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Uroporphyrinogen decarboxylase (URO-D) catalyzes
the fifth step in the heme biosynthetic pathway, con-
verting uroporphyrinogen to coproporphyrinogen by
decarboxylating the four acetate side chains of the
substrate. This activity is essential in all organisms,
and subnormal activity of URO-D leads to the most
common form of porphyria in humans, porphyria
cutanea tarda (PCT). We have determined the crystal
structure of recombinant human URO-D at 1.60 A
resolution. The 40.8 kDa protein is comprised of a
single domain containing a B/a)g-barrel with a deep
active site cleft formed by loops at the C-terminal ends
of the barrel strands. Many conserved residues cluster
at this cleft, including the invariant side chains of
Arg37, Arg4l and His339, which probably function in
substrate binding, and Asp86, Tyrl64 and Ser219,
which may function in either binding or catalysis.
URO-D is a dimer in solution (K; = 0.1 uM), and
this dimer also appears to be formed in the crystal.
Assembly of the dimer juxtaposes the active site clefts
of the monomers, suggesting a functionally important
interaction between the catalytic centers.
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Introduction

The synthesis of heme is an essential process, and t
enzymatic steps of the heme biosynthetic pathway hav
been highly conserved throughout evolution (Wyckoff and
Kushner, 1994). In eukaryotes, heme is produced in eight
steps, with the fifth step being catalyzed by the cytosolic
enzyme uroporphyrinogen decarboxylase (URO-D; EC
4.1.1.37). URO-D sequentially decarboxylates the four
acetate side chains of both uroporphyrinogen Ill (see
Figure 1) and its isomer uroporphyrinogen |, to produce
coproporphyrinogen (I or Ill) (Wyckoff and Kushner,
1994). Only coproporphyrinogen lll is a substrate for the
next enzyme in the pathway, coproporphyrinogen oxidase.
URO-D has been purified from many species, ranging
from bacteria to humans. SDS—-PAGE indicates that the
enzyme has an apparent monomer mol. wt of ~40 000 Da

et al, 1986). Purified recombinant human URO-D has
been shown to be a homodimer withkg of 0.1 uM
(Phillips et al,, 1997), and URO-D has also been shown
to be dimeric in chicken (Selet al, 1986). All studies

to date indicate that there is no requirement for cofactors
or prosthetic groups for enzymatic activity (Kappzsl,
1995). The mechanism of decarboxylation is not known,
although it has been proposed that the protonated pyrrole
ring of the porphyrinogen functions as an electron sink,
promoting electron withdrawal in a manner analogous to
the pyridine ring of pyridoxyl phosphate (Bernard and
Akhtar, 1979). At physiologic substrate concentrations,
the decarboxylation reactions are reported to occur in an
ordered fashion, starting with the acetate on the asymmetric
ring of uroporphyrinogen 1l (Jacksoat al., 1976; Luo
and Lim, 1993). Under conditions of substrate excess,
decarboxylation occurs in a random fashion (Luo and
Lim, 1993).

Alignment of 13 URO-D amino acid sequences, includ-
ing both prokaryotic and eukaryotic sources, shows an
overall 10% identity and 33% similarity (see Figure 2)
(Romeoet al., 1986; Nishimureet al., 1993). The region
of highest homology is found near the N-terminus, where
eight out of 10 residues are invariant. Additionally, there
are several other small regions of high homology scattered
throughout the protein. Although models involving one or
more URO-D active sites have been suggested (de Verneuil
et al, 1980; Chelstowskat al., 1992), the absence of
repetitive motifs in the URO-D sequence implies the
presence of a single active site, as do stereospecific
labeling experiments which show that the chirality of all
four acetata&x-carbons is the same and is conserved during
the decarboxylation reactions (Bernard and Akhtar, 1979).

Subnormal activity of URO-D is responsible for por-
phyria cutanea tarda (PCT), the most prevalent of the
human porphyrias. PCT is characterized clinically by
hyperpigmentation, a severe photosensitive dermatosis and

hé‘nypertrichosis. The photosensitivity is mediated by the
o Presence of uroporphyrin and partially decarboxylated

Uroporphyrinogen-lil

Coproporphyrinogen-lil

Fig. 1. Enzymatic conversion of uroporphyrinogen Il to
coproporphyrinogen lll. A= acetate, P= propionate, M= methyl.

The acetate side chains of uroporphyrinogen Ill are decarboxylated to
methyl groups with the liberation of four molecules of carbon dioxide.
In the type-1 isomer, the acetate and propionate side chains of the D

in most species. The cDNA sequence of the human genering are ordered as on the other pyrrole rings, and the molecule is

predicts a protein with a mol. wt of 40 831 Da (Romeo
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symmetrical.
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HA S1 HB HC H1

1 21 41 61
| I | I
H. SAPLiEN +.vsssssessesssssnsrrsnssaasssss--Meanglgpggfpelkndtflraawgeetdytpvwemrgagrylpefretra.agdffsterspeac
R. NOIVig cccvecnsssnncsnssssssssnssssssnnsssssNglglgnfpelkndtflraawgeetdytpvwemrgagrylpefretra.agdffstcrspeac
M. MUSCUL ceceevsssssnsssssssssssssssssssssMeangsglgnfpelkndtflraawgeetdytpvwemrgagrylpefretra.agdffsterspeac
S. caravi ..ceecesssas cssssssssssssssssssnsassssssMgnfpapkndlilraakgekverppcwimrqagrylpeyhevkn.nrdffgtcrdaeia
H. vulgar ........ sesssssssssssssssssassssssssssnnssransnssnssss s VEIPPpVWlmrgagrymksygnlcekyplfrersenvdlv
N. tabacu mmscnysfsslspaaksaftspanfnlnprllccsagqtvaepkalnatqpl11davrgkeverppvwlmrqagrymksyqllcekyplfrdrsenvdlv
R. CAPSULl ccccvnnransssassssssnsssssssssnnnnnnssnsssssssMbdktilralkgevliptppvwlmrgagrylpeyratragagdflslecytpdla

Be BUBEI)l covvvsssssnsnnnssssssnsnsssnssnnnnnssssssns mskretfnetflkaargekadhtpvwymrgagrsgpeyrklkekyglf.eithgpelc

M. leprae .....sesees0...mlrsdvgyarpivrgstgpvavlirsmstrrellespylaavsgrkpervpvwfmrgagrslpeyralrerysml.aacfepeva

C. Cresen .....--:-+ G P mtssspilkgtpkflsaleggshanppvwimrgagrylpeyravratapdfisfefdpeka

SYnechOCO ..ccecccsssssssssssssssssssssssssssssssssssmMvassslprllraargevidrppvwmmrgagrymkvyrdlrdkypgfrersetpela

E. coli essssssssssssssssrrrrsnnsnrsrssnnnnssssssssMielkndrylrallrgpvdvtpvwmmrgagrylpeykatragagdfmslcknaela

H. PYlOri seceecccsssssssssssssssnssssssssssnsssssssnnssssMmifidacfrketpytpiwmmrqagrylseygesrkkagsflelcknsdla
S2 HD SA SB HE HF H2 S3 HG

8|1 1?1 liill 111 l?l
celtlgplrrfp..ldaaiifsdilvvpgalgmevtmvpgkgpsfpeplreegdlerlrdpev.vaselgyvfgaitltrgrlagrvpligfagapwtlmtymvegggss
celtlepvrrfp..ldaaiifsdilvvpgalamevtmvpgkgpsfpeplreerdlerlrdpaa.vaselgyvfgaitltrgglagrvpligfagapwtlmtymveggsfk
celtlgplrrfp..ldaaiifsdilvvpgalgmevtmvpgkgpsfpeplreerdlerlrdpaa.aaselgyvfgaitltrgrlagrvpligfagapwtlmtymveggsss
seitigpvrryrglidaaiifsdilvipgamgmrvemlegkgphfpeplrnpedlgtvldykvdvlkeldwafkaitmtrikldgevplfgfeggpwtlmvymtegggsr
veislgpwkvikp..dgvilfsdiltplpgmnipfdivkgkgpviydplrtaaavnevrefvpe..ewvpyvggalnllrgevkneaavlgfvgapftlasycveqggssk
veislgpwkvirp..dgvilfsdiltplsgmnipfdiikgkgpvifdplrtaadvekvrefipe..ksvpyvgealtilrkevnngaavlgfvgapftlasyvveggssk
aevtlgpirryg..fdaailfadilllpgalgldlwfetgegprmst.vtsmegvkglkg.kddihdklapvyetckilsrelpkettfigfagmpwtvatymiagrgsk
ayvtrlpvegyg..vdaailykdimtplpsigvdveikngigpvidgpirsladieklggidpe..gdvpyvletikllvneqln.vpligfsgapftlasymieggpsk
ceitlgplrryd..vdaailfsdivvplcaagidldivpdvgpvigdpvrtatdihamkplep...gaigpifgaisllvaalgd.vpligfagapftlasylveggpsr
aevtlgpmrrip..fdasivfadillipgalggkvwfeagegpklgd.mpsvesmaekag.eag..kalslvgetltrvrsaldpdkaligfagapwtvatymiekg.ss
ieislgpfrafkp..dgvilfsdiltplpgmgipfdiieskgpileppirtaegvaavhdldpe..eatpfirpiletlrgevgneaavlgfagapwtlaayaiegkssk
cevtlgplrryp..ldaailfsdiltvpdamglglyfeagegprftspvtckadvdklpipdpe..delgyvmnavrtirrelkgevpligfsgspwtlatymveggssk
tevtlgpveilg..vdaailfsdilvvplemglnlefipkkgphfletitdlksveslkv.gay..kglnyvydtisgtrgklsrekaligfegspwtlatymiegegsk

HH H3 S4 HI H4 S5 HS

1?1 2?1 2%1 21.1 2?1
tmagakrwlygrpgashgllriltdalvpylvggvvagagalglfeshaghlgpglinkfalpyirdvakgvkarlreag.lapvpmiifakdghfaleelagag.....
tmagakrwlygkpvashkllgilthalvpyliggvaagagalglfeshaghlgselfskfalpyirdvakrvkaglgkag.ltrmpmiifakdghfaleelagag.....
tmagakrwlygrpgashkllgiltdvlvpyliggvaagagalglfeshaghlgtelfskfalpyirdvakrvkaglgkag.lapvpmiifakdghfaleelagag.....
1frfakgwinmypelshkllgkitdvaveflsggvvagagilgvfeswggelssvdfdefslpylrgiaervpkrlgelgimegipmivfakgswyaldklccsg.....
nfskikrmafaepailhnllgkfttsmanyikygadngagavgifdswatelspvdfeefslpylkgivdsvkethpd......lplilyasgsggllerlpltg
nftkikrlafaepkvlhallgkfatsmakyirygadsgagavgifdswatelspvdfeefslpylkgivdsvklthpn.. i
dgaaahkfkdtdraafsalidavtvatieylskgveagcevvklfdswagslkggdfedfaveparvitaemkrrfpg......lpviafpreagqgyig.faekt....
nynktkafmysmpdawnllmskladmiivyvkagieagakaigifdswvgalngadyrtyikpvmnrifselak........envplimfgvgashlagd.whdl.....
nhprtkammlaepaswhtlmdkltdltlgfllggidagvdaigvfdswagtlslsdyrgyvlphsarifatvae........hgvpmthfgvgtadllgamsaavrsgek
drsgartfaygnpetldaligvlvdatidylamgvdagaqalklfeswaeglseplfeplvtgphiriieglrargvt......vpiigfprgagtlvedyaart.....
tyanikhlafseptilhellgkladniaiylchgidcgagvvglfdswagqlspidydtfalpyggrviggvkakhpe......vplilyisgsagvlermggsg.....
aftvikkmmyadpgalhalldklaksvtlylnagikagagavmifdtwggvltgrdyggfslyymhki...vdgllrendg.rrvpvtlftksatva.eamaetg.....
syakskkmlysepevlkalleklslelieylslgigagvnavmifdswasalekeaylkfswdylkki...skelkkrya...hipvilfpkgigaylds..........

S6 H6 S7 HJ H7 S8 HS8

2l|31 3?1 3%1 31%1 3?1

. .yevvgldwtvapk. karecvgktvtlggnldpcalyaseeeigglvkgmldd....fgph..ryianlghglypdmdpehvgafvdavhkhsrllrgn...
«« o Yevvgldwtvapk. karepvgktvtlqggeldpcalyaseeeigrlvggmlnd. .. .fgpq..ryianlghglypdmdpehvgafldavhkhsrllrgn...
..yevvgldwtvapk. karervgkavtlggnldpcalyaseeeigrlvggmldd....fgpg. .ryianlghglypdmdpervgafvdavhkhsrllrgn...
«« o fdvvsldwswdpr.eavkinknrvtlggnldpgvmygskevitkkvkgmiea....fgggksryivnfghgthpfmdpdvikffleechrigsk.......
.« .vdvvsldwtvdma.egrkrlgsniavggnvdpgvlfgskefitkriydtvgk....agsq..ghvlnlghgikvgt.peenvahffevakgiry.......
. «vdvvsldwtvdma.dgrrrigpnvaiqgnvdpgvlfgskefitnrindtvkk....agkg..khilnlghgikvgt.peenfahffeiakglry.......
. «gadevaidnsvspdwaaenvgkgktovggnldpsymvtgggelveatkkvvaaf...... kngphifnlghgitpeanpdnvtllmetirkg..ceessssss
. .pldvvgldwrlgid.earskgitkt.vggnldpsillapweviegktkeildggm.....esdgfifnlghgvfpdvspevlkkltafvheysgnkkmggys
pghgavvgvdwrtslt. daaarvepctaqunldpvvllagwpavervartvvddgrravvagaaghvfnlqhgvlpetdpqvlselvsfihsl..........
.pvaggvaldtsasakl.ggtigktkt.iggaldp...ccceeaas et ssssssessssEEsEsEITEEEEEEETEET LI EEEEEETEEesesssannns
...cdlvsvdwtvdll darrrlgpdiglggnidpgvlfgsgdfirdrildtvrk....agng..rhilnlghgilpgt. pednarhffet knldgllaash.
.+ .cdalgldwttdia.darrrvgnkvalggnmdpsmlyapparieeevatilag....fghgeg.hvfnlghgihgdvppehagvfveavhrlsegyhr....
« oo odvfgvdwgtplt.aakkilggkyvlggnleptrlydknaleegve.tilkvm....gng.g.hifnlghgmlpdl.prenakylvglvhaktrr......

Fig. 2. Alignment of URO-D protein sequences. Thirteen sequences were aligned using the PILEUP routine of GCG. Residue numbering refers to
the human sequence. Every twentieth residue is indicated. Invariant residues are highlighted in yellow. Secondary structure elements of human
URO-D are indicated above, with helices and strands of fe)¢-barrel colored green and red, and other helices and strands colored blue and

orange. A flexible segment that may cover the active site following ligand binding is colored cyan. Disordered residues that have been omitted from
the model are indicated with a thin line. Mutated residues identified in humans with F-PCT are indicated by a red triangle. GenBank database entries
shown areHomo sapiengU30787);Rattus norvegicu§Y00350); Mus musculugJ.D.Phillips, L.K.Jackson and J.P.Kushner, unpublished);

Saccharomyces cerevisigé®49209);Hordeum vulgarepartial sequence X82832)icotiana tabacun{X82833); Rhdobacter capsulatuéJ16796);

Bacillus subtilis(M97208); Mycobacterium lepra¢G699194);Caulobacter cresentu@artial sequence) (U13364$ynochoccusp. strain PCC 7942
(Z211705);Escherichia coli(D12624);Heliobacter pylori(AE000574).

intermediate porphyrins in the skin and plasma. Bio- approximately half normal in all tissues (Wyckoff and
chemical findings include accumulation of uroporphyrinin  Kushner, 1994). In S-PCT, the URO-D defect appears to be
the liver and excretion of large amounts of uroporphyrin restricted to the liver (Eldest al,, 1978), and no mutations
and heptacarboxylic porphyrin in the urine (Wyckoff and have been identified in the URO-D gene (Gasdyal.,
Kushner, 1994; Kappeet al., 1995). The disease is classi- 1993). Lack of evidence for tissue-specific processing of
fied as either familial (F-PCT) or sporadic (S-PCT). F-PCT the transcript generated from the single URO-D gene sug-
is transmitted as an autosomal dominant trait caused bygests that there is a liver-specific inhibitor of the enzyme in
heterozygosity for mutations affecting the URO-D gene these cases. Clinical expression of both F-PCT and S-PCT
(Kushner et al, 1976). In F-PCT, URO-D activity is  has been associated with alcohol abuse, estrogen ingestion,
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exposure to polyhalogenated hydrocarbons and hepatitis CResults and discussion

infection (Kappagt al., 1995).
We report here the crystal structure of recombinant
human URO-D. The protein adopts a distortflajg-

barrel fold and contains a distinctive deep cleft that appears

to provide the enzyme active site. URO-D forms a dimer

in the crystal that probably represents the dimer formed
in solution. This dimer places two active site clefts adjacent
to each other in an arrangement that is probably required
for enzyme function.

Fig. 3. Experimental MAD electron density map showing the current
model. The experimental map, contoured at<r4n.s.d., is shown in
cyan. An isomorphous difference Fourier map calculated from
experimental phases and data collected from a previously identified
mercury derivative is contoured at 8.@nd shown in yellow. The
position of the mercury atom, bound to Cys35, had been determined
prior to MAD phasing, although this derivative possessed only poor
phasing power and was not used in the structure determination. The
position of the Met36 side chain is confirmed by an anomalous
difference Fourier map, contoured in red atXr0n.s.d., that was
calculated from Bijvoet differences and MAD protein phases —90°.

Structure determination
Recombinant human URO-D with a 21 residue N-terminal
extension containing 10 histidine residues (URO-Dt) was
expressed ifEscherichia coliand purified as described in
Materials and methods. Crystals of URO-Dt were grown
from a solution containing 24% 2-methyl-2,4-pentanediol
(MPD) in space group R31 (@ = b = 103.3 A, c =
74.3 A) with one molecule per asymmetric unit and a
solvent content of ~54%. Selenomethionine-substituted
URO-Dt (SeURO-Dt) was also prepared and vyielded
isomorphous crystals under the same conditions. The
structure was determined at 2.0 A resolution from the
SeURO-Dt crystals by the method of multiple wavelength
anomalous dispersion (MAD) (see Figure 3 and Table I).
We also determined the structure of cutURO-D, which
was prepared from URO-Dt by proteolytic removal of the
21 residue N-terminal histidine tag and the first 10 residues
of authentic URO-D. CutURO-D did not crystallize in
MPD but crystallized isomorphously from a solution
containing 1.7 M citrate.

The model was refined against data to 1.80 A resolution
from the cutURO-D crystal grown in citrate to &value
of 18.4% Ryee = 23.3%) with good stereochemistry
(r.m.s.d. bonds= 0.018 A, r.m.s.d. angles 2.049°). The
current model for this crystal includes all but the last
residue of the cutURO-D sequence, i.e. residues 11-366,
in addition to 282 water molecules and one molecule
of B-mercaptoethanol(ME). Residues with ill-defined
electron density (100-105) and a number of poorly defined
side chains were included in the model with higdfactor.

This model was then refined against all data to 1.60 A
resolution from the URO-Dt crystal grown in MPD to an
R-value of 24.2% Ryee = 28.9%) with good stereo-
chemistry (r.m.s.d. bonds 0.010 A, rm.s.d. angles
1.703°). The structure is essentially identical to that of
the citrate crystal described above. The histidine tag
(residues —21 to —1), the authentic residues 1-10 and the
C-terminal two residues (366—367) are entirely disordered.
The model includes 355 residues and 267 water molecules.

Table I. Data collection statistics

SeMet URO-D? URO-DP CUtURO-I¥

AL A2 A3 A
Wavelength (A) 0.9798 0.9795 1.0688 0.9252 1.54 0.98
Observed reflections 272 178 185 889 93 663 187 246 305 819 156 721
Unique reflections 29 817 31182 23 447 31 207 60 487 42 721
dmin (A) 2.03 2.00 2.20 2.00 1.60 1.80
High resolution shell 2.03-2.06 2.00-2.03 2.20-2.24 2.00-2.03 1.60-1.63 1.80-1.83
Completeness (%) 96.8 (65%) 95.0 (58.9) 92.3 (67.3) 96.7 (93.2) 98.6 (85.2) 96.2 (91.7)
Rsym® (%) 3.8 (8.4) 3.8 (8.9) 3.0 (56.3) 3.7 (10.0) 3.9 (17.9) 4.8 (17.6)
Average I6(1) >20 (9) >20 (8) 18 (13) 19 (7) 19 (2.1) 15 (3.5)
Mosaicity (°) 0.439 0.449 0.440 0.446 0.437 0.530

&Crystals grown from MPD solution. Data collected at SSRL beamline 1-5 using Fuji image plates and a BAS2000 off-line scanner. Space group

P3,21, unit cell dimensiona = b = 103.3 A,c = 74.1 A.

bCrystals grown from MPD solution. Data collected with a rotating-anode X-ray source and an RAXIS-IV image plate detector. Space 2toup P3

unit cell dimensionsa = b = 103.3 A,c = 74.3 A.

CCrystals grown from citrate solution. Data collected at SSRL, beamline
dimensionsa = b = 103.0 A,c = 73.7 A.

dvalues in parentheses refer to the highest resolution shell.

*Reym = 1002 [I-<I>|/ZI.

9-1 using a MAR image plate detector. Space,BtoumiP8ell
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As for the citrate crystal, residues with ill-defined electron and H1-H8 respectively. All other helices have been given
density (100-105) and a number of poorly defined side the alphabetical assignment HA-HJ, and the two short

chains were included in the model with highfactor.
Refinement statistics are given in Table II.

Structure of URO-D

strands located within the loop following barrel strand S2
are named SA and SB. With the exception of a single
hydrogen bond, the main chain hydrogen bonding network
normally seen between the strands @-aheet is missing

URO-D is comprised of a single domain that includes between strands S1 and S2, but is compensated for by

a distorted f/a)g-barrel and has overall dimensions

two side chain interactions (see Figure 6). Helices HE,

of ~40x45x65 A (Figure 4). Secondary structure assign- HI and HJ adopt the 3 conformation, as do the last three
ments (Figure 5) were used as defined by the programresidues of helix HB and the first three residues of helices
PROMOTIF (Hutchinson and Thornton, 1996), with the HF and H5. As is typical of §/a)g structures, all of the
exception that we also define residues 32—-34 as a stranchelix—sheet turns at the N-terminal end of the barrel are

(S1) since this segment approximates fheonformation
and closes the[}{a)g motif (Sergeev and Lee, 1994).
Strands and helices of th@/¢)g-barrel are named S1-S8

Table Il. Refinement statistics

cutURO-D (citrate) URO-Dt (MPD)

Resolution range (A) 20.0 — 1.80 20.0-1.60
No. of protein aton®s 4254 4193
No. of solvent atonfs 282 267
R-factor (%) 18.4 24.2
Riree (%) 23.3 28.9
Bond lengths (A 0.018 0.010
Bond angles (9 2.049 1.703
<B> (A% main chain 16.67 22.41
<B> (A?) side chains 20.20 25.87
<B> (A2 water molecules 26.96 35.39
<B> (A?) B-ME 59.80 e
No. of gl angles (%]

most favored 92.4

additional 6.3

aNon-hydrogen atoms only.

bR-factor = 100%%( |[IFp(obs)|HFg(calc)|)E|F(obs)|. All data were
used in the resolution range indicated, without application of a cut
based upon the estimated standard deviation.

‘Ryee = R-factor for a selected subset (2.5-3.5%) of the reflections
which were not included in prior refinement calculations.
dStereochemistry was assessed with PROCHECK (Laskoetski,
1993).

€One B-ME molecule has been positioned in the cutURO-D (citrate)
structure, but not in the URO-Dt (MPD) model.

comprised of only a few residues, while larger segments
are found at the C-terminal end of the barrel strands
(Murzin et al,, 1994). The loops between the C-terminal
end of each barrel strand and the subsequent barrel helix
are numbered L1-L8. The smallest of these, L5, is
composed of just four residues, while the largest, L2,
contains three helices and two strands in a total of
48 residues.

The central residues ofi{a)g-barrels typically pack in
three or four layers, each containing four residues from
alternating strands of the barrel (Lesk al., 1989). The
core of the URO-DB-barrel is comprised of four distinct
layers that contain predominantly hydrophobic residues.
The first layer, at the C-terminal end of tfiebarrel, is
comprised of lle82, GIn215, Gly281 and Asn336, and
also includes part of Trp34 which is primarily part of the
second layer. The second layer is comprised of Trp34,
lle152, lle259 and GIn302, and the third layer of Ala80,
Ala213, Val279 and lle334. The fourth layer is formed by
Pro32, Prol71, Pro257 and Thr300, which create an
inward-pointing rim that encircles Phe19 and Ala23 which
are part of helix HA. This helix contacts the barrel through
a hydrophobic surface, and the side chain of Phel9
protrudes deeply into the core of the barrel, where it is
also surrounded by the residues of the third layer.

A search for structurally related proteins with the DALI
server (Holm and Sander, 1997) pairs URO-D with a large
number of P/a)g-containing proteins of broad func-

Fig. 4. Ribbon representation of the URO-D structure. This stereoview is approximately along the axif3dfdtrel, looking directly at the active
site cleft. Secondary structural elements are labeled. Chain termini are indicated with an N and a C. The color code is the same as Figure 2.
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Fig. 5. Topology diagram showing secondary structure elements of human URO-D. Helices are shown as oval-shaped bars and strands are shown as
arrows. The first and last residue of each secondary structural element is numbered. The color code is the same as Figure 2.

Fig. 6. Schematic representation of the strands infiHzarrel. B-Strands are shown as broad arrows and numbered from the most N-terminal (S1) to

the most C-terminal (S8). Residues that point toward the barrel core are shown as white circles, and those that point out of the barrel are shown as
black circles. Hydrogen bonds are represented by thin lines. The distortion in the barrel structure between strands S1 and S2 is compensated by the
hydrogen bond network involving GIn38 and Asp79.

tionality, with closest structural similarity to trimethyl- reactions catalyzed by URO-D follow the same stereo-
amine dehydrogenase (PDB identifier, 2tmd) (Létnal., chemistry (Bernard and Akhtar, 1975, 1979).

1986). Like many f/a)g proteins, the cross-sectional ratio The location of the proposed catalytic center is con-
of the barrel is nearly 1.0 (low ellipticity) and the diameter sistent with the observation that invariant residues are
of the B-barrel itself is ~14 A (Leslet al., 1989; Murzin concentrated around the active site cleft (see Figure 7).
et al, 1994). However, further efforts at structural align- Many of the 37 invariant residues (see Figure 2) perform
ments of URO-D to structurally related proteins did not obvious structural roles. For example, Ala22, Pro32,

yield any insights regarding possible mechanisms. Trp34, Leul9l and Leu337 all pack in the hydrophobic
core, while Asn336, GIn38 and GIn302 side chains
Active site cleft participate in buried hydrogen bonding interactions.

A deep cleft that appears to provide the enzyme active Invariant residues that present groups capable of forming
site is formed by loops L1, L2, L3, L4 and L8, at the hydrogen bonding interactions into the active site cleft
C-terminal end of thef-barrel. The size of this cleft are excellent candidates for direct participation in substrate
(~15x15x7 A) appears to be suitable for insertion of a binding and catalysis. Thus, three invariant residues with
porphyrinogen into the active site, with most of the positively charged side chains (Arg37, Arg41 and His339)
substrate shielded from solvent, consistent with the may provide stabilizing interactions with the acetate and/
creation of an isolated environment in which catalysis can or propionate carboxylate groups of the substrates. The
take place (see Figure 7). Consistent with binding the invariant side chains of Tyrl64 and Asp86 point into the
highly negatively charged substrate, the active site cleft active site cleft and are candidates for participation in
contains a number of positively charged side chains catalysis. The presence of the invariant carboxylate side
(Arg37, Argdl, Argd7, Arg50, Lys263, His220, His223 chain of Asp86 in the active site is particularly suggestive,
and His339). The observation of a single active site cleft as the initial substrate has eight negatively charged carb-
contradicts an earlier speculation that URO-D contains oxylates and no positively charged groups. Asp86 is a
multiple active sites (de Verneuit al, 1980) and is good candidate for a role in either donating a proton or
consistent with the observation that all decarboxylation electrostatic destabilization of the charged substrate. We
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Fig. 7. Conserved residues of URO-D and the active site cleft. The URO-D backbone is shown in white, with the flexible segment of residues
100-105 colored cyan. The side chains of all invariant residues (see Figure 2) are shown, with glycine residues represented by a single sphere.
Arg37, Arg41, Asp86, Tyrl64 and His339 are colored magenta, with other invariant residues colored green. Ser110, which is invariant except for the
E.coli sequence where it is a threonine, is shown in red. A uroporphyrinogen model has been roughly docked in the active site cleft to convey an
impression of scale. This simple docking is not intended to imply any details beyond the location and approximate dimensions of the active site
cleft. The only severe clashes in the docked conformation are with the Arg37 side chain, which can reasonably be modeled in several alternative
conformations.

also propose that the side chain of Ser219, which projectsdimerization affinity. The extensive nature of this interface
into the active site cleft, may function to hydrogen-bond indicates that it is more likely to be physiologically
the substrate. This residue is conserved in all sequencesrelevant than the three other considerably smaller contacts
except forE.coli, which has a threonine at this position seen in the crystal, which bury 1006, 718 and 1(1lof
(see Figure 2). solvent-accessible surface area respectively. Furthermore,
The active site cleft also contains 10 solvent-exposed the 1006 & crystal contact is the result of translational
hydrophobic side chains (Met36, Phe46, Phe55, 11e82, symmetry and is thus not suitable for formation of a
Phe84, 1le87, Leu88, Phel54, Phe217 and Phe261) thadiscrete dimer. The most powerful argument for relevance
are highly conserved or invariant and are candidates for of the crystallographic dimer is that one edge of the
participation in substrate binding. Binding of the substrate monomer active site cleft is closed by the neighboring
acetate group in a hydrophobic environment at the bottom molecule. It is even possible that some residues, in
of the active site cleft may contribute to catalysis by particular Serl72, make direct contact with substrate
destabilization of the charged substrate with respect to thebound to the neighboring molecule, although we note that
carbon dioxide product. Serl72 is not a conserved residue. At the least, however,
A flexible segment of loop L2 (residues 100-105) is dimer formation apparently serves to make a deeper cleft
located at the top of the putative active site cleft. We that is more protected from solvent.
describe this segment as being flexible on the basis of high The active site cleft of one monomer is adjacent to that
B-factors and broken electron density. The conformation of its neighbor in the dimer. This creates a single extended
adopted by this segment in the crystal structure appearscleft that is partly divided by Ser172, which approaches
partially to impede access to the active site cleft. We within 7 A of its symmetry-related residue in the dimer
speculate that mobility of this segment may be of functional at about mid-depth of the cleft. This cleft is large enough
importance, with an open conformation accommodating to accommodate two substrate molecules in close proxim-
substrate access and a closed conformation providingity, or to allow reaction intermediates to shuttle between
specific interactions that orient substrate and maintain amonomers. Serl72 and neighboring residues are well
defined environment away from bulk solvent. An invariant defined and have lovB-factors B <22.0 A for main
Gly105-Pro106 pair is located at one end of the flexible chain atoms), suggesting that this dividing structure is
segment, suggesting that the conformation(s) of this not inherently flexible. Furthermore, helix HH makes

sequence is important for URO-D function. buttressing interactions that would have to be disrupted
in order to open the constriction caused by Ser172. In order
URO-D as a dimer for partially decarboxylated porphyrinogens to shuttle

URO-D has been shown by equilibrium sedimentation to between monomer active sites, they would have to partially
dimerize with akKy of ~0.1uM (Phillips et al., 1997). The dissociate from the active site cleft. Thus, a deep active
solution dimer is apparently formed in the crystal by site allows for specific catalysis, and a less deep channel
operation of a crystallographic 2-fold axis on the single may allow for efficient transfer between active sites of
molecule of the asymmetric unit (see Figure 8). The intermediates generated during the stepwise decarb-
crystallographic dimer interface, which is formed by helix oxylation of uroporphyrinogen to coproporphyrinogen. It
HH of loop L3 and all of the smaller loops (L4, L5, L6, is possible that porphyrinogen intermediates must at least
L7 and L8), is remarkably flat and extensive, with a total partially exit the deep active site cleft in order to allow
of 2387 & of solvent-accessible surface area apparently release of the carbon dioxide product. Transfer to an
buried upon dimerization. The interface is largely hydro- adjacent active site may provide an effective mechanism
philic, and buries 27 ordered water moleculesB> = for this process. An alternate possibility is that the two
16.9 A2 to create an extensive hydrogen bonding network. adjacent active site clefts collaborate in a single decarb-
This hydrophilic character is consistent with the moderate oxylation reaction of one substrate molecule.
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Fig. 8. Stereoview of the URO-D dimer. The color code is the same as Figure 2. In addition, the side chain of Ser172 is shown in magenta and the
modeled uroporphyrinogen ligand is shown in yellow. The view direction is along the dimer 2-fold axis. In this view, the upper monomer is tilted
~45° from that of Figure 3 and rotated ~45° about the view direction.

Correlation with mutagenesis studies Mutations causing a decrease in URO-D activity have
URO-D has been the subject of mutagenesis studiesbeen identified in patients with F-PCT. Most of the mutated
targeting residues hypothesized to function in catalysis. residues appear to perform important structural roles away
One or more of the six cysteine residues in human from the active site cleft or dimer interface (see Table
URO-D were proposed to function in catalysis because Ill). Two clinical mutants, Glul6Z Lys and His220- Pro,
sulfhydryl-modifying reagents, such &sethylmaleimide are located near the active site cleft. The Glul67 side
(NEM), inhibit enzymatic activity (Elderet al., 1978; chain is buried and its carboxylate forms hydrogen bonds
Kawanishiet al., 1983). However, site-directed mutation that appear to stabilize the conformation of helix HH at
of each of the six cysteine residues to serine indicated the dimer interface and possibly also residues 170-172 at
that no single thiol was critically involved in the catalytic the active site cleft. Mutation of this residue may disrupt
process (Wyckoffet al., 1996). These data are explained the active site geometry and/or dimerization. The moderate
by inspection of the structure. Cys35, Cys59 and Cys65 reduction in activity for the His220 Pro mutant indicates
are buried, and modification with a bulky maleimide group that this imidazole side chain, which faces the active site
is likely to disrupt the structure, but the conservative cleft, does not play a critical role in catalysis. The only
change to serine is tolerated. Cys66 and Cys294 are atclinical mutant located at the dimer interface is Tyr311,
the molecular surface, while Cys308 is on the surface of which retains 60% of wild-type activity upon mutation to
the monomer and buried in the dimer interface. cysteine. This does not invalidate the hypothesis that
Histidine residues have been implicated in catalysis dimer formation is important for activity, however, since
as URO-D activity is inhibited by ethoxyformic acid Tyr311 is not extensively close packed and the cysteine
(diethylpyrocarbonate, DEPC) (Kawanisht al., 1983; mutant can probably maintain equivalent contacts across
Koopman and Battle, 1987). Three invariant histidine the dimer interface.
residues were hypothesized to perform key functional
roles, bqt URO-D_Wlth eac_:h pf these re5|dues_ changgeq 0 Materials and methods
asparagine retained significant enzymatic activity
(Wyckoff et al,, 1996). These observations seem reason- Protein chemistry
able in light of the structure, since all three of the histidine Recombinant histidine-tagged human URO-D (URO-Dt) was over-
side chains are on the molecular surface. One of the three®XPressed irE.coli and purified with nickel-chelate column chromato-
L . . . graphy as described (Phillipgt al., 1997). Selenomethionine-substituted
histidine m_u'_[ants d_escnbed_ at_Jove, His33@sn, retains URO-Dt (SeURO-Dt) was produced from the gal-, met— auxotroph
normal activity against the initial 8-COOH substrate, but B834(DE3) of the BL21 strain oE.coli. Cells were grown as described
is only weakly active for additional decarboxylations of by Johnstonet al. (1997). Purification of SeURO-Dt was essentially
7-, 6- and 5-COOH intermediates. This residue is located identical to that of URO-Dt (Phillipset al, 1997), although the yield
at the opening to the active site cleft and thus may function " ~10-fold lower. . . .
. . . . 5 The histidine tag of recombinant URO-Dt was cleaved by incubating
in the orientation of partially decarboxylated substrates in the purified protein at 6 mg/ml in 50 mM Tris—HCI pH 7.5, 1 mM
the active site. B-ME, 10% glycerol and 1 mM Caglat room temperature for 24 h
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Table Ill. Naturally occurring human URO-D mutations

Mutation Enzymatic activity % WT Structural effects

G281 (decreasedh vivo) buried in core of f/a)g-barrel

G281\ (decreasedh vivo) buried in core of f/a)g-barrel

E167K (decreasedh vivo) stabilizes conformation of a turn at the active-site cleft and helix HH at the dimer interface
H220P 40 in active site cleft

13341 15 buried in core of {/a)g-barrel

L253¢F 5 caps a cluster of buried hydrophobic residues

A80G® 30 buried in core of{/a)g-barrel

pe2Lf 5 at end of helix HC and start of helix HI. In van der Waals contact with helix H2

v311¢ 58 at dimer interface

ade Verneuilet al (1984, 1988)°Gareyet al. (1989);°Romanaet al. (1991);9Meguroet al. (1994);®McManuset al. (1996);'Moran-Jimenezt al.

(1996).

with 1 mg of factor Xa per 1000 mg of URO-Dt. The cleaved protein

(cutURO-D) was then purified further by size-exclusion chromatography
on a Superdex-75 sizing column (16/60, Pharmacia) in 150 mM NaCl,
100 mM Tris—HCI, pH 7.5. The cutURO-D was then separated from
uncut URO-Dt by collecting the flow-through of a nickel-chelate column.

The cutURO-D protein was shown to be99% pure by SDS—-PAGE.

Enzymatic activity was assayed by the method of Straka and Kushner

(Strakaet al., 1982). The activity of cutURO-D was the same as that of
native URO-D and URO-Dt.

N-terminal sequencing of fresh, purified URO-Dt indicated that the
first five residues were GHHHH, as expected from the sequence of the
histidine tag, without the N-terminal methionine. The mass of URO-Dt
was 43 184+ 6.8 Da, as determined by electrospray mass spectrometry
(calculated mass 43 177 Da). Following cleavage with factor Xa, the
first five residues of cutURO-D (FPELK), corresponded to residues 11—

detector (2.0 A). Data from each wavelength were indexed according to
the same crystal orientation matrix, and integrated and scaled inde-
pendently for the four data sets. Scaled data sets from each of the four
wavelengths were then scaled together from 20.0 to 2.0 A resolution.

Structure determination and refinement
The eight ordered seleno-methionine positions in SeURO-Dt, from a
total of 11 methionine residues, were determined from difference
Patterson and Fourier maps using the package XtalView (McRee, 1992).
Selenium positions were refined in PHASES (Furey, 1990), treating
the four wavelength MAD experiment as a special case of multiple
isomorphous replacement (Ramakrishnan and Biou, 1997). The mean
figure of merit calculated by PHASES was 0.61.

The resulting electron density map was of high quality (see Figure

15 of the authentic sequence (residues 32—36 of the URO-Dt sequence)3)- Solvent flattening was performed with PHASES (Furey, 1990) to a
This indicates that URO-D is highly susceptible to proteolysis at residue mean figure of merit of 0.89 but did not obviously improve the already

10 of the authentic sequence.

Crystallization

SeURO-Dt, URO-Dt and cutURO-D were crystallized in sitting drops
at 4°C in either MPD, as described (Phillips al., 1997), or in citrate
buffer. For crystallization in MPD, Jul of a SeURO-Dt or URO-Dt
solution containing protein at 6 mg/ml, 50 mM Tris—HCI pH 7.5, 1 mM
B-ME and 10% glycerol was mixed with @I of the reservoir solution
containing 16-24% MPD, 100 mM MES, pH 5.6-6.5. For crystallization
in citrate, 5pl of a cutURO-D or URO-Dt solution containing protein
at 6 mg/ml, 50 mM Tris—HCI pH 7.5, 1 mM8-ME and 10% glycerol
was mixed with 2pl of the reservoir solution containing 1.2-1.7 M
citrate, pH 5.8-6.2. Crystals grown under all of these conditions were
isomorphous and extremely radiation sensitive unless cryo-cooled.

X-ray data collection

Data were collected using Fuji image plates and an off-line scanner on
beamline 1-5 at the Stanford Synchrotron Radiation Laboratory (SSRL),
an RAXIS-1V area detector on a rotating anode X-ray source, or with a
MAR image-plate area detector on beamline 9-1 at SSRL (see Table I).
Data integration and scaling was performed with the programs DENZO
and SCALEPACK (Otwinowski, 1993). The space group igZ3with

cell dimensions that range from = 103.0-103.3 A andt = 73.7-
74.3 A. There is one molecule in the asymmetric unit, and the Matthew’s
coefficient V) of 2.7 A%Da indicates a solvent content of ~54%
(Matthews, 1968).

All data were collected from crystals maintained at 100 K. In
preparation for data collection, crystals grown in MPD were removed
from the crystallization drop, briefly washed in the reservoir buffer
containing 24% MPD, suspended in a small rayon loop and plunged
rapidly into liquid nitrogen. Crystals grown in citrate were removed
from the crystallization drop, washed for 30 s in a buffer identical in
composition to the reservoir solution with the addition of 5% glycerol,
and cooled by plunging into liquid nitrogen.

Data for MAD phase determination were collected from a single
SeURO-Dt crystal using Fuji image plates and a BAS2000 off-line

very clear electron density map. A model consisting of the majority of
URO-D was built using the program O (Jonetsal., 1991) and refined
against the SeURO-Dt data with XPLOR (Biger, 1996). Rigid-body,
simulated annealing, positional aBdfactor refinement gave a@R-value

of 28% andRye Of 32% (Bringer, 1992) against all data between 8.0
and 2.0 A resolution. The model was then rebuilt manually and refined
seven times, including a bulk solvent correction, against all data from
20.0 to 1.80 A resolution from the cutURO-D crystal grown in citrate.

Towards the end of refinement, the only significant unexplained
electron density was a well-defined sickle-shaped region of strong density
lying close to a 2-fold rotation axis. This density is well modeled by an
orderedB-ME molecule, which is present at 1 mM in the crystallization
buffer. The relatively higtB-factor for the-ME molecule (60 &) may
reflect partial occupancy. Orientation of tBeME molecule is indicated
by the strongest peak in a difference electron density map for the sulfur
atom. The final model includes 282 water molecules, @ME molecule
and 356 of the 367 residues of URO-D. TRevalue for this model is
18.4% and theéR;e is 23.3% for all data to 1.80 A resolution with good
stereochemistry (see Table II).

This model was then refined against all data of the native URO-Dt
crystal grown in MPD. The final model includes 267 water molecules
and 355 of the 367 residues of URO-D (355 of the 388 residues of
URO-Dt). The-ME molecule was not included in this model because
the corresponding electron density was poorly defined. In this case, the
N-terminal 31 residues are entirely disordered, as are the C-terminal two
residues. The currerR-value for this model is 24.2% and tH&ee is
28.9% for all data from 20.0 to 1.60 A resolution (see Table ).
Coordinate and diffraction data will be deposited with the Brookhaven
Protein Database and are available from the authors.
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