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The novel p.Gly306Asp perforin mutation causes
familial hemophagocytic lymphohistiocytosis type 2

(FHL-2) probably due to a critical role of Gly306 in the
pore-forming perforin domain

Ramon Urrea Moreno?, Itziar Astigarraga®©, Ana Fernandez-Teijeiro®,
Carmen Rodriguez-Sainz®, Maria Alonso-Martinez?, Lydia Martin-Martin?,

Susana Garcia-Obregon®, and Juana Gil-Herrera®*

ABSTRACT

Background: Three substitutions at either Gly305 or Gly306 within the membrane attack/complex perforin
domain (MACPF) of perforin have been previously identified in a number of patients with hemophagocytic
lymphohistiocytosis (HLH). However, their pathogenic impact remains unclear since all the cases reported so
far carried heterozygous genotypes and showed very heterogeneous clinical presentations. Here, we report a
new substitution (p.Gly306Asp) and use in silico tools to elucidate the pathogenic mechanisms and severity
associated with human Gly306 and Gly305 mutations.

Methods: The immunological workup included perforin expression and perforin gene (PRF1) mutation analysis.
Computer algorithms based on conservation, secondary, and tertiary protein structure analyses were applied to
assess the role of the mutations in disease pathogenesis.

Results: In our patient, we found a previously undescribed homozygous c. 917G>A (p.Gly306Asp) mutation in
the PRF1 gene that was associated with null perforin expression in her natural killer lymphocytes. Sequence
alignments revealed that Gly306 and Gly305 are highly conserved positions among vertebrate perforins, as well
as in other related pore-forming proteins such as bacterial cytolysins. Further in silico analyses consistently
predicted mutations in these 2 positions to be pathogenic due to diminished stability of the perforin molecule.

Conclusion: Age of HLH onset, severity of the disease and undetectable perforin in our p.Gly306Asp homozy-
gous patient along with the in silico results unmask this novel mutation as highly detrimental. Our results highlight
the need of combining all clinical features, in vitro phenotypes and computer based approaches to classify human
perforin mutations accurately.

Statement of novelty: The study of these PRF1 mutations points to an important role of the 2 glycine amino
acids (Gly305 and Gly306) in the molecular stability of perforin, which may also be likely in other pore-forming
proteins. Our in silico results conclude that the pathogenicity of mutations in highly conserved Gly305 and
Gly306 is likely to be associated with a serious destabilization of the native perforin conformation.
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Introduction

Familial hemophagocytic lymphohistiocytosis (FHL)
is a primary immunodeficiency due to defects in several
genes involved in the cytotoxic pathway (Janka 2012;
Sieni et al. 2014). FHL usually presents during early
childhood and is fatal without hematopoietic cell trans-
plantation (HCT); however, atypical, late-onset FHL
cases are increasingly being described (Clementi et al.
2002; Molleran Lee et al. 2004; Mancebo et al. 2006;
Zur Stadt et al. 2006; Nagafuji et al. 2007; Ueda et al.
2007; Zhang et al. 2011; Sanchez et al. 2012; Sieni et al.
2012; Wang et al. 2012; Dias et al. 2013; Mhatre et al.
2014; Tesi et al. 2015; Barmettler et al. 2016; Gao
et al. 2016).

Type 2 FHL (FHL-2) is caused by mutations in the
PRF1 gene (Stepp et al. 1999; Voskoboinik et al. 2010;
Voskoboinik et al. 2015). PRF1 encodes perforin, a pro-
tein present in the secretory granules of cytotoxic T and
natural killer (NK) lymphocytes, which is essential for
cytotoxic immune responses and homeostasis
(Voskoboinik et al. 2010; Thiery and Lieberman 2014;
Voskoboinik et al. 2015). Most of the mutations
reported in FHL-2 patients are located in the membrane
attack complex/perforin (MACPF) domain (An et al.
2013; Voskoboinik et al. 2015). The MACPF domain is
critical for pore formation, specifically the oligomeriza-
tion of perforin molecules after their preactivation by
binding to the target cell membrane (Baran et al. 2009;
Stewart et al. 2015; Yagi et al. 2015). Despite recent
advances regarding perforin structure (Law et al. 2010;
Yagi et al. 2015), little is known about the precise
mechanism of pore formation by perforin, and the
molecular mechanisms underlying the pathogenicity of
MACPF mutations remain poorly understood.

We describe an early-onset FHL-2 case showing the
novel MACPF homozygous missense mutation
c.917G>A which leads to the amino acid change
p.Gly306Asp. Different amino acid substitutions that
are located at the same position (c.916G>T leading to
p-Gly306Cys (Grossman et al. 2005; Abdalgani et al.
2015), c.916G>A leading to p.Gly306Ser (Nagafuji
et al. 2007; Wang et al. 2012; Gao et al. 2016))
or neighbouring glycine (c.914C>A, leading to
p-Gly305Asp, (Clementi et al. 2005)) have been previ-
ously reported in very heterogeneous FHL-2 patients.
We performed perforin immunophenotyping and
in silico analysis to ascertain the relevance of the novel

p.Gly306Asp as well as the above mentioned muta-
tions in HLH pathogenesis.

Functional and clinical presentation

Case report: A 19-month-old girl, the first child of a
consanguineous couple with no previous familial his-
tory of hemophagocytic lympohistiocytosis (HLH),
was first admitted to hospital because of fever due to
unknown origin. Progressive anemia (haemoglobin
7.9 g/L), thrombopenia (8000/pl), hypertrigliceridemia
(720 mg/dL), elevated ferritin (3373 ng/mL), hypofibri-
noginemia (120 mg/dL) and hepatosplenomegaly, along
with hemophagocytosis in bone marrow led to diagno-
sis of HLH, and she was started on the HLH-2004
therapeutic protocol (Henter et al. 2007). According to
the immunological results, she was classified as FHL-2
and after HLH-2004 induction therapy and condition-
ing, she underwent cord blood HCT (1.36x10°> CD34™"
cells). Continuing maintenance treatment was required
post-HCT and the patient unfortunately died at 150
days post-transplant because of graft failure and HLH
disease reactivation.

Perforin expression was assessed by flow cytometry
using anti-T cell receptor FITC, anti-CD8 PerCP, and
anti-CD56 APC (BD Biosciences, San Jose, CA) anti-
bodies for surface staining and anti-perforin PE (clone
D@9, Pharmingen, BD Bioscience) or anti-granzyme B
PE (Immunotech) antibodies for intracellular staining,
as previously described (Urrea Moreno et al. 2009).
Samples were acquired in a FACSCalibur cytometer
and analysed with FlowJo 7.6.1 software. Figure 1A
shows that perforin staining within patient’s circulat-
ing NK lymphocytes (corresponding to 16% of total
lymphocytes) was as negative as the fluorescence
intensity of isotypic control. On the other hand,
granzyme-B expression—analyzed as a positive
intracellular staining—was increased in the patient
when compared to the patient’s mother and a healthy
individual tested the same day of the analysis
(Figure 1B).

The mutational analysis was performed on genomic
DNA from peripheral blood. Coding region of PRF1I
(exons 2 and 3) was amplified by PCR (Gene Amp PCR
System 9700, PE Applied Biosystems, Warrington, UK)
and sequenced (ABI PRISM 310 Genetic Analyzer
from Applied Biosystems) as described (Urrea Moreno
et al. 2009). Chromatograms were created with
Geneious Pro 5.5.7 and sequences were compared with
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Figure 1: Intracellular protein expression and PRF1 sequencing. Flow cytometry was
used to detect perforin (A) and granzyme-B (B) in NK-cells from patient, her mother, and
a healthy control. Both histograms are gated on CD56*TCRab™ cells. The counts of
positive gated events represented on the Y axis included at least 500 to a maximum of
1600 cells. (C) DNA electropherograms. Arrows indicate the position at the wild-type
PRF1 gene sequence in exon 3, and the homozygous missense mutation at the
corresponding position in the patient as well as the heterozygous change in her parents.

reference PRFI (RefSeq: NG_009615.1). Figure 1C decreased perforin expression found in the mother
shows the homozygous mutation c. 917G>A in exon 3 (Figure 1A).

of PRFI that was found in the patient; this nucleotide

change results in the non-conservative substitution of Figure 2 shows a molecular model of perforin and of
the non-polar amino acid glycine at position 306 of perfringolysin (PFO), a bacterial cholesterol dependant
wild-type perforin protein with the negatively charged cytolysin (CDC), to illustrate the structural homology
aspartic acid (p.Gly306Asp) in MACPF domain. The of their 2 pore-forming domains. 3D models were per-
parents were both found to be heterozygous carriers of ~ formed with Yasara View, v16.7.22 (http://yasara.org/)
the mutated allele (Figure 1C), correlating with the (Krieger and Vriend 2014). Gly306 and the preceding
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Figure 2: Molecular models of perforin and PFO. Ribbon representations of
perforin molecule on the left, based on the murine perforin crystal structure (PDB
identifier: 3nsj) and the cytolysin PFO (PDB identifier:1pfo) on the right, are
shown. Different subregions of pore forming domains were coloured as follows:
in green, the antiparallel central p sheet (conformed by p1, 2, p3, p4, and p4’'); in
dark blue, the “U” shaped helical loop connecting 4 and p4’ regions, with
Gly305 and Gly306 in perforin, or the homologous glycines in PFO circled in red;
in orange, clusters of transmembrane helices CH1 and CH2; in cyan, remaining
MACPF regions. Circled in black on each protein are the location of residues
potentially involved in perforin or PFO oligomerization.

Gly305 are located at the beginning of a helical loop
region that connects 4 and p4’ strands of the central
beta sheet in both MACPFs and CDCs (Lukoyanova
et al. 2016; Dudkina et al. 2016). As shown in Figure 2,
no proximity exists between the helical loop in perforin
and the putative residues involved in its oligomeriza-
tion, as opposed to what has been previously described
in PFO (Ramachandran et al. 2004).

For amino acid conservation analysis, representative
sequences were obtained from the NCBI database
(www.ncbi.nlm.nih.gov). Alignments were performed
with  PROMALS3D (http://prodata.swmed.edu/
promals3d/promals3d.php), and edited with Geneious
Pro 5.5.7 using Blosum45 matrix. Figure 3 shows that

both Gly305 and Gly306 in human perforin molecule or
corresponding glycines in other vertebrate perforins, as
well as other MACPF domains from different proteins,
or even in pore-forming domains of bacterial cholesterol
CDGCs, constitute a highly conserved motif in all these
proteins despite the low global sequence homology.

This strikingly high conservation led us to hypoth-
esize that substitutions in any of these 2 glycines would
be functionally detrimental for perforin, and therefore
pathogenic. To predict the pathogenicity of mutations,
we used Polyphen-2 server, version 2.2.2 (http://
genetics.bwh.harvard.edu/pph2/), that collects informa-
tion available on conservation, secondary and tertiary
structure of the molecule, as well as functional sites
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Figure 3: Conservation of the glycine pair across vertebrate perforins, other protein containing MACPFs and CDCs. Shown are
sequences corresponding to the region including p4, the helical loop and p4’. The glycine motif is enclosed in the red column.
Consensus sequence is shown at the top of the alignment and it is based on the rule of 50% identity. Amino acid numbering
corresponds to human perforin, with Gly305, Gly306, and Trp328 indicated in red. Secondary structures corresponding to
MACPFs (as represented by perforin) are indicated at the top of the alignment; secondary structures corresponding to CDCs (as
represented by PFO) are indicated at the bottom of the alignment. Name of the species (vertebrate perforins) or proteins (other
MACPFs, CDCs) is shown preceding the corresponding sequence. Higher degree of amino acid conservation is denoted by

higher grey intensity.

hypothetically altered by a new residue (Adzhubei et al.
2010). As shown in Table 1, p.Gly306Asp, as well as
p.Gly305Asp (Clementi et al. 2005), Gly306Cys
(Grossman et al. 2005; Abdalgani et al. 2015) and
p.Gly306Ser (Nagafuji et al. 2007; Wang et al. 2012;
Gao et al. 2016) were undoubtedly predicted as patho-
genic by the HuVar strategy of Polyphen-2.

We next studied the impact of the above mutations
on perforin thermodynamic stability, or the change in
folding free energy upon mutation (i.e., differences in
Gibb’s free energy between the folded and unfolded
state of mutant compared to wild-type molecules, also
AAG or ddG). For this, we generated a molecular model
of human perforin, using BuildModel and RepairPDB
commands within FoldX v4 (http://foldxsuite.crg.eu)
(Guerois et al. 2002), employing perforin X-ray crystal

structure (PDB identifier:3nsj) (Law et al. 2010) as a
template. Independent algorithms used for stability cal-
culations were FoldX itself, SDM (http://mordred.bioc.
cam.ac.uk/~sdm/sdm.php) (Worth et al. 2011),
PoPMuSiC (http://dezyme.com/) (Dehouck et al. 2009)
and Eris (http://troll.med.unc.edu/eris) (Yin et al.
2007). In support of our hypothesis, all 4 algorithms
predicted that p.Gly306Asp, as well as the other
3 FHL-2 mutations reported in these glycines, i.e.,
p-Gly305Asp, p.Gly306Cys and p.Gly306Ser result in
severe destabilization of the perforin molecule
(Table 1), albeit to a lesser extent in p.Gly306Ser
according to Eris prediction. As shown in Figure 4,
Asp306 creates important steric clashes with Gly305
and Trp328, and perturbs the hydrogen bond (H-bond)
between wild-type (WT)-Gly305 and WT-Trp328. The
latter residue extends from the neighboring helix and
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Table 1: In silico analysis of FHL-2 associated mutations in Gly306 and Gly305.

Pathogenic
impact Stability impact
Polyphen-2 FoldX SDM PoPMuSIiC Eris
pph2
Mutant prob. Pred. Score Pred. Score Pred. Score Pred. Score Pred. Reference
p.Gly306Asp 0.999 PD 9.8 SD -4.3 HD 1.71 D 6.3 D
p.Gly306Cys 0.999 PD 6.5 SD -3.1 HD 1.36 D NA NA  Grossman et al. 2005;
Abdalgani et al. 2015
p.Gly306Ser 0.999 PD 6.3 SD -4.3 HD 1.85 D 3.6 D Nagafuiji et al. 2007;
Wang et al. 2012;
Gao et al. 2016
p.Gly305Asp 0.997 PD 20 SD -3.2 HD 2.62 D >10 D Clementi et al. 2005

Note: Shown is the impact predicted by Polyphen-2 and several stability based in silico methods. pph2 prob.: posterior probability for being damaging; it ranges from
0 (benign) to 0.999 (most probably damaging, PD). Score: it represents the change in folding free energy upon mutation (“ddG”, Kcal/mol); Pred: predicted outcome
of mutations, defined as “destabilizing” (D) scores from 0 to 5, versus “severely destabilizing” (SD) scores >5, in FoldX; “destabilizing” (D) scores from —0.5 to -2,

versus “highly destabilizing” (HD) scores <—2 in SDM; or simply “destabilizing” (D) scores > 0 in PoPMuSiC and Eris. NA: not available. Options were set as follows:
for FoldX, pH =7.4, temperature = 310K, ion strength =0.05 M, vdwDesign = 2; For SDM and PoPMusSiC, default settings; for Eris, fixed backbone and no backbone

pre-relaxation.

Figure 4: FoldX analysis of p.Gly306Asp perforin mutation. Shown is a zoomed view of
the helical loop region of our WT (left) and p.Gly306Asp (right) human perforin models.
H-bonds are represented as black dots; in the p.Gly306Asp model (right) the H-bond
from WT perforin disappears and a new H-bond is created by the mutant. Those
residues involved in steric clashes are indicated in red. Other residues affected by the
mutation are coloured in magenta. Graphics performed with Yasara View v16.7.22.

is highly conserved both in vertebrate perforins and in
other MACPF proteins (Figure 3), which suggests that
the H-bond with WT-Gly305 or equivalent glycine
plays a critical role in stability. Moreover, p.Gly306Asp
originates a new H-bond between Asp306 and His307,
which is absent in the WT structure. With these and
other mutation-specific alterations not mentioned
above, it is very likely that these 3 substitutions, and

probably nearly all Gly306 variants, would be deleteri-
ous for perforin folding and (or) function.

Discussion

Intracellular perforin staining was studied as part
of the current laboratory diagnostic workup in
HLH patients (Arico et al. 2002; Henter et al. 2007;
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Bryceson et al. 2012; Imashuku 2014). We found null
perforin expression and overexpressed granzyme-B; this
granzyme pattern most likely indicates hyperactivation,
given it has been previously described in the HLH
setting (Molleran Lee et al. 2004; Mellor-Heineke et al.
2013). In our analysis, both the healthy donor and the
patient’s mother (healthy heterozygous p.Gly306Asp
carrier) had no inflammatory conditions and showed
normal granzyme-B expression.

Null perforin expression in our homozygous patient
and the decreased, intermediate amount of perforin in
her heterozygous mother along with the c. 917G>A
segregation in this family suggested the inability of
p-Gly306Asp perforin to fold properly. Impaired fold-
ing would cause reduced intracellular levels and (or)
conformational changes that could inhibit DG9 anti-
body binding. Two other mutations affecting the same
amino acid position (p.Gly306Cys (Grossman et al.
2005; Abdalgani et al. 2015) and p.Gly306Ser
(Nagafuji et al. 2007; Wang et al. 2012; Gao et al.
2016)) are also associated with null or very limited per-
forin expression in cytotoxic lymphocytes. Although
diminished expression suggests misfolding for all of
these mutants, a defect in perforin content could also
be attributed to the altered immunoregulatory state of
the active HLH setting (Voskoboinik et al. 2010).
Unfortunately, we have not tested intracellular per-
forin in highly effective recombinant expression sys-
tems and (or) under temperatures permissive for
folding as it has been done in the neighbouring muta-
tion p.Gly305Asp (Risma et al. 2006; Chia et al. 2009;
Urrea Moreno et al. 2009).

Our results show an extremely high conservation of
the Gly305/Gly306 pair through MACPF/CDC super-
family, which denotes a critical role for these residues.
Previous studies attributed these 2 glycines the role of
a “hinge point” which allow the conformational
changes leading to membrane spanning (Rosado et al.
2007; Gilbert et al. 2013; Dudkina et al. 2016;
Lukoyanova et al. 2016). Although this hinge point
has also been involved in the oligomerization process
of the cytolysin PFO (Ramachandran et al. 2004;
Rosado et al. 2007), this seems unlikely in perforin,
where residues critically involved in oligomerization
(Baran et al. 2009; Dudkina et al. 2016) are neither
proximal nor directly connected to these glycines
(Figure 2). However, since the hinge points of each
subunit come into close proximity during pore

Gil-Herrera et al. — Novel p.Gly306Asp perforin mutation

formation, mutations in Gly305 and Gly306 could
hypothetically perturb the association of monomers
within the pore and therefore alter its properties and
(or) hinder its formation.

In addition to the high conservation of both Gly305
and Gly306, Polyphen-2 predicted a severe pathogenic
impact of the novel p.Gly306Asp, and of p.Gly306Cys,
p.Gly306Ser and adjacent p.Gly305Asp. The 4 muta-
tions result in high thermodynamic destabilization, as
predicted by the 4 algorithms that we have used. The
impact on stability would primarily explain HLH
pathogenicity associated to these mutations. Decreased
stability is a major factor underlying the dysfunction of
disease-associated missense mutations (Wang and
Moult 2001; Yue et al. 2005; Pey et al. 2007; Casadio
et al. 2011; Stefl et al. 2013). A recent and comprehen-
sive in silico study of human perforin molecule, using
FoldX and PoPMUSIC as predictive algorithms, identi-
fied nearly half of all missense FHL-2 perforin
mutations as significantly destabilizing (An et al.
2013). Gly305Asp and Gly306Cys were also included
in this work, and their predicted impact was nearly
identical to what we have found with our human per-
forin model.

Protein destabilization results in misfolding and
premature degradation, and correlates positively with
the degree of protein dysfunction and clinical severity
(Pey et al. 2007; Tokuriki et al. 2008; Tokuriki and
Tawfik 2009; McKeone et al. 2014). Interestingly, the
Arginine mutation of Gly357 in the complement
factor C7—a glycine corresponding to Gly305 in
perforin, is one of the most frequent mutations associ-
ated with C7 deficiency, and was linked to serious mis-
folding and defective secretion (Fernie et al. 1997;
Barroso et al. 2004; Rameix-Welti et al. 2007; Barroso
et al. 2010).

Perforin immunophenotyping and the predictions
in silico suggest serious misfolding in the novel
p-Gly306Asp, as well as the p.Gly306Cys, p.Gly306Ser
and the p.Gly305Asp mutants. As discussed earlier, it
may be possible that residual perforin expression and
secretion of those mutants could still exist when using
recombinant mutants in in vitro expression systems.
However, even if secreted, it is likely that the mutants
would display aberrant pore formation, since the
Gly305/306 pair is presumably essential for this postsy-
naptic process.
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Our in silico methods homogeneously predicted a
severe clinical impact of Gly305/Gly306 FHL-2 muta-
tions. This correlates with the early onset FHL-2 in
our patient with homozygous p.Gly306Asp mutation,
along with the very early onset and undetectable NK-
cell mediated killing FHL-2 in 2 triplets with
p.Gly306Cys mutation (Grossman et al. 2005).
However, less severity could be attributed to
p-Gly306Ser, found in 2 late onset FHL-2 patients and
even in a healthy sibling; all of them carrying com-
pound heterozygous PRFI genotypes (Nagafuji et al.
2007; Gao et al. 2016). In fact, despite its impaired
maturation, likely related to misfolding, p.Gly306Ser
mutant seems to retain cytotoxic function (Nagafuji
et al. 2007). Finally, p.Gly305Asp was described along
with the p.Arg356Trp in an 18 year-old HLH patient
(Clementi et al. 2005). Since p.Arg356Trp is consid-
ered a hypomorphic mutant (Zhang et al. 2011;
Huang et al. 2014), this may explain the delayed age
of HLH onset in this patient.

In summary, HLH in our patient was caused by a
unique, homozygous mutation p.Gly306Asp in a critical
residue located at MACPF domain of perforin. Age of
onset and nearly absent perforin expression pointed to
p-Gly306Asp being a severe mutant, which is further
supported by our in silico studies. In vitro studies with
recombinant expressed mutants would be needed to
definitively classify p.Gly306Ser and related FHL-2
mutations, and to determine the precise contribution
of the proposed misfolding (pre-synaptic) and (or) the
inhibition of pore formation (post-synaptic) as the
molecular factors underlying their pathogenicity
(Voskoboinik et al. 2010).
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