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Abstract — Porphyria cutanea tarda (PCT) is caused by inhibitiburoporphyrinogen decarboxylase (URO-D) activity
hepatocytes. Subnormal URO-D activity results iouaculation and urinary excretion of uroporphyrirddreptacarboxyl
porphyrin. Heterozygosity for mutations in thkHRO-D gene is found in the familial form of PCT (F-PCT)ved 70
mutations of URO-D have been described but very fiewve been characterized structurally. Here warathterize 3
mutations in theURO-D gene found in patients with F-PCT, G318R, K297N, &80D6Y. Expression of the D306Y
mutation results in an insoluble recombinant proteG318R and K297N have little effect on the stitetor activity of
recombinant URO-D, but the proteins display redwstadilityin vitro.
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INTRODUCTION D activity in all tissues but phenotypic

expression of PCT requires a reduction of URO-

Porphyria cutanea tarda (PCT), the modf activity in hepatocytes to approximately 20
common porphyric disorder in humans, ifercentof normal (9). Reduced activity of URO-
characterized clinically by skin fragility andD in hepatocytes is mediated by generation of a
bullae on light exposed areas (1). Th&Ompetitive inhibitor of the enzyme, namely
biochemical ~ characteristics  include  thdiroporphomethene (18).  Uroporphomethene
accumulation of uroporphyrin and heptacarboxyfiffers from the fully reduced uroporphyrinogen
porphyrin in the liver and excretion of theseSubstrate of URO-D only by the presence of one
compounds in the urine. The biochemicaPXidized bridge carbon between adjacent pyrrole

findings are due to markedly diminished activityings (18). ~ Generation of the inhibitor is
of uroporphyrinogen decarboxylase (URO-D) iflépendent on iron and one or more genetic or

the liver (10). environmental risk factors including HFE
Mutations in the gene encoding URO-D aréhereditary hemochromatosis gene) mutations,
found in patients with the familial form of pcT@lcohol abuse, hepatitis C, and use of oral
(F-PCT) (1). F-PCT, representing 20-30 percefgedicinal estrogens (3, 7, 8, 10, 26). The same
of PCT cases, is transmitted as an autosonfiiK factors and the same uroporphomethene
dominant trait, although mutant alleles WRO- inhibitor cause the more common sporadic PCT
D are not sufficient to produce the disease>-PCT), a disorder not associated with URO-D
phenotype (4).  Heterozygotes fdgRO-D Mutations (1).

mutations have approximately half-normal URO- ~ URO-D functions as a homodimer (21).
Each monomer of approximately 40 kDa adopts

a TIM-barrel fold with one active site (25). The
Abbreviations: Fig, figure; HFE, hemochromatosis gene; €NZyme catalyzes the sequenfual decark_)oxylatlon
PCT, porphyria cutanea tard&-PCT, sporadic porphyria Of the four acetate side chains of
cutanea tardaF-PC_T, familial porphyria cutanea tarda; uroporphyrinogen to form coproporphyrinogen
URO-D, uroporphyrinogen decarboxylase (13). Both uroporphyrinogen I and
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uroporphyrinogen Il serve as substrates fdrlasmids and protein expression _ _
URO-D but the stereospecificity of the The pHT77 plasmid (21) was mutagenized using a

. . . uikChange Il Site-Directed Mutagenesis Kit (Stratagy
SUbsequem enzyme in the blosynthetlc pathwal?a Jolla, CA, USA). Mutations were confirmed by

coproporphyrinogen oxidase, permits  onlgequencing. Mutant recombinant proteins were exprbin
coproporphyrinogen 1ll to be converted toRosetta2 DE3) pLysS (Novagen, Madison, WI, USA) in 2

protoporphyrin IX and heme. L cultures by autoinductiorf24), purified as previously
Seventy-one URO-D mutations in patiemgescribed (20) and dialyzed into 50 mM Tris pH 7.80
with F-PCT have been reported in the HumarrTfNI NaCl, 5% glycerol and 1 mi-mercaptoethanol.

Gene Mutation Database URO-D activity assays and kinetic measurements
(http://www.hgmd.cf.ac.uk).  Forty-five  are Recombinant wild type and mutant URO-D proteins
missense or nonsense mutations, 10 are Sp”CiY\ge assayed for activigs previously described (19). The

. . O-D assay for kinetic studies was modified as llesd
mutations, 6 are small deletions, 4 are gro low. The substrates, uroporphyrinogen | or liérev

deletions, 4 are _Sma”_ inse_rtions and ON&nthesized enzymatically and then adjusted to BHZ2).
represents a micro indel (insertion and deletionjhe resulting stock solutions were diluted to com#o, 20,

Catalytic effects of many of the mutations havé0. 5.0, 2.5, 2.0 and 0.0 uM uroporphyrinogen & tRO-

; ; ; assay mixture. A 120 pL aliquot of substrateusoh
been determined in red cell lysates from patlenvagas added to a 1.5 mL microfuge tube containingtZ®0

with F-PCT or with recombinant proteins (4).my kn,po, pH 6.8. The mixture was incubated at 37 °C
Effects of mutations on enzyme stability haveor 3 min and then mixed with 0.4 pg recombinant UBO

been measured in 12 cases although structuraflo uL of 50 mM KHPQ, pH 6.8 and 1 mg/mL bovine
effects of naturally occurring mutations haveéerum albumin. The decarboxylation reaction waghated

. . 10 min at 37 °C and then stopped by the aduitib200
been determined in only 4 cases. Here we rep c}I_E 3 M HCI. The resulting acidified mixture was esed

the catalytic _and structural consequences of & yv light for 30 min and then centrifuged at 1EO0rpm
URO-D mutations. Two, K279N and D306Y ardor 15 minutes. Porphyrins in the supernatant vee@yzed

novel mutations. One, G318R, was previouslyy HPLC (19). All steps until the addition of HCI ree

erformed under minimal illumination.
;?I’F?J?:rttuerill?/ycf':{al (;2/52::;; det al (15) but was ndt The kinetic parameters K Vmax and kg for the

various URO-D samples were determined using both
Michaelis-Menten and Eadie-Hofstee plots. The dine
MATERIALS AND METHODS obtained used points that included at least the thope
highest concentrations of uroporphyrinogen | or(4i0, 20
and 10 uM) to ensure that accurate initial ratesewesed in

Human subjects f o
. . the calculations of the kinetic parameters.
Three patients with F-PCT were evaluated at the P

General Clinical Research Center of the UniversityJtath Protein crystallization

Medwa_l Center_ under a protocol . approved by_ the Recombinant URO-D proteins were crystallized as
!nstltutlonal Review Board. A” pgtlents gave vynrtte previously described (21, 22, 25). X-ray diffractialata
informed consent, .A” had skin Ie§|ons Charactn'arlsf. were collected from crystals maintained at 100Kngsa
PCT and markedly increased secretion of porphyrinie  pioay, MicroMax-007HF rotating anode generator with

urine (range 1072 to .4426 “9424 hr) Uroporphyaird copper anode and a Rigaku Raxis-4 image plate detecto
heptacarboxyl porphyrin were identified as the dunt Data were integrated and scaled using HKL2000 (17).

urinary  porphyrins by  high-performance  liquid Cr ; ; ;
. . ystal structures were determined as previouslyritesi
chromatography. The diagnosis of F-PCT was basetieon (22). A starting model of apo-URO-D (pdb coordinates

demonstration of approximately half-normal URO'Dluro.pdb) was refined against the data using theimuam
LS 0
activity in erythrocyte lysates (2) (range 45% 854). likelihood target function in REFMACS5 (16). Electron

Case 1: A 65 year old Caucasian woman. Erythrocy@ensit :
= ", y maps were used to evaluate and rebuild the
URO-D activity 45% of normal. Serum ferritin 397 mdl. gy, 0tres in the program O (14). Refinement andieho
F;'Sk faﬁgré. oral pos;&eg/%%%usal estrogen replanem building provided a model for each mutant protéiattwas
therapy; genotype ) in good agreement with the diffraction data and
Y ereochemical expectations (Table 1). Pymol vzl uo

URO-D activity 69% of normal. Serum ferritin 564 n/. fi 6). The PBD codes for the refirtatiy
Risk factors: HFE genotype H63D/S65C. A younger 2;2%53\16\/3'.92;%87% )allnd gng' églg?? orthe ret res
brother, age 48, also developed PCT. Serum ferdifia ' ' ’

ng/mL. Risk factors:HFE genotype H63D/S65C; alcohol
iy genoyp RESULTS

Case 3: A 44 year old Caucasian man. Erythrocyte
URO-D activity 67% of normal. Serum ferritin 390 ni. = Recombinant protein expression and
Risk factors: hepatitis C; alcohol abuddFE genotype characterization
H63D/wild type. . . i .
P Three URO-D mutations were identified in
URO-D loci sequencing PCT patients: G318R (case 1), D306Y (case 2)
Genomic DNA was extracted from peripheral bloodand K297N (case 3), Each of these mutations

leukocytes and sequenced after PCR amplificationgusifygs introduced into a URO-D expression
conditions previously reported (20).
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Table 1. Data collection and refinement statistics for KR%nd G318R URO-D mutants.

Data set K297N G318R
Wavelength (&) 1.5418 1.5418
Resolution (A} 30.0-1.70 (1.76 —1.70) 30.0—2.00 (2.0700P.
# Reflections Measured 258,037 182,847

# Unique Reflections 48,712 31,077
Completeness (%) 99.3 (96.9) 100.0 (100.0)
<liol> 8.5 (2.1) 9.0 (1.9
Mosaicity () 0.79 0.81

Rsynt (%) 0.076 (0.351) 0.084 (0.451)
# Protein residues modeled  11-366 11-366

# Water molecules 364 180
<B>protein (X) 30.5 40.8
<B>main-chain (&) 28.8 38.9

<B>water (&) 44.8 50.7

Rcryst (%) 0.184 (0.359) 0.194 (0.244)
Rfree(%)" 0.238 (0.351) 0.239 (0.256)
RMSD bond lengths 0.016/1.533 0.016/1.977

(A) / angles (°)

#Values in parentheses refer to the high-resolughuil.
P Rsym =Z|I-<I>|/Z| where | is the intensity of an individual measugnt and <I> is the corresponding mean value.

¢ Crystallographic R value (Rcryst) E|Fol-|[Fc||/Z[Fo|, where Fo| is the observed angd the calculated structure factor

amplitude.

d Rfree is the same as Rcryst calculated with a rahdsetected test set of reflections that were nexsed in refinement
calculations. For each refinement the followingniyer of reflections were chosen for the test s@9HN, 1507; G318R,

1257.

Table 2. Activity of recombinant wild type and mutant UROgDoteins.

Activity as percent of wild type

Substrate Uroporphyrinogen | Uroporphyrinogen 111
wild Type 100 100

G318R 60.9 26.3 76.2+ 34.5

D306Y* ND ND

K297N 63.1+ 13.5 73.#15.9

a. No recombinant protein recovered.

Table 3. Kinetic parameters of recombinant wild type anetant URO-D proteins.

Uroporphyrinogen |
Vina® K’ Keat VinadKm

WT 4390+ 99 38.1+ 2.1 0.124+ 0.003 1154
K297N 3679t 323 33.0:t 1.3 0.104t 0.009 112+ 14
G318R  355& 28 27.7£ 3.5 0.102t 0.001 13117

Uroporphyrinogen 1l
WT 11175+ 1194 108 1.1 0.31* 0.034 103% 3
K297N 12754+ 3103 14.4:5.9 0.361+ 0.088 919 161
G318R 1498k 808 148 1.4 0.425t 0.023 1013 41
a. pmol/hour b. uM c. séc
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plasmid and the recombinant proteins werkarger side chain. We also substituted a large
expressed and purified. G318R and K297N wermositively charged residue at position 306
soluble but D306Y proved to be insoluble (Fig(D306K) and found that this mutant protein was
1). Attempts at refolding the purified insolublealso insoluble (data not shown). A neutral
D306Y protein were unsuccessful. Activities ofesidue (alanine) was also substituted at position
the soluble purified recombinant mutant protein806. This D306A mutant protein appeared to be
G318R and K279N were assayed usingoluble but quickly formed catalytically inactive
uroporphyrinogen | and Il as substrates andggregates when eluted from the Ni-NTA
compared to the activity of wild-type URO-D.purification column (data not shown). These
Relative enzyme activities are shown in Table @bservations presumably reflect the importance
and kinetic parameters based on Michaeli®f the appropriate subunit-subunit interactions
Menten plots are shown in Table 3. Decreasedvolving Asp306 for maintenance of the
activity was observed at saturating substratmorrectly folded and assembled URO-D protein.
concentrations, however, the substrate binding

varied little. Values for the biologically relevantCrystal structures

isomer Il substrate differed compared to the Both the G318R and the K297N
isomer | substrate as previously reported (5, 1Bcombinant mutant proteins crystallized under
27). Nearly identical results were obtained usingonditions previously optimized for wild type
Eadie-Hofstee plots (data not shown). The,w URO-D. A well-refined model for each mutant
K and ky varied slightly but the M./Kn ratio  protein was obtained (G318R dmin = 2.0 A,

remained constant (Table 3). Rfree = 0.238; K297N dmin = 1.7 A, Rfree =
5 0.234). Both mutant models superimposed
3 closely with the wild type structure (G318R root
; Z z & g mean square deviation (RMSD) = 0.349, K297N
g § g é 2 RMSD = 0.201). Both mutations map to residues
I‘” S TS5 T S T S = on the protein surface, greater than 18 A distant
o g : i from the active site. In each case, examination of
S5 3 = the structures revealed no apparent global or
108 = - ' 'i ® ' « -« rhUroD local structural changes resulting from the
. "-_ Eo R . R mutation (Fig. 2).
N TR s : l
- . - -

DISCUSSION

Figure 1. SDS-PAGE analysis of soluble and insoluble ; A ;
fractions from mutant URO-D expression. Mutant Heterozygosity for loss-of-function alleles

recombinant URO-Ds were expressed in RosetEg) of URO-D C_ar_] b(? detected by finding sub-normal
pLysS cells (Novagen). Cells were pelleted andJRO-D activity in erythrocyte lysates (7, 11).
resuspended in 50 mM Tris pH 8.0 and 100 mM NaCIThis reduced URO-D activity is widely utilized
ff'(')sogvire 'fhegs'zy :r?]f:gﬁigna%“drgseg;rti;légzgs égmﬂéi as the criterion for distinguishing F-PCT from
fra’ction) a?nd the ppellets as “I" (iﬁsoluble fractjo A _the ”.“?re common S-PCT. .The means by which
sample of each preparation containing 10 g ofamorvas identified missense mutations affect URO-D
separated by 10% SDS-PAGE. Every pellet contasmeall ~ activity have been defined in very few cases,
g@gg\?% sé fgcombinant LtJR%-]D- Ilana“f mLi.tantLj‘, ﬁcemvith only four of these mutations characterized
-D was present In the soluple fractionri i
wild type URO-D (thl)JroD) is shown in the far riglarle as StrL.]Ctura”y (4, 23). One. Suc.h mutant is G156D
a standard. Molecular weight markers are showtiénfar which showed a Sm?‘” dlstortl_on of the Strucu_"e
left lane. and altered the position of residue D86. D86 is a
key residue that has been seen to interact with the
Recombinant D306Y URO-D proved to befour pyrrole NH groups of the bound tetrapyrrole
insoluble. Aspartic acid 306 is located next to product and presumably makes equivalent
highly conserved proline at position 307 pa  interactions with the uroporphyrinogen substrate
loop 7 at the dimer interface (Fig. 2) (25). Théo promote the electron withdrawal needed for
carboxylate side chain forms a hydrogen boreptalytic activity (22). All of the structurally
with tyrosine 182 of the adjacent monomergharacterized mutants, G168R, 1260T and
thereby stabilizing the dimeric structure. Thé&232L, resulted in decreased enzymatic activity
D306Y mutation therefore disrupts theand decreased protein stability even though

intersubunit hydrogen bond and introduces $tructural changes were minor (4).
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Figure 2. Overlay of wild type URO-D and mutants G318R and K27N. A ribbon diagram of the wild type URO-D
homodimer is shown in magenta. Monomers of G318&Rdlshnd K297N (lime) were aligned to wild type URby least-
squares overlap of all C-alpha atoms. The proditie@URO-D reaction, coproporphyrinogen Il (red)shown in each of
the active sites (22). The side chains R318 (blud)K297 (green) are highlighted as space fillinglels. The side chain
D306 (yellow) lies at the dimer interface.

The K297N and G318R described here deffect on the catalytic activity of the enzyme
not alter the catalytic activity of URO-D (Tablewhen assayedn vitro. In clinical practice
3), yet do cause reduced enzyme actiwityivo.  distinguishing between a true mutant, that affects
As expected neither mutation significantlysubstrate binding, turnover rate changes or
distorts the structure (Fig. 2). Both K297N angbrotein stability and a missense mutation that
G318R map to the surface of the protein whemnly alters the primary sequence can often only
side chain substitutions are tolerated. Thiee done usingn vitro assays. Alterations in
mutations do, however, result in a change ianzyme stability are most easily shown by
charge at the altered residue. The K297Nemonstrating that enzyme activity and URO-D
mutation substitutes a small neutral residue fqrotein concentrations are sub-normal in red cell
the larger positively charged lysine. The G318Rsates. Without these measurements it would
mutation introduces a large positively chargedot be possible to distinguish between a simple
side chain in place of the minimal side chain gbolymorphism and a disease-causing mutation.
the glycine residue. We suggest that alter
surface charges resulting from both mutations ACKNOWLEDGEMENT
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