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The zinc metalloprotease ZMPSTE24 plays a critical role in nuclear lamin biology by cleaving the prenylated
and carboxylmethylated 15-amino acid tail from the C-terminus of prelamin A to yield mature lamin A. A
defect in this proteolytic event, caused by a mutation in the lamin A gene (LMNA) that eliminates the
ZMPSTE24 cleavage site, underlies the premature aging disease Hutchinson-Gilford Progeria Syndrome
(HGPS). Likewise, mutations in the ZMPSTE24 gene that result in decreased enzyme function cause a spec-
trum of diseases that share certain features of premature aging. Twenty human ZMPSTE24 alleles have been
identified that are associated with three disease categories of increasing severity: mandibuloacral dysplasia
type B (MAD-B), severe progeria (atypical ‘HGPS’) and restrictive dermopathy (RD). To determine whether a
correlation exists between decreasing ZMPSTE24 protease activity and increasing disease severity, we
expressed mutant alleles of ZMPSTE24 in yeast and optimized in vivo yeast mating assays to directly com-
pare the activity of alleles associated with each disease category. We also measured the activity of yeast
crude membranes containing the ZMPSTE24 mutant proteins in vitro. We determined that, in general, the re-
sidual activity of ZMPSTE24 patient alleles correlates with disease severity. Complete loss-of-function alleles
are associated with RD, whereas retention of partial, measureable activity results in MAD-B or severe pro-
geria. Importantly, our assays can discriminate small differences in activity among the mutants, confirming
that the methods presented here will be useful for characterizing any new ZMPSTE24 mutations that are dis-
covered.

INTRODUCTION

ZMPSTE24 is a zinc metalloprotease required for the matur-
ation of the nuclear scaffold protein, lamin A (1–4). Lamin
A, together with lamin C and the B-type lamin proteins,
form the meshwork that underlies the nuclear envelope.
Lamins provide structure and shape to the nucleus, and play
many critical roles in nuclear function. These roles include,
but are not limited to, binding of heterochromatin, regulation
of transcription factors, positioning of nuclear pore complexes
and facilitation of the DNA damage response (5–8).

Lamin A and the B-type lamins are synthesized as precur-
sors that terminate in a CAAX motif (where C is cysteine,
A is often an aliphatic amino acid and X is any residue).
CAAX proteins are post-translationally modified in a series
of ordered reactions beginning with farnesylation of the

CAAX cysteine, followed by endoproteolytic removal of the
terminal AAX residues, and ending with carboxylmethylation
of the terminal farnesyl-cysteine (Supplementary Material,
Fig. S1 (right), steps 1–3) (4,9). For reasons that are not
fully understood, the lamin A precursor protein, called prela-
min A, undergoes a surprising additional step in which the
15-amino acid modified tail is removed, resulting in mature
lamin A that does not retain the hydrophobic modifications
(Supplementary Material, Fig. S1 (right), step 4) (10–13). In
contrast, B-type lamins do not undergo this final cleavage
event, and retain their lipid-modified and carboxylmethylated
tail (5). Lamin C, a short A-type lamin splice isoform gener-
ated from the LMNA gene, lacks the CAAX motif altogether
and thus does not undergo post-translational modification.
The zinc metalloprotease ZMPSTE24 mediates the last
cleavage step in the lamin A maturation pathway (1–4).
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ZMPSTE24 is a membrane-associated enzyme that is pre-
dicted to contain seven transmembrane segments and is loca-
lized to the ER membrane and the inner nuclear membrane
(14,15). ZMPSTE24 contains a consensus zinc metallopro-
tease motif, consisting of a HEXXH catalytic site, located in
a loop predicted to reside in the cytosol/nucleoplasm
(1,16,17). Farnesylated substrates such as prelamin A are ac-
cessible to the HEXXH domain for proteolytic cleavage.

The failure to cleave the farnesylated and carboxylmethy-
lated tail from the prelamin A precursor due to LMNA muta-
tions that remove the ZMPSTE24 cleavage site can severely
impact human health and longevity. For example, the classical
premature aging disease, Hutchinson-Gilford Progeria Syn-
drome (HGPS), is most commonly caused by a dominant mu-
tation (c. 1824C.T; p. G608G) in LMNA that activates a
cryptic mRNA splice site and leads to an internal in-frame de-
letion of 50 amino acids that removes the ZMPSTE24 cleav-
age site within prelamin A (18,19). The resulting mutant
lamin A protein (called progerin) cannot be cleaved. HGPS
is a childhood disease characterized by an onset of premature
aging symptoms by age 2 years that include loss of hair, thin
skin and progressive cardiovascular disease from which the
children succumb at an average age of 13 years (20,21).
Two significantly more severe cases of HGPS have been docu-
mented in which alternative mutations (c. 1968+1G.A and
c. 1821G.A) serve as more potent activators of the cryptic
splice site, and result in the generation of more progerin and
death at an earlier age (22). Retention of the hydrophobic far-
nesyl and carboxlymethyl modifications disrupts the normal
function of lamin A (and/or allows it to acquire a new func-
tion), conferring a dominant-negative phenotype. The
amount of toxic progerin in cells appears to correlate with
the severity of disease outcomes (22). In a mouse progeria
model, preventing progerin farnesylation by genetic alteration
of the progerin CAAX motif or treatment with a farnesyltrans-
ferase inhibitor lessens disease phenotypes (23–25).

Mutations in ZMPSTE24 are associated with diseases that
share features of progeria. The aberrant form of prelamin A
that results from decreased ZMPSTE24 activity permanently
retains its farnesylated and carboxylmethylated tail, similar to
progerin. The zmpste242/2 mouse exhibits a severe progeroid
disorder that is completely alleviated in a mouse heterozygous
for lamin A (zmpste24– / – lmna+/ – ), which reduces the load of
toxic prelamin A by 50%. Thus, the amount of uncleaved,
persistently prenylated prelamin A is thought to be the critical
determinant of disease phenotypes (1,26–33).

Three distinct but related human diseases, with a gradation
of severity, result from ZMPSTE24 mutations. These include,
in order of increasing severity, the relatively mild disorder
mandibuloacral dysplasia (MAD-B) (27–29,32,34–37), a
severe form of progeria [sometimes called atypical HGPS
and here designated AT ‘HGPS’ (33,38)], and the lethal neo-
natal disease restrictive dermopathy (RD) (29,30,39–44).
These diseases are termed progeroid disorders because they
share features in common with HGPS, such as thin skin
(RD), lipodystrophy (MAD-B) and premature aging (AT
‘HGPS’) (27,29,33,38,43). The inheritance pattern of these
diseases is autosomal recessive; thus, both chromosomal
ZMPSTE24 copies are defective (29,43). It should be noted
that an early report concluding that RD is digenic (45) was

later corrected (29,43). Heterozygous carriers of disease
alleles are unaffected. Thus, a single functional copy of
ZMPSTE24 is sufficient to prevent disease (28–30,37,40).

Several of the ZMPSTE24 mutations that cause MAD-B
have previously been assayed for activity using a qualitative
yeast-based in vivo halo assay (27,28,46). However, a direct
side-by-side comparison between the various human
ZMPSTE24 disease mutations identified to date has not been
performed, nor have any quantitative methods been used to
assay these alleles. Herein we have utilized in vivo and in
vitro yeast halo, mating and activity assays to quantitate and
directly compare the activities of a panel of ZMPSTE24
disease mutants associated with each disease category
(MAD-B, AT ‘HGPS’ and RD). We also examined a newly
reported ZMPSTE24 allele potentially associated with meta-
bolic syndrome (47). Using these assays, we demonstrate
that mutant alleles associated with RD have no activity,
while ZMPSTE24 alleles associated with MAD-B or AT
‘HGPS’ retain residual activity. Thus, ZMPSTE24 activity
can be correlated to the severity of the disease state. Import-
antly, we report conditions using established activity assays
that are able to reveal small differences in enzymatic activity.
These assays will be useful for analyzing newly discovered
mutations in ZMPSTE24.

RESULTS

Nineteen patients with homozygous or compound heterozy-
gous mutations in ZMPSTE24 have been reported in the litera-
ture. These individuals have been diagnosed with MAD-B, AT
HGPS or RD, as indicated (Fig. 1). In RD patients (Fig. 1,
lines 10–19), both ZMPSTE24 mutations might reasonably
be expected to represent ‘null’ alleles that cause complete
loss of protein function. These include frameshift or nonsense
mutations that cause early termination, or large internal
in-frame deletions that could interfere with the membrane top-
ology of ZMPSTE24. In contrast, MAD-B or AT ‘HGPS’
patients (Fig. 1, lines 1–8) generally have a predicted null
allele in combination with a point mutation (or two point
mutant alleles) that could potentially partially affect, but not
eliminate, ZMPSTE24 enzymatic activity.

Our goal in this study was to quantitatively assess enzymat-
ic activity across the spectrum of ZMPSTE24 alleles to deter-
mine whether the level of residual proteolytic activity, or lack
thereof, correlates with disease severity. The individual
disease mutants we examined in this study are highlighted in
yellow in Figure 1. These include the substitution mutations
P248L, W340R and N265S that result in MAD-B or AT
‘HGPS’ when present in combination with a possible null
allele (such as W450X or L362F(fsX18), also tested herein)
(Fig. 1, lines 1–4, 6 and 8), and L94P that causes MAD-B
when homozygous (Fig. 1, line 5). We also tested the homozy-
gous in-frame deletion mutation T159_L209del identified in a
case of RD (Fig. 1, line 16). Taken together, the alleles we
investigated in this study (including substitutions, frameshifts,
internal in-frame deletions and null alleles) represent mutant
ZMPSTE24 proteins that retain the catalytic zinc metallopro-
tease HEXXH motif at position 335–339 (Fig. 2 and Supple-
mentary Material, Fig. S2). Additional mutants that are
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predicted to retain the catalytic domain (L462R, V402S(fsX1),
L91_L209del, Q417X; Fig. 1, lines 7, 9, 13, 15) were not
examined here; however, Q417X and V402S(fsX1) have
been previously reported to lack activity by using either a
yeast-based activity assay (V402S(fsX1)) or by examination
of prelamin A processing (Q417X) (38,43).

The positions of the amino acid residues that are altered or
the segments that are deleted by the ZMPSTE24 mutations
tested here are schematized in Figure 2. In addition to the
mutants highlighted in yellow in Figure 1, we also included
a recently identified ZMPSTE24 mutation (L438F) that was
detected in a patient with metabolic syndrome (47). This mu-
tation represents an unusual case, as a second allelic mutation
was not detected in the patient, a finding that seemingly con-
tradicts the autosomal recessive nature of diseases associated
with ZMPSTE24 mutations. Nevertheless, because L438F
may be implicated in disease and may also provide useful

structure–function information, we included this mutation in
our studies.

In vivo a-factor halo assays can broadly distinguish active
versus inactive ZMPSTE24 disease alleles

The yeast homolog of ZMPSTE24 is STE24, which is critical
for the production of the Saccharomyces cerevisiae mating
pheromone, a-factor (Supplementary Material, Fig. S1, left)
(48). The Ste24 protein plays a redundant role with Rce1 in
the proteolysis of the C-terminal three amino acids of the
CAAX motif; Ste24 also performs a unique role in an
N-terminal cleavage event required to produce mature, bio-
active a-factor, similar to the role of ZMPSTE24 in lamin A
processing (Supplementary Material, Fig. S1) (4,16,17,
48–53). Importantly, the mammalian homologue of STE24,
ZMPSTE24, can complement both of these Ste24 activities

Figure 1. Summary of the ZMPSTE24 disease alleles reported in cases of MAD, atypical HGPS and RD. Diseases are grouped in order of increasing severity,
with MAD-B as the least severe and RD as most severe. The pairwise combination of specific mutations that have been attributed to each patient case is provided.
Grey shading indicates mutants that do not retain the domain containing the HEXXH motif, which lies in positions 335–339 in ZMPSTE24. Mutants tested in
this study are highlighted in yellow.
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in a-factor biogenesis, as the heterologous expression of
human ZMPSTE24 in a ste24D rce1D double mutant can
restore export of a-factor (16). The a-factor exported from
cells of the MATa mating type binds to receptors on cells of
the opposite mating type (MATa) and stimulates mating.
Thus, mating efficiency can be used as an indirect measure
of Ste24/ZMPSTE24 activity (49,54). An alignment of the
yeast and human enzymes is shown in Supplementary Mater-
ial, Figure S2.

Initially, we used the well-established qualitative yeast-
based halo assay to systematically compare the export of bio-
logically active a-factor from the yeast strain SM3614 (MATa
ste24D rce1D) expressing each ZMPSTE24 allele predicted to
retain the HEXXH catalytic motif on a CEN URA3 plasmid
(Fig. 3A). The halo assay has previously been used to qualita-
tively assess a few ZMPSTE24 disease alleles for activity
(27,28,34); however, multiple side-by-side comparisons of a
series of ZMPSTE24 alleles have not been performed with
this assay. As a control for catalytically inactive
ZMPSTE24, we included a mutation (H335A) in the histidine
residue of the HEXXH catalytic motif. This mutation is pre-
dicted to eliminate activity, based on the evidence from
yeast Ste24 HEXXH mutations (H297A, E298A and

E298D), in which mating activity is completely lacking (48).
For the halo assay, the MATa cells expressing ZMPSTE24
are spotted onto a lawn of tester cells of the opposite mating
type (MATa) containing a mutation (sst2). The ‘supersensitiz-
ing’ sst2 mutation causes irreversible cell cycle arrest and thus
death of cells in the lawn that come in contact with secreted
a-factor (51). As a result, the diffusion of the secreted bio-
active a-factor away from a spot of MATa cells results in a cir-
cular ‘kill zone’ in the underlying MATa sst2 lawn that is
indicative of a-factor activity.

As evident in Figure 3A, cells expressing wild-type
ZMPSTE24 produce an a-factor halo, as expected, whereas
cells expressing the H335A mutation, presumed to be import-
ant for catalytic activity, do not. Thus, the HEXXH motif is
indeed critical for activity of human ZMPSTE24 (Fig. 3A,
left, and results below), just as it is for yeast STE24 (48). Inter-
estingly, five ZMPSTE24 alleles to the right of the bar
(W340R, P248L, N265S, L438F and L94P) all produce an
a-factor halo, which is indicative of at least some
ZMPSTE24 activity, whereas a halo is lacking for the other
alleles (W450X, L362F(fsX18), and T159_L209del). It is ap-
parent that the a-factor halo assay is useful for discerning the
differences between null (W450X, L362F(fsX18) and
T159_L209del) and at least partially active alleles (W340R,
P248L, N265S, L438F and L94P).

However, it is notable that small differences in activity
between the point mutants or the wild-type protein are
harder to discriminate and are not obvious using this halo
assay. For instance, the W340R mutant cannot be

Figure 2. Schematic of the patient mutations analyzed in this study by in vivo
and in vitro activity assays. ZMPSTE24 is predicted to contain seven trans-
membrane spans, with three cytosolic loops and a C-terminal cytosolic tail
containing a dilysine ER retrieval motif (green). The loops are drawn
roughly to scale. Representative schematics show the approximate location
of the molecular lesions in the ZMPSTE24 mutants examined in this study.
The HEXXH catalytic motif (HELGH) in human ZMPSTE24 is at positions
335–339 (yellow). The correlation to the disease/patient case as shown in
Figure 1 is noted in parentheses.

Figure 3. The halo and mating assays reveal measurable differences in activity
of ZMPSTE24 mutants. Results of the qualitative halo assay (A) and the plate
mating assay (B) are shown. Results of a quantitative filter mating assay are
graphically represented below (C). The details of how these tests were per-
formed are discussed in the text. The mating percentages graphed in (C) are
normalized to WT (100%). The values for each mutant tested were: H335A
(1%), W340R (47%), P248L (25%), N265S (11%), L438F (6%), L94P
(2%), W450X (1%), L362F(fsX18) (1%) and T159_L209del (1%).
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distinguished from wild-type ZMPSTE24, but is indeed defect-
ive in activity, as shown below (Figs 3C and 4). Furthermore,
P248L is indistinguishable from N265S, L438F and L94P in
the halo assay, but shows significantly greater activity than
the others in the more quantitative assays below. It should
be noted that a very tiny halo is seen with the L362F(fsX18)
mutant, and has previously been observed under conditions
where a concentrated cell suspension was used (27). The mu-
tation in this case results in a frameshift predicted to eliminate
the entire C-terminus of ZMPSTE24. It is possible that the
very low but detectable residual activity observed for this
allele in the extremely sensitive a-factor halo assay may be
due to a small amount of ‘read-through’ of the premature
translational stop codon. Notably, almost no activity is detect-
able for this L362F(fsX18) allele by the quantitative assays
(Figs 3C and 4) below.

In vivo mating assays reveal a range of activity differences
associated with ZMPSTE24 disease alleles

The halo assay described above is hypersensitive, and gives a
positive signal for any small residual activity. Due to this
extreme sensitivity, the halo assay is not useful for the quan-
titation of low but measurable differences in enzyme activity
that could result in significant differences in disease severity
in humans. To refine and advance the methods that can be
used to more quantitatively compare the biological activity
of disease alleles of ZMPSTE24, we employed a yeast
mating assay. Importantly, this assay can accurately reflect dif-
ferences in a-factor export and can be modified, by varying the
MATa tester strains or assay conditions that are used, to obtain
optimal sensitivity in the range of interest (49,54).

We expressed wild-type ZMPSTE24 and each mutant allele
on a plasmid in the MATa ste24D rce1D strain SM3614, and
assayed the ability of the strain to mate by spotting the
strains onto a lawn of tester MATa cells (Fig. 3B). To maxi-
mize our ability to discriminate the small but significant differ-
ences in activity of the ZMPSTE24 mutants analyzed here, we
utilized a ‘stringent’ mating condition that relies on a MATa
mating tester strain containing a far1 mutation (55). The
far1 mutation lowers the efficiency of the mating response,

and confers a different range of sensitivity to the mating
assay that is better suited to the mutants studied here than
the standard assay using a wild-type MATa mating tester
strain that registers positive for any small amount of activity.
In contrast, when far1 cells were used as the tester strain,
many of the ZMPSTE24 mutant proteins tested here conferred
a graded range of reduced mating efficiency compared with
the wild-type (Fig. 3B). Importantly, small but significant dif-
ferences in mating activity are revealed between the W340R,
P248L, N265S, L438F and L94P substitution mutations.

To more accurately quantify the residual activities of the par-
tially active alleles, we utilized a quantitative filter mating
assay (Fig. 3C). For quantitative mating, strains are allowed
to mate for a limited time (4 h) on a filter disc prior to
plating on media selective for diploids. The number of diploids
that form in proportion to the total number of cells provides a
quantitative measure of mating efficiency (54,56). The results
from the quantitative mating assay correlate well with our
qualitative spot assay (compare Fig. 3C with B), and differ-
ences in mating efficiency can be reproducibly discerned for
each of the point mutations in ZMPSTE24. W340R retains
�47% of wild-type activity, while P248L (25%), N265S
(11%), L438F (6%) and L94P (2%) all show an even further re-
duction in activity. The premature termination, frameshift and
deletion mutants, W450X, L362F(fsX18) and T159_L209del,
respectively, register essentially no activity under these condi-
tions. Notably, the spot-mating tests (Fig. 3B) and the quantita-
tive mating test (Fig. 3C) provided similar information.
Interestingly, the W340R mutant shows significantly higher re-
sidual activity in the mating assay (�50%) than the others.

Enzymatic activity of ZMPSTE24 disease alleles

The activity of mammalian ZMPSTE24 expressed in yeast can
be determined in vitro using a well-established coupled assay
(53,57–59). This coupled endoproteolysis and methylation
assay indirectly measures the proteolysis of the C-terminal
three amino acids of the CAAX motif (Supplementary
Material, Fig. S1, step 2), by quantifying the resulting
farnesyl-cysteine methyl esters that become available for car-
boxylmethylation by isoprenyl cysteine carboxyl methyltrans-
ferase (ICMT), also called Ste14 in yeast (Supplementary
Material, Fig. S1, step 3). In this assay, crude membranes pre-
pared from the ste24D rce1D strain (SM3614), expressing
wild-type or mutant ZMPSTE24 alleles, are the source of
enzyme. The membranes are incubated with the substrate, a
synthetic farnesylated peptide containing an intact C-terminal
CAAX motif. ZMPSTE24 present in the membrane prepara-
tions endoproteolytically removes the terminal AAX residues,
exposing the farnesylated cysteine residue, which subsequent-
ly undergoes carboxylmethylation by the yeast ICMT Ste14
(added in excess to the reaction), using the radiolabeled
methyl donor, [14C-methyl]- S-adenosyl methionine (SAM),
provided in the reaction mix. The extent of carboxylmethyla-
tion of the synthetic peptide is quantified using the vapor dif-
fusion assay to measure the amount of base-labile [14C]
methanol. The amount of methylation is quantified and, in
turn, serves as an indirect proxy for the endoproteolytic activ-
ity of ZMPSTE24. This assay provides a robust and reliable

Figure 4. A coupled in vitro proteolysis activity assay reveals differences in
specific activity for the ZMPSTE24 disease mutants. The specific activity of
membrane preparations containing wild-type ZMPSTE24, the H335A catalytic
site mutant and disease mutants were determined by the coupled proteolysis
and methylation assay described in the text. Experiments were performed
three times in triplicate for each ZMPSTE24 protein (for a total of nine trials).
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way to quantify ZMPSTE24 activity in a membrane prepar-
ation (53,57,59).

Using this coupled proteolysis assay, we measured the
C-terminal proteolytic activity of yeast membranes containing
wild-type ZMPSTE24, the null mutant H335A and the disease
mutants. In nearly all cases, the membranes were prepared
from the same strains as were used for the halo and mating
assays above, which express ZMPSTE24 alleles on a CEN
(single copy) plasmid. The L362F(fsX18) allele, which
encodes a truncation product with 17 additional residues and
is also referred to as Y379X, was expressed from a 2 mm
(multi-copy) plasmid, in an effort to determine whether any
activity could be detected from the mutant protein. The specif-
ic activity calculated for each of the ZMPSTE24 alleles is
indicated in Table 1 (middle column) and is displayed as a
bar graph in Figure 4. The percentage of activity of each
allele, normalized to wild-type ZMPSTE24, is also shown in
Table 1 (right column).

The W340R point mutant retains the most activity of all the
disease alleles, while P248L, N265S and L94P retain moder-
ately less activity. The least activity is associated with the
HEXXH domain mutant control (H335A) and the L438F,
W450X, L362F(fsX18) and T159_L209del mutations. As
evident by comparison of the graphs in Figures 3C and 4,
the results from the activity assays are strikingly similar to
those obtained with the quantitative mating assays. Notably,
both assays indicate that the disease alleles fall into three
groups: significant residual activity (W340R), some re-
sidual activity (P248L, N265S, L94P) and little or no re-
sidual activity (W450X, L362F(fsX18) and
T159_L209del). The L438F allele demonstrates partial re-
sidual activity by mating, but virtually no enzyme activity.
Immunoblotting of the membranes used for the activity
assays (Fig. 5) revealed a varying amount of ZMPSTE24
protein in the membrane preparations (Fig. 5, see
legend), which may indicate that certain disease mutations
render the protein unstable. Changes in protein stability
would not be unexpected, as several of the mutations
are drastic, deleting large internal sections of the protein
or eliminating the C-terminus. Interestingly, however, the
expression and/or stability of the substitution mutations
are also somewhat variable, possibly reflecting varying
degrees of stability.

DISCUSSION

The range of disease severity caused by mutations in
ZMPSTE24 is quite broad, with the neonatal lethal disorder
RD on one end of the spectrum, severe progeria (AT
‘HGPS’) characterized by a short lifespan midway through
the spectrum and the relatively milder disease MAD-B, in
which the lifespan of patients extends into the third decade
or later, on the other end of the spectrum (Fig. 6)
(27,29,38,43). It has been proposed that the greater the sever-
ity of disease, the lower the level of residual ZMPSTE24 ac-
tivity that is retained (1,27–33). In this study, we have
directly compared the activities of a number of disease
alleles of ZMPSTE24 expressed in yeast, using quantitative
mating and enzyme assays, as well as qualitative a-factor
halo and mating assays. We wished to determine whether
the disease severity spectrum shown in Figure 6 reflects the re-
sidual activity of ZMPSTE24 disease alleles.

Our results support the hypothesis that disease severity
correlates with the cumulative, residual activity of
ZMPSTE24 encoded by a patient’s two alleles. For instance,

Figure 5. Expression of ZMPSTE24 mutant proteins when compared with the
wild-type. Crude membranes prepared from yeast strains expressing WT and
mutant His10HA3 ZMPSTE24, or empty vector (EV) were subjected to 10%
SDS–PAGE, transferred to nitrocellulose membrane, probed with a-HA
primary antibody and a goat a-mouse horseradish peroxidase-conjugated sec-
ondary antibody and detected by ECL. Varying amounts of crude membranes
were added to each lane to optimize visualization of the signal. When com-
pared with the WT, H335A catalytic site mutant, and most point mutants
(left), the frameshift, deletion, nonsense and L94P mutations (right) required
significantly more membranes for visualization. Amounts added to each lane
are as follows: left panel: WT (0.5 mg), N265S (0.5 mg), H335A (0.5 mg),
L438F (0.5 mg), P248L (1.0 mg), W340R (3.0 mg), EV (3.0 mg); right panel:
WT (0.1 mg), L362F(fsX18) (2.0 mg), W450X (3.0 mg), L94P (12 mg),
T159_L209del (12 mg) and EV (12 mg).

Figure 6. Schematic of the ZMPSTE24-associated progeroid disease severity
spectrum. The results presented here and in other studies support the model
that a spectrum of progeroid diseases of increasing severity, ranging from
MAD-B to atypical progeria to RD, appears to correlate with an increasing
amount of uncleaved prelamin A resulting from a failure of ZMPSTE24 cleav-
age. It has yet to be established whether metabolic syndrome is also directly
connected to defects in prelamin A maturation, hence the question mark.
The L438F studied here has been reported to be associated with metabolic syn-
drome (47), but the second patient allele is not known, and whether this mu-
tation is truly causative of metabolic syndrome remains to be established.

Table 1. C-terminal proteolytic activity of wild-type and mutant ZMPSTE24
proteins

ZMPSTE24 Specific activitya % wild-type

WT 173.0+6.2 100
H335A 0.7+1.2 0.4
W340R 23.7+1.4 13.7
P248L 7.9+1.7 4.6
N265S 7.5+1.5 4.3
L438F 1.8+2.5 1.0
L94P 4.8+1.6 2.8
W450X 0.6+0.6 0.3
L362F(fsX18) 2.2+0.5 1.3
T159_L209del 22.7+3.2 0

aValues were derived from three separate experiments each performed in
triplicate.
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the combination of two alleles with molecular lesions
predicted to be drastic, such as frameshifts, large internal dele-
tions or early terminations, is associated with the lethal disease
RD. Our studies confirm that the alleles L362F(fsX18) and
T159_L209del show no residual activity. As can be seen in
Figure 1, RD cases 10 and 16 are homozygous for these muta-
tions, respectively. Therefore, RD appears to result when
ZMPSTE24 activity is completely lacking. RD is lethal
in utero or shortly after birth, representing an extreme
example of the severity of defective ZMPSTE24 activity in
which all of the lamin A present in patient cells is predicted
to be in the persistently farnesylated, toxic form.

For the milder MAD-B disease (Fig. 1, lines 1–6), patient
genotypes contain a null allele in combination with a substitu-
tion mutant (i.e. P248L, W340R, N265S) that has been pre-
dicted to retain partial function. Here, we provide evidence
that these MAD-B alleles indeed show measurable residual ac-
tivity, with W340R having significantly higher activity than
others (Figs 3 and 4, and Table 1). One exception to the rule
that MAD-B patients all have one complete null allele is
shown in Figure 1, line 5, where the patient was homozygous
for L94P (35). In this case, the L94P mutant would be pre-
dicted to be so minimally functional that even the two
copies present in the patient would not suffice for normal func-
tion. Indeed, the L94P mutant is very severely reduced in ac-
tivity in our assays (Figs 3 and 4, Table 1). Thus, the total
enzymatic activity that the patient retained apparently fell
below a critical threshold required for maintaining health
and the absence of disease phenotypes. This mutant has
been shown previously to cause prelamin A accumulation,
and due to its location inside one of the transmembrane
spans, was predicted to potentially interfere with membrane
topology, such that the active site of ZMPSTE24 could be
oriented on the inaccessible luminal side of the membrane
(35). Taken together, our results suggest that most, if not all,
MAD-B patients (Fig. 1, lines 1–7) must have at least one
allele with residual activity. Thus, some, but not all, of the
lamin A present in these MAD-B patient cells is predicted to
be present in the aberrantly and persistently farnesylated form.

The range of diseases that are caused by mutations in
ZMPSTE24 overlap in phenotype with HGPS, the classical
premature aging disorder caused by mutations in LMNA that
remove the ZMPSTE24 cleavage site in prelamin A through
activation of a cryptic splice site (18–20). Somewhat confus-
ingly, two cases of RD could also be attributed to mutations in
the lamin A gene that are particularly robust activators of the
cryptic splice site (22). The larger amount of progerin pro-
duced in these cases resulted in a disease that was phenotyp-
ically very similar to RD, but mapped to LMNA rather than
ZMPSTE24. Conversely, a case of severe progeria was
reported in which the patient had two null alleles of
ZMPSTE24 (Fig. 1, patient 9). This individual was shown to
have a ‘mitigating’ mutation in one copy of the LMNA gene
that resulted in 50% of the prelamin A being prematurely trun-
cated prior to the CAAX motif (38). This LMNA mutation
reduces the amount of uncleaved and persistently farnesylated
prelamin A that the cells produce, and is thought to explain the
severe progeria phenotype observed in the patient, rather than
the RD phenotype that might be expected from the null
ZMPSTE24 genotype. Thus, the diagnosis of disease based

on the phenotype alone can be potentially misleading, and
both genes, ZMPSTE24 and LMNA, need to be examined for
mutations. It is notable that there are two patients shown in
Figure 1 (lines 6 and 8) that have the identical ZMPSTE24
genotypes (N265S and L362F(fsX18)), but different diseases,
namely MAD-B and atypical progeria, respectively. It is pos-
sible that additional modifier genes, still unaccounted for, may
also contribute to the severity of these progeroid diseases.

Metabolic syndrome, which encompasses several risk
factors for cardiovascular disease, is often present in MAD
patients (60). Interestingly, the heterozygous L438F mutation
was found in a patient presenting only with metabolic syn-
drome (47). As the genetics of the ZMPSTE24 diseases
would indicate that haploinsufficiency is not normally causa-
tive of disease, this is an unusual case. It should be noted
that another case of heterozygosity in a patient with MAD
has been reported (Fig. 1, case 7); however, the authors sug-
gested that although a second mutation was not identified, it
may nevertheless indeed be present, especially since the het-
erozygous parents of the patient were reported as phenotypic-
ally normal (37).

The methods of analysis presented in this study, involving
expression of ZMPSTE24 disease alleles in yeast, combined
with the performance of several simple quantitative assays,
provides the basis for assessing new disease alleles that may
be discovered in the future. Such information will be useful
for future studies directed toward dissecting the enzymatic
mechanism of proteolysis, which to date remains unknown.
Interestingly, several lines of study have suggested that an
understanding of the mechanism could be critical for predict-
ing (and preventing) potential off-target drug effects. For in-
stance, drug cocktails used to treat patients infected with
HIV have often included aspartyl protease inhibitors, some
of which have been experimentally demonstrated to inhibit
ZMPSTE24 activity in vitro and in vivo (57,58). It remains
unclear whether the side effects exhibited by patients who
have spent decades on these drugs (which include lipodystro-
phies, metabolic disorders and premature aging) are indeed at-
tributable to the inhibition of ZMPSTE24. It is also
worthwhile to note that the down-regulation of ZMPSTE24 ex-
pression has been associated with normal physiological aging
(61). Further work on the activity and regulation of
ZMPSTE24 will be needed to fully probe these potentially im-
portant connections.

MATERIALS AND METHODS

Plasmid constructs

The experiments in this study were carried out using CEN
URA3 yeast plasmid constructs expressed in the strain
SM3614 (MATa ste24D rce1D). These plasmids encode an
N-terminally His10HA3-tagged version of human ZMPSTE24
expressed from a PGK promoter with the following mutations:
WT (pSM2677), P248L (pSM2676), H335A (pSM2673),
W340R (pSM2672), N265S (pSM2671), T159_L209del
(pSM2670), L362F(fsX18) (pSM2669), L94P (pSM2678),
L438F (pSM2680) and W450X (pSM2679). These constructs
were made as described below.
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Constructs used to express human ZMPSTE24 and individ-
ual disease mutations were first created in a yeast 2 mm URA3
vector backbone. The method of homologous recombination
of overlapping PCR and vector products in S. cerevisiae was
used to introduce mutations. Plasmids were rescued from
yeast and transformed into the recombination deficient
STBL2 E. coli strain (Invitrogen). The base plasmid
pSM1282 (17) containing the yeast STE24 gene with an
N-terminal HIS-HA tag (His10HA3) under the control of the
PGK promoter was gapped by removal of the ySTE24 ORF
and used as the vector backbone for all homologous recombin-
ation reactions. PCR products containing the entire ORF of
wild-type or mutant ZMPSTE24 alleles with overlapping hom-
ologous 5′ and 3′ ends and gapped pSM1282 were
co-transformed into the yeast strain SM3103 (trp1 leu2 ura3
his4 can1 ste24::LEU2) (48). It is important to note that
bacteria-containing ZMPSTE24 plasmids were propagated on
selective media at 258C. The use of STBL2 bacterial cells
and low temperature was necessary to prevent toxicity and/
or recombination and rearrangement events in E. coli. Such
events occur frequently for ZMPSTE24 in bacteria when
these conditions are not used. Plasmids were purified and
sequenced to ensure that the desired mutation was obtained.
The wild-type and ZMPSTE24 mutant alleles were subse-
quently transferred to a CEN URA3 vector (pRS316), using
standard restriction digestion/ligation-mediated cloning tech-
niques.

All plasmids and strains used in this study are freely avail-
able upon request.

Halo and mating assays

Halo assays were performed essentially as previously described
(49,51,54,56). Briefly, yeast strains (SM3614, MATa ste24D
rce1D) expressing wild-type or mutant ZMPSTE24 on the
CEN URA3 plasmid (see above) were grown overnight in select-
ive (SC-URA) media, concentrated by centrifugation and resus-
pended in sterile water. The yeast strains used were as follows:
WT (SM5973), P248L (SM5978), H335A (SM5975), W340R
(SM5977), N265S (SM5974), T159_L209del (SM5976),
L362F(fsX18) (SM5981), L94P (SM5983), L438F (SM5985)
and W450X (SM5984). Five microliters of each strain was
spotted onto a lawn of the halo tester SM2375 (MATa sst2)
mutant yeast cells spread on YPD plates containing 0.04%
Triton X-100. Inclusion of TX-100 in the plates allows and
even diffusion of a-factor and a sharper halo. Plates were incu-
bated at 308C for 2 days.

The qualitative spot-mating assay was performed essentially
as described previously (49,51,54,56). Briefly, overnight cul-
tures (SC-URA) of the MATa yeast strains expressing wild-
type ZMPSTE24 or the mutant alleles (described above)
were diluted to OD600 of 1.0 in sterile water. Ten microliters
of each strain was spotted onto a lawn of MATa far1 mating
tester strain (SM2882) spread on synthetic medium (SD) to
select for diploids. Plates were incubated at 308C for 2 days.

Quantitative mating assays were performed essentially as
described previously (49,51,54,56), except that a far1 strain
was used as a mating partner (55). Briefly, overnight cultures
of the yeast strains expressing wild-type ZMPSTE24 or mutant
alleles (described above) were diluted to OD600 1 in sterile

water. Equal volumes (0.5 ml) of the tester strain (MATa
far1) and each of the strains expressing ZMPSTE24 alleles
were mixed and applied to a nitrocellulose filter, excess
liquid was removed by applying a vacuum and the filters
were placed on a YPD plate. Plates were incubated at 308C
for 4 h to allow mating to occur. Cells were washed off of
the filters by vortexing in sterile water, and serial 10-fold dilu-
tions were prepared and plated on diploid-selective plates (SD)
or non-selective plates (YPD). The mating efficiency for each
of the strains tested was calculated as the ratio of diploids to
total cells, and graphed as a percentage of the mating effi-
ciency of the yeast strain expressing wild-type ZMPSTE24.
Mating tests were performed in triplicate and the error bars in-
dicate standard deviation.

ZMPSTE24 in vitro assay

Human ZMPSTE24 activity was determined using a radio-
active in vitro-coupled proteolysis and methyltransferase
vapor diffusion assay as described previously (57), with
minor modifications. Briefly, the human wild-type and
mutant ZMPSTE24 variants used for the mating and halo
tests above, or the yeast Ste14p-isoprenylcysteine carboxyl
methyltransferase (ICMT), were expressed in the SM3614
(Dste24Drce1) yeast strain and the membrane fractions were
isolated as described previously (59). It should be noted that
mutant L362F(fsX18) was expressed from a high copy (2m)
yeast plasmid, rather than a low copy CEN plasmid for the
in vitro assay and immunoblot (Figs 4 and 5, and Table 1).
Reaction mixtures contained 5 mg of membranes expressing
ZMPSTE24 or its variants, an excess (8 mg) of membranes
expressing Ste14p, 25 mM farnesylated a-factor peptide
(YIIKGVFWDPA-farnCVIA) (EZ Biolabs), and 20 mM

S-adenosyl [14C-methyl]-L-methionine in 100 mM Tris–HCl
(pH 7.5) in a total volume of 60 ml. The reaction mixtures
were incubated at 308C for 30 min and quenched by the add-
ition of 50 ml 1 M NaOH/1% SDS. The reaction mixture
(100 ml) was spotted onto pleated filter and placed in the
neck of a scintillation vial containing 10 ml of Biosafe II scin-
tillation fluid (RPI, Mount Prospect, IL, USA) and capped.
The [14C]methanol released from the cleaved and methylated
substrate as a result of quenching the reaction was allowed
to diffuse into the scintillation fluid for 2.5 h at room tempera-
ture. The filter paper was then removed and the radioactivity
was quantified by scintillation counting. Specific activity
was reported as pmol of VIA groups removed/min/mg
ZMPSTE24, as measured by the methyltransferase assay.
Each value was derived from three assays performed in tripli-
cate.

Immunoblotting and antibodies

Crude membranes prepared from yeast strains expressing
wild-type and mutant His10HA3-N-terminally tagged
ZMPSTE24 were heated at 658C for 30 min in 2× SDS.
The samples were subjected to SDS–PAGE (10% gel) and
transferred to a 0.2 mm nitrocellulose membrane. The nitrocel-
lulose membrane was blocked overnight in 20% non-fat dry
milk. ZMPSTE24 was detected with the a-HA primary anti-
body (1:15,000) and goat a-mouse horseradish peroxidase-
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conjugated secondary antibody (1:4,000), using enhanced
chemiluminescence (ECL) to visualize the signal (Pierce
SuperSignal West Pico Chemiluminescent Substrate).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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