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The transamidase subunit GAAT/GPAA1 is predicted to be the enzyme that catalyzes the attachment of the glyco-
sylphosphatidyl (GPI) lipid anchor to the carbonyl intermediate of the substrate protein at the w-site. Its ~300-amino acid
residue lumenal domain is a M28 family metallo-peptide-synthetase with an «/B hydrolase fold, including a central 8-strand
B-sheet and a single metal (most likely zinc) ion coordinated by 3 conserved polar residues. Phosphoethanolamine is used
as an adaptor to make the non-peptide GPI lipid anchor look chemically similar to the N terminus of a peptide.

Introduction

The transamidase complex catalyzes the glycosylphosphati-
dylinositol (GPI) lipid anchor attachment to substrate proteins
of eukaryotes in the lumen of the endoplasmic reticulum (ER). It
remains one of the poorly understood macromolecular machines,
both with regard to the molecular function of its many sub-
units, as well as their 3D structure, despite more than 25 years
of research in the vertebrate, yeast, and trypanosomal model
systems.'> The reaction consists of 2 steps. First, a C-terminal
propeptide is cleaved from the substrate protein. Then in the
next step, a peptide bond is formed between the newly estab-
lished C-terminal residue (called w-site) of the substrate protein
and a phosphoethanolamine group of the GPI lipid anchor. The
C-terminal, 4-partite sequence pattern for GPI lipid anchoring
in substrate proteins is well established and can recognize sub-
strate proteins with high sensitivity and low false-positive predic-
tion rate.*'® The GPI lipid anchor pathway has a role in multiple
human pathologies' including cancer."!

In human, the known subunits of the GPI lipid anchor trans-
amidase complex are PIG-K (Gpi8p in yeast), PIG-S (Gpil7p),
PIG-T (Gpil6p), GPAA1 (GAAL), and the subunit PIG-U
(CDC91/GABI) was found most recently.”” Subunits PIG-K and
PIG-T were discovered to form a covalent complex via a disul-
phide bridge.”® PIG-K is a C13-clade cysteine protease with a pre-
dicted 3D structure similar to that of gingipain R and caspases.!

*Correspondence to: Frank Eisenhaber; Email: franke@bii.a-star.edu.sg

It is known to cleave the C-terminal propeptide from the sub-
strate protein even in the absence of a GPI lipid anchor.'*"7 PIG-
K’s low-resolution structure was determined recently.’® The 3D
structure of PIG-T is predicted to be a C-terminal B-propeller
complemented with an N-terminal a-helical hook that embraces
the protease PIG-K.! It is thought that PIG-T shields the active
site of PIG-K from attacking unrelated proteins.

So far, the molecular functions and structures of the remain-
ing 3 subunits remain in the dark. Here, we report sequence-
analytic evidence that the lumenal domain of GAA1/GPAAL1 has
a 3D structure similar to that of an M28-type aminopeptidase.
We suggest that GAA1/GPAAL is the prime and only candidate
for the missing enzyme that catalyzes the formation of the pep-
tide bond between the w-site and a phosphoethanolamine group

of the GPI lipid anchor.

Results and Discussion

The sequence architecture?® of GAA1/GPAAL provides
for an N-terminal transmembrane (TM) region followed by a
segment of ~300 residues located in the ER lumen and further
6 TM helices.! If the lumenal GAA1/GPAAIL segments from
a wide variety of taxa are queried with HHPRED against the
HMM database derived from sequences with known struc-
tures (pdb_G6Feb14),?" a sub-stretch of ~290 residues generates
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significant, full-length hits into numerous M28-type peptidase
sequences with structures such as 4fuu_A, 3gux_A, 4f9u_A,*
3tc8_A, and 1tkj_A?*?* (see Table 1). With the identical que-
ries, the structure prediction tool PHYRE2? delivers hits to
the same set of proteins with confidence scores in the range
97-100%. Remarkably, this is despite the fact that the sequence
identities of the alignments generated by PHYRE2 are very low
(9-17% except for the one match between 1tkj_A and the fly
GPAA1 NP572273, where it is 21%; to note, sequence identity
loses its predictive role for tertiary structure similarity at the
threshold ~30%%). Whereas PSI-BLAST#>%® did collect only
GAA1/GPAA1 sequences from various eukaryote organisms in
2003, a decade later with much larger sequence databases, it
runs into microbial sequences with similarity to M28-type pep-
tidases beginning with round 2 (e.g., the first hit CBH37168
from an unidentified archebacterial species with significance
1E-05).

Thus, there is no doubt that the lumenal domain of GAA1/
GPAAL has a structure very similar to that of M28 peptidases. As
shown in the alignment in Figure 1, this is an a/3-hydrolase fold
with a central B-sheet consisting of 8 strands surrounded by 7
a-helices and a GAA1/GPAAl-specific elaboration closer to the
C terminus (N-terminal to a-helix 6) with a possible additional
a-helix. It was serendipitously found with small angle X-ray scat-
tering (SAXS) that the GAA1 sub-segment 70-247 from bak-
er’s yeast forms a compact structure (~two-thirds of the whole
domain, corresponding to the stretch with secondary structural
elements from a2 up to a5 in Fig. 1),% and its secondary struc-
tural content measured with circular dichroism (28% «-helix
and 27%-sheet) is quite well approximated by this prediction
(25% o-helix and 20% {-sheet as lower estimates in Fig. 1; i.e.,
about equal amounts of both types of secondary structure and
each type covering close to a quarter of the total sequence).

M28 family peptidases are metalloenzymes that usually carry
2, sometimes (e.g., in the case of the glutaminyl cyclase?>??) 1

metal ion (most often zinc) in a tetrahedral coordination. Three
of the 4 ligands required are provided by amino acid residues from
the protein structure. These metal ions have catalytic function
(see the peptidase database MEROPS?). In the case of the 2-ion
Streptomyces griseus aminopeptidase 1tkj_A, these are residues
His85, Asp97, and Asp 160 for Znl (sites 1, 2, and 4 in Fig. 1)
and Asp97 (shared among the 2 zincs), Glul32, and His247 for
Zn?2 (sites 2, 3, and 5 in Fig. 1). Although all 5 sequence positions
are conserved in the mammalian cyclase sequences, only the sec-
ond metal ion site is occupied.?*?*3? In GAA1/GPAAL, 4 of the
5 sequence positions (i.e., sites 2, 3, 4, and 5) in the respective 4
loops (C-terminal of 33 and B3-a3, f4-a4, C-terminal of B5,
8-a7; see Fig. 1) can be aligned with residues suitable for zinc
binding, such as Asp, Glu, His, Tyr.*** Given the local sequence
conservation pattern, we suggest Aspl53, Asp188, Glu226, and
Tyr328 in human GPAA1 (043292) as the equivalents of Asp97,
Glul32, Aspl60, and His 247 from S. griseus. To note, the resi-
dues are determined to the accuracy of the loop between second-
ary structural elements. Sometimes there are several candidate
residues within the respective loops, where, generally, alignments
are quite uncertain; thus, our assignment might not be the final
word in every case. To conclude, we think that GAA1s/GPAATs
carry one metal binding site corresponding to Zn2, similar to the
glutaminyl cyclase case (sites 2, 3, and 5 in Fig. 1).

The M28 family of metalloproteases is unusual in that it
contains mostly aminopeptidases (cleaving N-terminal amino
acids) but also carboxypeptidases (cleaving C-terminal residues;
see the peptidase database MEROPS?). It includes also enzymes
catalyzing some more exotic chemistry, such as the cyclization
of N-terminal glutamine (with the formation of pyroglutamine
for the loss of N-terminal basicity).?>** Neither of these catalytic
options appears of direct relevance in the transamidase con-
text. In particular, the protease function needed for cleaving the
C-terminal propeptide from the substrate protein has already
been solidly associated with PIG-K/Gpi8p.">"*

Table 1. Sequence similarity searches with the lumenal domain segment of GAA1/GPAAT with HHPRED

Query sequence: ID 4fuu_A(309): 3gux_A(314): 4f9u_A(312); 3tc8_A(309): E-value 1tkj_A(284): E-value
Sequence segment E-value E-value E-value Sequence segment Sequence segment
9 9 Sequence segment | Sequence segment | Sequence segment 9 9 9 9
Hs_043292 3.9e-28 4.6e-28 4.1e-28 1.2e-24 1.4e-20
66-348 23-305 25-312 8-294 23-306 5-277
Mm_Q9WTK3 1.7e-28 1.8e-28 6.4e-28 5.1e-25 1.1e-20
66-348 23-305 25-312 8-294 23-266 5-277
Dm_NP_572273 3.5e-30 3.1e-30 5.9e-32 1.4e-28 3.9e-25
70-365 25-305 28-312 14-294 25-306 7-277
Ce_NP_491700 2.3e-26 9.3e-27 1.8e-27 4e-23 8.7e-20
83-370 22-266 24-310 31-294 22-265 8-277
Sc_P39012 7.6e-17 9.7e-18 1.1e-17 4.3e-16 4.7e-13
57-331 21-266 23-310 31-294 9-265 5-277
Pf_XP_002809111 4.4e-08 1.7e-08 3.9e-11 7.6e-09 2.3e-08
59-337 37-266 50-310 32-294 48-265 35-277

The table presents hits found with HHPRED when using the lumenal domain segments of the GAA1/GPAA1 protein sequences of various taxa.
Ce, Ceanorhabditis elegans; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mm, Mus musculus; Pf, Plasmodium falciparum; Sc, Saccharomyces cerevisiae. The
first column shows the accession number and the alignable sequence segment. The following 5 columns, separately for each structure, present the PDB

structure code, the sequence length in the first row, and the E-value of the hit and the aligned segment in each following row.
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Inspection of the chemistry linking the substrate protein’s
w-site with the GPI lipid anchor shows that the naturally used
adaptor moiety, a phosphoethanolamine, pre-attached to the
anchor actually forms a peptide bond with the C-terminal amino
acid (Fig. 2).% Since catalyzers facilitate reactions in both direc-
tions, with the net result depending on the circumstances, we
conclude that the lumenal domain of GAAI/GPAAL is the

enzyme still missing that catalyzes the formation of the peptide
bond between the w-site and the respective phosphoethanol-
amine moiety.

To emphasize, GAAI/GPAAL is the most plausible can-
didate for this function among the remaining 3 transamidase
units (including PIG-S and PIG-U), as previous indirect hints
from literature and sequence studies indicate.! Most importantly,

Dw_479_2-298 1..-pBcWlrurTLDS) - - - .- LVQRVVF:’HQQ RE
Sg_1tig_5-275 1--PLANMKA RPGYKA
Pd_3c8_23-308 1--NABS ANMVANQVAF - - - - - | AAHKACGDNLASELKRFGAKVYQREAILTANDGT - - - - - -
Bv_3gux_25-312 1--DABS QMIQVQADE - - - - - QAHKECGENLAGQOLEKFGAKVMYNBYADL | AMDGET - - - - - -
Bt_4fuu_23-307 1--DABS LMVKNQVDEF - - - - -GPRVPNEFKEHVACGNNLAGKLEAFGAKVTNRYADL | AMDET - - - - - -
Pf_XP_002809111.1_59-337 1 SVLNKKNEKFMNDTNSM- - -----FMNYBRYEGKED | IKEIYDM I RKNILMNVENEMVKIKLTDRIE- - - - - -
Ce_NP_491700.2_83-370 1FDKSGIAIQL¥MRRFSDE---------. .- -PKSKSQQELINTIFSODLGLECF THKWRSKMAGNPMN - - - - - - -
Sc_pP39012_57-331 1 ALMPSQANMSNMFRESEWN- - - - - ILREYRSQ | KEMVNMIESMERNNLMESWLOEFGRKTAIMENEQY - - - - - - -
Dm_NP_572273.2_70-365 1--ANRLAJIQLLEELQRER- - - - -+ -« .-
Hs_043292_66-348 1--GGBRARAFARDFAABR- - - - -« -« .«
Mm_Q9WTiK3.3_66-348 1--GGRBRARSFARDFAARR - - - -« -« - -« -
sites 119
ss_afau_2-208 al 2 Bl B2 B3
pss_043202_56-348 al a2 LN p2 " p3_
=
* *
Dm_4f3u_2-298 g1 @B8k- vFBENDR-B------ N SKR 181
Sg_ttl§_5-275 "N T e EMALAVSRABMoPD - - - - - eL NNLPSAD 145
Pd_3c8_23-308 82 BSRPYSDHDPDPSKHRTRLD ENARQIGQOKAPGN - - - - - - - F TREFVTD- YyTRDSWC .. 188
Byv_3gux_25-312 82 BSRPYADNDPDRKNHHTR I L ENARQIQKEQPAL- - - - - - - F IPEFYDBKYKQDTWE 167
Bt_4fuu_23-307 82 R&NADNDADEKNHHTilL EIARLVNQQQPEL- - - - - - - L TéOFYEvKHKEEAWC 166
Pf_XP_002809111.1_59-337 BSBFK- -« - o v o i i TEMEHF SKCNMMSK - - - - - - TNK-BE- - - - - -0 -.- - - 138
Ce_NP_491700.2_83-370 TOBRS - - - - - - - e s i i m i e AFVDNMAKDQVNWAR- - - - - - VBGGEKNDSIE- - - - - - - - QK| E 140
Sc_P39012_57-331 B ENRS o5 8RR &R RS SLARFFSRWPYWEK- - - - - - 9 % SN w5 o b .. 137
Dm_NP_572273.2_70-365 82 RAASSV -« -« cnvconnnnnn AFADFARKN - FWAK- - - - - - THo-Bo--- - ..., 8o 137
He_043292_66-348 Ty R ALAAHFRBO | BwAK- - - - .. TRl <« oie s v e s e 135
Mn_QSWTK3.3_66-348 Mo iR EEE RS R YR ALAAHFRGO | NWAK- - - - - - el 55 s s s wn s i e 135
sites 121 [3]-
S 40y 2200 ———— a —
POz D3 —— - ——
DOm_4f9u_2-298 182 S@SQAQLARR- - - - - - - N 1 D RIENLVEEEY 1 82rnE - - - kFsHr BEnEo8 L vBEL YollexsPrTEBoLe@NNNMFLsRUSEE . - - - - - oo oo 233
Sq_thig_5-275 148 s e SVl TRKNEEARL B elle- - .. -l 192
Pd_3c8_23-308 187 oasLrAl- AR I MEMVINS ABRDL - BfGKYE I NARBE . - - .. ... ... ... 223
By_3gux_25-312 188 - --vcnnennenn--.-anyNARMGHEEEMVEB KD - - - - - .. aARSEMKKIWKKEHE LBMBKYEvKEDBBIE - - - - - - - - oo ... 225
Bt_dfuu_23-307 167 -----NSVFELKEGMSEEF AP - - BN KKMWKAAKKAGMGKTE IDERBD - - - - - - =« = v o v v oo 223
Pf_XP_002809111.1_59-337 130 DSIYPS---YIKINMEGLNGM- LPNOBLILLLTNELHFYSIPIKMELTHGS ! - - - - - FDMALEKNYE 2168
Ce_NP_491700.2_83-370 141 ALNSKKS I TVEADEIQAQT S.MAVKIOHl 1F LHRH- - -SNﬁYMEYSﬁF | 233
Sc_pP39012_57-331 138 - - - = = = v oo v o TSLDLT SSTEDF -FEY] H.LnsDQLTNNNFWSRLKlLCL220
Dm_NP_572273.2_70-365 138 RELDLSKAYLR“NL;ARA QDLEID- - -HVDVRIEBGLNGK - LPNLBMFNLVORIMAREG | ASGNMKQAPRKK - - - - - RRHSQSHF EQ225
Hs_043292_66-3498 136 - - -DVNVT'MQSSﬁLQ'RA SSDVVT---SLDVAVEGLNGOC - LPNLBLLNLFQTFEQKGGLLCTLQGKLQPE- - - - - DWTSLDELQZZO
Mm_Q9WTK3.3_66-348 138 - - -DINVTE IQSSPLQGRAI SSDVVT- - -SLODMTVEGLNGC - LPNLBLLNLFQTFEOQKGGLLCTEQGKEQPQ - - - - - DWTSLEGPLQ 220
sites (4] -
=_40u_2:208 = L — )
_—
pss_043202_86-348 B3 R | - % ) LA o
— e -
Dm_4f9u_2-298 234 ---------------LMpDDHREELDENNPRIEHEVA. - . ... ... P PEIRNENRVERN 280
Sq_ttig_5-275 B0 3 i R D SCDSLSNINDTA H 270
Pd_3c8 23308 T R ol i NYDBESK- - - - ------- QKDNMEN | DRE E 288
Bv_3gux_25-312 PTG RE ol i NYDABNE- - - ... ... VNDTMEN | DRN D 288
Bt_4fuu_23-307 224 - .- v cemer e DI IPNDPE- - - - -« -« --- IHDNMDH I DKN E 284
Pf_XP_002809111.1_59-337 217 N'H IYFLREN |*AF TA NET-+--«-cceeeeeeeac-K-AL---QS¥LRSQS- - - -« NT Y 279
Ce_NFP_491700.2_83-370 234 VPMRALYTQAF - - - TV - - s m e n e e e e R 288
Sc_P39012_57-331 221 ll RDWAL SlVK ... L R 275
Dm_NP_572273.2_70-365 226 NFRQMLTMLASQSS [ THA- - - - e e e e e a i R 204
Hs_043292_66-398 221 ILQTLLLM\ILRQAS RPH TER- « -« v v v .GINSFROMKYD - - = = - - « R 283
Mm_Q9WTK3.3_66-348 221 GLATLLLMVLRQASGRPH F TER- - -« -« -BINSFROMKYD - - - - - - - R 283
sites 5]
o af
e S - - ——
o g o7
pss_043202_06-348 — — et e

Figure 1. Alignment of GAAT/GPAAT1 sequences with structures of M28 peptidases. A representative set of lumenal domain segments of GAAT/GPAA1
protein sequences is shown together with sequences from the metalloprotease M28 family of proteins (with Protein Structure Data Bank [PDB] and
chain identifiers 4fuu_A, 3gux_A, 4f9u_A,? 3tc8_A and 1tkj_A??%). Five sites (numbered 1, 2, 3, 4, and 5; for better visibility, surrounded by brackets)
indicate conserved polar residue positions that are known to play in role for metal ion binding for various members of this family. The Zn2 site con-
served among the GAA1/GPAA1 sequences is formed by residues at site positions 2, 3, and 5 (all marked by a star [*] on top of the alignment column).
We also show the experimentally determined secondary structure of 4f9u_
ary structure for the human GPAA1 (043292) derived with HHPRED.” There is one GAA1/GPAA1-specific helix denoted as “a " between 37 and a6. The
multiple alignments were created with input from HHPRED?' and MUSCLE®?, and manually adjusted subsequently. The final figure was generated with
JalView?? using CLUSTALX>* coloring. The 2-letter prefix in front of the accession numbers and the sequence ranges denotes the species. Bt, Bacteroides
thetaiotaomicron; Bv, Bacteroides vulgatus ATCC 8482; Ce, Ceanorhabditis elegans; Dm, Drosophila melanogaster; Hs, Homo sapiens; Mm, Mus musculus; Pd,
Parabacteroides distasonis; Pf, Plasmodium falciparum; Sc, Saccharomyces cerevisiae; Sg, Streptomyces griseus.

A (a-helices as red and 3-strands as green bars) and the predicted second-
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Figure 2. The peptide bond linking the w-site
of the substrate protein with the phospho-
ethanolamine of the GPI lipid anchor. The typi-
cal chemical structure of the GPI lipid anchor*®
and its linkage via the w-site to the substrate
protein for the transamidase reaction are sche-
matically illustrated (drawn with the software
suite ChemBioDraw/Perkin Elmers). The GPI lipid
anchor itself is shown in black. Only its termi-
nal phosphoethanolamine unit is presented in
green color. The substrate protein is colored red,
with “R” designating the side chain of the w-site
residue. Only residues Ala, Asn, Asp, Cys, Gly, and
Ser are possible in this position." The peptide
bond between the phosphoethanolamine unit
and the w-site residue (in blue) is marked with an
arrow It is thought that this bond is established
with catalytic support from the lumenal domain
of GAAT/GPAA1.

substrate
protein

inositol

transamidase, is most tolerant to purifica-
tion conditions.”™ As a side note, previous
work has shown that preparations of purified
GAAL/GPAA1 suffer from slow degrada-
tion.?>¥*4! It cannot be excluded that GAA1/
GPAAT1 might have some exopeptidase activ-
ity when isolated, and this activity could be
responsible for the observed instability.

The addition of phosphoethanolamine to
the tetrasaccharide during synthesis of the
GPI lipid anchor was experimentally proven
to be absolutely instrumental before attach-
ment of the anchor to the substrate protein
can occur.”™% To note, nature uses phos-
phoethanolamine as adaptor in this case
to make the non-peptide GPI lipid anchor
appear as the N terminus of a peptide or
amino acid, so that a peptidase module can
be evolutionarily repurposed for catalyzing
the lipid anchor attachment. In this con-
text, it is intriguing that sortase A (SrtA),
a completely different, C60 family (trans-)
peptidase® from gram-positive bacteria can
be used for chemoenzymatic coupling of
peptides and proteins to GPI lipid anchors
in an artificial system.*

In the 2003 review,' it was hypothesized
that GAA1/GPAA1 binds the free GPI lipid
anchor for consumption by the transami-
dase complex. The concept of simple/com-

plex TM regions can be used to distinguish

PIG-K (Gpi8p) and GPAAL (GAA1) were the first transamidase
subunits discovered.”>** The respective mutations led to the
accumulation of completely synthesized, free GPI lipid anchors.
With hindsight, these 2 transamidase subunits are the enzymes,
and they would provide the easiest measurable (all-or-none)
effect in a mutation screen. The sub-complex of Gpi8p (PIG-K),
Gpl6p (PIG-T), and GAA1 (GPAA1), the catalytic core of the
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between mere hydrophobic anchors in the
membrane (simple TMs) in contrast to complex TMs that fulfil
also other structural and/or functional roles.* With the excep-
tion of the Plasmodium falciparum case, all other GAA1/GPAA1
sequences studied (human, fly, worm, yeast, Arabidopsis thali-
ana, Leishmania, Trypanosoma) have a least 6 complex TMs (as
reported by the TMSOC server®). It was experimentally shown
that the GAA1/GPAA1 TM regions (especially the C-terminal

1915



one with a conserved proline) are important for binding the GPI
lipid anchor in a functionally productive manner to the trans-
amidase complex.”* With regard to the other 2, more loosely
bound, transamidase components, PIG-U would have too small
a lumenal domain for exhibiting protease activity, and PIG-S
appears to carry too few TMs (just 2) to hold the GPI lipid
anchor moiety.

Notably, the recently published genome of the fungus Glarea
lozoyensis ATCC 20868% includes the gene coding for the pro-
tein EPE25974, annotated just as “Zn-dependent exopeptidase”,
obviously, by an automated annotation pipeline. Actually, this
is the GAALI for this fungal organism. Apparently, the density
of sequences has become large enough toward late 2012 that
automated annotation pipelines have recognized the aminopepti-
dase-like lumenal domain, though the more obvious function as
GAALI became obscured in the process.

To summarize, the transamidase subunit GAA1/GPAA1 is
the long sought for enzyme that catalyzes the attachment of the
GPI lipid anchor to the carbonyl intermediate of the substrate
protein at the w-site. Its lumenal domain is a metallo—peptide
synthetase with an a/f hydrolase fold and a central 8-strand

B-sheet and a single metal (most likely zinc) ion coordinated by
3 conserved polar residues. Phosphoethanolamine is used as an
adaptor to make the non-peptide GPI lipid anchor look chemi-
cally like the N terminus of a peptide.

Functional characterization of non-understood genome regions,
especially of protein-coding genes, is certainly the most pressing
task in life sciences today.’* This discovery of GAA1/GPAAT’s
molecular function will help to understand the biochemical mech-
anisms of GPI lipid anchoring and help to interfere into the process
pharmacologically, for example in battling parasites.
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