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The crystal structures of a cysteine-215 + serine mutant of protein tyrosine phosphatase 
1 B complexed with high-affinity peptide substrates corresponding to an autophospho- 
rylation site of the epidermal growth factor receptor were determined. Peptide binding to 
the protein phosphatase was accompanied by a conformational change of a surface loop 
that created a phosphotyrosine~ecognition pocket and induced a catalytically competent 
form of the enzyme. The phosphotyrosine side chain is buried within the protein and 
anchors the peptide substrate to its binding site. Hydrogen bonds between peptide 
main-chain atoms and the protein contribute to binding affinity, and specific interactions 
of acidic residues of the peptide with basic residues on the surface of the enzyme confer 
sequence specificity. 

T h e  dephosphorylation of phosphoty- 
rosine (pTyr) residues by protein tyrosine 
phosphatases (PTPs) is a critical element in 
the regulation of signal transduction path- 
ways that control processes as diverse as cell 
growth, proliferation, and differentiation 
(1 ). PTPlB is the founding member (2) of a 
familv of more than 40 PTPs. including - 
receptorlike transmembrane forms and cy- 
tosolic enzymes, that are characterized by 
homologous catalytic domains of -240 
amino acids (1). Each PTP has an 11-resi- 
due sequence motif that contains the cata- 
lytically essential Cys and Arg residues (3) 
and that is also shared by the dual-specific- 
ity phosphatases such as Cdc25 (4) and 
mitogen-activated protein (MAP) k' lnase 
phosphatase-1 (5). Crystallographic inves- 
tigations of PTPlB (6) and Yersiniu PTP (7) 
have revealed that this motif forms a ~ h o s -  
phate binding site similar in conformation 
to that observed in an acid ~hos~hatase .  

L L 

also described as a low molecular mass PTP 
(8-10). 

PTPlB specifically dephosphorylates 
pTyr-containing proteins (I 1 ). Free pTyr is 
a relatively poor substrate [Michaelis con- 
stant (K,), 5 mM] compared with pTyr 
peptides, suggesting that the primary deter- 
minant of specificity is a pTyr residue in the 
context of a peptide and that flanking res- 
idues confer additional binding affinity 
(1 2-14). Kinetic studies of PTPlB, Yersinia 
PTP (12-14), TC-PTP (15), and PTP$ 
(16) with diverse synthetic peptides have 
demonstrated sequence specificity, with K, 
values ranging over three orders of magni- 

within five residues NH2-terminal to the 
pTyr site are the preferred substrates, 
whereas similarly positioned Arg residues 
reduce binding affinity (1 2-1 7). In con- 
trast, Src homology 2 (SH2) domains, 
which recognize pTyr peptides with disso- 
ciation constants ranging over six orders of 
magnitude, contain binding sites both for 
pTyr and for residues COOH-terminal to 
pTyr (18-20). 

To provide insight into the structural 
basis of substrate recognition by PTPlB, we 
determined the structures of a catalytically 
inactive Cys215 + Ser mutant form of the 
enzyme in complex with pTyr and the high- 
affinity peptides DADEpYL-NH2 [EGFR- 
(988 -993)] (2 1 ) and Ac-DEpYL-NH2 
[EGFR(990-993)] (K,, 3.2 and -20 FM, 
respectively) (13). These are modeled on an 
autophosphorylation site of the epidermal 

the phosphopeptides bound to PTPlB were 
fitted unambiguously to well-defined elec- 
tron density, although that for the residue 
at position 1 (corresponding to the P-4 site) 
of the hexapeptide was weak, suggesting 
conformational flexibility (Fig. 1). Least- 
squares superimposition of the PTPlB-sub- 
strate complexes showed that their confor- 
mations are essentially identical (24). Com- 
parison of the PTPlB-peptide complexes 
with both the unliganded native (6) and 
the Cys215 + Ser mutant enzymes showed 
that the protein structures are similar, with 
conformational changes confined to resi- 
dues at the ligand binding site (24). The 
general feature of peptide binding to PTPlB 
is that the pTyr side chain extends into a 
deep recognition pocket whose base corre- 
sponds to the phosphate binding site locat- 
ed on a loop connecting $12 with a 4  (6). 
The orientation of the peptide is perpendic- 
ular to the parallel region of the central $ 
sheet (Fig. 2). 

Binding of either phosphopeptide or 
pTyr to PTPlB was accompanied by a con- 
formational change of a surface loop consist- 
ing of residues Trp179 to Serla7 that brings 
Aspla' and Phela2 into the catalytic site 
(Fig. 3); Main-chain atoms shift by as much 
as 5.5 A, with the side chain! of Asplal and 
Phela2 shifting by 8 and 12 A, respectively, 
toward the pTyr binding site. In the unli- 
ganded structure, the side chain of Aspla' 
forms a salt bridge with the side chain of 
Arg112 (6). The closed conformation of the 
loop is stabilized by (i) hydrophobic inter- 
actions between the side chain of Phela2 

tude, and-that individual PTPs diffe; in 
their capacity to dephosphorylate a given 
peptide. Peptides with acidic amino acids 

Z, Jia and D, ~ ~ ~ f ~ ~ d ,  ~ ~ b ~ ~ ~ t ~ ~  of ~ ~ l ~ ~ ~ l ~ ~  ~ i ~ ~ h ~ ~ -  Fig. 1. Stereo view of the "omit'' electron density for the hexapeptide in the hexapeptide-PTP1 B complex 
ics, University of Oxford, Oxford OX1 3QU, UK. .structure. The map is contoured at 2.5~ to 2.6 A, with the refined model of the hexapeptide (DADEpYL- 
A. J. Flint and N. K. Tonks, Cold Spring Harbor Labora- NH,) superimposed. In calculating the omit map, the peptide was excluded in both refinement and map 
tory, Cold Spring Harbor, NY 11 724, USA. calculation. Reference residues TyP6, Arg47, and Asp48 are also shown colored brown. Figures were 
'To whom conespondence should be addressed. produced with SETOR (39) unless otherwise indicated. 
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and the phenyl ring of pTyr; (ii) a hydrogen 
bond between a buried water molecule and 
the main-chain nitrogen of Phe182; and (iii) 
a salt bridge between the side chains of 
Asp181 and LyslZO (Figs. 3 and 4A). A con- 
formational change of 'the equivalent loop 
in Yersinia PTP is induced by tungstate bind- 
ing to the catalytic site (7), although this 
change is not observed with tungstate bound 
to PTPlB (6). The side chain of Phe182 is 
approximately perpendicular to the pTyr 
phenyl ring and forms additional contacts 
with the side chains of Gln262 and Thr263. 
Although Phe182 plays a key role in devel- 
oping the catalytic site structure, it is not 
well conserved within the PTP family, sug- 
gesting variation in the structure of PTP 
catalytic sites. 

Nonpolar residues, many of which are 
invariant within the PTP family (Figs. 2 and 
4), form the recognition site for the phenyl 
ring of pTyr. These residues include the side 
chains of Ala217 and Ile219 of the PTP sig- 
nature motif, Tyr46, PhelS2, and the 
aliphatic moiety of the side chain of Gln262. 

Fig. 2. Overall view of the hexapep- 
tide-PTP1 B complex structure. The 
side chain of pTyr extends 9 A into 
the recognition pocket. The main- 
chain backbone of PTPl B is repre- 
sented in blue. The peptide is repre- 
sented as bonds with its molecular 
surface indicated as white dots. The 
side chains of K41, Y46, R47, F182, 
S215, and R221 of PTPlB are also 
indicated in green (21). The figure 
was produced with GRASP (40). N 
and C, NH,- and COOH-termini of 
PTPl B, respectively. The phos- 
phate-binding site is situated at the 
NH,-terminus of 1x4. 

The side chain of Tyr46 forms interactions 
with the main-chain atoms and the aromat- 
ic ring of pTyr. A hydrogen bond between 
the OH group of Tyr46 and the side chain of 
Ser216 stabilizes the conformation of Tyr46 
and its interaction with the substrate. Resi- 
dues Tyr46, SerZ16, and Ala217 are invariant 
among eukaryotic PTPs, suggesting a similar 
mode of substrate binding. In the Yersinia 
PTP, a Phe residue is present instead of 
Tyr46, suggesting that the mechanism of 
pTyr recognition may be conserved in this 
enzyme. An Ile residue is present at the 
equivalent position of Ile219 of PTPlB in the 
phosphate binding cradle of the low molec- 
ular mass PTP, which, together with the 
observation that other hydrophobic residues 
line the catalytic site cleft of the low molec- 
ular mass PTP, suggests similarities in pTyr 
binding with PTPlB. 

The catalytic site, formed from residues 
Cys215 to Arg221 corresponding to the con- 
served PTP signature motif, is located at the 
base of the pTyr binding pocket. Main- 
chain nitrogens of Ser216 to ArgZZ1 and the 

Fig. 3. Comparison of the Trp179 to 
SerlE7 loop in unliganded native 
PTPlB (6) and the hexapeptide- 
PTP1 B complex structures. The loop 
backbone (consisting of residues 
179 to 187) is colored yellow and red 
for the uncomplexed and peptide 
complex forms of PTPl B, respec- 
tively. Other regions of the polypep- 
tide chain are colored blue and cyan 
for the uncomplexed and peptide 
complex forms of PTPl B, respec- 
tively. The pTyr peptide backbone is 
in white. The side chains of Asp181 
and PhelE2 are shown for both struc- 
tures with the side chains of LyslZ0, 
Ser215, and pTyr of the 
hexapeptide-PTP1 B complex. The 
figure was produced with GRASP 
(40). The base of the catalytic site is located on the loop connecting P12 with a4. 

guanidinium side chain of ArgZ2' form six 
hydrogen bonds and two salt bridges, re- 
spectively, with the three terminal phos- 
phate oxygens of pTyr (Fig. 4, A and C). 
This phosphate binding cradle is roughly 
planar and would favor formation of the 
planar trigonal transition state intermedi- 
ate. The Oy atom of Ser215, sitqted within 
the center of the cradle, is 3.2 A from the 
phosphorus atom of pTyr, placing Ser215 Oy 
and the pTyr phosphorus and phenolic ox- 
ygen atoms approximately colinear and in- 
dicating that a Cys residue at position 215 
would be ideally positioned for nucleophilic 
reaction with the substrate phosphorus. The 
phenolic oxygen atom of pTyr forms a net- 
work of hydrogen bonds with the side chain 
of Aspl8l and, as indicated by the electron 
density maps, a buried water molecule (Fig. 
4, A and C). A hydrogen bond between the 
phenolic oxygen of pTyr and Aspl8' re- 
quires protonation of the latter residue, sug- 
gesting that Asp181 may function as a gen- 
eral acid catalyst by protonating the phe- 
nolic oxygen atom and facilitating bond 
cleavage. The structure also suggests that 
the proton from the side chain of Asp181 
may be conducted to the substrate via the 
buried water molecule. Our results are con- 
sistent with the proposed role of Asp356 of 
Yersinia PTP (equivalent to Aspl8' of 
PTPlB) as a general acid (25) and the ob- 
servation thatathe side chain of Asp356 is 
within -3.5 A of an oxygen of tungstate 
bound to the catalytic site of Yersiniu PTP 
(7). The increased pK, (negative logarithm 
of the acid constant) of Asp181 may result 
from the close proximity to the pho~phate~of 
pTyr and the side chain of Glu115 (4.3 A). 
The putative general acid AsplZ9 of the low 
molecular mass PTP (8, 9, 26, 27) adopts a 
position similar to that of Asp18' of PTPlB 
and forms a hydrogen bond with an oxygen 
of a sulfate or phosphate bound to the cat- 
alytic site of the bovine enzyme (8, 9). 

Residues at the P-4 and P-2 through 
P+ 1 sites of the hexapeptide form interac- 
tions with the protein (Figs. 2 and 4, B and 
C). Although the main-chain conformation 
NH,-terminal to the pTyr residue is a twist- 
ed p strand, the pTyr residue adopts a right- 
handed a-helical conformation. Phosphoty- 
rosine peptides bound to SH2 domains 
adopt a P-strand conformation (18-20), as 
do the consensus residues of a peptide at the 3 

catalytic site of protein kinase A (28). A 
primary determinant of the peptide confor- 
mation at the pTyr site is the formation of 
two hydrogen bonds between main-chain 
nitrogens of pTyr and the P+ 1 residue with 
the side chain of Asp48. These hydrogen 
bonds are important because they stabilize a 
helical main-chain conformation at the 
pTyr site of the peptide and, in part, define 
the peptide orientation. The Asp48 (or Asn) 
residue is highly conserved in other PTPs, 
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Fig. 4. Views of the pTyr binding pocket (A) and hexapep- 
tide binding interactions (B), and schematic representation 
showing potential hydrogen bonding and electrostatic in- 
teractions (C). In (A), the hexapeptide backbone is in purple 
and pTyr in white. Side chains of Y46, V49, El 15, Dl 81, 
F182, S215, S216, A21 7,121 9, R221, and 0262 are high- 
lighted in green (21). A buried water molecule is also 
shown. The purple dotted lines indicate hydrogen bonds 
and salt bridges. The guanidinium group of ArgZ2l shifts by 
2.0 A in order to form two salt bridges with the phosphate 
oxygens of pTyr as a result of ligand binding. Main-chain 
torsion angles for SeP15, or Cys215 of wild-type PTPlB, 
adopt slightly unfavorable conformations (4 = -133", Q = 
-1 43"). This deviation from more favorable conformations 
may play a role in positioning the side chain of Cys215 for 
nucleophilic reaction with the substrate. The hydrogen 
bond between the side chain of the invariant Hiszq4 and 
main-chain oxygen of Ser215 or Cys215 (not shown) may 
stabilize the main-chain conformation at position 21 5 (6). In 
(B) the peptide is shown in white and the side chains of Y46, 
R47, D48, V49, 1219, M258, and Q262 of PTP1 B are 
shown in green. The purple dotted lines indicate the inter- 
actions of the side chain of R47 with the side chains of 
E(P- 1) and D(P-2) and the main-chain oxygen of D(P-4), 
and of the side chain of D48 with main-chain nitrogen atoms 
of pY and L(P+l). In (C) dashed lines represent interactions 
between PTP1 B and the hexapeptide. A distance cutoff of 
3.7 A is used. The hexapeptide is shown in bold. 

suggesting a general role in peptide recogni- 
tion. A hydrogen bond is formed between 
the main-chain carbonyl of P-2 and the 
main-chain nitrogen of Arg47. Peptide bind- 
ing induces movemen: of the guanidinium 
group of Arg47 by 3.5 A to form salt bridges 
with the side chains at the P-2 and P-1 
positions of the peptide and a long hydrogen 

1 756 

bond (3.2 A) with the main-chain carbonyl 
at P-4 (Figs. 2 and 4, B and C). This latter 
hydrogen bond may explain the sixfold 
higher affinity of the enzyme for the 
hexapeptide than for the tetrapeptide 
(1 3). The side chain of Leu at P + l  of the 
peptide is located on a hydrophobic region 
of the protein surface and forms van der 
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Waals contacts with the side chains of 
Val4,, Ile219, and Gln262 and the edge of 
the phenyl ring of pTyr. A water-mediated 
hydrogen bond between the P + l  amide 
group and the side chain of the invariant 
Gln262 is also observed. 

The interactions of Arg47 with acidic 
side chains of the peptide are consistent 
with kinetic data suggesting a preference for 
peptides with acidic amino acids NH,-ter- 
minal to pTyr (12-14), which often are 
present in physiologically occurring pTyr 
proteins (29, 30). Yersinia PTP and TC- 
PTP, which both contain Arg at the equiv- 
alent position of Arg47 of PTPlB, also have 
a kinetic preference for peptides with acidic 
residues NH2-terminal to the pTyr site (1 2, 
15). PTPs with other residues at this posi- 
tion may show different sequence specifici- 
ties. Peptides with either Asp or Glu at 
positions P-3, P-2, and P-1 are good 
substrates for PTPlB (12, 14, 31). The 
PTPlB structure shows that either acidic 
residue could be accommodated at the P-3, 
P-2, and P-1 sites and could form inter- 
actions with basic residues of the protein. 
For instance, the side chain of Lys4' is 
oriented toward the P-3 and P-2 sites of 
the peptide. With Asp at P-2, the interac- 
tion is long (4.6 A); however, model-build- 
ing studies indicate that a Glu at P-2 
would interact with Lys41 (Fig. 2). Kinetic 
data [which show that additional residues 
NH2-terminal to Asp(P-4) and COOH- 
terminal to Leu(P+ 1) of the EGFR(,,,,,,, 
peptide confer essentially no increase in 
binding affinity (1 3)] suggest that the struc- 
ture described here accounts for most of the 
peptide-protein interactions. The nature of 



Table 1. Results of crystal structure determnaton of PTPl B complexes (21) We prepared PTPI B pTyr 
crystals by soakng ctystals of the nact~ve C2155 mutant of PTPI B In crystall~zat~on buffer w~th 5 mM pTyr 
(S~gma) for 1 hour PTPl B-peptde complex ctystals were grown under s m a r  condt~ons to those used 
for ndtve ctystals w~th the exception that the proten was mxed w~th a threefold excess of pept~de 
(Genosys B~otechnoog~es) before ctystall~zat~on Crystals were Incubated n ctystall~zat~on buffer wth the 
respect~ve lhgands and 25% (v'v) glycerol for 40 mln before beng frozen at 100 K for data collecton All 
data were processed w~th DENZO (34) and reduced w~th the CCP4 package (331 The pTyr PTPlB 
crystals are ~somorphous w~th natve PTPl B ctystas and the coord~nates of nat~ve PTPl B (61 [PDB code 
2HNP (3511 were used n the n t a  ref~nement of the pTyr PTPI B ctystal form Refnement wth X-PLOR 
(36) and manual model bud~ng w~th program 0 (37) resulted In a structure that Included an addtonal o: 
hex at the COOH termnus (resdues 283 to 298)oand three resdues at the NH,-term~nus (resdues 2 to 
41 Bnd~ng of peptdes to PTPl B results In a 20 A expansion of the un~t cell along c The tetrapeptde 
PTPl B cqlstal form, wh~ch IS ~somorphous w~th the hexapeptde PTPI B ctystal was solved by molecular 
replacement w~th the pTyr-PTPI B model exclud~ng the pTyr I~gand and programs AMoRe (381 

PTPI B complexes 

Parameters DADEpYL Ac DEpYL Phospho- 
NH, N H 2  tyrosne 

Crystal parameters 
Space group P3.21 P3.21 
a (4) 88.4 88.5 
b (A) 88.4 88.5 
c (A) 123.6 124.5 
z 1 1 

Data co//ection and processing statistics 
Resolution* (A1 50.0 to 2.6 50.0 to 2.9 
Crystals (n) 1 1 
Measurements (n) 103 993 86,391 
Unique reflections (n) 15 101 10,478 
Complete ( O n )  84.6 80.7 
R s ~  m$ 0.095 0.057 
Mean /iul 12.7 14.4 
X-ray source:!: SRS PX9.5 SRS PX7.2 
A (A13 0.89 1.49 

Refinement stat~stics 
Resolut~on (A) 6.0 to 2.6 6.0 to 2.9 
Reflect~ons (n1 (F > 2uF) 14.754 (82.6) 9 025 (79.1) 

(% complete) 
Prote~n and ligand atoms 2,482 2 471 
Vdster molecules (n) 71 0 
R factorll 0.199 0.194 
rmsd bond lengths (Ail/ 0.01 8 0.021 
rmsd bond angles (degrees)¶ 2.1 0 2.18 

146,758 
21.436 
99.7 
0.035 
17.9 

BNL XI 2C 
1.07 

'Practcal dffracton imits of the crystal, tR,:,, = I , ~ I , l ( h )  - i , ( ! i ) ,ZZ., I , i  (h),  where /,(h) and l(h) are tlie ~ t l i  and lnean 
~neasurements of the ntensty of reflecton h. CSRS PX7.2, Synchrotron Radiaton Source, Daresbirry Laborato~y, 
Un~ted K~ngdo~n  statlon PX 7.2 equpped w ~ t h  an 18-cm MAR Research lmage Plate. SRS PX9.5, Synchrotron 
Radaton Source staton PX 9 5 equpped \nlith a 30-cm MAR Research lmage Plate BNLXI  2C Broo*haven Natona 
Laboratoy Natona Synchrotron Light Source Upton, New York, staton XI 2C eqirpped w th  a 30 -c~n  MAR Research 
Image Plate. $ X .  \n~avelength. R factor = X, F, - F,I,I,,F,, where F, and F, are the obsen!ed and calculated 
structure factor amp tudes of reflecton .;. yrmsd, Root-mean-square devaton from dealty 

these interactions is also consistent \ n t h  
kinetic data that show that phosphopep- 
tldes with less than four residues display 
significantly increased K,,, values (13). 

The  stnlcture of PTPlB complexed with 
a peptide derived from a physiologically 
relevant a~~tophosphorylation site of the 
EGFR reveals the molecular inecl~anisms of 
substrate recognition. The recognition 
pocket for pTyr is the ilominant feature of 
the peptide binding site (Figs. 2 and 4) .  
Phosphotyrosine contributes -53% of the 
peptide solvent-access~ble surface area (32) 
buried as a result of hexapeptide binding. 
Specificity for pTyr peptides is achieved 
through numerous mechanisms, one of 
which is the depth of the amphipathic pTyr 
binding pocket-define'! by Arg2" at its 

base and Asp4' at the rill1 and \v111ch exactly 
~ ~ a t c h e s  the length of a pTyr residue (-9 
A )  (Fig. 2). The  side chains of pSer ancl 
pThr are too short to reach to the cata1~-t~c 
residues at  the base of the cleft. Selecti~iti- 
for pTyr resickles on  the basis of length has 
been propose~l to explain the specificit\- of 
SH2 do~l~a ins  for pTyr-conta~ning peptides 
( 18 -2Q), although the nonpolar n a t ~ ~ r e  of 
the pllenyl group-protein interactiom ob- 
serveit in the PTPlB-substrate complex 
contrasts \vith the amino-aromat~c interac- 
tions apparent between the phenyl group of 
the pTyr residue ailil the side chains of Arg 
and Lys a t  the pTyr b~nding  site of the 
SH2 donlains of Src 118) and Lck 119). , , 

Other  determinants of specit'lclty incluile 
( i )  the presence of nonpolar side c h a ~ n s  

lining the cleft that for111 hyilrophohic in- 
teractions with the phenyl group of the 
pTyr residue ancl (li)  the tornlation of 
hyiirogen bonds hetween peptide main- 
chain atolns and the tlrotein. The  interac- 
twns between the peptide side chains aili! 
basic residues on the protein surface con- 
fer sequence specificity; however, the rel- 
atively open structure of the peptide bind- 
ing site is consistent with the ability of 
PTPlB to ilephosphorylate a variety of 
~ T v r  substrates. PTPs constitute a iiiversc. . , 

fam~ly of s~gnal-transduclng enzymes. The  
stri~ctural data re~~i>rtei l  here should oro- 
vide a basis for i~nderstaniilng subatrate 
recogn~tion by other PTPs. 
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Crystal Structure of Pseudomonas mevalonii 
HMG-CoA Reductase at 3.0 Angstrom Resolution 
C. Martin Lawrence," Victor W. Rodwell, Cynthia V. Stauffacher? 

The rate-limiting step in cholesterol biosynthesis in mammals is catalyzed by 3-hy- 
droxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, a four-electron oxi- 
doreductase that converts HMG-CoA to mevalonate. The crystal structure of HMG-CoA 
reductase from Pseudomonas mevalonii was determined at 3.0 angstrom resolution by 
multiple isomorphous replacement. The structure reveals a tightly bound dimer that 
brings together at the subunit interface the conserved residues implicated in substrate 
binding and catalysis. These dimers are packed about a threefold crystallographic axis, 
forming a hexamer with 23 point group symmetry. Difference Fourier studies reveal the 
binding sites for the substrates HMG-CoA and reduced or oxidized nicotinamide 
adenine dinucleotide [NAD(H)] and demonstrate that the active sites are at the dimer 
interfaces. The HMG-CoA is bound by a domain with an unusual fold, consisting of a 
central a helix surrounded by a triangular set of walls of P sheets and a helices. The 
NAD(H) is bound by a domain characterized by an antiparallel P structure that defines 
a class of dinucleotide-binding domains. 

T h e  biosynthesis of cholesterol is regulated 
at the level of the enzyme HMG-CoA re- 
ductase, which catalyzes the interconversion 
of HMG-CoA and mevalonate. This reac- 
tion is the first committed step in the path- 
way of isoprenoid hiosynthesis. In mammals, 
>90% of the bulk carbon flow alone this " 
pathway is used in the production of choles- 
terol. Although cholesterol is an essential 
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component of rna~nrnalian cell membranes, 
its deposition in atherosclerotic plaques re- 
stricts blood flow, an important factor in 
heart disease and death by stroke or heart 
attack. The abundance of mammalian HMG- 
CoA reductase is normally controlled through 
the regulation of transcription ( 1 ), translation 
(2) ,  and enzyme degradation (3), whereas the 
activity of the enzyme is inhibited by phos- 
phorylation (4). Inhibition of HMG-CoA re- 
ductase by drugs such as lovastatin lowers 
intracellular cholesterol concentrations (5) 
and increases both low density lipoprotein 
(LDL) receptor number and absorption of 
cholesterol circulating as LDL (6). 

The reaction catalyzed by eukaryotic 
HMG-CoA reductase is a four-electron 

NADP(H)-dependent oxidoreduction that 
req~~ires two molecules of NADPH to re- 
duce HMG-CoA to mevalonate and CoA. 
The reaction is analogous to the two suc- 
cessive reactions of an aldehyde dehydroge- 
nase and an alcohol dehydrogenase, but is 
accomplished by a single enzyme. Compar- 
atively little is known of the structural re- 
quirements for catalysis by HMG-CoA re- 
ductase. Direct participation of cysteines in 
catalysis, suggested hy sensitivity to sulfhy- 
dry1 reagents (7-10), was disproved by elim- 
ination of cysteines by site-directed mu- 
tagenesis ( 1  1 ) .  Glutamate and histidine res- 
idues essential for catalysis have, however, 
been identified ( 1  1-13). Sequence analysis 
of >20 HMG-CoA reductases from yeast to 
~nam~nals indicates a COOH-terminal cat- 
alytic domain of -50 kD and a hydropho- 
bic NH,-terminal membrane-attachment 
domain of variable length (14). Mammalian 
HMG-CoA reductase is thought to he ac- 
tive as a homodimer with a monomer mo- 
lecular size of 70 to 100 kD ( 15). 

We have now determined the crystal 
structure of Pseudomonas mevalonii HMG- 
CoA reductase, a sohlhle protein of 45-kD 
subunits. Although functionally analogous 
to the catalytic domain of the larger mam- 
malian enzymes, the Pseudomonas enzyme 
lacks an NH,-terminal membrane anchor 
(7, 16). Pseudomonas HMG-CoA reductase, 
which fi~nctions as a catabolic enzyme, is 
induced by mevalonate, which it converts 
into HMG-CoA with NADt as an oxidant 
(7,  9 ,  17, 18). Sequence identity between 
the Pseudomonas enzyme and the COOH- 
terminal catalytic domain of mammalian 
HMG-CoA reductase is limited (20%), hut 
key residues implicated in substrate recog- 
nition and catalysis are conserved (12 ,  13). 

Recombinant P.  mevalonii HMG-CoA 
reductase was overexpressed in Escherichia 
coli and purified to homogeneity as previ- 
ously described ( 1  6). Crystals were grown in 
the cubic space group 14,32 with a = 229.4 
A and two monomers per asymmetric unit 
(19). The structure solution (Tahle 1) was 
based on an initial multiple isornorphous 
replacement (MIR) map calculated from 
four heavy-atom derivatives. The MIR phas- 
es were refined with solvent flattening and 
averaging over the twofold noncry:tallo- 
graphlc symmetry, heginning zt 5.0 A and 
gradually extendi~g to 3.0 A. The final 
phase-refined 3.0 A map showed continuous 
main chain density from the NH,-terminus 
to residue 378; the last 50 residues of the 
molecule are disordered in the crystal. The 
sequence fit to the map was confirmed from 
the positions of the unique 24 methionines 
seen in difference Fourier density based on 
selenomethionine-s~~bstituted HMG-CoA 
reductase (Fig. 1). The current rnydel has 
been refined with TNT (20) at 3.0 A to give 
a crystallographic R factor of 18.9% and an 
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