




















Structure and Function of a Plant-specific Insert

FIGURE 5. AFM heightimages of PE/PS bilayer patches at pH 4.5 on the native oxide layer of a silicon wafer. A, top, successive scans without PSI (left
to right); the membrane is patchy, with ~100-nm-wide islands of height 5 nm. Bottom, successive scans with PSI (left to right); the membrane is smooth,
transforming from patchy islands to large continuous membrane. The white lines indicate height sections shown below each image. B, AFM heightimages
of the same region as in A. Left, preinjection; middle, 50 min (eighth scan) postinjection; right, 60 min (ninth scan) postinjection showing a larger region
zoomed out to twice the scan width. Note the smoothing of the membrane over the region repeatedly scanned by the AFM tip postinjection and the
appearance of islands much taller (white) than the original 5-nm bilayer height in the region not affected by repeated scanning of the AFM tip.

is dependent upon open structure dimerization (interfacing of
the respective hydrophobic surfaces). Thus, we propose that
plant AP PSIs probably change from closed to open fold upon
release from the parent AP molecule, thereby facilitating
bilayer interaction and subsequent protein quaternary struc-
ture dimerization, yielding fusion of neighboring bilayer
structures.

The cytotoxicity and plasma membrane interactions of StAP
PSI were previously shown to be dependent on its secondary
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and/or tertiary structure, as evidenced by loss of activity upon
DTT treatment (32). In the present study, CD scans at 1 mm
DTT resulted in no apparent spectral change, and only minor
changes were indicated at DTT concentrations up to 5 mm
(without heating). This suggested that disulfide bonds are not
critical to PSI secondary structure under normal temperature
conditions. When synthetic peptides equivalent to the individ-
ual helices of saposin C (i.e. no native tertiary structure) were
studied, bilayer fusogenic activity was not observed (29), sug-
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TABLE 3
Effect of StAP PSl on LUV size at pH 4.5
Time Z-average size  Polydispersity index
min nm
0.5 uM StAPPSI 0 142 = 0.85 0.0870 * 0.020
60 146 = 1.6 0.172 £ 0.018
100 235+ 0.20 0.300 = 0.0030
4 uM StAP PSI 0 137 = 1.2 0.0737 £ 0.0098
15 (overall) 257 * 4.4 0.529 * 0.064
15 (peak 1) 167 =11 (65% = 1 of total area)
15 (peak 2) 1510 = 300 (34% = 1 of total area)

Sap C

FIGURE 6. A, structural superposition of StAP PSI (green) with the plant-spe-
cific insert domain of prophytepsin (cyan), tetragonal (yellow), hexagonal
(gray), and orthorhombic (red) crystal forms of saposin C. B, side by side com-
parison of the “open” saposin boomerang fold of saposin B (Protein Data Bank
code 1N69), saposin C (Protein Data Bank code 2QYP), and StAP PSI (Protein
Data Bank code 3RFl). C, pairwise structural alignment of influenza A hemag-
glutinin fusion peptide (1IBN; purple) superimposed over StAP PSI (3RFI;
green) using UCSF Chimera version 1.5.2 implementing the Needleman-Wun-
sch algorithm. The overall r.m.s. deviation was 2.013 A for 19 residues that
aligned, ignoring gaps.

gesting a critical role of tertiary structure in SAPLIP-catalyzed
bilayer fusion. Because cystines are critical to antimicrobial
function (32), their role must be to maintain tertiary structure
required for fusogenic activity.

Additionally, the DTT titration CD experiment indicated
that the disulfide bonds conferred stability to PSI secondary
structures, as evidenced by a much more pronounced CD spec-
tral change for heat-treated PSI. The latter was superimposable
with that for the non-reducing, unheated sample (Fig. 3), indi-
cating that the PSI disulfide bonds apparently protected the
individual helices from heat denaturation. Since both open and
closed forms of SAPLIPs contain the same disulfide bonds (15),
the primary role of PSI cystines is probably not to maintain the
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overall fold but perhaps to confer rigidity. Fusion of adjacent
membranes consists of the displacement of lipid from its stable,
energetically favorable bilayer environment to an aqueous, high
energy intermediate state, and such a transition requires enzy-
matic action (67). Perhaps the energy required to catalyze this
event is related to multimer formation (68) and conformation
changes (69, 70) related to PSI rigidity/stability dependent on
disulfide bonds.

Fusogenic Mechanism—There is a correlation between the
ability of a fusion peptide to adopt a helical configuration and its
ability to promote membrane fusion (71). In addition to
saposins, the formation of dimers via complexing of stable, pre-
dominantly helical structures is a protein structure scheme
common to yeast SNARE-mediated membrane fusion (72, 73)
as well as viral fusases that are derived from larger precursors
that require proteolytic processing to potentiate their fusion
activity (71). These associations of a-helices contain one hydro-
phobic face, an arrangement similar to StAP PSI with its five
helices, hydrophobic inner cavity, and N terminus. An impor-
tant fusase fusion peptide for virus-cell fusion is the N-terminal
portion of influenza A hemagglutinin, which adopts an «-heli-
cal conformation in lipid bilayers (74), constitutes an autono-
mous folding unit in the membrane, and catalyzes lipid
exchange between juxtaposed membranes (61).

In some plant APs, the release of PSI occurs via proteolytic
cleavage upon acid-induced autoactivation of the precursor
protein and subsequent processing, albeit via self-cleavage (6, 8,
75). Interestingly, influenza A hemagglutinin fusion peptide is
inaccessible to membranes at neutral pH; however, a drop of
the pH inside the endosome below a critical threshold induces a
large conformational change in the parent protein and is sub-
sequently activated by a protease (plasmin) that cleaves the pre-
cursor polypeptide (76) into two disulfide-linked polypeptides
and a fusion peptide (77). The hemagglutinin fusion peptide has
aslightly higher helix content at pH 5 than at pH 7.4, as revealed
by comparison of CD spectra (61, 74), which are remarkably
similar to those for StAP PSI in the present study (Fig. 2) in
terms of overall shape (dominant helix content) as well as their
x intercepts and superimposed relative spectra (gain of helical
structure upon acidification). In addition, the fold of the
hemagglutinin fusion peptide (61) is similar to the StAP PSI
structure reported here as well as to saposins (78); structural
alignment of the N terminus of hemagglutinin fusion peptide
(Protein Data Bank code 1IBN) (61) with the N terminus of
StAP PSI revealed similar (r.m.s. deviation 1.43 A for 9 C,, car-
bons) helix-kink-helix folds (Fig. 6C). The tryptophan within
the hemagglutinin fusion peptide has been shown to induce its
characteristic boomerang shape (26), which is critical to the
fusogenic and membrane-disrupting activities of this fold (79).
Alignment of StAP PSI with hemagglutinin fusion peptide sug-
gested a similar role for the critical tryptophan residue (Fig. 6C).
In this context, the likely protein structural reason for the acidic
pH requirement of AP PSI-membrane interactions is the exist-
ence of acid-induced helical structure critical for membrane
interaction.

Fusase within a Protease—The apparent sharing of a com-
mon hydrophobic region fold that is subject to similar pH-de-
pendent secondary structure changes required for membrane
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fusion suggests a common mode of action. Perhaps this helix-
kink-helix fold is universal (i.e. saposins in animals, hemagglu-
tinin in viruses, and APs in plants) in its membrane fusogenic
nature, extending functionality across various species and king-
doms. Collectively, the findings that a plant AP domain displays
fusase-like activity (liposome disruption, bilayer solubilization/
lubrication, and bilayer fusion) as well as fusase-like structure-
function character (inter- and intramolecular helix oligomer
association, hemagglutinin fusion peptide-like fold, hydropho-
bic helix end region, and pH dependence of secondary struc-
ture-activity) lead to the conclusion that they are indeed fusase-
like proteins, acting as discrete entities.

Considering the myriad proteins that have more than one
function, the idea of one gene, one protein, one function is
insufficient in the study of proteins (80). Recently, a bifunc-
tional AP has been engineered (81); however, no reports have
characterized cases of AP “moonlighting” (82) (i.e. serving an
additional function beyond the main enzymatic reaction) (83),
and only one moonlighting plant peptidase (mitochondrial
processing peptidase) has been reported (82, 84). In this case,
the multiple functions arise from a singular structural fold (85),
whereas PSIs are structurally unrelated to their AP “hosts” (i.e.
the PSI domain of a plant AP has apparent enzymatic activity
and is independent of its “parent” proenzyme, which has its
own distinct class of enzymatic activity). Thus, the saposin-like
domains of plant APs present a unique case: a distinct, func-
tionally unrelated domain within the primary structure of
another domain (the C-terminal domain) of its enclosing pro-
tein. Fusase activity from within a protease sequence presents,
to our knowledge, the first confirmation and characterization
of an independently acting “enzyme within an enzyme.”
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