidden for non-glycine residues,  with q5 = 168”  and $ = - 150” 
(Fig. 9).  T-PPase  contains  Glu in position  98, which is located 
at  the  active  center.  The  fact  that  some  PPases  contain, like 
T-PPase, only  1 Glu in the “acidic  hexapeptide” implies that  the 
second  Glu is not essential for  activity. 

Crystal  structure of T-PPase reveals  1 more  residue,  Asp  42, 
which may play  a role in enzyme-substrate  interactions  due to 
its location in the  active  center.  It is strictly  conserved in se- 
quences  of all PPases. As  discussed below,  Asp 42 might  sup- 
port  the  correct  orientation  of  the  essential  arginine  upon 
substrate  binding.  Thus,  there  are 17 residues  of potential  func- 
tional  importance selected on  the basis of  the  T-PPase  atomic 
model. In terms  of  the  secondary  structure, they are  distributed 
over all  8 &strands  of 1 subunit. Neither helices nor  other  sub- 
units  donate residues to  the active center.  The  functional resi- 
dues  are  grouped  into  short pieces of the  polypeptide  chain  that 
correspond  to  the extended  regions  of  similarity found by Lahti 
et al. (1990a) for  Y-PPase  and  E-PPase. 

The  bottom of the active-site  cavity is formed by a cluster  of 
aromatic  amino acids Tyr 51, Pro 52, Tyr 55, Phe 135, Phe 136, 
and  Tyr 139. The  tyrosines  and  Phe 136 are  strictly  conserved zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

E2 1 

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Active center of T-PPase. Only side 
chains of amino acid residues are shown. Wa- 
ter molecules are shown as circles. Hydrogen 
bonds are indicated by dashed lines. 
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Table 1. Hydrogen  bonds formed  by sulfate 

the active  site  of  T-PPase 

Sulfate 
atom Ligand Distance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
01 NHI Arg 43 2.88 
0 2  NH2 Arg 43 3.12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 2  OH Tyr 139 2.54 
0 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 Wat 16 3.13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 3  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 Wat  16 2.78 
0 3  NZ Lys 29 3.22 
0 4  NZ Lys 140 2.99 

in PPases;  Pro 52 and  Phe 135 are conserved in prokaryotic 
PPases and replaced, respectively, by Ile and  Trp in eukaryotic 
enzymes. The 3 tyrosines point their  hydroxyl groups toward the 
active center.  Adjacent to this cluster is a group of hydropho- 
bic residues Leu 93, Met 95, and Val 152. The sulfhydryl group 
of Met 95 reaches the solvent-accessible surface of the cavity. 
However, because this methionine is not conserved  in all PPases, 
its role in the active center might be restricted to maintaining  a 
hydrophobic environment of essential tyrosines rather  than  a di- 
rect interaction with a substrate. 

The other 14 residues in the active site are all charged under 
physiological conditions. The basic amino acids Lys 29, Arg 43, 
Lys 140, and Lys 148 are clustered at 1 side of the cavity. Other 
walls are lined with acidic amino acids in the shape of a horse- 
shoe.  There  is only 1 positive charge between them, which be- 
longs to Lys 104. A possible role of Lys 104, as can be judged 
from its location, is to stabilize the  structure by bridging to  the 
acidic residues (Asp 70 and Asp 102) in the apo-enzyme (Fig. 5; 
Kinemage 2). Similarly, a hydrogen bond between Glu 98 and 
Lys 140 might stabilize the  structure in the absence of a  sub- 
strate. Glu 98 and Lys 104 were shown by site-directed muta- 
genesis to be important  for  the  structural integrity of E-PPase 
(Lahti et al., 1990b). The  distribution of charged residues sug- 
gests that  the Mg’+-binding sites are most likely located at the 
acidic cluster, whereas the binding site of PPI is related to  the 
basic cluster. Cations would support  the  formation of the  PP, 
binding site by shielding the negative charge of dicarbonic acids. 

In the absence of a substrate, a  sulfate ion occupies the ac- 
tive site due  to excess of  sulfate in the crystallization solution. 
It was refined with unit occupancy and has an average B-factor 
of 27.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. Sulfate oxygens form hydrogen bonds to  the side 
chains of Lys 29, Arg 43, Tyr 139, and Lys 140 (Fig. 5; Kinemage 
2; Table 1). In spite of differences in the electronic structure of 
sulfate and phosphate, the position of the sulfate  apparently 
shows the electrostatically favorable binding site for  an  anion. 
Moreover, the location of  the  sulfate corresponds to  the higher 
affinity phosphate bound in the Y-PPase crystal complexes  with 
CaPP, (Kuranova et al., 1983) and  MnPi (Chirgadze et al., 
1991). It is also consistent with the proposed role of Arg 43 
(Arg 77 in Y-PPase) in substrate  binding, which is thought to 
interact with the leaving phosphoryl group (Cooperman et al., 
1981). Finally, the  true  PPi  substrate might be completely or 
partially deprotonated (Cooperman, 1982). These considerations 
lead to the conclusion that in spite of differences in the electronic 
structure,  the observed binding mode of the  sulfate can mimic 
that of a  phosphate. 

There are several peaks of electron density in the active cen- 
ter that could be treated as water molecules or cations. The crys- 
tallization solution contained Mg2+ at a concentration of 2 mM. 
Because Mg2+  has  almost the same diffraction power as oxy- 
gen, the discrimination between them can only be based on the 
distances to  and  the character of the ligands. Among  all  peaks, 
2 could be thought of as possible cation-binding sites due to their 
location within the acidic cluster. Water molecules placed in 
these peaks have B-factors of 22.0(Wat 21) and 27.0 A2 (wat 22). 
Wat 21 is coordinated to  the carboxyl oxygens of Asp 65, car- 
bonyl oxygen of Pro 68, and a water molecule (Fig. 5 ;  Kine- 
mage 2). Wat 22 bridges the carboxyl groups of Glu 21 and 
Asp 70. Distances to the ligands (2.7-3.1 A) indicate hydrogen- 
bonded water molecules rather  than magnesium ions, for which 
the distances should be considerably shorter. This result  is some- 
what unexpected because the enzyme preparation from 7: ther- 

mophilus contains divalent ions that could be removed only by 
EDTA (Hohne et al., 1988). Without  cations, the  aspartate  and 
glutamate residues in the active site show significant mobility as 
indicated by weak electron density for their side chains (Fig. 6) 
and reflected by the relatively  high E-factors. In contrast, lysine 
and arginine residues have well-defined conformations. 

Shestakov et al. (1990) reported the presence  of  tightly bound 
(“structural”) PP, in E-PPase and T-PPase, which could not be 

Fig. 6. Electron density in the active 
center of  T-PPase. The map  is calcu- 
lated  with coefficients (3F0 - 2Fc) and 
contoured at  the 1.50 level (0.6e/A3). 
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removed  without  denaturation  of  the  enzyme  and which  was more  definitive  model  of  PPase  catalysis  must  await  further 
thought of as  a common  feature of prokaryotic  PPases.  The lack X-ray studies  of enzyme complexes with substrates and  substrate 
of exchange between endogenous PP, and  medium Pi led to  the  analogs. 
proposal of  a “regulatory”  binding site of PP, different  from 
the  active site. We were not  able  to  detect  any  traces of “struc- Structural role qfconserved amino acids 

tural”  PP,  either in the active center or elsewhere in  the  crystal 
structure of T-PPase. 

Four residues, Lys 56 (Komissarov  et al., 1985), Arg 78 (Bond 
et al., 1980), Tyr  89 (Raznikov et al., 1992b), and Glu zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA150 (Gon- 
zalez zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Cooperman, 1986) in Y-PPase,  and Lys 29 (Komissarov 
et al., 1987) and  Glu 98 (Raznikov et al., 1992a) in E-PPase have 
been implicated by chemical modification  as being  essential for 
enzymatic  activity.  Tyr  89  (Tyr 51 in T-PPase  numbering) was 
proposed to serve as  a proton  donor  for P, releasing during PP, 
hydrolysis (Raznikov et al., 1992b). However,  E-PPase  variant 
Y51F has a residual  activity of 64% implying that  this  amino 
acid is not essential for activity (Lahti et al., 1991). Also in con- 
trast to chemical modification studies,  mutagenesis  experiments 
on  E-PPase  have  demonstrated  that  both Glu 98 and Glu 101 
located in the “acidic  hexapeptidc” are  perhaps  unimportant  for 
enzymatic  activity  (Cooperman et al., 1992). The  other 2  resi- 
dues, Lys 29 and  Arg 43 in T-PPase (Lys 56 and  Arg 78 in 
Y-PPase),  are in  a position  to  bind  substrate  as  observed in the 
present crystal  structure. Even conservative  mutations of these 
amino  acids in E-PPase resulted in a dramatic loss of activity 
(Cooperman et al., 1992). 

Other  potentially  important  amino  acids revealed by chemi- 
cal  modification  of  the  enzyme have not been identified within 
the  primary  structure.  These  include histidine and  tyrosine res- 
idues in E-PPase  (Samejima et al., 1988) and  B-PPase  (Shiroya 
& Samejima, 1985), tryptophan in P-PPase (Kaneko et al., 1991) 
and  E-PPase  (Kaneko et al., 1993), serine (Avaeva et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1970), 
methionine  (Yano et a l . ,  1973), tryptophan (Negi et al., 1972), 
and histidine (Nazarova et al., 1972; Cooperman & Chiu, 1973b) 
in Y-PPase. Our data  support these  findings with respect to tyro- 
sines that  form  the  bottom of the active center. No evidence for 
involvement  of  histidine,  serine,  tryptophan, or methionine in 
substrate binding  could be provided on the basis of the  T-PPase 
crystal  structure  and  sequence  alignment with other  PPases. 

Kinetic studies on Y-PPase (Welsh et al., 1983) and  E-PPase 
(Baykov et al., 1990) provided evidence for a common  catalytic 
mechanism  of these enzymes.  The  model  of  PP, hydrolysis by 
PPase  proposed by Cooperman et al. (1992) assumes general 
base  activation of the  attacking  nucleophilic  water  and  activa- 
tion of the leaving phosphoryl  group  through metal-ion com- 
plexation  and general  acid catalysis.  This  scheme is consistent 
with the  location  of  amino acid  residues and solvent  molecules 
in the  active  center of T-PPase.  Arg 43 would evidently  play  a 
central role in anchoring  the leaving Pi.  The  orientation of its 
guanidinium  group is maintained by hydrogen  bonds  to  Asp 42 
and  Glu 143. Comparison of amino acid  sequences suggests that 
these interactions  are  conserved in  all PPases.  Tyr 139, which 
forms a  hydrogen bond  to the  anion in the present structure, can 
serve  as a proton  donor  for this Pi. It is difficult to be  certain 

Amino acid  sequences  have been determined  for soluble PPases 
from Saccharomyces  cerevisiae (cytoplasmic,  Kolakowski  et al., 
1988; mitochondrial,  Lundin et al., zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIWI), Schizosaccharomyces 

pombe (Kawasaki et al., 1990), Kluyveromyces lactis (Stark & 
Milner, 1989), bovine  retina (Yang & Wensel, 1992), Arabidopsk 

thaliana (Kieber & Signer, 1991), E. coli (Lahti  et  al., 1988), 
Thermoplasma acidophilum (Richter & Schafer, 1992), thermo- 
philic bacterium  PS-3  (Ichiba et al., 1990), Bacillusstearother- 

mophilus and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7: thermophilus (Ishii  K, Shibuya K,  Kaji H, 
Satoh T, Teplyakov  A,  Obmolova G ,  Kuranova I ,  Samejima T,  
manuscript  in  prep.).  Their  alignment clearly shows 2 distinct 
groups with much  higher  similarity  inside  the  groups  than be- 
tween them.  One  group  includes  eukaryotic  enzymes  (first zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 
listed above)  that  share 70-85% sequence  identity. Prokaryotic 
enzymes and  PPase  from A. thaliana constitute  another  group, 
which is characterized by a lower  degree  of  similarity (41-48Vo). 
Sequence  similarity between members  of  the  different  groups 
does  not exceed 27%. 

All 10 sequences  were  aligned  on  the  basis  of  the 3- 
dimensional  superposition of T-PPase  and  Y-PPase.  Figure 2 
shows  the  sequences  of  T-PPase,  Y-PPase  (cytoplasmic),  and 
E-PPase as  representatives  of the 2 groups of PPases.  This align- 
ment  differs in some  minor  details  from  that  of  Lahti  et  al. 
(1990a) who  compared  Y-PPase  and  E-PPase.  The  differences 
mainly  relate to secondary-structure elements present  in only one 
of  the  proteins (e.g., a-helix 174-177 and 3,,-helix 204-207 in 
Y-PPase).  The  alignment of all  active-site  residues remains  the 
same. 

Twenty-two  amino acid residues  are  strictly  conserved in all 
PPases. Beside the 16 active-site  residues, there  are  only 6 other 
amino acids that have been conserved during evolution and  that 
therefore  might  be  of  structural  importance  for  the  enzyme. 
These  include  3 glycines (56, 82,  and 91 in T-PPase  numbering), 
which support  the  P-barrel  formation: Gly 56 and  Gly 91 facil- 
itate  bending of &strands 4 and  6; Gly  82 releases tension in the 
short  loop  connecting  strands 5 and  6. Because this  loop  forms 
the  &turn of  type I1 with Gly 82  in the ( i  + 2) position,  it is likely 
that  this  secondary-structure  element is conserved  in  the  PPase 
family. All  3  glycines adopt a conformation  that  would  be  un- 
favorable  for non-glycine residues (Fig. 9). Conservative Thr 61 
is also related to  the @-barrel structure (Fig. 1). Its  methyl group 
contributes  to  the  hydrophobic  interior  of  the  barrel,  whereas 
its hydroxyl  group bridges &strands 4 and 5 through  hydrogen 
bonds  to  the  main-chain  atoms.  This  should help to fix the  ends 
of  the  loop, which donates 3 aspartyl residues  (65, 67,  and 70) 
to  the  active  center.  Conserved  Pro 68 might  be  important  for 
maintaining  the rigidity  of the  loop.  Phe 136 is a part  of  the  ar- 
omatic  cluster at  the  bottom  of  the  active  center. 

about a general base catalyst because there  are several carbox- 
ylic groups  surrounding  the  putative PP, binding site. From 
geometrical  considerations, this  role can be taken by Glu 31 or Typically for  prokaryotic  PPases,  T-PPase  forms hexamers  un- 
Asp 70. Both residues are  important  for  activity  as  shown by der physiological conditions (Kuranova et al., 1987). In the crys- 
site-specific mutagenesis  studies of E-PPase  (Cooperman et al.,  tal,  the  hexameric  molecule  of  the  enzyme  occupies a unique 
1992). The  variant  E31D retains only 6% of  activity  of the wild- position at  the intersection of the 3-fold and 2-fold  axes, so that 
type  enzyme.  No  activity was detected  for  the  D70E  variant. A the molecular symmetry (32) coincides  with the crystallographic 

Oligomeric structure 



C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOligomeric  structure  of  T-PPase.  C,-backbones  are  shown for 
(A)  the  trimer  along  the  3-fold  axis  and (B, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC) the  hexarner  across  and 
along  the  3-fold  axis,  respectively. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A .  Teplyakov et a/. 

symmetry. The hexamer is composed of  2  trimers and can be ap- 
proximated by a cylinder with a diameter of 62 A and height of 
60 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA (Fig. 7). The  upper  trimer is rotated by 30” with respect 
t o  the lower one.  This  indicates  the closest packing of the  sub- 
units  composing  the  T-PPase  hexamer.  Electron  microscopic 
studies  of negatively stained  preparations of E-PPase  (Wong 
et al., 1970) revealed  2 forms of aggregates.  Spherical  particles 
65 A in diameter that  dominated  at  pH 7  correspond to  the com- 
pact  hexameric  structure  found in T-PPase  crystals.  The  other 
form  observed  at lower pH was  a toroidal  structure of  130-140A 
in diameter. 

Interactions between subunits in the  trimer  are very tight. A 
parallel  0-bridge between strand 6 of the  @-barrel of one  sub- 
unit  and  the  0-hairpin of the  other links together  these 2 sub- 
structures  to  make a continuous  8-stranded 0-sheet. In  addition, 
there  are 4 more  hydrogen  bonds  at  each  intersubunit  contact 
(Table 2). Together  with extensive hydrophobic  interactions, 
which include leucines 6,36,41,79,80, valines 44,83,85, 109, 
Pro  81,  and  tyrosines 30 and  77, these contacts  provide  the  sta- 
bility of the  trimer. As  shown for hexameric E-PPase,  B-PPase, 
and  P-PPase,  the enzyme dissociates into active trimers and  then 
to  monomers  rather  than  to dimers (Borschik et al., 1985; Ichiba 
et al., 1990). 

The trimer-trimer  interface is formed mainly by the symmetry- 
related a-helices  A.  The  contacts between them  are  provided by 
side  chains  located  on 1 side  of the helix: Gln 130, His 134, 
Thr 138, and Leu 142 (Fig. 8).  With  the  exception  of Leu 142, 
these residues are  not  strictly  conserved in hexameric  PPases. 
This fact  reflects the  nonspecific  character of the  interaction, 
which is similar to a leucine zipper. Substitution of residues cor- 
responding  to  His 134 and  Thr 138 by site-directed mutagenesis 
was  shown to influence  the  stability of E-PPase  (Cooperman 
et al., 1992). This is not  surprising  because  these 2 residues oc- 
cupy  the  central  position in the  intertrimer  “zipper”  and  form 
a hydrogen  bond  (Table 2). 

Although nearly  all PPases  are  oligomeric  proteins,  only  the 
yeast enzyme  has been shown to be  allosteric  (Cooperman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& 
Chui, 1973a,  1973b). This  does  not  imply,  however,  that  allo- 
steric regulation is uncommon for PPases because  most  kinetic 
studies  have been carried  at high concentration of Mgz+  acti- 

Table 2. Intersubunit hydrogen bonds 

H bonds  Distance (A)  
~~ ~ 

Intratrimer 
ND2  Asn 28..  .O Pro 78 

0 Ile 39. .   .N Val 84 

N Leu 41. . .O Val 84 
N V a l 4 4 . . . O G l u  I l l  
0 L e u 4 5 . - . N H l  Arg 114 
0 Leu 45. . .NH2 Arg 114 
0 Gly 47. . .NH2  Arg 114 

NZ  LYS 40. . .OEl Glu 86 

lntertrimer 
OEl Gln 130. . .NZ Lys 145 
NE2Gln   130, . .0E1 Gln 113 
OE2 Glu 13 I . . .NH2  Arg 114 
NE2  His l 3 4 , . . 0   T h r  138 

3.18 
2.95 
3.32 
2.83 
3.23 
2.86 
2.93 
3.17 

2.99 
3.32 
2.81 
3.19 
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vator when  even “allosteric  PPases”  would  behave  according  to 
Michaelis-Menten  kinetics  (Lahti, 1983). Although  all 6 active 
sites  in the  T-PPase  hexamer  are  completely  open  and  located 
at a  large distance  from  each  other  (about 30 A as  measured be- 
tween symmetry-related  sulfate  ions),  one  cannot  rule  out  the 
possibility of  allosteric  behavior  of  the  enzyme because there 
might  be  an  interaction between active  centers  of  the  subunits 
related by a  2-fold axis.  The  signal-transfer  mechanism  would 
include helices A forming a trimer-trimer  interface  and  Tyr 139 
located at  the  C-terminus of this helix and involved  in substrate 
binding  (Fig. 8). Due  to  the rigid character of‘ an  a-helix, even 
slight changes in the  orientation  of  Tyr 139 could  cause  shifts 
of helix zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. From this  point of view, one  can explain the observed 
decrease of activity in H136Q  (by  30%)  and  H140Q  (by  75%) 
variants  of  E-PPase  (Cooperman et al., 1992). These residues 
are part  of the intersubunit  “zipper” and their replacement might 
influence  the  position  of helix A and  subsequently  of essential 
Tyr 139. Further studies are required to establish the allosterism 
of hexameric  PPases. 

Materials and methods 

T-PPase was isolated  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthermophilus HB8  and  purified 
as described (Obmolova et al., 1993). Crystals  suitable for X-ray 
analysis  have  been obtained by vapor  diffusion  from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 mg/mL 
protein  solution in 20 mM Tris-HC1 buffer,  pH 7.5, containing 
47%  ammonium sulfate, 3% 2-methyl-2,4-pentanediol, and 2 mM 
MgS04 (Obmolova et al., 1993). They  belong to  the  rhombo- 
hedral  space  group R32  with a = 110.3, c = 82.0 A, and  con- 
tain  one  20-kDa  subunit in the  asymmetric  part of the  unit cell. 
X-ray  diffraction  data  to 2 A resolution (1 1,673  unique reflec- 
tions) were  collected  using a Syntex  P2,  diffractometer with a 
copper sealed tube.  The  data  are 90% complete. 

The  structure of T-PPase was  solved by molecular replace- 
ment using the  unrefined  atomic  model  of  Y-PPase  determined 
at  3.0A resolution (Terzyan  et al., 1984; Protein  Data Bank en- 
try 1PYP).  The model was modified  according to  the  amino acid 
sequence  alignment  of  Y-PPase  and  E-PPase  (Lahti  et  al., 
1990a); the primary structure of T-PPase (Ishii et al., manuscript 
in  prep.)  became  available  later  at  the  stage of crystallographic 
refinement  of  the  model.  With respect to  both  T-PPase  and 
E-PPase,  the  sequence  of  Y-PPase  contains 82 extra residues at  
the N- and  C-termini,  and 28 extra  residues  in 7 insertions, all 
of which occur in loop regions  (Fig. 2).  Several probe  models 

SUL 

Fig. 8. Interaction  between  the  active  centers  re- 
lated  by  a  2-fold  axis.  Residue  numbers  are  given 
for 1 subunit. 

differing in the  number  of residues  were  tried until a solution 
was  obtained  for a model  containing  only  the (3-structural part 
of  the  Y-PPase molecule.  Side  chains on  the  surface of the  mol- 
ecule were truncated to C, atoms.  This model contained 706 at- 
oms or 52% of  the expected number  of  atoms in T-PPase.  The 
structure  was  solved  with  the  program  package  AMORE 
(Navaza, 1992). Several  highest peaks  on  the  rotation  function 
were selected for  the  subsequent  translation  search.  The  top so- 
lution  characterized by a correlation coefficient of 24% and  an 
R-factor  of 5 1070 (10-3 A, after rigid-body refinement) was cor- 
rect.  However,  virtually  the  same values  were obtained  for a 
number  of  incorrect  solutions.  The  correctness  of  the  solution 
was justified by reasonable  crystal  packing  and verified during 
refinement of the  structure. 

The  initial  electron  density  map was hardly  interpretable. It 
improved  gradually  during  molecular  dynamics  and  conven- 
tional  refinement  using  the  programs  XPLOR (Briinger et  al., 
1987) and  PROLSQ  (Hendrickson & Konnert, 1981). Manual 
correction  of  the  model was performed using FRODO  (Jones, 
1985). The  mean difference between initial  phases and  those cal- 

Table 3. Refinement statistics 

Parameter 

~ ~ ~ _ _ _ _ _ ~ ~ .  
~~ 

RMSD  (target C J ) ~  

Bond  distances zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(A) 
1-2 Neighbors 
1-3 Neighbors 
1-4 Neighbors 

Planar  groups (A) 
Chiral  volumes ( A 3 )  

Single  torsion  contacts (A) 
Multiple  torsion  contacts (A) 
Torsion  angles  (degrees) 

Planar 
Staggered 
Orthonormal 

Main  chain 
Side  chain 

Temperature  factors (A2) 

0.015  (0.020) 
0.036 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(0.030) 
0.046  (0.040) 
0.013 (0.020) 
0.162 (0.150) 
0.131 (0.300) 
0.189  (0.300) 

2.3 (3.0) 
18.1 (15.0) 
21.5 (20.0) 

4.0  (4.0) 
6.3  (6.0) 

_ _ _ ~ .  

a RMS deviations  from  standard  values  are  given. Values in  paren- 
theses are  the  inverse  square  root of the  least-squares  weights  used for 
refinement. 
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Fig. 9. ($/$) plot  of  the  atomic  model of T-PPase.  Glycine  residues  are 
shown  as  open  circles.  Conservative  glycines  are  labeled. 

culated  from  the  final  model was 72" in the  resolution  range 
10-3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA (SO" in the  range 10-2 A). At  the  end of refinement, wa- 
ter molecules were added on the basis of ( F ,  - F,.) electron  den- 
sity maps.  Each  water molecule was required  to lie within 3.5 A 
from  a  potential  hydrogen  bond  donor/acceptor.  Their  occu- 
pancies  were set to unity and were not refined. Water  molecules 
with  B-factors  greater  than 50 A 2  were excluded  from  the 
model. 

The  final  electron density  allowed modeling of  all 174 amino 
acid  residues in agreement  with  the  primary  structure  of 
T-PPase.  The  model  has been refined  to  an  K-factor of 15.3% 
calculated  for all measured  reflections in the  resolution  range 
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Fig. 10. B-factors  averaged  over  the  main-chain  atoms  as a function 
of residue  number. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A .  Teplyakov et al. 

10.0-2.0 A. The  model of 1 subunit consists of 1,347 protein  at- 
oms, 1 sulfate  ion,  and 90 water molecules. The  stereochemi- 
cal parameters of the  model  are given in Table 3 .  The  overall 
coordinate  error in atomic  positions derived from  the CT,, plot 
(Read, 1986) is 0.19 A. The 4/$ plot (Fig. 9) shows no residues 
with forbidden  combinations of main-chain torsion angles. One 
residue in T-PPase,  Pro 13, is in the  cis-conformation.  It is lo- 
cated in a reverse turn of the  polypeptide  chain. 

The  mean  B-factor  calculated  for all protein  atoms is 19.2 A2.  

B-factors  averaged over the  main-chain  atoms  are  represented 
in Figure I O .  Only  the N- and  C-terminal residues and  a  couple 
of  loops  are slightly disordered: their atomic  B-factors  go  up  to 
40-60 A'. For  the rest of the  structure,  the  electron  density is 
well defined,  reflecting  the  overall rigidity  of the  T-PPase 
subunit. 

Atomic  coordinates  and  structure  factors  have been depos- 
ited with the  Brookhaven  Protein  Data  Bank  (Bernstein  et  al., 
1977) under  entry  names  2PRD  and  R2PRDSF. 
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