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ABSTRACT. The structure of the bifunctional enzyme HpcE (OPET decarboxylase/HHDD isomerase) from
Escherichia colishows that the protein consists of highly similar N and C terminal halves. Sequence
matches suggest that this fold is widespread among different species, including man. Many of these
homologues are uncharacterized but apparently connected with the metabolism of aromatic compounds.
The domain shows similar topology to the C terminal domain of fumarylacetoacetate hydrolase (FAH),
a functionally related enzyme, despite lacking significant overall sequence similarity. HpcE is known to
catalyze two rather different reactions, and comparisons with FAH allow some tentative conclusions to
be drawn about the active sites. Key mutations within the active site apparently allow enzymes with this
fold to carry out a variety chemical processes.

Bacterial degradative pathways of aromatic compounds CH,C00" CH»C00" CH,CO0"
are of considerable interest for bioremediation and biodeg-
radation of waste products. One such pathwasnherichia

coli C breaks down homoprotocatechuate (3,4-dihydroxy- co0" 7 "
phenylacetate, HPG)a product of tyrosine and phenylala- , 00 ‘ .
nine metabolism also released by lignin catabolism. The oo N e
inducible extradiol hetg cleavage HPC pathway is one of 1 |

the longest degradative pathways known, and shows a strong OH

resemblance to the dehydrogenative catechol catabolicF . : .

IGURE 1: The chemical reactions catalyzed by HpcE. Carbon
pathway encoded by the TOL plasmid 2). The 4-hydroxy- dioxide is lost in the first step, and the subsequent isomerization is
phenylacetate pathway @&. coli W is highly similar, the  required to lose a second carbon dioxide molecule in the next step
necessary genes being carried on a 15-kb cas$tt8dven in the degradation pathway. The isomerization is reversible, but
sequential steps reduce HPC to succinic semialdehyde andhe biological direction is shown.

pyruvic acid. Sequencing of the genes involved and char- of the E. coliW pathway 8). The crystal structures of several
acterization of the enzymes showed that two consecutivejsomerases in similar pathways have been reported. HpcE
steps, a decarboxylation and an isomerization, were carriednwever shows little sequence similarity to these including
out by the same protein, HpcE (Figure 1). The sequence of cym| (5-carboxymethyl-2-hydroxymuconate isomerase),
the 45-kD monomeric protem_shows clear sequence similarity \yhich catalyzes an earlier step in the HPC pathway and acts
between the N and C terminal halves, suggestive of tWo oy 5 similar substrate4). Indeed, sequence homology
similar domains and ra!smg_the possibility that e_zach domain gegrches found no apparent similarity between HpcE and any
corresponded to an active site, the substrate being channelledeviously solved structures. To examine the differences in
between the two. HpcE fror. coli C is identical to HpaG  {he two domains of the protein, and to examine the basis of
T Funding is from the Royal Society University Research Fellowship ts marked preference for 2-hydroxyhepta-2,4-diene-1,7-
(JRHT), Japan Science and Technology Corporation (KN), BBSRC dioate (HHDD) over CHM (S'Carboxymethyl'z'hy_drOXY'
(EJD), and Medical Research Council (DIR). muconate), we have solved the structure by multiple iso-
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! Matsushita Electric Industrial Co., Ltd. Overall Structure The final model consists of four copies

g atsush
# 32;35{;‘3 gff \\,(V(grlf,;,ick. of the 429-residue protein in the asymmetric unit, two pairs

1 Abbreviations: HHDD, 2-hydroxyhepta-2,4-diene-1,7-dioate; OPET, Of monomers being related by a simple translation of 1/2
5-oxopent-3-ene-1,2,5-tricarboxylate; FAH, fumarylacetoacetate hy- alongz and 0.03 along. A diagram of the overall monomer

drolase; 4-OT, 4-oxalocrotonate tautomerase; CHMI, 5-carboxymethyl- gy ctyre is shown in Figure 2, and refinement statistics are
2-hydroxymuconate isomerase; HPC, homoprotocatechuate (3,4-

dihydroxyphenylacetate); ODC, orotodinersonophosphate decarbox- ~ diven in Table 1. Not all residues are visible in the electron
ylase. density map, a break occurring from residues 236 to 243
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superimposed with remarkably small deviations in the main-
chain atom positions; the fit of the main-chain atoms for the
137 residues in the barrel of each domain gives an rms
difference of only 1.03 A. The structure is very different
from two previously solved enzyme structures involved in
similar reactions4), but the significant sequence homology
of the N and C terminal domains with numerous other
proteins suggested the same fold occurs in mammalian as
FiIGURE 2: The overall structure of of HpcE. This figure was drawn Well as bacterial proteins, many of unknown function.

using MOLSCRIPT 29) and RENDER 80). 3 sheets are shown Domain StructureHpcE is a mainlyS protein, with long

as arrows, the secondary structure assignments being made autostretches of coil connecting the strands, which form two

mgt'cl\?lI%’e%i'\r/]'uosl‘s(glSg):)n'oﬂt]ﬁepoéyptgm?ﬁu%haé'rg ('js) coTI(r)]lirgdvfir SVT principal sheets in each domain. There are only three helices

approximately down the pseudo 2-fold axis of the protein, shows longer than four residues, two of which are found in
residues 1 and 2 plugging one end of the N domain barrel. The equivalent positions of the N and C terminal domains. The

position of the calcium ion in the C domain is shown as a gray extra helix occurs between the first and second strands of
sphere. sheet 1 in domain N, at a position equivalent to the flexible
loop in domain C which is not visible in the electron density

Table 12 maps. A schematic diagram of the connectivity is shown in
data collection statistics Figure 3, and the residue numbering of hetrands is given
rRefnogﬂggn(%) P A Lo LT0 A in Table 3. The two domains form a heterodimer related by
<lo(l)> 186 20 a pseudo 2-fold rotation axis. Each domain is roughly 200
completeness (%) 98.5 98.3 residues long, and residues 206 to 220 form a linker that
quﬁ?t?i[:it 323-0 A 20 reaches across to the start of domain C. The domains consist
_ plely o ’ : of two mainly antiparallep sheets which exchange strands,
:gggmg:‘"mts's(%s 01217 the chain passing from one sheet to the other five times.
no. of used reflections 186 453 The larger sheet (1) is strongly twisted into a barrel-like
percentage observed 98.46 structure, with the smaller sheet (l1), also highly twisted, lying
percentage free reflections 5.0550 against it. The gap between the edge strands of sheet | is
?r‘éeersl;gcfti?or 8:5;23 filled by residues 106 to 113 in domain N, and residues 319
overall correlation coefficient 0.9586 to 330 in domain C, both stretches including a one-turn helix.
free correlation coefficient 0.9438 The barrels of both N and C domains are plugged at one
M- Bgzgg o g; fhojrt]'q%’l‘a'aﬁg:ggs:grs 2'234718 end, by residues-12 and 226-221, respectively. The other
averageB value for all at(fms 38.2 end of each barrel forms a cavity. Overall, the barrel may
averageB value for main chain atoms  35.9 be likened to a cupped hand, the fingers (running across the
bond length (A) 0.019 h 0,021 B strands) curling over the palm and the thumb blocking
bond angle) (weight 0.021) one end of the tunnel formed. A short helix sits between the

(weight 1.964) finger tips and base of the thumb, leaving a cavity lined by
aR factor= ||Fod — |Fead|/=Fass The high R factors are due to  the little finger. Side-chains within the cavity in each domain
the translational NCS that gives rise to a class of systematically weak possibly involved in catalysis are shown in Figure 4. There
reﬂectior_ls. No sigma c_utoff was applied at any stage of data handling. js g calcium ion bound in this cavity in the C domain only.
Four residues appear in “forbidden” areas of the Ra_machandran plot.-|—he open end of the N domain cavity is rather more occluded
Two of these, Glu 58 and Arg 212, are found at flexible loops on the .
molecule and have relatively poor density. Asp 234 occurs just before by a |90p frpm r§5|dues 98110. The entry of a SUbSt"’ite
the break in the density at His 235, which is clearly highly mobile. into this active site would have to be through a hole lined
Lys 29 is found at a surface loop close to a cis-proline (Pro 27) but by Phe 102, Val 36, Ala 9, Phe 38, Pro 105, and Lys 110.
has relatively strong electron density in three copies of the molecule. The short equivalent loop in the C domain (residues—297
299) lies away from the axis of the barrel and does not
inclusive, which are omitted from each copy of the protein obstruct small molecules from entering the lumen. In Figure
in the model. These residues form a loop lying away from 4b, it is therefore possible to look down the core of the barrel
the body of the protein and possibly only take up a fixed behind the calcium ion to residues 220 and 221 which block
conformation on substrate binding. Crystal contacts are the far end.
formed by cysteine 48, which makes a disulfide bond with ~ The close similarity of the two domains among all four
its equivalent on neighboring subunits. Oxidation is not copies of the protein in the asymmetric unit suggests a fairly
complete, and the sulfur has been modeled into alternaterigid core structure, although movement of the loops to allow

conformations. substrate access to the active sites is clearly possible.
There is 34% sequence identity between the N and C Removing noncrystallographic symmetry restraints in the
domains of HpcE, with residues-200 matching 224429 later stages of refinement did not lead to large changes,

(Table 2), which led to the suggestion that the two have although there are some differences in surface side-chains
similar folds @). It therefore was not surprising to find each close to crystal contacts. The loop from Leu 97 to Ala 109
monomer consists of two highly similar incomplete barrel- may in fact move as a lid covering the mouth of the N
like domains each measuring 3040 x 40 A. No significant domain active site.

similarity to known protein folds was found by searching  Examining other related structures, it became obvious that
PDB using DALI (). The cores of the two domains may be the hetero “dimer” consisting of the N and C domains of



2984 Biochemistry, Vol. 41, No. 9, 2002 Tame et al.

Table 2: Sequence Alignment of the N and C Domains of HpcE

EEEEE HHHHHH EEEEE EEE
N domain 1 MKGTIFAVALNHRSQLDAWQEAFQQSPIKAPPKTAVWFIKPRNTVIGCGEPIPFPQ-GEN 59
C domain 221 PHGTLFALGLNYADHASELEFK-—-—-—-—-—-— PPEEPLVFLKAPNTLTGDNQTSVRPNNIEY 272
EEEEE EEEEE EEEEE
:**:**:.**: . . . **: . *:*. **: * . *: *
EEEEEEEEE EEEEEEE EEE
N domain LLSGATVALIVGKTATKVREEDAAEYIAGYALANDVSLPE-~-ESFYRPAIKAKCRDGFCP 117
C domain MHYEAELVVVIGKQARNVSEADAMDYVAGYTVCNDYAIRDYLENYYRPNLRVKSRDGLTP 332
EEEEEEEEEEE EEEEEEEE EEE
* :.:::** * :* * Kk Kk :*:***::'** [ . *_:*** ::.*.***: *
E EEEEEE EEEEEE HHHHHHHHH EEE
N domain IGETVA----LSNVDNLTIYTEINGRPADHWNTSDLORNAAQLLSALSEFATLNPGDAIL 173
C domain MLSTIVPKEAIPDPHNLTLRTFVNGELRQQGTTADLIFSVPFLIAYLSEFMTLNPGDMIA 392
EE EEEEEE EEEEEEEE HHHHHHHH EEEE
- .*:. [ .***: * :**. : _*:** . *:: *kxk kAkkkkk Xk
EEEEEE EEEEEEE
N domain LGTPQARVEIQPGDRVRVLAEGFPPLENPVVDEREVT 210
C domain TGTPKGLSDVVPGDEVVVEVEGVGRLVNRIVSEETAK 429
EEEEEEE EEEEEEEE

* ok Kk w .. * ok Kk ok ok * % * ok ok ok

@ Residues +210 were aligned with residues 22429 using ClustalW. Identical residues in the alignment are indicated by asterisks (*), very
similar residues are indicated with colons (:), and similar residues are indicated with a period (.). The secondary structure is indicated in the line
above (N domain) and below (C domain) the sequences (itlix, E — § strand). The highly conserved 12-residue sequence Leu 160 to lle 172
matches Leu 379 to lle 391 (shown in bold). These sequences form almost identical loop structures in the two domains with an overall rms
deviation of 0.57 A over the 52 main-chain atoms compared. Phe 163 and Phe 382 are equivalent residues in the N and C domains, respectively.
They lie at the C terminal end of am helix and pack against two positively charged residues on the opposite domain, forming a key contact
between the two halves of the protein.

1. 5 4 2 3 Table 3: Residue Numbers of Strands in Sheets | and Il of the N
and C Domains

N domain sheet | sheet Il

strand 1 59 52-54

strand 2 36-40 131136

strand 3 6169 140-145

strand 4 8793 188-193

strand 5 115118 199-205

strand 6 173173

C domain sheet | sheet Il

strand 1 225229 262-266

strand 2 248252 350-355

strand 3 273283 358-365

strand 4 299-306 407413

strand 5 336334 416-423

strand 6 389-392

2 1 6 3 4 5 last step in tyrosine and phenylalanine catabolism. In humans,

Ficure 3: Topology diagram showing the common features of the mutations _in the FAH gene Ie_ad t_o here_ditary tyrosinemia
individual domains of HpcE. Short helices (less than five residues) type I, which is associated with liver failure and may be
are omitted, an@ strands are shown as arrows. This diagram shows fatal. FAH subunits have a molecular weight of 46 kDa. The

the connectivity between the twd sheets in each domain. FAH  crystal structure has a calcium ion coordinated to several
shows identical connectivity but has longer surface loops and an carboxylate side chains6) and mutations at this site
extra domain that make the protein larger overall. . :

inactivate the enzymer). The FAH-product complex has
HpcE is related to the C terminal domains of the homodimer been solved by crystal soaking with fumarate and acetoac-
of mouse fumarylacetoacetate hydrolase (FAH;A com- etate, showing the acetoacetate binds directly to the calcium
parison between the principAlstrands is shown in Figure  (6).
5. It is not clear why this similarity was not detected by  Structural Comparison with FAHEAH consists of N and
DALLI, but the differences in the structures are apparently C terminal domains, the N domain being about 120 residues
large enough to mask the underlying topological similarity. long and largely forming strands. HpcE has no counterpart
FAH hydrolyzes a variety of diketoacids and catalyzes the to this domain, but its N and C terminal halves each strongly
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database, entries P37352 and P33505, respectively, but the
entry for HpckE P37352 is incorrect and gives a truncated
sequence of 405 amino acid residues. The latest GenBank
sequence entry has accession number X75028, but the X-ray
model shows the dipeptide sequence Maio is inserted
between Val 402 and Gly 403 of this sequence. The modified
sequence is used throughout this paper.) Sequence compari-
son between the last 210 residues of HpcE and FAH gives
a sequence identity of 15.0%, with a region of about 50
residues being highly conserved between the two. Superpos-
ing the proteins also overlaps the calcium ion in each
structure. Remarkably, overlapping the main-chain atoms of
the two structures on this stretch of sequence (residues 215
265 of FAH with 288-338 of HpcE) automatically aligns

J & the N domain of HpcE with the dimer partner of FAH,
1 showing the relative orientation of the two domains is very
similar in both proteins. The rms deviation of the 204 atoms
used is 3.8 A. Using this alignment to match residues
FiIGURE 4: The active sites of the protein. Despite the highly Visually, 46 residues (184 main-chain atoms) were selected
conserved nature of the barrel structure in each domain, differentfrom the barrel core which gave an rms deviation of only
residues are found within the pocket enclosedtsheet I in the  0.65 A. The barrel structure of FAH and HpcE is therefore

N and C domains. (a) In the N domain, a Lys 110 and Arg 180 c|early very highly conserved between the mammalian and
each form salt-bridges with Asp 94 and Glu99. The short loop from . . . . .
98 to 100 (seen to the right in this view) partially occludes the bacterial enzymes. Despite holding the barrels in very similar

entrance to the cavity. (b) In the C domain, Glu 276, Glu 278, and Positions, the domain interfaces are not very similar. This
Asp 307 coordinate a calcium ion. The 2Fo-Fc electron density region is very hydrophobic in HpcE and forms a typical

map in the region of these side-chains shown in Figure 6. protein-core like structure. In FAH, the 2-fold axis between
the identical monomers passes between two histidine residues
(His 160) which form main-chain to side-chain hydrogen
bonds with each other. The buried surface area was calculated
with the programs SURFACE and AREAIMOL from the
CCP4 suite §), treating residues-1206 and 216-429 of
HpcE as separate domains. A total surface area of -3300
3400 A is buried between the two. The interface is larger
in FAH, partly due to an extra helix between residues 237
and 246, and 55005600 A are excluded from solvent on
dimer formation. This represents about 15% of the surface
area of each FAH monomer (18 206)A&nd suggests very
strong self-association. The smaller interface found between
HpcE domains presumably reflects the large entropic ad-
vantage of covalent attachment, and the domains associate
without requiring a very large number of atomic contacts.
N Domain.There are two significant cavities within the
protein, located at equivalent positions within the center of
each domain. These cavities are at the equivalent positions
of the substrate binding site and calcium ion in FAH. The N
domain cavity has an unusual tetrad of charges formed by
Asp 94, Glu 99, Lys 110, and Arg 180, which lie roughly in
a plane (Figure 6). The opposite face of the cavity is much
Ficure 5: Comparison of the maip sheet structure of the N more apolar, although the bottom of the pocket is also

domain of HpcE and FAH. The upper panel shows HpcE, and the ¢ |atively polar but uncharged. Leu 10, Asn 11, and His 12
lower panel shows FAH. The equivalghsheets have been colored I hei in-chai : ’ ! he i .
blue and green. FAH was the first protein structure determined in @/l Present their main-chain nitrogen atoms to the interior,

which af sandwich and g roll are combined in this waygj. The and a carboxyl group can fit into this position with the charge
domains of HpcE represent a simpler version of the same fold. cluster sitting next to a possible substrate. An extensive

This figure was made with MOLSCRIP29) and RENDER 80). hydrogen bonding network holds the side-chains inside the
pocket in place, and their temperature factors are similar to
resemble the C terminal domain of FAH. In solution, FAH those of other internal residues.
exists as a dimer linked by contacts between this C terminal  Since FAH PDB entry 1QCO has fumarate and acetoac-
barrel domain. Analytical ultracentrifugation experiments etate modeled into the active site, overlapping it onto HpcE
show HpcE to be monomeric (data not shown). Overlapping as described above allows the substrate binding site of FAH
the similar structural features between HpcE and FAH to be compared with equivalent residues in HpcE. The loss
revealed some sequence similarity (Table 4). (The sequence®sf calcium binding in the N domain is readily explained by
of both HpcE and FAH are available from the SwissProt changes in the metal coordinating residues in FAH. Asp 126,
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Table 4: Sequence Alignment of HpcE C Domain and FAH

HpcE YMHYEAELVVVIGKQARN---VSEADAMDYVAGYTVCNDYAIRDYLENYYRPN-—-—-—-—-—— 321

FAH LLDMELEMAFFVGPGNRFGEPIPISKAHEHIFGMVLMNDWSARDIQQOWEYVPLGPFLGKS 254
okLLLL* * S R A S O : ok

Hpct === —- LRVKSRDGLTPMLSTIVPKEAIPDP---HNLTLRTFVNGELRQQG-~~TTADLI 369

FAH FGTTISPWVVPMDALMPFVVPNPKQDPKPLPYLCHSQPYTFDINLSVSLKGEGMSQAATI 314

*ooX xR kg HE L. HE o * .

HpcE FSVPFLIAYLSEFMTLN-—-—-—-————~=~— PGDMIATGTPKG-—————————~=————————— 398

FAH CRSNFKHMYWTMLQQLTHHSVNGCNLRPGDLLASGTISGSDPESFGSMLELSWKGTKAID 374
* * [ *. ***::*:** .*

Hpecte === —= LSDVVPGDEVVVE-—-—————— VEGVGRLVNRIVSEETAK 429

FAH VEQGQTRTFLLDGDEVIITGHCQGDGYRVGFGQCAGKVLPALSPA 419

* ok kk o . * k. .

a Sequence alignment of the C terminal domain of HpcE with mouse FAH. The alignment starts at Tyr 272 (HpcE) and Leu 195 (FAH). A close
match between the sequences starting at Pro 387 (HpcE) and Pro 342 (FAH), both shown in bold, overlaps the 12-residue sequence conserved
between the N and C domains of HpcE highlighted in Table 2. The following residues form a strand of the barrel structure. The equal signs above
the top line of the alignment indicate the calcium-binding carboxyl groups conserved between HpcE and FAH (Glu 276, Glu 278 and Asp 307 in
HpcE). Extra loops found in FAH as compared to HpcE are apparent in the alignment.

Lys110 10

(b)

Ficure 6: Close-up view of the active site in the N terminal \sp307 Asp
domain. The electron density map is shown atd.2 ! '3,, o 4 T S
@ d

Ala227 s Ala227
Glu 199, and Glu 201 in FAH have equivalent residues Ala 3 s
7, Gly 63, and Thr 65 in the HpcE N domain, and the side- s g
chain of Arg 180 in HpcE occupies the same position as ;576 Glu276
Glu 199 in FAH. The N domain has room to bind acetoac- Glu27s Glu278

etate but not fumarate, whose binding site is blocked by PheF 7. (a) Close-up view of the active site in the C terminal

: H H H H IGURE [ -up view 1V e 1 |
102. The fumargte bmf:hng site In FAH 'nC|l.JdeS Arg 142, domain. The electron density map is shown at #&.2Water
from the domain having no counterpart in HpcE. The mojecules are shown as red spheres, and the calcium ion is colored
residues around acetoacetate are conserved to some extengieen. (b) The overlap of the calcium binding sites of FAH and
Phe 38, Lys 110, and Thr 176 closely mirror the FAH HpcE. The two proteins were overlapped on 46 residues in the barrel

residues Tyr 159, Lys 253, and Thr 350. Acetoacetate COre- The main-chain atoms were fitted between 123 and 126224
Y Y 227), 196-206 (273-283), 226-234 (300-308), 325-334 (371

hyd_rogen bonds to His 133 in FAH' which lies close to Gl-n 380), 338-349 (383-394), the HpcE residue numbers being given
15 in the superposed HpcE. Since acetoacetate also binds, prackets. The rms displacement is 0.65 A, and the maximum
directly to the calcium ion however, the N domain is unlikely displacement is 1.6 A. HpcE protein is shown in blue and its
to bind it strongly. calcium ion can be seen as an isolated sphere. FAH has its nitrogen

C Domain.Unlike the N domain. the C domain has a triad &toms colored blue, oxygen is red, carbon is yellow, and calcium
: ' is orange. The calcium binding site is extremely similar in both

of carboxyl groups coordinated to a metal ion (Figure 7a). ,yeing except that one carboxyl group in FAH is missing in HpcE,
The three side-chains involved, Glu 276, Glu 278, and Asp which has alanine at this position.

307 are also held in place by two lysine side-chains (Lys

252 and Lys 325) and the main-chain nitrogens of Thr 393 consistent with the presence of calcium in the active site of
and Gly 394. Decarboxylase enzyme activity is reported to FAH, which also breaks a carbeicarbon bond, although
be magnesium dependent, and the protein loses this activitythe chemistry involved appears to be rather differé)t (

if purified in the absence of magnesiurB).( (Since no FAH uses a histidine and a glutamate, the latter bound to
magnesium was added to the protein and the crystals werethe calcium ion, to position a water molecule that attacks
grown in 200 mM calcium chloride the metal ion present in the substrate nucleophilically. As noted by Timm and co-
the structure is presumably calcium.) This suggests the metal-workers 6), calcium is more commonly a structural than
binding domain is the site of decarboxylase activity. This is catalytic component of proteins, and it may well serve simply
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Ca xylose isomerase and 38 triosephosphate isomerase. Not
8 Glu276 surprisingly, given the range of substrates, the remainder are

Gl27s “e® ‘f"‘--i.,.g. quite diverse, although structural similarity is not a guarantee
s ® ,;’ e g His274 of catalytic similarity. Xylose isomerase and triose phosphate
-\?,.w w"ﬁ. - isomerase are both barrel structures, but the former uses
- ® ® hydride transfer and the latter uses an ene-diol intermediate

* % (10, 11). A number of isomerases have an absolute require-

Tyr275 ment for metal ions, but some do not. Relatively few

FiIGURe 8: The position of His 274. The imidazole of His 274 and enzymes catalyzing a simple ketenol transforma.tlon have .
the glutamate side-chains of residues 276 and 278 lie roughly in aP€en S(?Ived. Of these, two enzymes a|~°{0 involved in
plane. All three residues lie on the thifdstrand of sheet | in the ~ processingnetacleavage products of aromatic compounds
C domain. The histidine side-chain is close enough to form a salt- are most relevant to HpcE, CHMI, and 4-oxalocrotonate
bridge with the carboxyl of Glu 276, indicated by a dashed line. 5 tomerase (4-0T).

Rotating the imidazole group through T8&bouty, would allow . . . .
a hydrogen bond to form betweer: ldnd the carbonyl oxygen of CHMI is the enzyme in the HPC pathway immediately

Tyr 275 instead. Neither of these atoms forms a hydrogen bond in UpStream from_ HpcE, a ho_modimer Wi_th _126-f';1mino acid
the conformation shown. The calcium ion is shown as a green subunits. 4-OT is a hexameric enzyme with identical subunits

sphere. of only 62 amino acid residues, the smallest enzyme subunit
known. The two enzymes catalyze similar reactions with
to hold the active site residues in place. Both HpcE and FAH simijlar substrates (and will process each other’s substrates
use a pair of glutamate residues of atrand separated by  sjowly). The crystal structures of these enzymes unexpectedly
one residue as ligands for the metal ion (Figure 8), but FAH showed that they have very similar overall structures, the
uses four carboxyl groups, and HpcE uses only three. The4-OT dimer adopting a very similar fold to the CHMI
positions of these three glutamate residues and the metal ionngnomer, despite the lack of any sequence similarity
are extremely well conserved between the two proteins petween the two4). Although substrate soaks were not
(Figure 7b). Like the N domain, the C domain conserves possible with CHMI due to the high concentrations of sulfate
the FAH residue Thr 350 (as Thr 395) and replaces FAH ysed for crystallization, the active site could be identified
Tyr 159 with a phenylalanine (HpcE Phe 250). These py the positions of ordered sulfate ions and comparison with
residues lie close to the acetoacetate binding site in FAH, the 4-OT structure. Both enzymes use the N-terminal proline
but a three-residue insertion at residue 229 causes a bulggs g catalytic base. The very different nature of CHMI and
of residues in HpcE that partially blocks its binding site. The HpcE precludes a simple comparison of the active sites. It
fumarate binding site is not as well conserved. Leu 230 and js therefore not possible at present to determine the reasons
Leu 314 make a rather hydrophobic pocket in HpcE, although for the different substrate specificity of the two proteins.
Arg 314 is close-by. Since the HHDD isomerase activity works on a smaller
The imidazole side-chain of His 274 may play some role substrate than CHM, it is however highly probable that steric
in catalysis. As modeled, the histidines tom hydrogen  hindrance is involved. As in the case of other isomerases
bonds to Glu 276, a ligand of the calcium ion (Figure 8). such as phosphomannose isomerds®, (the structure of
Neither the N atom nor the carbonyl oxygen of Tyr 275  HpcE does not allow the catalytic residues or the orientation
form hydrogen bonds, sitting in a highly apolar pocket of bound substrate to be determined. More work is needed
excluded from water. Rotation of the imidazole group both to test the activity of mutant proteins and to make
through 180 abouty, would bring these atoms within 3 A syitable substrate analogues.
of each other, and placesNhe same distance from a water Comparison with DecarboxylaseBespite the potential
molecule, but break the bond with Glu 276. His 274 and industrial interest in decarboxylases due to their carboligase
Glu 276 may therefore play important roles in protonating activity, relatively few of these enzymes have been studied
the substrate to assist departure of carbon dioxide, butstructurally. PDB currently contains 12 unique decarboxylase
mutagenesis and substrate soaking studies will be needed t@tructures. A common requirement is an electron sink to
confirm this. accept the electron left on the substrate by the carboxyl group
Although Tyr 232 and Glu 246 are clearly visible in the which departs as carbon dioxide. This electron sink is of
electron density map, the residues between cannot be seenften a cofactor such as pyridoxal phosphate, but several
even at very low contour levels (0. This surface loop  decarboxylases function without any cofactor. For example,
stretches just over 13 A across two hydrophobic residueswhitby and co-workers1(3) solved the structure of Uro-D,
(lle 369 and Phe 370), which are well-ordered and visible. an eight-strandeg-barrel containing enzyme involved in
The residues missing from the model are distant from the porphyrin synthesis. The active site could be identified from
active site and presumably play no direct role in catalysis. the fairly hydrophobic pocket with positively charged
Comparison with Other Isomerasédthough the catechol  residues present to bind the carboxyl groups on the substrate,
pathway has enzymes equivalent to 5-carboxymethyl-2- but the catalytic mechanism is unclear. It has been suggested
hydroxymuconate isomerase (CHMI) and OPET decarboxyl- that the pyrrole ring of the protonated substrate acts as the
ase of the HPC pathway, it has no equivalent to HHDD electron sink. Orotidine 'smonophosphate decarboxylase
isomerase. Several enzymes are known that catalyze thODC) also has the TIM barrel fold, and the distinction of
interconversion of keto and enol forms. In some cases, theyenhancing the rate of reaction faster than any other known
are required to give the keto form, but in others the enol enzyme. The structure and its mechanism have been studied
form is the substrate of the successive enzyme. Over 230by various groups. One group emphasized Jencks’ “Circe
structures of isomerases are present in PDB, 62 of these beingffect” in the action of the enzyme, the carboxyl group being
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destabilized by close approximation to a aspartate side-chainr o 5. perivative Datasets and Phasing Statistics
(14), while another group stressed the importance of an active

site lysine residue that may stabilize a carbanion transition S Ho i
state intermediatelf). A third group suggests that ODC L%S%U;;’:u'r'ggtrseﬂns 13-052 262 é& 15-3(;12-657);
has a unique mecha_nlsm becau_se the carbanion generated is | unique refins, 52 639 63117
located in an sporbital perpendicular to a& system, and completenesg%) 93.3 (89.8) 99.7 (95.7)
favors a scheme in which substrate protonation and decar- Rmergé (%) 8.2 (16.4) 6.0 (16.8)
boxylation occur simultaneousiyi§). Despite its catalytic <l/o(l)>2 11.9(5.1) 12.9 (6.3)
phasing power 1.03/0.79 0.76/0.59

prowess, ODC does not have any structurally obvious
catalytic features except a lysine and an aspartate. OPET *Numbers given in brackets refer to the outer shell of dahasing
decarboxylation catalyzed by HpcE also requires no pyri- frf]‘;"eqrF'SVﬁ;"e_TFfOZrageﬂ;”c and centric reflections. Phasing power
doxal or related cofactor. As compared to the reaction carried G L
out by ODC, the chemistry is facilitated by the carbonyl on ]
the substrate itself, which accepts the electron left behind the enzyme are also necessary to discover the role of metal
by the departing carbon dioxide. HpcE may therefore achieve ions in the decarboxylase activity.
adequate catalysis of the relatively simple transformation
simply by binding the substrate and destabilizing the carboxyl MATERIALS AND METHODS
group to be removed, as has been proposed for OBIL ( Crystallization and Data CollectiorThe purification and
The role of the metal ions is unclear. No other decarboxylase crystallization of HpcE have been reported previouds) (
has metal ion dependence, and it may be that the calciumThe crystals were originally reported to B&,2,2; with cell
ions in the structure serve only to hold the active site residuesdimensionsa = 106.1 A,b = 127.4 A,c = 139.8 A. Crystals
in place. grown using the reported conditions (using PEG 6000 as
precipitant) often grew as clusters of very thin crystals, and
CONCLUSION a native dataset of only 3.3 A could be collected at Daresbury
Certain protein folds are known to be capable of supporting SRS station PX 9.5. Replacing PEG 6000 with monomethyl
a variety of enzymic activities. One of the best known ether PEG 2000 and including 200 mM calcium chloride
enzyme folds is the TIM barrel, which is adopted by enzymes improved the crystal quality considerably. The final condi-
from four main EC classes carrying out at least 15 different tions used were 15% MME-PEG 2000, 200 mM Ca@hd
functions (7). No other fold is associated with so many 50 mM Tris-Cl, pH 8.0. Hanging drops were set up using
functions. The incomplete barrel-like fold of HpcE and FAH 15 mg/mL HpcE, mixing the protein and reservoir solution
is not related to true barrel structures since the strands lie inin a 1:1 ratio. Crystals grew overB weeks at 20C. The
opposite directions, but it too can clearly carry out more than Matthews coefficientZ0) is 2.54 assuming four copies of
one function. Gene duplication has apparently occurred atthe monomer in the asymmetric unit. These crystals are
some point in evolution to create the two copies of the orthorhombic with cell dimensiors= 104.0 A\b = 126.1
domain in the polypeptide chain of HpcE. Since the A, c= 138.2 A. (The shrinkage in all axes as compared to
isomerization reaction has a relatively low activation energy, the earlier crystals may be related to the improved diffrac-
it may be that this step originally proceeded without enzymic tion.) Absences were observed along all three ax@3, kO,
assistance, as in the TOL pathway. Duplication subsequentlyand 00. However, the native Patterson map showed a strong
allowed a novel active site to evolve which catalyzed the peak at (0.5, 0.03, 0.0) indicating simple translational
reorganization of HHDD into a form readily decarboxylated. symmetry and making it impossible to decide whether the
The fact that the apparent active site is found in the sameabsences along the shortest axis indicated that the space
place in each domain suggests the fold may be a usefulgroup wasP2,2,2;, or were due to the translation and that
scaffold into which different active sites may be engineered. the true space group wd®,2,2. The data were therefore
Although a large number of the homologues remain to be reindexed to givea = 126.1 A,b = 138.2 A,c = 104.0 A.
studied, it seems that most HpcE-like proteins are involved Native data were collected at Station X11 of the DESY
in the catabolism of aromatic compounds; the ORF21 protein synchrotron using a 300 mm Mar image plate detector. A
from Rhodococcus erythropolfsr example was sequenced total of 198 754 reflections were measured using a single
from a plasmid associated with biphenyl degradatib®).( crystal. A total of 229 images were collected in two sweeps;
The HpcE fold appears therefore to be rather less catalytically 134 high-resolution images were collected using @3cil-
multipotent than the TIM barrel, although a number of lations, and a further 95 low resolution images (to 2.6 A)
sequence matches have been labeled “isomerase/decarboxyltsing T oscillations. Data collection statistics are given in
ase” or “isomerase” simply due to the known function of Table 1.
HpcE. The domains of HpcE and their alignment with similar ~ Phasing. Two isomorphous derivatives were prepared,
sequences suggest the minimal domain size to be about 20Wsing mercury acetate (soaking 2.5rha 2 mM solution)
amino acids. The rather larger FAH is more decorated with and potassium tetrachloroplatinate (by leaving crystals,ef K
surface loops than HpcE, although it is not clear the extra PtCl, next to a protein crystal and waiting 2 h). Both
residues have any biological function. derivative data sets were collected at Daresbury SRS station
At present, the nature of the interactions with substrate PX 9.5. All data (native and derivative) were indexed and
and the catalytic mechanism are unclear. Substrate soaks armtegrated with DENZOZ1); subsequent data manipulation
required to identify the mode of binding, and site-directed was carried out using the CCP4 suit®.(Data collection
mutagenesis is needed to determine which residues play astatistics for the derivative data sets are given in Table 5.
role in catalysis. Further studies of the metal dependence of The difference Patterson maps showed clear peaks cor-
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responding to mercury and platinum sites, but also had aREFERENCES
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