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Regulation of perforin activation and pre-synaptic
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Abstract

Perforin is a highly cytotoxic pore-forming protein essential for
immune surveillance by cytotoxic lymphocytes. Prior to delivery to
target cells by exocytosis, perforin is stored in acidic secretory
granules where it remains functionally inert. However, how cyto-
toxic lymphocytes remain protected from their own perforin prior
to its export to secretory granules, particularly in the Ca2+-rich
endoplasmic reticulum, remains unknown. Here, we show that
N-linked glycosylation of the perforin C-terminus at Asn549 within
the endoplasmic reticulum inhibits oligomerisation of perforin
monomers and thus protects the host cell from premature pore
formation. Subsequent removal of this glycan occurs through
proteolytic processing of the C-terminus within secretory granules
and is imperative for perforin activation prior to secretion. Despite
evolutionary conservation of the C-terminus, we found that
processing is carried out by multiple proteases, which we attribute
to the unstructured and exposed nature of the region. In sum, our
studies reveal a post-translational regulatory mechanism essential
for maintaining perforin in an inactive state until its secretion
from the inhibitory acidic environment of the secretory granule.
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Introduction

The pore-forming protein, perforin, arms cytotoxic lymphocytes

(CLs), made up of natural killer cells and cytotoxic T lymphocytes,

with the capacity to eliminate virus-infected and/or cancerous cells.

Perforin and pro-apoptotic serine proteases, granzymes, are stored

in cytotoxic secretory granules that, upon formation of an immuno-

logical synapse with a target cell, are released by the CLs into the

synaptic cleft [1–3]. There, perforin monomers bind to the target cell

membrane through the Ca2+-dependent C2 domain and oligomerise

to form transmembrane pores on the target cell membrane [1,4].

These pores allow for the passive diffusion of granzymes into the

target cell and the subsequent induction of apoptosis [5]. In

humans, failure to deliver functional perforin by CLs due to bi-allelic

mutations of the perforin gene or genes critical for perforin secretion

results in the development of fatal immunoregulatory disease and/

or cancer, demonstrating the paramount importance of perforin-

mediated CL function for human survival [6–8].

Upon activation, CLs rapidly generate and store large quantities

of perforin and granzymes. Granzymes are synthesised as zymogens

and are activated by cathepsins C/H within cytotoxic secretory gran-

ules, where they have no access to their apoptotic substrates and

cannot kill the host cell [9–12]. Similarly, once delivered to secre-

tory granules, low pH renders perforin inactive [13]. However, how

CLs safely synthesise and store perforin prior to its delivery to secre-

tory granules is unknown.

It has been suggested that the heavily glycosylated and abundant

glycoprotein serglycin may form complexes with perforin and nega-

tively regulate its function within the secretory granules of the host

cell [14]. However, recent studies with CTL/NK cells of serglycin-

deficient mice provided little evidence to support this idea [15].

Moreover, it has been hypothesised that ~12–20 residues at the

extreme C-terminus of perforin (residues 535–555, including an

N-linked glycan at residue Asn549) could interfere with Ca2+-

binding to the C2 domain [16]. As a result, proteolytic cleavage of

perforin’s C-terminus within secretory granules was considered

necessary to activate the protein prior to its release into the synaptic

cleft. However, structural studies reveal that this region is spatially

distant from the lipid and Ca2+-binding site of the C2 domain,

suggesting that a C-terminus/C2 domain interaction is unlikely

[17,18]. In addition, full-length recombinant perforin generated in

insect cells with an intact C-terminus has indistinguishable lytic
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activity to perforin engineered to lack the final 12 amino acids [19].

Overall, it remains unknown as to how and why C-terminal cleav-

age occurs and, most importantly, how CLs are protected from

perforin.

Here, we show that glycosylation of the perforin C-terminus at

residue Asn549 is key to inhibiting perforin activity by blocking

oligomerisation of perforin monomers. Consequently, proteolytic

removal of the C-terminus is required to remove the inhibitory

glycan and to activate the protein. Furthermore, using extensive

site-directed mutagenesis, we excluded the presence of a predomi-

nant consensus site for endo-proteolytic processing. Rather, we

postulate that progressive trimming of the C-terminus is achieved by

multiple lysosomal peptidases and/or carboxypeptidases, of which

some, but not all, are cysteine proteases. We therefore conclude that

the N-glycosylated C-terminus of perforin plays an essential role in

protecting CLs from perforin cytotoxicity by preventing monomers

from oligomerising into perforin pores prior to granule exocytosis.

Results and Discussion

The most abundant mature form of perforin ends at Leu542

The C-terminus of mature, processed perforin (prPRF) has never

been precisely defined in any species, but was predicted on the basis

of epitope mapping to occur 20 residues from the immature

C-terminus [17]. To address this issue, we performed a mass spec-

trometric analysis of deglycosylated perforin immunoprecipitated

from the human NK cell line KHYG1. The most abundant protein

species we observed consistent with prPRF had a molecular mass of

57,865 Da, which was within one Da of the predicted mass of degly-

cosylated perforin terminating at residue Leu542 (expected mass of

57,863.95; Fig 1A, average theoretical expected masses are outlined

in Table EV1). Multiple minor species corresponding to shorter or

longer perforin molecules with C-termini at Gln540, Met541, Leu543

or Gly544 were also present. By contrast, the longest form of

perforin had a mass of 59,188 Da, closely consistent with the

expected mass of deglycosylated full-length perforin (flPRF), termi-

nating at residue Trp555 (expected mass of 59,186.39 Da; Fig 1A).

Importantly, the mass of every peak we identified was increased by

20 Da under reducing condition, reflecting complete reduction of all

10 intramolecular disulphide bonds in perforin. This finding also

provided evidence that all the spectroscopic peaks we characterised

were indeed perforin and not contaminants of a similar mass

(Fig EV1). Consistent with these findings, perforin purified from

primary IL-2-activated human NK cells of three healthy donors

showed a predominant Leu542-terminating prPRF form as well as a

less abundant species terminating at residue Gln540 (Fig 1B).

However, owing to the scarcity of primary NK-derived perforin (in

contrast to KHYG1 cell-derived perforin), we were unable to detect

other minor prPRF species or flPRF (Fig 1B). Our results showing

cleavage in the vicinity of residue Leu542 were consistent with the

predictions of Uellner et al [16] but suggest that processing of

perforin may occur at multiple sites.

Mapping the perforin cleavage site by site-directed mutagenesis

To define a possible site for perforin processing by a granule-

bound endopeptidase, we next generated perforin variants in

which single serine substitutions were introduced for each residue

in a region spanning Gln540 to Gly548. These variants were retro-

virally transduced into KHYG1 cells in which CRISPR/Cas9 had

been used to abolish endogenous perforin expression altogether

(Fig EV2). The same constructs were also introduced into rat baso-

philic leukaemia (RBL) cells, which lack perforin expression but

are capable of processing flPRF into an active form [20]. Despite

these amino acid substitutions, every perforin variant we generated

was processed similarly to WT-perforin in both cells lines (Figs 1C

and D, and EV3). Surprisingly, we found that even simultaneously

replacing every residue from Gln540 through to Gly548 with serine

did not disrupt processing as we might have expected (Fig 1E).

These findings excluded the possibility that the C-terminus

contains a consensus site recognised by a single endopeptidase

responsible for C-terminal processing. Mass spectrometric analysis

of the same set of variants showed the C-terminus of prPRF to be

similar to WT-perforin, typically at residue 542 (Fig 2A–C) or 541

(Fig 2D) or 543 (Fig 2E and F), depending on the mutation. These

results indicate that introduction of single/multiple successive

serine residues in the tail of perforin had minimal effect on

perforin processing. In the absence of a consensus endopeptidase

cleavage site, we concluded that the C-terminal peptide is

processed by either multiple endopeptidases and/or carboxypepti-

dases. This hypothesis is supported by data derived from the X-ray

crystal structure of mouse perforin, whereas residues 542–554 are

unstructured and not visible in electron density, residues Leu541

and Gly540 (Leu542 and Met541 in human perforin, respectively)

interact intimately with the backbone of the molecule through

main chain interactions. Moreover, all residues to the N-terminal

side of Leu541 are buried and predicted to be far less easily acces-

sible to proteases (Fig 2G).

▸Figure 1. Processed perforin exhibits multiple C-termini.

A Perforin was immunoprecipitated from the human NK cell line KHYG1 and, following deglycosylation with PNGaseF and reduction with DTT, was analysed by mass
spectrometry. Peaks consistent with perforin are annotated with mass observed and predicted carboxy-terminal residue. Data shown are the average of six
independent experiments (individual MS spectra of perforin from untreated and DMSO-treated cells are shown in Appendix Fig S1).

B Perforin from IL-2-stimulated primary NK cells from three healthy donors was prepared and analysed as above.
C, D Perforin variants harbouring single amino acid substitutions spanning Gln540–Gly548 were expressed in a perforin knockout KHYG1 and/or RBL cells (summarised

in D). Perforin expression and processing of serine-substituted mutants was assessed by Western blot; shown is a representative of three replicate experiments in
KHYG1 cells.

E Perforin variants harbouring multiple serine substitutions in the region from Gln540 to Gly548 (as illustrated within the figure) were expressed and assessed for
expression and processing as per (C).

Data information: “flPRF”, full-length (unprocessed) perforin; “prPRF”, processed (truncated perforin); HSP90, heat-shock protein 90 (loading control).
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Carboxy-terminal N-linked glycan inhibits perforin function

We next compared the cytolytic function of WT prPRF (lacking the

C-terminal residues and associated glycan) and flPRF, over-

expressed in our perforin knockout KHYG1 cell line. It has previ-

ously been shown that perforin C-terminal processing is highly

dependent on the acidic pH of cytotoxic granules [16], so we

enriched flPRF from KHYG1 cells in which granule pH was neutra-

lised with the H+-ATPase inhibitor concanamycin A (CNCA). This

approach allowed us to directly assess the cytotoxicity of isolated

flPRF and eliminated potential off-target effects of CNCA treatment

on NK cell function. Western blot and mass spectrometry confirmed

that perforin from CNCA-treated cells was full-length and glycosy-

lated at the C-terminus, whereas greater than 80% of the perforin

enriched from DMSO-treated KHYG1 cells (control) was cleaved at

the C-terminus (lacking the C-terminal glycan; Fig 3A and B). Strik-

ingly, flPRF had minimal lytic activity, demonstrating that glycosy-

lated flPRF generated in mammalian cells was not cytolytic

(Fig 3C).

We next repeated these experiments with the membrane-

soluble cysteine protease inhibitor E64D, which was previously

shown to reduce, but not totally abolish perforin C-terminal

processing [16]. Western blot analysis of perforin isolated from

E64D-treated KHYG1 cells showed a 36 � 14% SD (n = 3) reduc-

tion in the amount of cleaved perforin compared to control

(DMSO-)-treated cells (P < 0.02; Fig 3D). Mass spectrometry con-

firmed that E64D mostly inhibited processing to residue Leu542,

but interestingly did not inhibit processing of perforin’s most C-

terminal residues (Val554 and Trp555), presumably by a non-

cysteine protease (Fig 3E). Nevertheless, consistent with the

reduction of prPRF on Western blot, perforin isolated from E64D-

treated cells was 41.0 � 1.5% SD (n = 3) less cytotoxic than

perforin from DMSO-treated cells (P < 0.001; Fig 3F), further

demonstrating that perforin with an intact glycosylated C-terminus

is indeed non-lytic.

Despite considerable sequence divergence at the C-terminus of

perforin between mammals and marsupials, and other vertebrates,

the C-terminal N-linked glycosylation has remained a common

feature, indicating a likely conservation of function (Fig EV4). We

therefore investigated whether the lack of lytic function of full-

length perforin is due to the presence of glycan at this site. To study

this, prPRF and flPRF enriched from KHYG1 cells were treated with

PNGaseF (an asparagine amidase that removes all N-linked

glycans), EndoH (which specifically removes N-linked high-

mannose carbohydrate from moieties typically added to proteins in

the ER) or neuraminidase (which removes negatively charged termi-

nal sialic acid from complex glycans). Strikingly, EndoH and

PNGaseF treatment resulted in a > 10 increase in flPRF lytic activity

while neuraminidase had no effect (Fig 4A). By comparison, the

function of prPRF did not change significantly with any glycosidase

(Fig 4A). These data demonstrate that removal of both complex

and high-mannose glycans attached at Asn549 results in perforin

activation.

Human perforin encodes two N-linked glycosylation sites at

residues Asn205 and Asn549. To confirm that recovery of

perforin function was due to C-terminal deglycosylation at

Asn549 (and not at Asn205), we expressed a perforin variant

harbouring mutation Asn549Gln (and hence lacked C-terminal

glycosylation) in perforin-deficient KHYG1 cells. As Asn549Gln-

perforin is toxic and has reduced expression [19], we were

unable to enrich sufficient amounts of the mutant to perform

assays following CNCA treatment, which further reduces perforin

expression in KHYG1 cells. Instead, we enriched perforin from

Asn549Gln-expressing cells treated with E64D and found that

despite inhibition of processing at the C-terminus, there was no

loss of function compared to perforin from DMSO-treated cells

(5.0 � 11.2% SD, n = 3, P = 0.5; Fig 4B). These data were in

stark contrast to experiments performed with WT-perforin

(Fig 3F) and confirmed that the C-terminal glycan regulates

perforin cytotoxicity.

Mechanism of perforin inhibition by the C-terminal glycan

Previously, it was suggested that the C-terminal glycan interfered

with the perforin C2 domain and, consequently, reduced membrane

binding [16]. To assess directly whether the C-terminal glycan regu-

lates Ca2+-dependent membrane binding, we assessed the capacity

of purified prPRF (from untreated KHYG1), flPRF (from CNCA-

treated KHYG1) or perforin isolated from E64D-treated cells, to bind

to the cell membrane at 4°C, which is permissible for membrane

binding, but not oligomerisation or lysis. We found that flPRF and

prPRF bound the plasma membrane equally well and in a Ca2+-

dependent manner (Fig 4C).

In the absence of evidence for reduced membrane binding, we

next considered the effect of C-terminal glycosylation on perforin

oligomerisation. We have previously shown that oligomerised and

membrane-inserted perforin does not readily disassemble to the

monomeric form, and this is manifested as a loss of monomeric

perforin on SDS–PAGE; however, monomers are recovered follow-

ing treatment with 8 M urea [4]. Therefore, perforin enriched from

DMSO- or CNCA-treated KHYG1 cells was incubated with red

blood cells at 37°C for 20 min to allow for perforin oligomerisation

and membrane insertion. This resulted in loss of prPRF monomer,

but not flPRF, however, the prPRF monomer signal was restored

following denaturation with urea (Fig 4D and E). To formally

demonstrate that inhibition of oligomerisation was dependent on

the C-terminal glycan, we repeated the experiment with

Asn549Gln-perforin. We found an absence of both full-length and

◀ Figure 2. Perforin is processed in close proximity to residue 542, irrespective of the C-terminal sequence.

A–F Perforin variants harbouring mutations (A) Gln540Ser, (B) Met541Ser, (C) Leu542Ser, (D) Leu543Ser or multiple serine substitutions from (E) Gln540–Gly548 or (F)
Met541–Gly548 were expressed in and immunoprecipitated from a perforin knockout KHYG1 cell line and perforin processing was assessed by mass spectrometry.
All peaks are shown as a representative of two independent experiments. Shown in black trace is the average of six independent untreated controls that are also
shown in Fig 1A.

G Cartoon representation of X-ray crystal structure of mouse perforin (PDB ID 3NSJ) showing MACPF (blue), shelf (green), C2 (yellow) and the C-terminal region
(residues 541–551, magenta). Also shown are the main chain interactions between Leu541 (Leu542 in human perforin) and Tyr162, and between Gly540 (Met541 in
human perforin) and Ser382 (dotted lines).
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processed monomeric perforin after 20 min of incubation with

target cells (Fig 4F), but both signals were recovered with urea

treatment. Together, these data demonstrate that the glycan at

Asn549 inhibits the oligomerisation of perforin, and that its

removal is essential for pore formation.

Major surprises and concluding remarks

One key question remaining in cytotoxic lymphocyte biology is

how they safely synthesise and store one of the most cytotoxic

yet essential elements of the immune system, perforin. This

A B C

D E F

Figure 3. Full-length perforin with an intact glycosylated carboxy-terminus is not cytolytic.

A, B Perforin isolated from KHYG1 cells treated with 25 ng/ml CNCA was assessed by (A) Western immunoblotting or (B) mass spectrometry (shown is a representative
of two independent experiments compared to the average of six independent untreated controls that are also shown in Fig 1A and Appendix Fig S1).

C The cytolytic potential of IMAC-enriched perforin from DMSO- or CNCA-treated KHYG1 cells was assessed in a 1-h 51Cr-release assay using K562 target cells. Shown
is a representative of three independent experiments.

D Perforin cleavage in KHYG1 cells treated with 20 lM E64D was assessed by Western blot analysis. Shown as a bar graph is the quantification of prPRF as a
percentage of total perforin in KHYG1 cells after DMSO or E64D treatment, from three independent experiments (shown is mean � SD). Perforin from E64D-treated
cells showed a statistically significant reduced level of prPRF (P = 0.018) as assessed by unpaired t-test.

E Perforin was immunoprecipitated from E64D-treated cells and analysed by mass spectrometry. Shown is a representative of two independent experiments
compared to the average of six independent untreated controls that are also shown in Fig 1A.

F The function of perforin isolated from E64D-treated cells was assessed in a 1-h 51Cr-release assay using K562 target cells. Shown is a representative experiment of
three independent experiments (individual experiments are shown in Appendix Fig S2A). Perforin isolated from E64D-treated cells was 41.0 � 1.5% SD (n = 3) less
cytotoxic than perforin from DMSO-treated cells (P = 0.0007, ratio paired t-test). The dashed lines on the graph represent the relative amount of perforin required
to achieve 50% maximal lysis.
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question is particularly pertinent within the ER where neutral pH

and high Ca2+ concentrations allow perforin to exert its cytotoxic-

ity within the host cell [19]. Here, we have uncovered a unique

mechanism whereby a C-terminal glycan inhibits perforin

oligomerisation and pore formation thus protecting the host from

perforin cytotoxicity prior to its delivery to the cytotoxic secretory

granules (Fig 5). Once within the granules, the C-terminal

glycopeptide is proteolytically cleaved [16], but perforin remains

inactive due to the acidic pH [13]. Once secreted into the synaptic

cleft, the neutral pH and elevated Ca2+ concentration enable the

proteolytically processed perforin to form pores in the target cell

membrane.

Previously, we discovered that rapid export of perforin from the

ER is a key component of CL protection and is critically reliant on

the C-terminal region, in particular the final residue, Trp555 [19].

Similarly, we noted that although the mutation of glycosylated

asparagine (Asn549Gln) does not disrupt ER export, high levels of

expression of the mutant perforin result in death of the host cell

[19]. Thus, in concert, our recent and current studies have now

shown that the C-terminal peptide of perforin protects CLs from

its cytotoxicity by facilitating both rapid export from the ER

(glycan-independent) and also by “silencing” function of the protein

(glycan-dependent).

Our findings demonstrate that processing of the glycosylated

C-terminus within the secretory granules is critical for preparing

perforin for pore formation within the immune synapse. In turn,

we have described a mechanism by which glycosylation is used

to silence perforin function which, to our knowledge, is a rare

example of glycosylation being used in this manner. We observed

that perforin oligomerisation was effectively inhibited by both

high-mannose (acquired in the ER) and complex glycans acquired

in mammalian cells and that removal of charged sialic acids from

these glycans with neuraminidase did not impact their ability to

inhibit perforin function. Previously, we observed that when

generated in insect cells, perforin with an intact C-terminal

peptide had identical function to perforin lacking the peptide [19].

In the light of our current data, we can now attribute this obser-

vation to the smaller C-terminal glycan additions acquired in

insect cells, which have no apparent effect on perforin activity.

Our data therefore suggest that inhibition of function by the

C-terminal glycan likely occurs through steric hindrance of

oligomerisation. Indeed, it has been well documented [21] that a

major difference between recombinant proteoglycans expressed in

Spodoptera frugiperda and mammalian cells is a substantial trim-

ming of the N-linked glycans in the insect cells to Man3GlcNac2
[21]. Given that our recombinant perforin remains fully func-

tional, despite being glycosylated [19], we postulate that three

mannose structures do not provide sufficient steric hindrance to

inhibit its activity; in contrast, up to nine mannose structures [21]

added to endogenous perforin appear to be sufficient to protect

the host cell from perforin oligomerisation and toxicity in the

endoplasmic reticulum. This notion may explain why the regula-

tion of protein function by glycosylation would likely be main-

tained despite the documented “microheterogeneity” in

mammalian glycosylation patterns [22]. Remarkably, despite

divergence in the sequence of the C-terminal peptide between

mammals and marsupials, and lower order vertebrates, the glyco-

sylation of the C-terminus has remained a common feature of that

region (Fig EV4) suggesting that regulation of perforin function

through glycosylation/deglycosylation of the C-terminus may be

an evolutionary conserved feature of the molecule. Moreover,

cleavable carboxy-terminal peptides have been shown to play an

important role in other pore-forming toxins [23,24], where they

influence the solubility or the pore-forming activity of those bacte-

rial virulence factors. The fact that a higher eukaryote perforin,

despite its evolutionary divergence from ancestral bacterial toxins,

also utilises C-terminal processing as a mechanism of activation is

remarkable.

Despite the critical importance of perforin cleavage, we made

the most surprising discovery that the C-terminus does not contain

a predominant protease consensus cleavage residue, although

hypothetically a nearby region may have a specific protease bind-

ing site. Indeed, we present data to suggest that the removal of the

C-terminus is facilitated by lysosomal proteases that have the

capacity to process the protein, irrespective of the amino acid

sequence. Based on the previously solved X-ray crystal structure of

perforin [17], we suggest that, due to a lack of either secondary

structure or constraint and the surface exposure of the region, the

C-terminus may be generally susceptible to proteolysis. This is

consistent with the observation that processed perforin most

commonly terminates at residue Leu542, which is the last C-term-

inal residue to make hydrogen bond contact with the backbone of

Figure 4. C-terminal glycosylation inhibits perforin oligomerisation.

A Perforin isolated from DMSO- or CNCA-treated cells was treated with EndoH, PNGaseF or neuraminidase for 20 min at room temperature and assessed for
function in a 1-h 51Cr-release assay using K562 target cells. *P < 0.05 as assessed by multiple comparisons two-way ANOVA (individual experiments are shown in
Appendix Fig S2B)

B Asn549Gln variant of perforin (the C-terminal glycosylation site mutant) was expressed in perforin knockout KHYG1 cells; the cells were treated with either DMSO
or 20 lM E64D, the mutant perforin isolated and assessed for lytic potential as above. Shown is a representative of three independent experiments (individual
experiments are shown in Appendix Fig S2C). The function of Asn549Gln perforin was not affected by E64D treatment (5 � 11.2% SD, n = 3, P = 0.48, ratio paired
t-test). Shown inset is a representative of Western blot of Asn549Gln perforin after DMSO and E64D treatment.

C Perforin isolated from KHYG1 cells treated with either DMSO, E64D or CNCA was bound to sheep red blood cells (SRBCs) +/� CaCl2 at 4°C for 2 min. SRBCs were
then solubilised and assessed for perforin binding by Western blot analysis.

D–F Perforin isolated from DMSO-treated KHYG1 cells was incubated with SRBCs for 20 min at 37°C (D) to allow for perforin to oligomerise. Perforin
oligomerisation was then assessed by Western blot analysis, where samples were solubilised with or without 8 M urea. This experiment was repeated with
(E) full-length perforin from CNCA-treated cells and (F) Asn549Gln-perforin. Shown are representative experiments of three independent replicates. The
Western blots from three independent experiments were quantified, and bar graphs in (D) and (F) show the ratio of flPRF (an upper band) and prPRF (a
lower band) at 0 min or at 20 min (mean � SEM, n = 3). Statistical significance (P < 0.05) was determined by unpaired t-test with Welch’s correction and
arcsine transformation. In (E), in the absence of a lower band, we measured a ratio between the intensity of upper bands at 0 and 20 min (0.96 � 0.08,
mean � SEM, n = 3).
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the molecule. While it is tempting to suggest that carboxypepti-

dases alone are responsible for proteolysis of perforin, it is unli-

kely that such an enzyme could process glycosylated Asn549. It is

therefore likely that C-terminal cleavage also involves either

glycosidases that process the glycan and/or endopeptidases that

process at the N-terminal side of Asn549. Indeed, one previous

study suggested a role for cathepsin L and other cysteine proteases

in perforin processing [25]. However, inhibiting even this entire

class of diverse granule proteases had only a partial effect on

perforin (and cytotoxic lymphocyte) function, thus supporting our

current observations. We argue that, paradoxically, non-specific

processing of the C-terminus may have evolved to avoid inhibition

of perforin activation by viral peptides that could inhibit individual

granule proteases.

With consideration of our study [19], we can here conclude that

the N-glycosylated C-terminal peptide of perforin plays a critical role

in protecting CLs from perforin cytotoxicity through two mecha-

nisms: Trp555 and immediately adjacent residues facilitate perforin’s

rapid transit from the ER to the secretory granules, while the glycan

situated at Asn549 inhibits perforin function by preventing mono-

mers from oligomerising into pores prior to granule exocytosis. Our

findings position the processing of the perforin C-terminus within

secretory granules as critical to CL function and, in turn, immune

homoeostasis.

Materials and Methods

Human primary NK cell isolation and culture

Human peripheral blood mononuclear cells (PBMCs) were provided

as buffy coats from the Australian Red Cross; NK cells were isolated

using a negative selection kit (Stemcell). NK cells were maintained

in RPMI with 10% heat-inactivated foetal calf serum and 100 U/ml

IL-2 (Peprotech) for 48 h prior to use in mass spectrometry experi-

ments.

KHYG1 cells gene deletion and transduction

The human NK cell line KHYG1 [26] was maintained in RPM1 with

450 U/ml IL-2. HEK293T cells were calcium phosphate transfected

with second-generation lentiviral packaging vectors, pFH1tUTG

vector (Addgene #70183) encoding doxycycline-inducible sgRNA

50-TCCCGATGCTACGAGCCGCATCCC-30, and FUCas9Cherry (Addgene

#70182) encoding Cas9 protein. After Retronectin (Takakara)-

mediated transduction, guide expression was induced in transduced

KHYG1 cells for 7 days, following which GFP+Cherry+ single cell

clones were isolated using FACS. The ablation of perforin expression

and cytotoxicity was confirmed by Western immunoblot and 51Cr-

release assay, respectively. In addition, sequencing of PRF1 gene

revealed an out-of-frame gene disruption at c.359 (Fig EV2).

KHYG1 cells were subsequently transduced with HEK293T cell-

derived amphoteric virus encoding wild-type or mutant perforin

cDNA.

Perforin immunoprecipitation

Protein lysates from 100–200 × 106 KHYG1 cells or 3–10 × 106

primary human NK cell were incubated for 2 h with 20 lg of dG9
anti-perforin antibody (eBiosciences) and 40 ll of Protein G bead

slurry (GE Healthcare). Unbound protein was washed from beads

with lysis buffer following which perforin was eluted with 6 M

Figure 5. Mechanism of cytotoxic lymphocytes protection from perforin.
(1) Within the ER, perforin acquires high-mannose (simple) glycosylation. The
C-terminal glycan at residue Asn549 inhibits oligomerisation and thus protects
the cytotoxic lymphocyte. Conversely, due to the neutral pH and high Ca2+

concentration in the ER, non-glycosylated or partially glycosylated perforin
remains active and can kill the host cell [19]. (2) Perforin is rapidly exported
from the ER to the Golgi apparatus; this process is critically reliant on the
C-terminal residues, particularly the final residue Trp555. Within the Golgi
apparatus, high-mannose glycans are replaced with complex glycans. (3)
Within secretory lysosomes, low pH renders perforin inactive [13]. Here, the
inhibitory glycan is removed through processing of the C-terminus, involving
multiple proteases and/or carboxypeptidases. (4) Now active, processed
perforin is secreted from the cytotoxic lymphocyte to the membrane of the
target cell, where it forms pores.
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guanidine hydrochloride. Following chloroform/methanol precipita-

tion, perforin was deglycosylated using PNGase F (New England

Biolabs) as per the manufacturer’s instruction and reduced with

50 mM DTT.

Mass spectrometry

For analysis of intact proteins, the complete immune-precipitated

mixture in 2% formic acid was separated by reversed-phase chro-

matography coupled to an ESI-TOF mass spectrometer. All analyses

were done on an Agilent 6220 ESI-TOF mass spectrometer coupled

to an Agilent 1200 chromatography system (Agilent, CA, USA).

Chromatographic separation was performed on a Phenomenex Aeris

Widepore-C4 column (2.1 × 150 mm, 3.6 lm bead) at a flow rate of

250 ll/min in the presence of 0.1% formic acid, using a gradient of

acetonitrile for elution. All mass spectrometry data were acquired in

positive-ion mode and reference mass corrected via a dual-spray

electrospray ionisation (ESI) source using a scan range of 100–

3,200 m/z, capillary voltage of 4,000 V, fragmentor voltage 250 V,

skimmer voltage 65 V, OCT RFV 250 V. Internal reference ions were

121.050873 and 922.009798 m/z. Mass spectra were created by

averaging the scans across each peak and background subtracted

against the first 10 s of the total ion current. Acquisition was

performed using the Agilent Mass Hunter Acquisition software

version B.02.01 (B2116.30).

Analysis was performed using Mass Hunter version B.04.00.

Perforin typically eluted from the chromatography as a peak at

21.5 min, and the ion spectrum of the peak was de-convoluted to

establish the molecular species present. To normalise the traces,

given that the overall yields in different experiments varied greatly,

the highest peak in each de-convoluted trace was set to a value of

one. Peaks present in the de-convoluted trace were assigned as

potential perforin fragments (either as N- or C-terminal processing,

though no N-terminal processing was evident). Most peaks could be

assigned as C-terminally processed perforin. Other minor peaks were

either due to other proteins in low abundance, or, for some peaks,

assigned as modified versions of perforin. For instance, the shoulder

peak visible on the abundant peaks most likely can be attributed

to oxidised methionine (plus 16 Da), a modification common in

LC-MS. We commonly observed various minor peaks 265–268 Da

larger than the major perforin peaks, likely dodecyl sulphate adducts

of the protein (from SDS), a phenomenon previously reported [27].

SDS is used in the denaturation of perforin for deglycosylation.

Western immunoblot

Protein lysates were boiled and resolved in Laemmli sample buffer

under non-reducing conditions using 9–10% acrylamide SDS–PAGE

and transferred to PVDF membrane (Millipore). Perforin was

detected using the rat anti-perforin P1-8 antibody (Kyowa Kirin) and

HRP-conjugated secondary antibodies. Chemiluminescent signal

was detected using X-ray film or Gel-Doc imaging (Bio-Rad).

Inhibition of perforin processing

KHYG1 cells at a cell density of 5 × 105 cells/ml were treated with

25 ng/ml CNCA (Sigma) or 20 lM E64D (Enzo) for 17 h prior to

analysis described in text.

Immobilised-metal affinity chromatography (IMAC) enrichment
of perforin

Perforin was enriched from KHYG1 cells as previously described

[28]. Briefly, 100–300 × 106 KHYG1 cells were lysed, nuclei were

centrifuged at 15,000 g, and the clarified supernatant was incubated

with Talon cobalt metal affinity resin (Clontech) at 4°C for 1 h. The

resin was washed six times with 50 mM Tris and 300 mM NaCl (pH

8.0), and the bound protein was eluted with 270 mM imidazole,

300 mM NaCl and 20 mM Tris (pH 8).

Chromium-release assays

K562 target cells were labelled with 50 lCi Na2
51CrO4 (PerkinElmer)

for 1 h at 37°C and washed three times to remove excess 51Cr. 51Cr-

labelled K562 cells were incubated with IMAC-enriched perforin for

1 h. The cells were then centrifuged, and the radioactivity in the

supernatant measured using gamma-counter. Incubation of 51Cr-

labelled target cells in medium alone or in 1% Triton X-100 was used

to determine the spontaneous and total release, respectively. %

specific 51Cr release was calculated as follows: [(test 51Cr release –

spontaneous 51Cr release)/(total 51Cr release – spontaneous 51Cr

release) × 100]. Chromium release was plotted against relative

protein concentrations, as assessed by Western immunoblotting

performed concurrently with each experiment. Perforin immunoblot

intensities were quantified using ImageJ software.

Oligomerisation and membrane binding assays

Assays were performed as previously described [4]. Briefly, equal

amounts of enriched perforin (as determined by Western immuno-

blot analysis) were incubated with sheep red blood cells in the

presence or absence of 1 mM CaCl2 on ice for 2 min. For

oligomerisation assays, perforin was incubated with cells for

20 min at 37°C. Cell pellets were resuspended in Laemmli buffer

with or without 8 M urea. Samples were then resolved on SDS–

PAGE and Western immunoblotting performed as described

above.

Comparison of cytotoxic function

To compare the cytotoxicity of perforin isolated from DMSO- or

E64D-treated cells, data collected from 51Cr-release assays were

normalised by assigning the maximal level of “% specific lysis”

observed for each experiment as 100% lysis. Michaelis–Menten

plots were fitted using GraphPad Prism software and used to calcu-

late the relative amount of perforin required to achieve 50% lysis.

The difference between the two values attained was considered

percentage reduction in function.

Glycosidase studies

Enriched perforin was deglycosylated or modified for 20 min with

5 lg of Endoglycosidase H (EndoH), Peptide-N-Glycosidase

F (PNGaseF; New England Biolabs, MA, USA) or a2-3,6,8 neurami-

nidase (New England Biolabs, MA, USA) in IMAC elution buffer. As

control, perforin was incubated under the same conditions, but

without glycosidases. Deglycosylation was verified by the Western
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immunoblotting. Deglycosylated perforin was then used in 51Cr-

release assays as described above.

Expanded View for this article is available online.
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