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Abstract

Background: Acute intermittent porphyria (AIP) is
an autosomal dominant disorder that results from
the partial deficiency of porphobilinogen deaminase
(PBGD) in the heme biosynthetic pathway. Patients
with AIP can experience acute attacks consisting of
abdominal pain and various neuropsychiatric symp-
toms. Although molecular biological studies on the
porphobilinogen deaminase (PBGD) gene have re-
vealed several mutations responsible for AIP, the
properties of mutant PBGD in eukaryotic expression
systems have not been studied previously.
Materials and Methods: Seven mutations were an-
alyzed using transient expression of the mutated
polypeptides in COS-1 cells. The properties of mu-
tated polypeptides were studied by enzyme activity
measurement, Western blot analysis, pulse-chase
experiments, and immunofluorescence staining.
Results: Of the mutants studied, R26C, R167W,
R173W, R173Q, and R225X resulted in a decreased
enzyme activity (0–5%), but R225G and 1073delA
(elongated protein) displayed a significant residual

activity of 16% and 50%, respectively. In Western
blot analysis, the polyclonal PBGD antibody de-
tected all mutant polypeptides except R225X, which
was predicted to result in a truncated protein. In the
pulse-chase experiment, the mutant polypeptides
were as stable as the wild-type enzyme. In the im-
munofluorescence staining both wild-type and mu-
tant polypeptides were diffusely dispersed in the
cytoplasm and, thus, no accumulation of mutated
proteins in the cellular compartments could be
observed.
Conclusions: The results confirm the causality of
mutations for the half normal enzyme activity mea-
sured in the patients’ erythrocytes. In contrast to
the decreased enzyme activity, the majority of the
mutations produced a detectable polypeptide, and
the stability and the intracellular processing of the
mutated polypeptides were both comparable to
that of the wild-type PBGD and independent of the
cross-reacting immunological material (CRIM)
class.
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Introduction
Acute intermittent porphyria (AIP) is a meta-
bolic disorder with an autosomal dominant

pattern of inheritance (1). The disease results
from the partial deficiency of porphobilinogen
deaminase (PBGD; also known as hydroxy-
methylbilane synthase [EC 4.3.1.8]), which is
the third enzyme in the heme biosynthetic path-
way. PBGD activity is usually decreased to about
50% of normal when determined in patients’
erythrocytes (2). The clinical manifestations of
AIP vary even within families. Only 10–20% of



S. Mustajoki et al.: Expression of Mutant Porphobilinogen Deaminase 671

patients experience occasional acute attacks,
which consist of abdominal pain and various
neuropsychiatric symptoms; however, milder
symptoms typical for AIP are more common (3).

Biochemical and immunological studies
have shown that AIP is attributable to a het-
erogenous group of biochemical defects, and
the disease has previously been classified into
four subtypes according to ratio of PBGD poly-
peptide concentration (cross-reacting immuno-
logical material [CRIM] negative and positive
subtypes) to the enzyme activity in erythro-
cytes (4).

The crystal structure of E. coli PBGD indi-
cates that the polypeptide chain is folded into
three domains of similar sizes (5). Each of them
is comprised of a �-sheet, an �-helical sec-
ondary structure, and a hydrophobic core.
PBGD catalyzes the polymerization of porpho-
bilinogen yielding the linear tetrapyrrole,
hydroxymethylbilane (preuroporphyrinogen).
The reaction requires the presence of the
dipyrromethane cofactor, which arises from the
autocatalytic coupling of two porphobili-
nogen rings and is attached to the invariant
cysteine-242 (human C261) in domain 3 (6).
The cofactor stabilizes the enzyme (7), and it is
not incorporated in the product but functions
as a primer to which the four substrate mole-
cules are sequentially attached (6,8). The large
volume of the active site cavity and the multi-
point interaction between the enzyme and the
growing polypyrrole chain imply that muta-
tions altering multiple amino acids can result
in deficient PBGD activity.

The PBGD gene has been sequenced and
thoroughly characterized (9–14). The gene is
assigned to chromosome 11q24.1-24.2 and it
contains 15 exons. The size of the gene is ap-
proximately 10 kb of which 1.3 kb represent
coding sequence. Two tissue-specific isoforms
have been characterized. Both transcripts arise
from two separate promoters via alternative
splicing of exons 1 and 2. The mRNA of the
housekeeping (nonerythropoietic) isoform con-
tains exons 1 and 3–15, coding for an enzyme of
361 amino acids (M � 42,000), whereas the ery-
throid isoform (M � 40,000) is encoded by ex-
ons 2–15 lacking the first 17 amino acids of the
amino terminus.

Recent molecular biological studies on the
PBGD gene have revealed approximately 160
mutations responsible for AIP, limiting the po-
tential of DNA diagnostics in this disease. We
have previously characterized 26 mutations

from 38 AIP families, which cover 95% of the
40 families known to have AIP in the Finnish
population of 5 million (15–17). In addition,
we have studied the steady-state mRNA levels
of the mutant alleles in lymphocytes and
shown large variations in the transcript levels
among different mutants (18). These variations
do not correlate with the CRIM class, the local-
ization of the mutation in the PBGD gene, or
the clinical phenotype of AIP. To further char-
acterize the functional consequences of the mu-
tations responsible for AIP, we have performed
in vitro site-directed mutagenesis of seven dif-
ferent mutations in the PBGD gene and studied
the transient expression of each mutated
polypeptide in an eukaryotic cell line.

Material and Methods
Seven different mutations representing differ-
ent CRIM classes, amino acid substitutions in
the same codon, or a deletion removing nor-
mally utilized termination codon in the PBGD
gene were chosen for this study (Table 1). All
of them have previously been identified among
Finnish AIP patients (15) and the steady-state
transcript levels of the mutant alleles have pre-
viously been determined in the case of five mu-
tations (18) (Table 1). 

Mutagenesis

Mutagenesis was performed using the Chame-
leon Double-Stranded Site-Directed Mutagen-
esis Kit (Stratagene, CA) according to the man-
ufacturer's instructions. The full-length coding
region of the PBGD cDNA (19), used as a tem-
plate, was ligated between the HindIII and
EcoRI sites of mammalian expression vector
SVpoly (20). Seven different mutant constructs
were made: R26C, R167W, R173W, R173Q,
R225G, R225X, and 1073delA. Oligonu-
cleotides used in each mutagenesis reaction are
given in Table 1. The selection primer was lo-
cated in the polylinker region of SVpoly which
removed the cleavage site for XbaI (Table 2).
Mutant clones were confirmed by sequencing.

COS-1 Cell Culture and DNA Transfection

COS-1 cells were maintained in Dulbecco's
modified Eagle's medium (Gibco BRL, U.K.)
supplemented with 10% fetal heat-inactivated
bovine serum and penicillin (10000 U/ml,
Gibco BRL, U.K.) and streptomycin (10000



U/ml). For transfection, the cells were seeded
on a 3-cm 6-well plate at 400,000 cells/well
and grown overnight. The cells were trans-
fected with 1.5 �g of the plasmid construct by
lipofection (21) using FuGENE 6 transfection
reagent (Boehringer Mannheim, Germany).
The medium was replaced on the next day, and
48 hr post-transfection the cells were either 
harvested for the PBGD activity and Western
blot analyses or the pulse-chase experiment
was performed.

Enzyme Activity Assay 

One hundred �l of the cell lysate in 1.0 ml of
1% Triton X-100 were pre-incubated at 37°C

for 15 min prior to adding 500 �l of 1.4 mM
porphobilinogen in phosphate-citrate buffer
(pH 7.5 ) (22). The mixture was incubated for
30 min at 37°C and the reaction was stopped
with 2.5 ml of 10% trichloroacetic acid. The
fluorescence of the supernatant was measured
using 100 �g/l uroporphyrin I standard at the
excitation wavelength 407 nm and the emis-
sion wavelength 598 nm. The protein concen-
tration in the cell lysate was determined by
the dye-binding reaction (Bio-Rad Protein As-
say, Bio- Rad, CA). One unit of the PBGD ac-
tivity equals the amount of enzyme forming 1
nmole of uroporphyrin/hr at 37°C. An expres-
sion vector control was used to monitor the
background expression of PBGD in COS-1 cells.

672 Molecular Medicine, Volume 6, Number 8, August 2000

Table 1. Characteristics of mutations

Mutant mRNA
Corresponding as a ratio of

Mutationa Outcome residue in E. colib CRIMc wild type mRNAd

Exon 3 76C�T R26C R11 �

Exon 10 499C�T R167W R149 �

Exon 10 517C�T R173W R155 �/� 0.97

Exon 10 518G�A R173Q R155 � 0.66

Exon 12 673C�G R225G R211 � 0.82

Exon 12 673C�T R225X R211 � 0.22

Exon 15 1073delA Frame shifte � 0.72

a(15)
b(36)
c CRIM, cross-reactive immunologic material(27)
d(18)
e Original termination codon abolished

Table 2. Primers for mutagenesisa

76C�T 5�-CGC GTG GGT ACC TGC AAG AGC CAG-3�

499C�T 5�-CAG GAG TAT TTG GGG AAA CCT CAA CAC C-3�

517C�T 5�-GGA AAC CTC AAC ACC TGG CTT CGG AAG C-3�

518G�A 5�-CGG GGA AAC CTC AAC ACC CAG CTT CGG AAG CTG GAC GAG CAG CAG GAG 
TTC AGT GCC ATC AT-3�

673C�G 5�-GGG CGT GGA AGT GGG AGC CAA GGA CCA G-3�

673C�T 5�-GGG CGT GGA AGT GTG AGC CAA GGA CCA G-3�

1073delA 5�-GCA CGG CAG CTT _ ACG ATG CCC ATT-3�

Selection primerb 5�-GGA GTC TGG AGT CTC GAC GGC TCA GAT AGC-3�

a Mutation site underlined.
b Restriction site for XbaI (A�C) removed.
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against rabbit immunoglobulins (Immunotech,
MA) in PBS for 45 min at room temperature.
Cells were washed in PBS and mounted on
slides in 87% glycerol.

Protein Modeling

A model of PBGD was constructed using the
MSI/InsightII from the refined coordinates of the
E. coli enzyme (1PDA). A single amino acid
substitution was created by replacing the
side chain of arginine with the side chain of
glycine. The rotamers of the glycine side chain
were studied. The model was energy minimized.

Results
Twelve of 58 conserved amino acids in PBGD
are arginine residues. We have previously
identified substitutions in six of them among
Finnish AIP patients (Table 1) (18). The major-
ity of arginines, which are scattered throughout
all three domains, are suspected to be crucial
for the enzyme activity because of interaction
with the substrate or binding of the cofactor
(26). The R26C, R167W, and R173Q amino
acid changes are identified among CRIM-posi-
tive patients, whereas patients having the
other mutations have been CRIM negative
(27). The R173W substitution is, however, as-
sociated with both CRIM classes. The seventh
mutation analyzed is a single base pair deletion
in exon 15 (1073delA), which is predicted to
remove the termination codon without creating
a new stop codon before the polyadenylation
signal. Mutant constructs were expressed in
COS-1 cells followed by PBGD activity mea-
surements, and pulse-chase and immunofluo-
rescence studies.

Effect of Substitution on PBGD Activity

Table 3 shows the results of the PBGD activity
assay in COS cells 48 hr post transfection. The
cells were transfected either with the PBGD
mutants, the wild-type PBGD, or the vector
alone. The enzyme activities obtained were
compared to that of the background activity of
PBGD in COS-1 cells. In five cases (R26C,
R167W, R173W, R173Q, R225X), the PBGD ac-
tivity was reduced to close to the background
level (0–5%), confirming the causality of the
amino acid substitution and the low PBGD ac-
tivity measured in the patients’ erythrocytes. In

Western Blot

A mixture of 20 �l of cell lysate in phosphate-
buffered saline (PBS) containing 1% Triton 
X-100, 5 �l of 5 � Laemmli’s reagent (23), 1 �l
dithiotreitol, and 1 �l of 20% SDS was run in
a 14% SDS-polyacrylamide gel. The gel was
electroblotted on a nitrocellulose filter (Trans-
Blot, Bio-Rad). The filter was filled with 5%
bovine milk proteins and reacted with a 1:2000
dilution of polyclonal rabbit anti-human–PBGD
antibody (24). The anti-rabbit IgG-alkaline
phosphatase conjugate (1:7500, Promega, WI)
was used as a secondary antibody and the
proteins were visualized using 0.66% nitro
blue tetrazolium (NBT, Promega) and 0.33% 
5-bromo-4-chloro-3-indolyl-1-phosphate (BCIP,
Promega).

Pulse-Chase and Immunoprecipitation

The cells were starved in the cysteine- and me-
thionine-free medium for 60 min before label-
ing with 200 �Ci/ml Promix (35S-Cys + 
35S- Met, Amersham, U.K.). A 1-hr pulse was
followed by a 1- to 23-hr chase in the normal
medium without the bovine serum. After the
chase period the cells were harvested and re-
suspended in PBS containing 1% Triton X-100
and lysed by freeze-thawing three times.

The PBGD proteins were immunoprecipi-
tated from the cell lysates using polyclonal rabbit
PBGD antibodies (1:2000) (24) and formalin-
fixed Staphylococcus aureus cells (Pansorbin
cells, Calbiochem, CA) (25). The labeled and
precipitated proteins were separated by 14% 
SDS-polyacrylamide gel and visualized by
autoradiography.

Immunofluorescence

For immunofluorescence staining the trans-
fected COS-1 cells were grown on 12-mm
coverslips and fixed in 3% paraformaldehyde
for 30 min at room temperature. After fixa-
tion, the cells were washed in PBS and per-
meabilized and blocked in PBS containing
0.2% saponin, 0.5% bovine serum albumin
(BSA) for 30 min at room temperature. This
was followed by incubation with a 1:2000 di-
lution of PBGD antibody for 30 min at room
temperature. The cells were washed in PBS
containing 0.2% saponin and 0.5% BSA and
incubated with a 1:150 dilution of the
rhodamine-conjugated secondary antibody



two cases (R225G, 1073delA), the enzyme ac-
tivity was only partially disturbed showing a
residual activity of 16–50%. The enzyme activ-
ities expressed by the mutations found among
CRIM-positive or CRIM-negative patients did
not differ significantly.

Analyses of Mutant Polypeptides

The mutant constructs (SVpoly-PBGD-C26,
-W167, -W173, -Q173, and -G225) expressed a
polypeptide that reacted with the antibodies
raised against human PBGD and the size of it
was comparable with that of the normal
enzyme (Fig. 1). As predicted, the construct
with the mutation 1073delA removing the ter-
mination codon produced a longer polypep-
tide. Only the SVpoly-PBGD-225X, which was
predicted to produce a truncated protein owing
to a premature termination codon after 224
amino acids, failed to produce a detectable
polypeptide in Western blot analysis.

According to immunofluorescence stain-
ing, the transfection efficiency using the lipo-
fection method was approximately 20% (data
not shown) being independent of the construct
composition. The cellular localization of the
mutant polypeptides was indistinguishable
from that of the wild-type protein being dif-
fusely dispersed in the cytoplasm (Fig. 2).
Thus, no accumulation of the mutated proteins

in the cellular compartments could be ob-
served. The mutant constructs of different
CRIM classes did not differ from each other in
their cellular distribution.

Figure 3 demonstrates the results of the
pulse-chase experiment. Because the signals
of the mutated polypeptides remained simi-
lar to that of the wild-type protein at all time
points studied, the mutated proteins were as
stable as the wild-type protein. After 23 hr
chase both the mutants and the wild-type
PBGD degraded in a similar manner result-
ing in a weaker signal in immunoprecip-
itation.
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Fig. 1. Western blot analysis of the wild-type
and mutated polypeptides. To visualize the
PBGD polypeptides expressed by the wild-type
and mutated constructs, cell lysates were run on a
SDS polyacrylamide gel, transferred onto a
nitrocellulose filter, and immunostained using 
a polyclonal rabbit PBGD antibody.

Table 3. PBGD activity assay after expression in COS-1 cells

Enzyme activity (�S.E.) Percentage of wild
Construct nmol/mg prot/ha type activityb

SVpoly-PBGD 3173 (�507) 100%

SVpoly-PBGD-R26C 105 (�17) 0%

SVpoly-PBGD-R167W 273 (�66) 5%

SVpoly-PBGD-R173W 173 (�33) 1%

SVpoly-PBGD-R173Q 140 (�11) 0%

SVpoly-PBGD-R225G 626 (�78) 16%

SVpoly-PBGD-R225X 142 (�9) 0%

SVpoly-PBGD � 43 aa (1073delA) 1660 (�174) 50%

SVpoly 131 (�3) 0%

H2O 113 (�13) 0%

COS-1 cells, not transfected 127 (�7) 0%

a Mean value of four independent transfections.
b Corrected with the endogenous COS-1 PBGD activity
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Discussion
We studied the properties of the mutated hu-
man PBGD in a eukaryotic expression system.
All mutated constructs resulted in decreased
PBGD activity, thus confirming the causality of
the mutations and the half normal enzyme ac-
tivity measured in the patients’ erythrocytes. In
addition, the majority of the mutant alleles pro-
duced a detectable polypeptide. Furthermore,
the stability and the cellular processing of the
mutated polypeptides were comparable to that
of the wild-type PBGD and they were inde-
pendent of the CRIM class.

Mutagenesis studies in E. coli have shown
that arginine substitutions usually result in a
dramatic decrease in PBGD activity (28,29). The
three-dimensional model of PBGD enables a
comparison of the mutant and normal residues
in the E. coli crystal structure and provides infor-
mation about the structural and functional prop-
erties of the PBGD polypeptide (26). Previously,
three reports have been published in which the

consequences of mutations responsible for AIP
have been analyzed in a prokaryotic expression
system (30–32). All mutations studied (R26H,
V93F, R116W, R167Q, R173Q, R201W, C247F,
and W283X) resulted in decreased enzyme ac-
tivity.

R26C, R173W, and R173Q

Substitution of arginine by cysteine at position
26 or by glutamine or tryptophan at position
173 resulted in a dramatic decrease in PBGD
activity to 0–1% of normal. Previously, the cor-
responding arginines in E. coli (R11 and R155)
have been replaced by leucine (29) or histidine
(28), and the mutant proteins have exhibited a
trace amount of residual activity (0.3%). The
26H and 173Q substitutions displayed a minor
residual activity (�4%) in bacterial cells (32),
indicating no major discrepancy between pro-
and eukaryotic expression systems. The two
arginine residues interact with the substrate,

Fig. 2. Immunofluorescence of the mutated
and wild-type PBGD after expression. Poly-
clonal rabbit antiserum followed by rhodamine
conjugated anti-rabbit IgG was used to localize
PBGD in fixed cells. Original magnification �630.

Fig. 3. Pulse-chase expression analysis of the
wild-type and mutant PBGD polypeptides in 
COS-1 cells. During 1-hr pulse, all synthesized
polypeptides were labeled with 35S-cysteine and
35S-methionine, and thereafter synthesized
proteins were chased for 1, 4, and 23 hr,
respectively. The wild-type and mutant
polypeptides were immunoprecipitated and
visualized by autoradiography after running 
the samples on an SDS-PAGE.



and different amino acid substitutions at these
positions inhibit the attachment of the first por-
phobilinogen to the cofactor-enzyme complex
(28), which is detrimental to the function of the
enzyme.

R167W

The residue R167 interacts with the side chain
of the cofactor (26). The modification of residue
R149 in E. coli (equivalent to human 167) to his-
tidine results in an accumulation of the 
ES intermediate, that is, PBGD with a single
porphobilinogen attached (28) and a similar
perturbation might be expected for R167W (26).
Because the mutant polypeptide displayed
residual activity of 5%, the substitution of argi-
nine to tryptophan was not completely deleteri-
ous to the function of PBGD. Whether this mi-
nor residual activity has clinical implications in
heterozygous patients is not known but at least it
enables patients with compound heterozygosity
(R167W, R167Q) to survive (33). When ex-
pressed in E. coli (28,29) the mutant constructs
with similar arginine substitutions exhibited
25–40% of that of the wild-type activity.

R225G

The mutant construct with glycine at position
225 displayed residual activity of approximately
one-sixth of that of the wild type. Because this

residue is conserved in different species, it has
been presumed to have an important role in the
structure or function of the enzyme (29). Argi-
nine-225 is part of an �-helix structure located
on the outer surface of the protein (Fig. 4). Be-
cause glycine, unlike arginine, does not usu-
ally form �-helix structures, the substitution
probably alters the three-dimensional struc-
ture of PBGD (34). Furthermore, arginine 211
in E. coli, corresponding to the human residue
225, forms a stabilizing hydrogen bond with
aspartic acid at position 3. Glycine is not capa-
ble of forming hydrogen bonds (35) and thus
the substitution is more likely to cause a struc-
tural defect by destabilizing the enzyme.

R225X

This mutation, resulting in a truncated protein,
displayed neither detectable polypeptide nor
enzymatic activity. The predicted length of the
mutant polypeptide is approximately two-
thirds of the size of the PBGD and domain 3 is
totally untranslated. The truncated polypeptide
is probably unstable because of a folding defect
resulting in a total inactivation of the enzyme.
Furthermore, the amount of mutant mRNA is
dramatically decreased in these patients’ lym-
phocytes, being ~20% of the level of the normal
allele (Table 1) (18). Because only a trace amount
of the transcript is present, the synthesis of
PBGD polypeptide is inevitably impaired.
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Fig. 4. A model of PBGD constructed from the refined coordinates of the E. coli enzyme. The mutation
R211G (corresponding to the human mutation R225G) is located on the outer surface of the polypeptide and
disrupts the hydrogen bond with aspartic acid at position 3. a, active site of the enzyme.
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corresponded to the enzyme activity, but the
amount of inactive PBGD has varied among
CRIM-positive patients (types 1 and 2). In nor-
mal individuals and in CRIM-negative pa-
tients, the ratio of the immunoreactive protein
and the enzyme activity is 1 but in CRIM-
positive patients 1.6-5.2, respectively. 

Several mechanisms have been proposed to
explain the difference in CRIM classes: insta-
bility of mutant mRNA, insufficient transla-
tion, or rapid intracellular decay of the mutant
polypeptide (27). When the steady-state levels
of the mutant mRNA of five mutations in the
PBGD gene were studied (Table 1), the mutant
transcript levels in lymphocytes varied from
22–97% independently of the CRIM class (18).
In the case of the CRIM-negative mutations
R225G and 1073delA, the mutant mRNA levels
and residual activities were relatively high
suggesting that CRIM status would rather de-
pend on the degradation of the enzyme. Ac-
cording to the pulse-chase experiment, in
which PBGD is overexpressed however, the
mutant polypeptides were as stable as the wild
type. Furthermore, the localization of the mu-
tant polypeptides in the cytoplasm did not dif-
fer from that of the wild type. These results
demonstrate that translation is adequately effi-
cient to produce a protein that is comparable in
stability with that of the wild type and ex-
cludes a major folding defect in these mutants.
However, it may be that they do have a minor
folding defect. If this is the case for R225G and
1073delA mutants, the inactive portions of
these PBGD molecules (50–80% of total) may
be degraded more rapidly under in vivo than
in vitro conditions.
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