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Mutating His29, His125, His133 or His158 abolishes
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Glycosylphosphatidylinositol (GPI)-specific phospholipase D
(GPI-PLD) specifically cleaves GPIs. This phospholipase D is a
secreted protein consisting of two domains: an N-terminal cata-
lytic domain and a predicted C-terminal β-propeller. Although
the biochemical properties of GPI-PLD have been extensively
studied, its catalytic site has not been identified. We hypothesized
that a histidine residue(s) may play a critical role in the catalytic
activity of GPI-PLD, based on the observations that (i) Zn2+,
which utilizes histidine residues for binding, is required for GPI-
PLD catalytic activity, (ii) a phosphohistidine intermediate is
involved in phospholipase D hydrolysis of phosphatidylcholine,
(iii) computer modelling suggests a catalytic site containing
histidine residues, and (iv) our observation that diethyl pyrocar-
bonate, which modifies histidine residues, inhibits GPI-PLD cata-
lytic activity. Individual mutation of the ten histidine residues to

asparagine in the catalytic domain of murine GPI-PLD resulted
in three general phenotypes: not secreted or retained (His56 or
His88), secreted with catalytic activity (His34, His81, His98 or His219)
and secreted without catalytic activity (His29, His125, His133 or
His158). Changing His133 but not His29, His125 or His158 to Cys re-
sulted in a mutant that retained catalytic activity, suggesting that
at least His133 is involved in Zn2+ binding. His133 and His158 also
retained the biochemical properties of wild-type GPI-PLD in-
cluding trypsin cleavage pattern and phosphorylation by protein
kinase A. Hence, His29, His125, His133 and His158 are required for
GPI-PLD catalytic activity.
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INTRODUCTION

Numerous extracellularly oriented proteins are anchored to the
plasma membrane via a GPI (glycosylphosphatidylinositol)
anchor. GPI-anchored proteins are widely distributed in eukar-
yotic organisms and have been identified in every major tissue
and cell type examined [1]. These functionally diverse GPI-
anchored proteins include complementary regulatory proteins,
cell adhesion molecules, ectoenzymes, lymphocyte differentiation
antigens, tumour markers and cell-surface receptors [2]. GPI
anchors can be cleaved by specific phospholipases resulting in the
release of the protein from the plasma membrane [3]. The only
mammalian phospholipase cloned to date is GPI-PLD (glycosyl-
phosphatidylinositol-specific phospholipase D; EC 3.1.4.50), an
813–816 amino acid protein found in nearly every cell type [4,5].
In vivo, either endogenous or overexpressed GPI-PLD cleaves and
releases GPI-anchored proteins [6,7].

GPI-PLD comprises two functional domains: an N-terminal
catalytic domain (amino acids 1–276) [8] and a predicted C-ter-
minal β-propeller (amino acids 376–816) [9]. β-Propellers are
involved in intra- and inter-molecular interactions and in some
proteins serve as catalytic sites [10,11]. The β-propeller domain
of GPI-PLD plays an important role in its catalytic activity as
evidenced by the following: (i) the β-propeller is required for
maximal catalytic activity [8], (ii) a C-terminal antibody inhibits
GPI-PLD catalytic activity [12], and (iii) deleting the ten C-ter-
minal amino acids leads to an inactive enzyme probably from the
unravelling of the β-propeller [13].

Although the biochemical properties of GPI-PLD have been
extensively characterized, its catalytic site has not been identified.

One possibility is that the catalytic site involves a Zn2+-binding
site since Zn2+ is required for GPI-PLD catalytic activity [14].
This raises the possibility that a histidine residue is critical for
GPI-PLD activity as this residue is present in numerous Zn2+-
binding sites [15,16]. Histidine residues could also play a direct
role in the catalytic step as a phosphohistidine intermediate. This
occurs in the hydrolysis of phosphatidylcholine by phosphatidyl-
choline phospholipase D [17]. Finally, a computer model has
identified a distant relationship between GPI-PLD and bacterial
phosphatidylcholine phospholipase C. This model predicts a tri-
metal catalytic site in GPI-PLD, which utilizes five histidine
residues for co-ordinating Zn2+ binding [18].

In order to determine if histidine plays a role in the catalytic
activity of GPI-PLD with a long-term goal of identifying a cata-
lytically inactive mutant without loss of structural features, we
individually mutated the ten histidine residues in the catalytic do-
main to asparagine and examined the mutant protein for catalytic
activity and known biochemical properties of wild-type GPI-PLD,
including trypsin cleavage and phosphorylation by protein kinase
A. Mutating His29, His125, His133 or His158 to asparagine abolished
catalytic activity while retaining the biochemical properties of
wild-type GPI-PLD.

MATERIALS AND METHODS

DEPC (diethyl pyrocarbonate) inactivation of GPI-PLD activity

GPI-PLD was purified approx. 5000-fold from human and mouse
serum as previously described [19]. To determine the effect of
DEPC on GPI-PLD activity, 5 ng of purified human GPI-PLD
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was diluted 100-fold in 50 mM sodium acetate (pH 4.5) and
incubated with the desired concentration of DEPC for 1 h on ice.
GPI-PLD activity was determined as previously described [12].
Briefly, 10 µl of the DEPC-treated GPI-PLD was mixed with
90 µl of reaction buffer [20 mM Hepes, pH 7.0, 2 mM CaCl2 and
0.5%, v/v, NP40 (Nonidet P40), containing approx. 10000 c.p.m.
of the [3H]myristate membrane form of the variant surface glyco-
protein], and incubated at 37 ◦C as indicated in the Figure legends.
The reaction was stopped by adding 0.5 ml of NH4OH-saturated
n-butanol and the radioactivity in the upper organic phase was
quantified by liquid-scintillation counting. Recovery of the pro-
duct, phosphatidic acid, was >98% (results not shown). To deter-
mine if DEPC inhibition was reversed by hydroxylamine, GPI-
PLD was treated with 50 mM DEPC, as described above, and
then incubated for up to 40 min. At 30 min, 500 mM hydroxyl-
amine (50 mM final concentration) or reaction buffer was added
and the reaction stopped at the desired time as described above.

Mutation of histidine residues in GPI-PLD

His29, His34, His56, His81, His88, His98, His125, His133, His158

and His219 of murine pancreatic GPI-PLD [5] were individually
mutated to asparagine or cysteine residues as indicated using
Altered Sites® II in vitro mutagenesis system (Promega, Madison,
WI, U.S.A.). Histidine was mutated to asparagine because as-
paragine provides a polar amide group that does not participate
in Zn2+ binding and was used to study the catalytic site of
phosphatidylcholine phospholipase D [17,20]. All the mutations
were verified by sequencing (Biochemistry and Biotechnology
Facilities, Indiana University). Additional nucleotides that were
not reported in our original murine pancreatic GPI-PLD cDNA se-
quence due to a sequencing error were identified [5]. These nucleo-
tides corresponded to four additional amino acids (Ile, Glu, Gln
and Gly) after Gly136 and matched those for the murine liver GPI-
PLD reported by others [21,22]. Wild-type and mutated GPI-PLD
cDNAs were subcloned into the expression vector pcDNA3.1
(Invitrogen, Carlsbad, CA, U.S.A.) at the EcoRI and XbaI sites.
COS-I cells (A.T.C.C., Rockville, MD, U.S.A.) (60 mm dishes)
were transiently transfected with wild-type or each mutant (5 µg
of plasmid cDNA) using 20 µg of LipofectamineTM (Invitrogen)
in Opti-MEM® I (Reduced Serum Medium) according to the
manufacturer’s methods. After 24 h, the medium was replaced
with Dulbecco’s modified Eagle’s medium containing 100 mg/dl
of glucose with 0.5 mg/ml of fatty acid-free BSA (Sigma–Aldrich,
St. Louis, MO, U.S.A.). After an additional 24 h, the medium was
removed and centrifuged for 5 min (200 g) at 4 ◦C to remove any
suspended cells/debris. The cells were harvested and sonicated in
ice-cold PBS containing 0.1% (v/v) NP40, 1 mM benzamidine,
5 µg/ml leupeptin, 0.2 mM PMSF and 5 µg/ml aprotinin. Lysates
were centrifuged (16000 g) at 4 ◦C for 10 min. GPI-PLD activity
was determined in both the medium and the cell lysates as
described above except that the incubation time was increased to
1 h and the final NP40 concentration was 0.01% (v/v). Proteins
in the medium were precipitated with ice-cold acetone and then
separated by SDS/PAGE (7% polyacrylamide). GPI-PLD mass
was analysed by Western blotting using anti-GPI-PLD771 antibody
as previously described [12].

Characterization of GPI-PLD mutants

To examine protein kinase A phosphorylation of wild-type and
mutated GPI-PLD, conditioned media (∼10 ml) from transfected
COS-I cells were concentrated approx. 25-fold using an Amicon
Ultra (Millipore, Billerica, MA, U.S.A.) with a 100 kDa molecular
mass cut-off and washed five times with 5 ml of 20 mM Tris

Figure 1 DEPC inhibits GPI-PLD activity

(A) Concentration dependence of DEPC inhibition of GPI-PLD activity. GPI-PLD was pretreated
with DEPC concentrations ranging from 0 to 50 mM for 60 min, and then GPI-PLD activity
was determined as described in the Materials and methods section. (B) Time course of DEPC
inhibition of GPI-PLD activity. GPI-PLD was treated with 50 mM DEPC for 0–40 min. At 30 min,
GPI-PLD activity was determined with (�) and without (�) the addition of hydroxylamine
as described in the Materials and methods section. Results shown are mean of duplicate
determinations and are representative of three independent experiments.

(pH 7.5) and 50 mM NaCl. The 100 kDa cut-off was chosen to
minimize the amount of BSA in the concentrate. The amount
of GPI-PLD in the concentrated medium was estimated by West-
ern blotting using purified murine serum GPI-PLD as the standard.
Secreted GPI-PLD was phosphorylated by protein kinase A
(Calbiochem, San Diego, CA, U.S.A.) using an equivalent amount
of GPI-PLD from the conditioned medium of COS-I cells trans-
fected with wild-type or mutated GPI-PLD as previously de-
scribed [23]. Phosphorylated proteins were separated by SDS/
PAGE (7% polyacrylamide) and visualized by autoradiography.

Trypsin cleavage of secreted GPI-PLD was examined by using
conditioned medium prepared as described above and was incu-
bated with or without trypsin (4 µg/ml for 15 min) as previously
described [23]. Fragments were separated by SDS/PAGE (7–15%
polyacrylamide) and fragments containing the C-terminal of GPI-
PLD were identified with anti-GPI-PLD771 antibody by Western
blotting as previously described [23].

RESULTS AND DISCUSSION

Identification of histidine residues required for GPI-PLD
catalytic activity

As an initial approach to determine if histidine residue(s) play
a role in GPI-PLD catalytic activity, we examined the effect of
DEPC on GPI-PLD activity since DEPC modifies histidine and
lysine residues. DEPC inhibited GPI-PLD catalytic activity in a
concentration- and time-dependent manner (Figure 1). Modifi-
cation of histidine but not lysine residues can be reversed by
hydroxylamine [24]. To differentiate a histidine versus lysine
residue modification, GPI-PLD was incubated with DEPC for
30 min and then incubated with or without hydroxylamine
for 5–10 min. Hydroxylamine reversed DEPC inhibition of GPI-
PLD catalytic activity (Figure 1B). These results suggest that a
histidine modification accounts for the DEPC inhibition of GPI-
PLD catalytic activity.

There are ten histidine residues in the N-terminal catalytic
domain at positions 29, 34, 56, 81, 88, 98, 125, 133, 158 and 219.
In order to identify the histidine(s) residues required for GPI-PLD
activity, we utilized a site-directed mutagenesis approach to indi-
vidually change the histidine residues to asparagine. Transiently
expressing wild-type GPI-PLD in COS-I cells increases media-
and cell-associated GPI-PLD activity and mass by more than
50-fold compared with endogenous GPI-PLD (results not shown).
Mutating the individual histidine residues in the catalytic domain
in GPI-PLD resulted in three general phenotypes: not secreted
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Figure 2 Mutating His29, His125, His133 and His158 abolishes GPI-PLD activity

His29, His34, His56, His81, His88, His98, His125, His133, His158 or His219 of mouse GPI-PLD was
individually mutated to an asparagine residue as described in the Materials and methods section.
COS-I cells were transiently transfected with wild-type (WT) or each mutant (5 µg of plasmid
DNA) using LipofectamineTM (20 µg). After 24 h, GPI-PLD catalytic activity was determined in
the medium and cell lysate (A) or GPI-PLD mass in the medium by Western blotting (B) as
described in the Materials and methods section. Absolute GPI-PLD activity in the medium and
cell lysates from cells transfected with wild-type GPI-PLD was 140 +− 118 (n = 6) and 43 +−
20 (n = 6) c.p.m. · h−1 · (mg of protein)−1 respectively. Results in (A) are from three independent
experiments performed in triplicate. Results in (B) are representative of three experiments.

or retained, secreted with catalytic activity and secreted without
catalytic activity.

Mutating His56 or His88 resulted in a GPI-PLD that was neither
secreted nor accumulated in the cellular lysates (Figure 2). This
suggests that these mutations resulted in a misfolded protein that
was degraded intracellularly. Hence, His56 and His88 may play
a role in maintaining the conformation of the catalytic domain.
Histidine residues are known to play many different roles in main-
taining the structure of proteins. Histidine may be involved in
maintaining conformation by Zn2+ binding [25,26] or participat-
ing in hydrogen bonding or salt bridging to stabilize secondary
structures or interaction between domains [27,28]. Since these
mutants were not secreted, it is likely that there was a considerable
misfolding of these particular mutations of GPI-PLD. One pos-
sibility is that His56 and His88 play a role in stabilizing the
interaction of the catalytic and β-propeller domains of GPI-PLD,
which is required for optimal catalytic activity [8,14]. His88 is also
predicted to be one of the five histidine residues in the GPI-PLD
catalytic site co-ordinating Zn2+ binding [18]. Altering His88 to
Asn results in a new N-glycosylation site. Misfolding may occur
if this site is N-glycosylated. Our results are consistent with this
role of His88 in this model. These mutations were not characterized
further.

Mutating His34, His81, His98 or His219 resulted in a secreted
GPI-PLD with catalytic activity (Figure 2), although the amount
of secreted GPI-PLD varied. These results suggest that these
particular histidine residues may not play important roles in the
catalytic activity of GPI-PLD but may influence its conformation
and therefore were not further characterized.

Mutating His29, His125, His133 or His158 resulted in a GPI-
PLD that was secreted but did not have any catalytic activity
(Figure 2). This result suggests that these mutations produced a
properly folded, secreted GPI-PLD that lacks catalytic activity.

Figure 3 Trypsin fragmentation of GPI-PLD mutants

Conditioned media from COS-I cells transfected with wild-type (WT) GPI-PLD or one among
H81N, H98N, H125N, H133N and H158N GPI-PLD were concentrated and treated with (+) or
without (−) trypsin as described in the Materials and methods section. Proteins and fragments
were separated by SDS/PAGE (7–15 % polyacrylamide) and a C-terminal epitope of GPI-PLD
was visualized by Western blotting with anti-GPI-PLD771 as described in the Materials and
methods section. Molecular mass standards are indicated in kDa. The 27 kDa fragment is
indicated by the arrow. Results are representative of three independent experiments.

These mutations were further characterized by comparing their
biochemical properties with wild-type GPI-PLD. Since H29N
(His29 → Asn) was only weakly secreted, it was not characterized
further.

Characterization of wild-type and H125N, H133N and H158N
mutated GPI-PLD

Some of the known biochemical properties of GPI-PLD include
cleavage by trypsin, generating specific fragments [8,23], and
phosphorylation by protein kinase A [23,29]. To determine if
mutating His125, His133 or His158 altered any of these properties, we
used secreted GPI-PLD from COS-I cells transfected with H125N,
H133N or H158N GPI-PLD using wild-type, H81N and H98N as
controls.

Trypsin cleaves GPI-PLD to generate specific fragments [23].
Utilizing an antibody that recognizes a C-terminal epitope, trypsin
cleaves murine GPI-PLD, generating a 27 kDa fragment (Fig-
ure 3). Mutating His81, His98, His133 or His158 did not alter the gen-
eration of the 27 kDa fragment (Figure 3). Tryspin did not generate
this 27 kDa fragment from the H125N mutant. This suggests
that the conformation of the C-terminal of these mutants may
be altered enough to affect trypsin cleavage. A change in the con-
formation of the C-terminus would also affect binding of the
antibody that was used to determine the GPI-PLD mass, which
helps to identify the C-terminal of GPI-PLD (residues 771–790).
This would explain the apparent lower mass of secreted GPI-PLD
determined by Western blotting when COS cells are transfected
with H125N (Figures 2–5).

Protein kinase A phosphorylates GPI-PLD [23,29]. Protein
kinase A phosphorylated a secreted protein from COS-I cells
transfected with wild-type or H81N, H98N, H125N, H133N or
H158N. It is likely that this protein is GPI-PLD since it was not
present in conditioned media from cells transfected with empty
vector (results not shown) and has the same molecular mass as
the phosphorylated purified murine serum GPI-PLD (results not
shown). These results suggest that mutating His125, His133 or His158

does not alter protein kinase A phosphorylation of GPI-PLD. The
properties of the various GPI-PLD mutants are summarized in
Table 1.
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Figure 4 Phosphorylation of GPI-PLD mutants

Proteins in conditioned media from COS-I cells transfected with wild-type (WT) or GPI-PLD
mutants were phosphorylated with protein kinase A and separated by SDS/PAGE (7 %
polyacrylamide) as described in the Materials and methods section. Phosphorylated proteins
were visualized by autoradiography. GPI-PLD mass was identified by Western blotting as
described in the Materials and methods section.

Figure 5 Effect of Cys substitution for His29, His125, His133 and His158 on
GPI-PLD secretion and activity

His29, His125, His133 and His158 were individually mutated to Cys, expressed in COS cells and
GPI-PLD activity and mass determined as described in Figure 1. Results are representative of
three independent experiments.

Table 1 Summary of biochemical properties of wild-type and mutated
GPI-PLDs

Biochemical properties of the mutant GPI-PLD generated are summarized. H133N and H158N
are in italic to emphasize that these mutants have all the properties of wild-type GPI-PLD without
catalytic activity. n.d., not determined; Y, yes; N, no.

Mutation Secreted Catalytically active Trypsin (27 kDa fragment) Phosphorylated

Wild-type Y Y Y Y
H29N Y N n.d. n.d.
H34N Y Y n.d. n.d.
H56N N N n.d. n.d.
H81N Y Y Y Y
H88N N N n.d. n.d.
H98N Y Y Y Y
H125N Y N N Y
H133N Y N Y Y
H158N Y N Y Y
H219N Y Y Y n.d.

Although it is clear that mutating His29, His125, His133 or
His158 resulted in a catalytically inactive protein, what role these
histidine residues play in GPI-PLD activity and/or structure is
unknown. One of these histidine residues could participate in cata-
lysis by serving as a phosphohistidine intermediate, as in phos-
phatidylcholine phospholipase D, but the primary sequence
near these amino acids does not match the catalytic motif H(X)-
K(X)4D in the phospholipase D superfamily [30,31]. This

suggests that GPI-PLD utilizes a different catalytic mechanism
although further experimentation is required. Computer modell-
ing has identified a distant relationship between GPI-PLD and
bacterial phosphatidylcholine phospholipase C, which predicts
involvement of Asp68 and Glu85 in co-ordinating a nucleophilic
water molecule for GPI-PLD-mediated hydrolysis of GPIs [18].
Mutating His88 to Asn may interfere with this role for Glu85.

This model also predicts the involvement of five histidine
residues (His29, His88, His125, His133 and His158) in co-ordinating
three bound Zn2+ atoms. Our results are in good agreement with
the prediction that His29, His125, His133 or His158 could be involved
in co-ordinating Zn2+ binding. To determine if these histidine re-
sidues are involved in Zn2+ binding, we mutated His29, His125,
His133 and His158 to Cys. Since cysteine is involved in some Zn2+-
binding sites, we hypothesize that if the histidine residue was
involved in Zn2+ binding, mutating the residue to cysteine would
not result in the loss of catalytic activity. Although H29C, H125C
and H158C were secreted, these mutants did not have any catalytic
activity (Figure 5). In contrast, H133C did retain its catalytic ac-
tivity (Figure 5), consistent with the hypothesis that His133 is
involved in Zn2+ binding.

In summary, mutating histidine residues in the catalytic domain
of GPI-PLD results in mutants that are not secreted and are
probably misfolded and degraded (H56N and H88N), are secreted
and have catalytic activity (H34N, H81N, H98N and H219N) or
are secreted but lack catalytic activity (H29N, H125N, H133N and
H158N). These results are in good agreement with the predicted
catalytic site of GPI-PLD. Further experiments are required to
confirm the role of these histidine residues in GPI-PLD catalytic
activity. Since H133N and H158N GPI-PLD retain the tested
biochemical properties of wild-type GPI-PLD, these mutants can
be used to determine if GPI-PLD has properties independent of its
catalytic activity. Both lipoprotein lipase and heparin lipase cleave
the triacylglycerol present in triacylglycerol-rich lipoproteins in
serum and act as bridging proteins to enhance binding of these
triacylglycerol-rich lipoprotein to hepatocytes independent of
their catalytic activity [32,33]. Hence, it is conceivable that GPI-
PLD could serve as a bridging protein that could occur via the
β-propeller domain.

These studies were supported by Indiana University.
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