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ABSTRACT Transglutaminases (TGases) are defined as
enzymes capable of forming isopeptide bonds by transfer of an
amine onto glutaminyl residues of a protein. Here we show
that the membrane-bound form of the TGase 1 enzyme can
also form ester bonds between specific glutaminyl residues of
human involucrin and a synthetic analog of epidermal specific
w-hydroxyceramides. The formation of a ~5-nm-thick lipid
envelope on the surface of epidermal keratinocytes is an
important component of normal barrier function. The lipid
envelope consists of w-hydroxyceramides covalently linked by
ester bonds to cornified envelope proteins, most abundantly to
involucrin. We synthesized an analog of natural w-hydroxyc-
eramides N-[16-(16-hydroxyhexadecyl)oxypalmitoyl]-
sphingosine (lipid Z). When recombinant human TGase 1 and
involucrin were reacted on the surface of synthetic lipid
vesicles containing lipid Z, lipid Z was attached to involucrin
and formed saponifiable protein-lipid adducts. By mass spec-
troscopy and sequencing of tryptic lipopeptides, the ester
linkage formation used involucrin glutamine residues 107,
118, 122, 133, and 496 by converting the <y-carboxamido
groups to lipid esters. Several of these residues have been
found previously to be attached to ceramides in vivo. Mass
spectrometric analysis after acetonide derivatization also
revealed that ester formation involved primarily the w-hy-
droxyl group of lipid Z. Our data reveal a dual role for TGase
1 in epidermal barrier formation and provide insights into the
pathophysiology of lamellar ichthyosis resulting from defects
of TGase 1 enzyme.

Terrestrial vertebrates protect themselves from chemical and
physical damage and uncontrolled water loss by maintaining a
water-impermeable barrier function of their epidermis. In
mammals, this function is essentially accomplished by forming
a highly insoluble protein structure on the surface of the
corneocytes termed the cornified envelope (CE) and by im-
peding water diffusion across the stratum corneum by mor-
taring the corneocytes together by layers of skin-specific lipids
(1, 2). These lipids differ in composition from other bilayer-
forming lipids found in living cells. Notably, their phospholipid
content is lost, and instead they contain increased amounts of
free fatty acids, cholesterol and its acyl and sulfate esters, and
several classes of ceramides, including epidermal-specific long-
chain w-hydroxy- and w-hydroxyacylceramides (3). Synthesis
of these lipids is initiated in the spinous layer, and they are
temporarily stored in lamellar bodies of stratum granulosum,
wherein they are arranged as stacks of tetralaminar sheets.
Preceding or paralleling the formation of the protein envelope,
the contents of the lamellar bodies are extruded into the
intercellular space. One component of these lipids is epider-
mal-specific long-chain w-hydroxyceramides that become co-
valently attached onto the outer surface of the CE as a ~5-nm
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monomolecular layer. These protein-linked ceramides inter-
digitate with the intercellular lipid in a comb-like fashion,
presumably to stack them into ordered lamellae (4, 5).

All stratified squamous epithelia form a CE protein barrier
structure by crosslinking several different proteins into an
insoluble macromolecular assembly. Of these proteins, involu-
crin is a common if not ubiquitous component (6, 7). Several
lines of evidence suggest that involucrin is one of the first
proteins deposited at or near the membrane surface in the
vicinity of desmosomes, to initiate CE formation (7-12). A
monomolecular involucrin layer is proposed to function as a
scaffold, to which other reinforcing CE proteins such as
cystatin «, elafin, small proline-rich proteins, and loricrin are
added later by further crosslinking to complete CE assembly
(11, 13, 14).

In addition, in the case of the epidermis, it was proposed
more than 10 years ago that involucrin may be a protein
substrate for the covalent attachment of ceramides by esteri-
fication of its glutamate side chains (15, 16). This hypothesis
was based on several separate lines of evidence: (i) involucrin
is uniquely glutamine/glutamate rich (17); (if) the w-hydroxy-
ceramides are ester-linked because they can be removed from
corneocytes by saponification with alkali; and (i) involucrin
is ideally located next to the cell membrane, where it could
contact ceramides. Indeed, a recent study from this laboratory
has afforded robust support for this hypothesis. We isolated
from human foreskin epidermis several lipopeptides that
contained ceramides ester-linked to glutamine/glutamate res-
idues of identifiable involucrin sequences (18). However, to
date there are no data on the biochemical mechanism(s) by
which this attachment might occur or which of the ceramide
hydroxyl groups engage in ester formation.

Furthermore, involucrin is an excellent substrate for trans-
glutaminases (TGases) both in vitro (19, 20) and in vivo (7).
TGases are Ca?>*-dependent enzymes, which catalyze the
transfer of the y-carboxy group from protein-bound glutamine
to the e-amino group of protein-bound lysine residues or other
primary amines. These enzymes are responsible for the
crosslinking of CE proteins into a chemically and mechanically
resistant protein polymer (21-23). Of the seven known human
TGases, four (TGases 1, 2, 3, and X) are expressed in
terminally differentiating epithelia such as the epidermis (24,
25). Most TGase 1 activity is bound to plasma membranes,
whereas TGases 2 and 3 are cytosolic (6, 8, 21-23). To date,
only TGases 1 and 3 have proven roles in CE assembly (21).

Recently, we described an in vitro experimental model
system using phosphatidylserine-containing synthetic lipid ves-
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icles (SLV) to explore the role of TGases in the crosslinking
of involucrin on or near keratinocyte membranes (28). We
found that of these several enzymes, only TGase 1 associates
spontaneously with SLV by virtue of its lipid anchors. Inter-
estingly, involucrin also bound to SLV under near-
physiological conditions in a dipalmitoyl phosphatidylserine
(PS)- and Ca?*-dependent manner and that the plane of the
membrane surface sterically directs TGase 1 to use only certain
glutamines of involucrin with high specificity. In contrast, in
solution assays, TGase 1 and other TGases display little
sequence specificity. Here we use this SLV system to bring
TGase 1 and involucrin together with an otherwise water-
insoluble w-hydroxyceramide analog, N-[16-(16-hydroxyhexa-
decyl)oxypalmitoyl]sphingosine (lipid Z). We show that mem-
brane-bound TGase 1, and not other soluble TGases, is
capable of chemically attaching lipid Z onto involucrin by
esterification.

MATERIALS AND METHODS

Synthesis of Lipid Z. Lipid Z was synthesized starting from
16-hydroxyhexadecanoic acid, 1,16-hexadecanediol, and D-
sphingosine by the method described in the supplementary
material on the PNAS web site, together with analytical data
of the final product and intermediates (see www.pnas.org).

Production of Recombinant Human TGase 1, TGase 3, and
Involucrin Proteins. These were expressed and purified exactly
as described (26). In a separate set of experiments, TGase 1
was freed of its fatty acyl anchors by 1 M NH,OH-HCI (27) to
impede its membrane binding and used similarly to the fatty
acylated form.

Preparation of SLV. A mixture of 54 mol % dimyristoylphos-
phatidylcholine, 15 mol % PS, 30 mol % cholesterol, and 1 mol
% lipid Z was made in chloroform/methanol (9:1). This
solution was dried down, taken up in aqueous buffer, and
dispersed by sonication as before (26). The SLV suspension
was equipped with TGase 1 enzyme by incubation at 37°C for
15 min before adding substrates. In some experiments, the
deacylated form of TGase 1 or guinea pig liver TGase 2 or
dispase-activated recombinant human TGase 3 was added
instead. The amount of TGases used was standardized to an
activity level of 0.7 pmol per min by using succinylated casein
and '“C putrescine as substrates, as described (28).

Reactions of TGases with Involucrin and Lipid Z. SLV
loaded with lipid Z (2 umol total lipid) were brought to 37°C
and 1 mM CaCl,, and 0.6 nmol (40 pg) involucrin was added
to make a total volume of 200 ul and incubated for 60 min, if
not otherwise stated. The reactions were stopped by the
addition of EDTA to 10 mM. For kinetic purposes, some
reaction mixtures contained 1 mM putrescine, or alternatively,
putrescine to 20 mM was added after running the reaction for
45 min.

Isolation of Lipid-Attached Involucrin Fragments. After
reaction, 0.1 ml 20% SDS in water was added to the samples,
and the mixture was vortexed. This mixture was precipitated
and washed three times with acetone-triethylamine-acetic acid
(90:5:5) to remove the SDS and the unbound lipids. After
further washing with acetone, the pellet was dried under
vacuum and redissolved in 50 mM Tris'HCI (pH 7.5). Resolu-
bilized protein was digested for 16 h with 2 mol % modified
trypsin (Boehringer Mannheim). Peptides were resolved on a
250 X 2 mm PrimesphereC4 HPLC column (Phenomenex,
Belmont, CA) and separated by using a gradient elution from
75% buffer A (0.1% trifluoroacetic acid in water) to 75%
buffer B (50% 2-propanol in acetonitrile) for 40 min. Under
these conditions, lipopeptides were retarded but free peptides
were eluted with the solvent front (18).

Protein Chemistry Procedures. Amino acid analysis of
hydrolyzed samples (5.7 M HCl at 110°C for 24 h in vacuo) was
used to routinely measure amounts of lipopeptides. Aliquots of
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isolated lipopeptide peaks were attached to a solid support for
sequencing (18). Saponification of lipopeptides was done with
1 M KOH in 80% methanol for 2 h at 37°C, after which the
solution was acidified and dried, and peptides were recovered
by HPLC on a C18 column. The availability of the free
hydroxyl groups in positions 1 and 3 on the sphingosine
moieties in the lipopeptides was demonstrated by reacting ~1
nmol of lyophilized lipopeptides in 100 ul in CHCls/dimethyl
acetonide (4:1) in the presence of a trace of camphersulfonic
acid for 1 h at 37°C, followed by saponification with 1 M KOH
and extraction of the lipids with chloroform/methanol (95:5).

Mass Spectrometry. Mass analysis was done by using either
fast atom bombardment (positive ion mode, magic bullet) or
electrospray ionization mass spectrometry for peptides. Spec-
tra were acquired on a JEOL SX102 mass spectrometer fitted
with an Analytica electrospray source.

RESULTS

Synthesis of the w-Hydroxyceramide Analog Lipid Z. Pre-
viously we found that of several types of ceramides present in
the skin, only w-hydroxyceramides having chain lengths of
>Cyg are ester linked to CE structural proteins (18). Because
we have been unable to synthesize natural epidermal cer-
amides or isolate them in practical amounts, we made an
artificial ceramide analog. We synthesized 16-(16-hydroxy-
hexadecyl)oxyhexandecanoic acid, which is similar in length to
natural ceramides containing tetratriacontanoyl (Css) fatty
acids and has a terminal (w) primary alcoholic functional
group. This product was linked to a sphingosine base to create
the lipid Z ceramide analog (Fig. 1B), which had overall
solubility and chromatographic properties similar to pig and
human epidermal ceramides (L.N.M. and P.M.S., unpublished
work). When present in lipid bilayers, such a long molecule
would span a lipid bilayer, allowing the terminal hydroxyl
group to be exposed on the side opposite the polar sphingosine
moiety.

Reaction of TGases with Involucrin and Lipid Z on SLV and
Recovery of Lipopeptides. The hydrophobic lipid Z was incor-
porated into small unilamellar liposome membrane bilayers
containing 15% PS, similar to keratinocyte cellular mem-
branes. We showed previously (26) that recombinant human
TGase 1, purified from the particulate fraction of insect cells
in a baculovirus expression system, reattached spontaneously
to SLV by virtue of its fatty acid anchors, which are posttrans-
lationally added in Sf9 insect cells (28). The enzyme was
activated by adding Ca?" to 1 mM. In a previous study, we
showed that involucrin attaches spontaneously to SLV under
these conditions, and the juxtaposition of TGase 1 and involu-
crin on the membrane plane of the SLV creates a specific
milieu for crosslinking that substantially differs from solution
state enzyme-substrate interactions (26). This SLV carrier
system was used to react the water-insoluble lipid Z with
involucrin by TGase 1. After the reaction and removal of
unbound lipids, involucrin was digested with trypsin. Lipopep-
tide adducts with uniquely hydrophobic properties were se-
lectively isolated on a C; HPLC column by using highly
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FiG. 1. Representative structure of a natural w-hydroxyceramide
(A) and the structure of the artificial substrate analog lipid Z (B). The
natural and synthetic lipids have similar chain length and differ only
by the presence of an (unreactive) ether bond.
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desorbing conditions and isopropanol gradient elution (18).
Under such conditions, free peptides do not bind to the
column, and only the lipopeptides are retarded. Eluted li-
popeptides were detected by the absorption of peptide bonds
at 220 nm. The chemically deacylated form of TGase 1, as well
as TGase 2 and TGase 3, neither of which enzymes is attached
to SLV membranes (26), did not result in the formation of
detectable quantities of ceramide-peptide adducts under iden-
tical reaction conditions (data not shown). However, by using
membrane-bound TGase 1 enzyme, five peaks were reproduc-
ibly separated from the total tryptic digest (Fig. 2). The yields
of these peaks directly correlated with TGase 1 amounts in the
specific activity range of 0-5 pmol per min. Each peak was
subjected to mass analysis, protein sequencing, and quantita-
tion by amino acid analysis after acid hydrolysis.

Mass Spectrometric Analysis of the Recovered Lipopep-
tides. Electrospray ionization mass spectrometry was used to
assess the molecular weight of the isolated involucrin lipopep-
tides before and after alkaline saponification (Fig. 3). All five
peaks displayed masses consistent with the presence of only
one major detectable mass ingredient. After a 2-h saponifica-
tion reaction, the masses of each peak decreased by 776.33 to
776.65 atomic mass units (amu), which corresponds to the
hydrolysis of a 794.3-Da lipid Z ester (Table 1).

Specific Glutamine Residues Serve as Substrates for TGase
1-Mediated Esterification in Human Involucrin. Protein se-
quencing of each of the tryptic lipopeptide peaks revealed a
unique sequence species. However, each sequence differed
from the expected native involucrin sequence only on certain
Gln residues that were recovered as Glu residues instead
(Table 2). Four of the modified Gln residues (GIn!?7, GIn!!8,
GIn'?2, GIn'33) are located close to each other in the head
domain of the protein and are preceded by a Leu residue. In
three sequences where there were two consecutive Gln resi-
dues, only the second was used, that is GInGIn!07-18133 ey, A
fifth Gln residue located in distant sequences toward the end
of the central peptide-repeating domain was modified only to
a minor extent (GIn**%) and was followed by a Val residue.
Interestingly, three of these residues (Gln!!8122133) were iden-
tified as sites of ceramide attachment in a previous in vivo study
(18).

The w-Hydroxyl Group of Lipid Z Is Preferentially Used in
Ester Bond Formation. To determine which of the three

T o081 L 80
=
(=]
o™
o 06 L
— m
2 -
5 04/ P L 40
£ 1
o - 3
é 0.2 1 5 F
0.0 —J A“-, : e - 0
0 5 10 15 20 25
Time ( min )

Fi1G. 2. Separation by HPLC of lipopeptide adducts from the
tryptic digest of involucrin. Involucrin was reacted with SLV contain-
ing lipid Z in the presence of TGase 1. Lipid-attached hydrophobic
peptides were selectively retained on a C4 column under strongly
desorbing solvent conditions (black line). Numbering of peaks refers
to the corresponding lipopeptides in Fig. 3 and Tables 1 and 2. In
controls for the TGase reaction, no lipopeptides were recovered in the
presence of 5 mM EDTA (green line), and lipopeptide amounts were
significantly reduced by putrescine (see Fig. 5) or by 20 mM (red line)
of the generic TGase inhibitor cystamine.
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F1G. 3. Analysis of peak 1 of Fig. 2 by electrospray ionization mass
spectrometry before (4) and after (B) saponification. Peaks with
corresponding masses marked by arrows denote multiple charge states
of the peptides used for mass determination. Charge states correspond
to m/z = (m + n)/n atomic mass units (7, number of charges).
Saponification reduces the molar mass of peptides by 776 amu,
indicating the loss by hydrolysis of 1 mol of lipid Z (lipid Z has a mass
of 794.3 amu). Deconvoluted masses for all five lipopeptides are listed
in Table 1.

hydroxyl groups of lipid Z is used by TGase 1 in the esterifi-
cation reaction, isolated lipopeptides were reacted under
acidic conditions with dimethylacetonide (Aldrich), and the
modified lipid Z was recovered by subsequent alkaline hydro-
lysis. By mass spectrometry, the bulk of the lipid was converted
to a product of mass of 834 amu, indicating acetonide forma-
tion of two closely juxtaposed hydroxyl groups (Fig. 4). Such
a derivative could be formed only from lipid Z if the two
hydroxyls in positions 1 and 3 on the sphingosine moiety were
vacant and not esterified to the peptides. Approximately 90%
of the lipid appeared as acetonide derivative by mass spectro-
metric analysis, whereas the rest either was not converted or
was hydrolyzed during processing. Similar conversion yields
were obtained by using free lipid Z instead of lipopeptides,
showing that complete conversion is not achievable by this
method or that some acetonide is hydrolyzed during isolation.
As additional controls, when lipid Z was replaced with palmi-
toylsphingosine or 16-hydroxypalmitoylsphingosine in SLV

Table 1. Molecular masses of lipopeptide adducts resolved by
HPLC (Fig. 2)

M;
Before and after
Peak saponification AM,
1 1,552.14 775.50 776.64
2 1,522.12 745.47 776.65
3 1,833.45 1,057.12 776.33
4 2,218.86 1,442.35 776.51
5 2,599.23 1,822.88 776.35

Masses were deconvoluted from electrospray ionization mass spec-
tra before and after saponification.
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F1G. 4. Mass spectrometry of lipid Z after acetonide formation of
its peptide adducts and subsequent alkaline hydrolysis. Most of the
lipid Z (M + H* = 795 amu) was recovered as its acetonide derivative
(M + H* = 835 amu), indicating that the hydroxyl groups of the
sphingosine moiety in lipid Z are not involved in ester bond formation
with involucrin.

membranes, no involucrin-adduct formation occurred (data
not shown), indicating that the hydroxyl group on the end of
an acyl chain that is long enough to span the lipid bilayer
membrane is a sine qua non for the esterification reaction.
Kinetics of Lipid Z Esterification of Involucrin by TGase 1.
As much as 25 mol % of the lipid Z substrate could be
incorporated into SLV without interference with SLV stability
or binding of involucrin and TGase 1. The rate of lipid Z
incorporation into involucrin remained linear up to this level,
thereby indicating high Ky (>100 mol %). However, for
practical reasons we routinely used SLV formulations with 1
mol % lipid Z, in which the incorporation rate was 2.2 = 0.3
fmol of lipid Z per s at 0.7 pmol putrescine per min specific
TGase 1 activity. Nevertheless, under all experimental condi-
tions tested, we could achieve only partial esterification of the
five reactive Gln residues (Fig. 54). By using amounts of
involucrin that were determined not to saturate the binding
capacity of the SLV (0.3 nmol protein per wmol lipid; see ref.
26), a maximum of 0.1-0.3 mol of lipid ester formation was
possible per mol of Gln residues 107, 118, 122, and 133, and
<0.05 mol/mol for Gln 496 in the 4-h reaction. Addition of
further TGase 1 enzyme did not increase the extent of
esterification. In a series of controls, as expected, lipid Z
esterification was completely inhibited in the presence of 5 mM
EDTA or 20 mM of the TGase active site inhibitor cystamine
(Fig. 2). Addition of up to 2% of the water-soluble primary
alcohol 1-hexanol did not significantly (P = 0.05) inhibit
formation of lipid Z ester (data not shown). Further, inclusion
of 1 mM putrescine as a competitive TGase amine cosubstrate
inhibited ester formation of each reactive Gln residue by 2- to
3-fold (Fig. 5B). Likewise, when 20 mM putrescine was added
at 45 min during the reaction, there was about a 2-fold and
time-dependent reduction in ester yields as compared with 1-h
levels (Fig. 5C).). Together, these data establish that the
esterification of lipid Z onto involucrin is a membrane-bound
TGase 1-dependent reaction: the reaction rate depends di-
rectly on the amount of enzyme, and inhibitors of TGase
activity reduced or abolished ester bond formation (Fig. 2).
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DISCUSSION

A Dual Role for TGase 1. TGases are well known to perform
a two-step reaction, first activating a protein-bound glutamine
residue through a thioester intermediate, followed by the
transfer of the glutaminyl moiety to an acceptor amine group,
usually the &-NH, group of a protein-bound lysine residue
[thereby forming an N¢(y-glutamyl)lysine isopeptide bond] or
a polyamine (21-23). Typically, TGases are responsible for the
crosslinking of proteins to form stable insoluble macromolec-
ular assemblies that are used for many purposes in biology. In
the absence of an acceptor amine, the acyl transfer may occur
onto water, resulting in deamidation of the protein-bound
glutamine residue. In addition, early studies have shown, by
using model peptide substrates, that TGase 2 may also form an
ester linkage by transferring the glutaminyl moiety to a pri-
mary alcohol (29, 30), but heretofore the biological occurrence
or significance of this reaction has not been demonstrated. A
glutamine residue in a protein represents an intrinsically
activated higher free-energy derivative of glutamic acid, and
the release of ammonia from its yy-carboxamido group provides
sufficient free energy to drive the reaction to form isopeptide
or ester bonds.

Recently, we showed that w-hydroxyceramides with long
(Cas—Cse) acyl chains are ester linked to glutamine and glu-
tamate residues of a number of CE structural proteins, most
notably involucrin (18). In this way, such ceramides form the
lipid-bound envelope and contribute to the barrier function of
the epidermis.

In this study, we have demonstrated that the membrane-
bound form of the TGase 1 enzyme is in fact capable of
forming ester linkages between ceramides and involucrin.
Ceramides are insoluble in an aqueous environment but can be
dissolved in membranes. We have used our recent system with
SLV membranes of PS content similar to that expected for
keratinocyte plasma membranes (26). The SLV serve as a
vehicle for TGase 1 because the enzyme harbors palmitoyl and
myristoyl anchors. Furthermore, in the presence of micromo-
lar concentrations of Ca2*, these SLV bind involucrin. On
raising the Ca®>* concentration, the TGase 1 enzyme activates
with high specificity GIn!'07:118,122,133,and4% of inyolucrin, ap-
parently because of a favorable steric alignment on the SLV
surface (26). In this study, we added a synthetic ceramide (lipid
Z) to this reaction, which has dimensions and chemistry typical
of those of epidermal w-hydroxyceramides. Synthesis of a
ceramide of sufficient length posed a daunting problem,
especially because w-hydroxyl derivatives of fatty acids longer
than tetracosanoic (Ca4) have not been reported in organic
chemistry. Thus we made lipid Z with an ether derivative of an
w-hydroxyacyl chain having a net length equivalent approxi-
mately to a naturally occurring epidermal Cs4 ceramide (23).
By using the SLV carrier system, the TGase 1 enzyme could
ester link this derivative onto involucrin. Notably, other soluble
TGases were not capable of catalyzing this attachment reaction
onto involucrin.

We note that the amine cosubstrate putrescine reduced the
rate of ester formation as expected (Fig. 5B) and also caused
detectable decay of ester products with time (Fig. 5C). We
attribute this phenomenon to aminolysis of ester bonds by
putrescine. This reaction could occur only if the conversion of

Table 2. Sequences of lipopeptide adducts resolved by HPLC (Fig. 2)

Peak Sequence M, Involucrin sequence
1 ELEEEK 775.8 Q'22 LEEEK
2 DQELNK 745.8 DQQ''SLNK
3 AENPEQELK 1,057.1 AENPEQQ'"LK
4 LLDQELDQELVK 1,442.7 LLDQQ"*LDQELVK
5 QEAQLELPEQEVGQPK 1,833.9 QEAQLELPEQQ**VGQPK

Boldface letters indicate the modified glutamines participating in the ester formation.
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F1G.5. Inhibitory effect of putrescine on glutaminyl ester formation by TGase 1. Amounts of individual lipopeptides were quantitated by amino

acid analysis after isolation by C4 HPLC chromatography. Yields were related to the total of reactive Gln residues. (4) Ester modification of reactive
glutamines without inhibitor. (B) Putrescine (1 mM) inhibited the formation of lipid adducts. (C) Putrescine (20 mM) significantly (P < 0.01)
reduced the amount of ester linkages when added to the reaction at 45 min, showing the availability of ester linkages for TGase-mediated aminolysis.

Values (mean + SEM) are from five separate experiments.

the thioacyl enzyme intermediate into an ester bond is an
effectively reversible process, and the amine can deplete the
acyl-enzyme intermediate because of its lower free energy
(31). Therefore, ester bonds formed on involucrin are poten-
tially susceptible to aminolysis by lysines on proteins, resulting
in the formation of the more stable (lower free energy)
“classical” N¢(y-glutamyl)lysine isopeptide crosslink.
Esterification of Specific Glutamine Residues of Involucrin:
Comparison with in Vivo Studies. In this way, five different Gln
residues of involucrin were esterified with high specificity and
modest efficiency (Fig. 3; Table 1). Four of these are located
in the phylogenetically ancient head domain of involucrin, of
which GIn!97:118:122 have been highly conserved in dog, rat, pig,
and human (32). Moreover, three of the residues
(GIn!18:122.133) tagoed in this in vitro study were observed in our
previous in vivo study (18). These observations indicate that
the head domain of involucrin has been conserved because
several of its Gln residues are favorably aligned for ceramide
attachment. In this study, we also noted minor reaction of
GIn**® located in distant repeating sequences in the evolution-
arily more recent part of involucrin. However, the low yield of
esterification of GIn*® in vitro contrasts with its near quanti-
tative use for amine attachment (26). Although the stoichi-
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ometry of esterification in vitro was low (Fig. 5), we have no
direct information on the efficiency with which these residues
are labeled in vivo. However, assuming involucrin of dimen-
sions 45 X 1.5 nm (15) forms a monomolecular layer on the cell
periphery (14) and based on our earlier estimate of one
ceramide moiety per 40 nm? (18), this means there is about 2
mol of ceramide per mol of involucrin. Thus, for steric reasons
each of the several potentially reactive Gln residues is likely to
be labeled substoichiometrically in vivo.

Our previous in vivo study also identified other head domain
Gln residues of involucrin, which we did not see esterified in
this study (18). Further work will be necessary to characterize
these residues. It is possible they are labeled by other processed
forms of the membrane-anchored TGase 1 enzyme, or perhaps
novel TGases. Likewise, further work will be necessary to
explore the ceramide esterification of Gln residues of the other
cell-peripheral CE proteins, such as envoplakin and
periplakin, seen in vivo.

In addition, the in vivo study identified ceramide esterifica-
tion of several Glu residues. Currently we do not know how
these Glu residues may be activated to a high free-energy state
to drive ester bond formation.

A Model for CE Assembly. Epidermal-specific ceramides are
not only unique but are also intriguing, because their Cas_36
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FiG. 6. Model for the reaction of the w-hydroxyl group of epidermal ceramides. The TGase 1 enzyme (green) and involucrin (red) are bound
to cellular membrane bilayers (brown) by acyl lipid adducts and Ca?* ions, respectively (Left). The catalytic membranes might be either the plasma
membrane or the limiting membranes of lamellar bodies (33). The weak nucleophil w-hydroxyl group is exposed adjacent to the TGase 1-involucrin
acyl-enzyme intermediate (Center), resulting in a high likelihood of nucleophilic attack of the thioester bond (Right), resulting in the release of TGase

1 and formation of an ester linkage.



Biochemistry: Nemes e al.

acyl chains are minimally or comfortably long enough to span
a plasma membrane bilayer, so that the w-hydroxyl group can
be located on the side opposite the sphingosine moiety. Here
we found that the alkyl chain of lipid Z, which is longer than
the thickness of a lipid bilayer membrane, allowed the specific
use of the w-hydroxyl for esterification to involucrin, whereas
an w-hydroxyceramide with Cy¢ fat chain did not. Moreover,
only the w-hydroxyl group, rather than the sphingosine hy-
droxyls, were used for crosslinking (Fig. 4.). Our in vitro
findings agree with recent data suggesting that in vivo w-hy-
droxyglucosyceramides become ester linked through their
w-hydroxyl group before deglycosylation of their sphingosine
moieties (33-35). In this way, only the w-hydroxyl would be
accessible for esterification by the TGase 1 enzyme onto
adjacent involucrin and the other early CE or membrane
constituents such as envoplakin and periplakin (Fig. 6). These
events occur during late stages of keratinocyte terminal dif-
ferentiation and cell death, corresponding to the uppermost
granular cells, presumably coincident with the extrusion of
lamellar body contents. If so, this may mean that the ceramide
lipid envelope is attached before completion of protein enve-
lope assembly involving massive deposition of loricrin and
small proline rich proteins.

Conclusions: Implications for Ichthyosis Diseases. It is to be
expected that perturbation of the lipid envelope formation
involving ceramide attachment should interfere with complete
CE assembly and also with the organization and stability of the
intercellular lamellae. The probable negative outcome is an
ichthyosiform disorder resulting from the diminished barrier
function (36-38). Disorder could occur by inability to correctly
synthesize the ceramide lipids as in Refsum’s disease [phytanic
acid accumulation caused by phytanoyl-CoA hydroxylase de-
ficiency (36-39)] and Sjogren—Larsson’s syndrome [patholog-
ical lipid metabolism caused by fatty aldehyde dehydrogenase
deficiency (40)]. Alternatively, disease could occur by the
inability to correctly attach the ceramides. Notably, loss of
TGase 1 activity causes the often devastating life-threatening
disease lamellar ichthyosis (41, 42). Our present observations
indicate that an essential role of this enzyme is to attach
ceramides. The expected diminution of barrier function is
consistent with the clinical and pathological observations of
the human disease, as well as of the mouse knockout model
(43). Interestingly, pathology of lamellar ichthyosis is largely
restricted to the epidermis and its appendages, which form
lipid envelopes; internal stratified squamous epithelia that
normally do not make lipid envelopes yet express abundant
levels of TGase 1 for the formation of their protein envelopes
are not notably affected (37, 38, 42, 44). Thus, we might
conclude that the severity of the LI phenotype is contributed
by the inability of the TGase 1 enzyme to assemble both the
lipid envelope by ester bond formation and the protein enve-
lope by crosslinking of CE proteins.

We are indebted to Dr. Lewis Pannell and Melinda Owen for mass
spectrometry and Dr. Vince Pozsgai and Dr. Terrence Burke for
methodological support and advice.
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