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Abstract: Perforin plays a key role in the immune system via pore formation at the target cell mem-
brane in the elimination of virus-infected and transformed cells. A vast number of observed muta-
tions in perforin impair this mechanism resulting in a rare but fatal disease, familial
hemophagocytic lymphohistiocytosis type 2 (FHL2). Here we report a comprehensive in silico struc-
tural analysis of a collection of 76 missense perforin mutations based on a proposed pore model.
In our model, perforin monomers oligomerize having cyclic symmetry in consistent with previously
found experimental constraints yet having flexibility in the size of the pore and the number of
monomers involved. Clusters of the mutations on the model map to three distinct functional
regions of the perforin. Calculated stability (free energy) changes show that the mutations mainly
destabilize the protein structure, interestingly however, A91V polymorphism, leads to a more stable
one. Structural characteristics of mutations help explain the severe functional consequences on
perforin deficient patients. Our study provides a structural approach to the mutation effects on the
perforin oligomerization and impaired cytotoxic function in FHL2 patients.

Keywords: perforin gene mutations; FHL2; familial hemophagocytic lymphohistiocytosis; structural
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Introduction

Familial hemophagocytic lymphohistiocytosis (FHL)
is an autosomal recessive disorder in which five
types corresponding to five causative loci have been
described so far: FHL1 at 9921.3—q22 (unknown
gene), FHL2 at 10922.1-q22 (perforinl, PRF1 gene),
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FHL3 at 17g25.1 (UNC13D gene), FHL4 at 6q24.2
(STX11 gene), and FHL5 at 19p13.3-13.2 (STXBP2
gene). However, approximately 10% of FHL cases
still lack a genetic basis, one or more genes yet un-
identified might be involved. Each of these genes
encodes for a protein that is charged in various steps
of secretory granule-mediated death pathway. FHL2
is a rare but lethal disorder characterized by fever,
hepatosplenomegaly, cytopenia, hyperferritinemia,
hypertriglyceridemia and/or hypofibrinogenemia,
decreased natural killer (NK) cell activity, increased
CD25 level, and hemophagocytosis. Patients suffer-
ing from FHL2 show a variety of phenotypes that
are often associated with severe clinical symptoms
resulting in death if not treated with limited treat-
ment capability (HLH-2004 protocol’ and bone
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marrow transplantation). Sequencing of PRFI gene
in these patients proved the link between the dis-
ease and the perforin mutations.?

Perforin is involved in one of the primary mech-
anisms of lymphocyte-mediated cytolysis. Immune
response of cytotoxic T cells or natural killer (NK)
cells against viruses and pathogenic agents are initi-
ated by the secretion of cytolytic granules including
perforin and granzyme B onto the target membranes
of the infected cells. The defect in this mechanism
caused by perforin mutations leads to the symptoms
of familial hemophagocytic lymphohistiocytosis type
2 (FHL2).2* Absence/reduction of functional per-
forin proves its indispensable role in the immune
system. Consequently, patients face infections
caused by viruses or pathogens due to the insuffi-
cient killing of the infected cells, which triggers the
overproduction of activated cytokines.?®

Perforin mutations have been reported to
account for up to 40% of total FHL cases.” More
than 100 mutations in perforin were observed so far,
of which the significant majority were reported as
disease-linked.® These mutations can be in homozy-
gous, heterozygous, or compound heterozygous form,
where the last one results in varying phenotypes.
Genotype—phenotype studies show that there is a
strong correlation between the genetic defect and
the function of perforin.®~* The impact of the muta-
tions appears as absent or reduced perforin activity,
which in turn drive severe clinical symptoms in the
patients. Although FHL2 patients were diagnosed in
several countries, some single mutations have
higher incidences in some certain populations (such
as W374X in Turkish population,’® L17X in African-
Americans, and L364X in Japanese people'®) which
might be due to the presence of consanguineous
marriage or founder effect. Although deletion, inser-
tion, nonsense, and missense type of mutations have
been described in functional domains of perforin, the
mechanism underlying the genotype—phenotype cor-
relation still remains to be elusive.>"3-17

Perforin is a 67-kDa multidomain protein and it
oligomerizes to form a pore on the target cell mem-
brane as the key step to its cytotoxic function. Per-
forin is a thin key-shaped molecule made of three
domains: an amino-terminal membrane attack com-
plex perforin like (MACPF)/cholesterol-dependent
cytolysin (CDC) domain, an epidermal growth factor
(EGF) domain, and a Ca®"-dependent membrane
binding C-terminal C2 domain. The sequence simi-
larity between perforin and complement components
C6-C9 of the membrane attack complex suggests a
common mechanism of transmembrane channel for-
mation (MAC). Lately, the data from structural stud-
ies revealed that perforin has also homologous
domains in bacterial CDCs.'®21 Although perforin
utilizes MACPF domain for defense as opposite to
the attacking function as in bacteria, it was strongly
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suggested that they share a common mechanism,
until the differences between two have been unrav-
eled®® showing the flexibility of the protein. The
essentiality of perforin for cytotoxic lymphocyte
function has been known for decades, however, the
molecular and structural bases for membrane bind-
ing and pore formation have been recently
revealed.??23 QObserved mutations in perforin are
well documented so far, but the structure—function
relationship of the protein leading pathogenicity
remains to be deciphered. A number of studies pub-
lished so far are limited to present novel mutations
and the clinical findings on FHL2. In this study, we
collect all available mutation data on perforin and
their associated phenotypic effects. We model the
three-dimensional structure of the pore-forming per-
forin complex. We then investigate the possible func-
tional consequences of perforin mutations based on
this model structure and the resulting effect on phe-
notypes of FHL2 patients. We find that a large col-
lection of missense perforin mutations map to three
distinct functional regions of perforin where Ca
binding, membrane insertion, and oligomerization
occur. The mutations occupy critical positions on the
structure in terms of stability. The majority of them
cause an increase in the total free energy leading to
the instability of the protein. However, A91V is an
exception to this, which is widely accepted as a neu-
tral polymorphism. Here, we also propose a model
for the initial state of perforin pore, which is consist-
ent with the previously known intermolecular inter-
actions. The analysis of the clinical data of the
FHL2 patients suggests the existence of the relation-
ship between the structural defects and the observed
symptoms. The phenotype of the patient is related
to the characteristics of the corresponding mutation.
Our study, to our knowledge, is the first example
that associates the present clinical data at such
large scale with a novel structural analysis.

Results

Perforin is a protein having many lethal mutations
mostly spread on its functional domains. In order to
acquire a complete understanding of the role of the
mutated residues in protein function, we included
all known mutations in our analysis. In HGMD,?
currently a total of 103 reported mutations is given
including missense, nonsense, deletion, and inser-
tion types of mutations (Table I). Here we analyzed
the 76 missense perforin mutations that we collected
from the public databases and the reported cases in
the literature (see Supporting Information Table
S1). Among these, the majority (58 residues) is
found in the large MACPF domain (which is com-
posed of 349 residues) whereas another significant
portion (13) resides in the Ca-dependent lipid-bind-
ing domain C2 (83 residues). It should be noted that
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Table I. Mutation Types and Corresponding Number
of Mutations in Perforin as Currently Given in HGMD*
(http: | |www.hgmd.cf.ac.uk /ac/gene.php?gene=PRF1)

Mutation type Number of mutations

Missense/nonsense 86

Small deletions 13

Small insertions 4
Total 103

2 The Human Gene Mutation Database.

the total number of different mutation sites is 65,
indicating that more than one mutation occurred at
some residues. Large number of mutations with their
high proportion in functional domains particularly
enabled us to infer substantial associations regarding
the mutation—disease relationship, providing a

side view

broader outlook compared to previous studies where
smaller groups of mutations were considered.

The perforin model we created has its basis on a
recent experimental observation on murine per-
forin??; however, in our study, we started with
human perforin (homology model) to build up our
pore model. With this step, we aimed to avoid the vi-
carious inference from the murine perforin pore that
may possibly differ from the human perforin pore,
although there is no such evidence reported so far,
expecting to have a direct assessment on the
functional impact of mutations that are observed
in human. Our model is a representative of experi-
mental data that is known about pore formation in
human (Fig. 1), where 20 monomers are present
(C20 symmetry) having ~14 nm diameter.

top view

Figure 1. A model for perforin pore. Each monomer is shown in a different color (20 monomers are in the model). The model is
consistent with the three experimental constraints: i) Perforin monomers interact via the opposite flat faces of MACPF domain.?
i) Arg214 (positively charged) and Glu344 (negatively charged) undergo a direct ionic interaction between two adjacent
monomers, as well as Asp192 (negative) is important for oligomerization.23 iii) The pore is symmetric where orientation of
MACPF domain is opposite to that of in CDCs?? (rotational cyclic symmetry of C20 is shown).

An et al.
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Table II. Clusters of Missense Perforin Mutations and Their Functional Assignment on the Protein Structure

Cluster no Domain Region Function
Cluster 1 MACPF Interface of perforin monomers Oligomerization
Cluster 2 MACPF Small clusters of « helices Membrane-spanning
Cluster 3 C2 Ca binding domain Membrane attachment

Residue numbers in clusters:

Cluster 1: 38, 39, 45, 50, 54, 70, 73, 89, 91, 95, 102, 119, 123, 126, 149, 177, 183, 193, 198, 201, 215, 220, 221, 222, 224,

225, 232, 305, 306, 334, 345, 356, 357, 361

Cluster 2: 157, 168, 170, 240, 252, 253, 261, 262, 279, 298, 299, 313, 317

Cluster 3: 426, 429, 430, 435, 438, 450, 459, 481, 486, 491

Clustering mutations that are close in the 3D
structure resulted in three large clusters where each
includes at least two pairs of “connected” mutations.
Cluster 1, Cluster 2, and Cluster 3 consist of 34, 13,
and 10 mutations, respectively (Table II). Other
than these, one cluster including one pair of con-
nected mutations and six clusters including single
mutations were found, which were disregarded to be
discussed further since the number of mutations
included are not sufficient to be associated with a
common feature. Cluster 1 and Cluster 2 are located
in the MACPF domain whereas Cluster 3 sits at the
tip of the C2 domain. Mapping the mutation clusters
on the perforin structure reveals three distinct
regions where each of them depicts a different func-
tional group of perforin (Fig. 2). Cluster 1 maps the
region where perforin monomers interact with each
other during oligomerization, including nearby
mutations to residues Aspl192, Arg214, and Glu344,
which have been previously shown to undergo ionic
interactions required for the pore assembly.?® Clus-
ter 2 maps the region where the two small clusters
of a helices (CH1 and CH2) are located that they
refold into membrane-spanning amphipathic £

Cluster 2

Cluster 3

Figure 2. Three main clusters of perforin mutation regions
shown on the model structure.
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strands which is a crucial step for the membrane
insertion. Last, Cluster 3 maps the region where C2
domain exerts its function, Ca-binding membrane
attachment, which is a prerequisite for the pore for-
mation. Mutations within the same -cluster are
expected to have similar overall effect in contribu-
tion to the disease phenotype rather than the ones
in different clusters. Therefore each of these three
cluster-functional region associations suggests a dis-
tinct possible explanation for the disruption of per-
forin function at structural base.

The structural effects of mutations are strongly
associated with their location on protein structure.
Mutations which occur on the surface of the protein
may disrupt the binding site whereas those occur in
the core region distort the protein conformation. We
classified the mutated residues in perforin as buried,
exposed, and residues with intermediate exposure
according to their relative solvent-accessible surface
areas (RASA) (Table III). Our analysis shows that
perforin mutations are uniformly distributed to the
surface and core regions of the protein.

Mutations are often associated with the stability
of protein structure, resulting in free energy
changes. As a result, the native state of the protein
may be totally lost as in the case of nonsense or
frame shift mutations, or may be partially altered as
in our case of missense mutations. To have further
insight on these mutations, we analyzed in detail
the total energy changes on the perforin caused by
the 76 observed missense mutations. To assess the
specificity, not only the 76 observed mutations but
also all the possible missense mutations over the
entire sequence (531 X 20 = 10,620 where n is the
total residue number) were computationally studied.
A statistical comparison between three samples was
performed, where the first sample is the 65 clinically
observed different mutation sites with the total
number of destabilizing (AAG > 2 kcal/mol) muta-
tions per site. The second and the third samples are
the entire sequence (n = 531) and the non-mutation
sites (n = 466), respectively. We concluded that
observed mutations occupy critical positions for per-
forin stability, having significantly greater energy
changes than that in the random case (P = 0.008

Structural Analysis of Perforin Mutations



Table III. The Number of Mutations in Three Groups
Classified According to Relative Accessible Surface Area

RASA?
Between 5%
<5% and 30% >30%
Number of
mutations 20 (113) 28 (184) 17 (234)

The numbers in brackets show the total number of residues
with the given RASA thresholds for each group. <5%: bur-
ied, between 5% and 30%: intermediate exposure, >30%:
exposed.

2 Relative accessible surface area. RASA values for each
mutated residue are given in Table VI.

and SD = 7.05% between sample 1 (n = 65, mean =
8.91) and sample 2 (n = 531, mean = 6.36); P =
0.002 and SD = 6.99% between sample 1 and sam-
ple 3 (n = 466, mean = 6.00)).

Further stability analysis was carried on the
types of mutations and the relative accessible sur-
face areas of the corresponding residues. The muta-
tions were classified according to the residue types
into four groups as charged — charged (8%),
charged — neutral (30%), neutral — charged (20%),
and neutral — neutral (42%) (Supporting Informa-
tion Table S2). Among these AAG values of the third
group (neutral — charged) were particularly high
showing that charge contribution of the mutated res-
idues greatly lowers the overall stability of the pro-
tein as expected. It also points that the mutations of
this group are located at such functionally critical
regions of the perforin that addition of charge
groups cannot be tolerated. Moreover, individual
analysis of the mutations revealed that there is a
good inverse correlation between the AAG and the
total relative accessible surface area. The residues
having very low RASA resulted in significantly high
AAG values, suggesting that the mutations in the
core region might cause instability (maybe leading
to an unfolded conformation) or displacement of
charge groups that stabilize the protein (Table IV).
On the other hand, the majority of the stabilizing
mutations have large relative accessible surface
areas falling into the “exposed” category.

Mutations are usually expected to destabilize
the protein structure. Among the 76 missense muta-
tions we studied, half of them fall into this category
having a total energy change greater than 2
kcal/mol, yet other 27 have less than 2 kcal/mol but
still positive values. However, a group of 11 muta-
tions resulted in negative numbers, which by defini-
tion shows that these mutations contribute to the
stability of the protein. These results were in con-
sistent with outcomes of another energy calculation
method and two prediction tools for functional
impact of amino acid substitution (see Supporting
Information Table S3 for Polyphen2,2* see Support-
ing Information Table S4 for SIFT,?® see Supporting
Information Table S5 for PoPMuSiC2%), where Poly-
phen2 and SIFT are based on phylogenetic approach
which takes position conservation into account. One
mutation with the greatest negative energy change
among the last group was remarkable, A91V, which
is discussed further in the “Discussion” section.

Perforin monomers have a large interface along
two alpha helices protruding from the MACPF do-
main where they oligomerize (Fig. 3 and Supporting
Information Fig. S1). At this interface, a total of 38
residues were predicted to be in the interaction site
between two perforin molecules based on a given
distance threshold (the sum of van der Waals radii
of two atoms + 0.5 A). Six of these residues on ei-
ther face of the MACPF domain are among the
observed 65 mutation sites (Supporting Information
Table S6). Out of 38 interface residues 16 of them
are predicted as hot spots (the residues which
account for the majority of the binding energy at the
interfaces®®), and three of them are the mutation
sites. These three mutation sites that are hot spots
at the interface might show that the absent or
reduced cytotoxicity in particular patients carrying
them is due to the disruption of perforin oligomeri-
zation. Corroboratively, in a patient with homozy-
gous R225W mutation (one of our predicted hot spot
residues), although perforin expression was at nor-
mal range (91%), natural killer cell function was
reported as significantly reduced.?® However, more
experimental setups are required to verify the char-
acteristics of interactions between individual resi-
dues at the interface.

Table IV. The Correlation Between Total RASA and AAG of Perforin Mutations

AAG (in keal/mol)

<0 Between 0 and 2 >2 Total
Buried (<5%) 12 4 21 26
Total RASA Intermediate exposure (between 5% and 30%) 2 14 15 31
Exposed (>30%) 8 9 2 19
Total 11 27 38 76

Numbers show the total number of mutations for a given RASA and AAG range.

2 A91V polymorphism.

An et al.
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Glu344

a

Figure 3. Interface between perforin monomers. (a) The ionic interaction between Arg214 and Glu344.2% (b) The highlighted

interface residues predicted by Hotpoint Webserver.2”

Discussion

Perforin has remained implicit for decades after its
role in cytotoxicity has been first described in
1985.3931 Nevertheless since then it was well known
that perforin acts via pore formation in synergy
with granzyme B, however, the exact mechanism of
the pore formation remained elusive because of the
lack of sufficient evidence. For decades, an analogy
was made between perforin and CDCs. Recently, the
determination of the X-ray crystal structure of the
murine perforin elucidated the mechanism of per-
forin pore formation.?? However, the number of func-
tional studies on perforin mutations is very few. In
this study, we investigated the human perforin
(homology model) with a structural perspective,
redounding the understanding of severe consequen-
ces of perforin deficiency due to mutations observed
on FHL2 patients.

The perforin pore model we created is consistent
with the previously proposed classical pore models;
differently, our model is based on human perforin
where the homology model is used, which is relevant
since the associated clinical data refers to human.
Additionally, it suggests flexibility for the size of the
pore and the number of monomers involved, both of
which are indeed observed to vary in vivo by cryoe-
lectron microscopy.?%22 However, perforin undergoes
a large conformational change during its rearrange-
ment to insert into the membrane, forming a large
amphipathic transmembrane B-barrel.®? Since the
contact regions between monomers are subject to
change during this transition, our interface analysis
is mainly valid for the initial pore state. As a result,
our in silico functional analysis primarily addresses
the postsynaptic defects of perforin mutations.

828  PROTEINSCIENCE.ORG

Further experimental studies revealing structure in-
formation of the complete pore state will help us bet-
ter understand these defects.

Mapping of the mutations onto the protein
structure shows valuable information about the
potential characteristics of the mutations. Perforin
is functional only in the presence of high concentra-
tion of Ca2?’ ions, which bind to the C2 domain
thereby initiate the membrane attachment. It was
shown that mutagenesis of a number of conserved
aspartate residues at this region including two of
the mutated residues in our Cluster 3 (D430A and
D486A) caused a total loss of cytotoxic activity of
perforin.®®* In the same study, two more mutations
in this cluster (G429E and T435M) that are close to
critical aspartate residues including these two for
Ca binding were characterized and the former was
found to significantly reduce the cytotoxicity
whereas the latter, surprisingly, had no effect on
perforin activity, as opposed to the prediction in two
other reports.'6-34

Proteins interact with each other via interface
residues. Disruption of the interaction is the pri-
mary target responsible for dysfunction of multipart-
ner protein complexes, so any structural change that
occurs at the interface residues has the potential to
render the protein less active or inactive. Likewise,
having a large interface between perforin monomers
used for oligomerization prior to the pore formation
may help to explain the fatal consequences of per-
forin mutations, particularly those which are found
at or nearby the interface (Cluster 1). As a matter of
fact, it was previously shown that charge reversal or
substitution to different type of residues of three
interface residues dramatically decreased

Structural Analysis of Perforin Mutations



cytotoxicity (D192K, R214E, and E344R).2*> More-
over, our interface analysis suggests that there are
more residues involved in the perforin—perforin
interaction, as we predicted in total 38 residues of
which only above three were experimentally demon-
strated so far. The characteristics of the interface
being such large and strong require many more indi-
vidual interactions that keep the monomers intact
during the pore formation. These yet-unidentified
residues contributing to the perforin—perforin inter-
action have a high potential to be in our prediction
list, as we correctly predicted the previously known
three residues as well, by using the same algorithm
on our webserver.2”?® With this analysis, we for the
first time provide a list of candidate perforin resi-
dues that might be useful to be primarily investi-
gated in further studies aiming to reveal perforin—
perforin interaction.

Perforin mutations obviously have a heterogene-
ous character. Three types of perforin mutations in
terms of genetic form are observed: homozygous,
heterozygous, and compound heterozygous. Although
the significance of homozygous mutations is rela-
tively straightforward to interpret, heterozygous
ones contribute to the complexity of the disease,
such as late onset cases. Since an important ques-
tion about perforin mutations is whether they are
distinguishable in their resulting effects (i.e., per-
forin expression, NK cell activity, cytotoxicity, sever-
ity, and onset of the disease), different genetic forms
of the same mutation might be useful to solve it.
Indeed, there are few examples in which mutations
are found both in homozygous and compound hetero-
zygous form (V50M,"293% (1498,2935-37 (2208,313
R225W,>132% and H222Q3"-8). Although it is possi-
ble to study the structural effects of these mutations
separately, the lack of the sufficient knowledge
about the underlying mechanisms of perforin func-
tion keeps our question alive. Nevertheless our
detailed analysis of the missense perforin mutations
reveals important clues about the perforin deficiency
in FHL2 patients. More clinical reports about FHL2
patients and functional studies about perforin muta-
tions will further clarify this question, as well as the
one why some patients show late onset of the
disease.

A novel assignment of the missense perforin
mutations as “stabilizing” or “destabilizing” and the
comparison with introduced random mutations led
us to uncover that the perforin mutations are not
randomly distributed over the protein structure, but
rather occupy critical positions in terms of stability,
although they are virtually found anywhere on the
structure. However, the stability analysis is mainly
valid for the postsynaptic mutations, those attain a
native fold and then undergoes conformational
change. In relevant analyses throughout this study,
it is noteworthy that we used the complete dataset

An et al.

of mutations including presynaptic and postsynaptic
types, as it is not possible to study only postsynaptic
mutations since such an agreed classification of per-
forin mutations currently is not available, due to the
lack of knowledge on particular impact of each indi-
vidual mutation.

The prediction results on stability change upon
mutation we collect here should be evaluated care-
fully. Although we present data from several effec-
tive methods for comparison, experimental
knowledge on individual mutations will potentially
have further useful information wherever available.
Ilustratively, a previous study shows that several
perforin mutations are temperature-sensitive, corre-
lating with late onset cases, suggesting another
mechanistic dimension to perforin cytotoxicity.!® Yet
a very recent report of a novel missense mutation
(D49N) demonstrates a gain of a glycosylation site
leading to protein misfolding and instability.?® These
findings provide invaluable additional information to
our prediction results.

FHL2 patients carrying A91V change show vari-
ety in phenotype that makes it difficult to determine
if it is a neutral polymorphism or a pathogenic one.
Previously it was reported that A91V change was
found in healthy populations with high allele fre-
quency presenting no signs of the disease.2**° Later
it was shown that A91V change causes decreased
level of perforin expression and partial loss of lytic
capacity.'® Likewise, perforin harboring A91V was
not folded properly*! and was also temperature-sen-
sitive.'® Some other studies revealed late onset cases
associated with it.2>*2 Recently, an experimental
study demonstrated that A91V change causes con-
formational change and reduces the production of
the active perforin, resulting in defective cytotoxic
function.* Moreover, A91V change was observed in a
FHL2 patient together with tuberculosis, suggesting
its potential contribution to the pathophysiology and
possible synergistic role in the late onset of FHL2.%3
All of these diverse findings bring A91V change to
the focus of perforin mutations, which actually
might be important to understand the structure—
phenotype relationship between perforin and FHL2
if studied in detail. In our stability analysis, we
found that A91V change decreased the total energy
of the protein structure significantly (AAG = —1.07
kcal/mol) although it was buried in the core region
of MACPF domain (RASA = 3%). Therefore, A91V
change particularly stabilizes the protein structure.
Furthermore, the conserved alanine residue at posi-
tion 91 does not directly take place at the interface
of perforin monomers in our pore model, also is far
from the small clusters of membrane-spanning «
helices. In addition, both having small neutral side
chains, change of alanine to valine might be toler-
ated for the sake of chemical resemblance. Hence
our results supports that A91V polymorphism is
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rather a neutral or “milder” class mutation'” from
the structural point of view. However, severe patho-
genic cases of A91V change primarily suggests that
pathogenicity might arise from the second allele (in
compound heterozygous cases). Alternatively, other
factors such as epigenetic regulation?* or tempera-
ture sensitivity®® might be involved which makes
the link between the mutation and the perforin defi-
ciency more complex than the assumption of a direct
cause-and-effect relationship, such as differential
levels of protein expression or cytotoxicity. In a
broader context, FHL can also be triggered by a
combination of mutations that occurs in several pro-
teins involved in the secretory granule-dependent
pathway. The impact of these mutations will stay
hidden unless the patients are also sequenced for
these proteins. In such a case, the exact contribution
of the particular mutations will remain unclear.

Up to now, numerous clinical studies have
reported the clinical manifestations of FHL2
patients carrying a variety of perforin mutations
(Table V). On the other hand, several studies
addressed the structure of homologous partners of
perforin or MACPF domain,*®2° where a huge step
was recently taken by the determination of the crys-
tal structure of monomeric murine perforin. Our
study combines these two methods, providing a com-
prehensive analysis of perforin mutations from a
structural perspective.

Methods

Homology modeling

A homology model of human perforin was obtained
from Swiss-Model Webserver*® based on mouse per-
forin as the template (PDB ID: 3NSJ,?? resolution:
2.75A, RMSD: 2.28, sequence identity: 68%, residues
modeled: 22-552), which is minimized by the server
at the end of the modeling procedure. The model
fully covers all three domains of perforin, which are
MACPF, EGF-like, and C2, where MACPF is a large
conserved domain among bacterial cytolysins and
complement components. All residue numbers
throughout this study are for human perforin. Uni-
ProtKB*” was used for sequence and domain assess-
ment of the human perforin (ID: P14222).

Data collection

A total of 76 observed missense perforin mutations
were collected from the public mutation databases:
The Human Gene Mutation Database (HGMD),® Lei-
den Open Variation Database (LOVD),*® and the
reported cases in the literature, belonging to 65 dif-
ferent mutation sites on the model protein sequence.
Clinical data of 89 FHLZ2 patients harboring perforin
mutations were manually curated from the litera-
ture where available. The complete list of mutations
is given in the Supporting Information Table S1 and
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the curated clinical data is given in Tables V and VI.
The clinical data include patient/case ID, nucleotide
sequence alteration, country of origin, consanguini-
ty /family history, age at diagnosis, sex, central nerv-
ous system involvement, symptoms, treatment, and
BMT status and its outcome.

Clustering mutations in the three-dimensional
structure

Perforin has a vast number of missense mutations
observed at 65 different sites, but not all of them are
expected to cause the same structural impact on the
protein. A link between groups of mutations and the
functional regions of the perforin might be useful for
predicting the structural cause of the resulting per-
forin deficiency. For this reason, the mutation sites
in the three-dimensional structure were clustered. A
distance matrix (65 X 65) was created from the C*
coordinates of 65 residues where the residues closer
to each other than 10 A were marked as “connected.”
Any mutation site within this interval in the neigh-
borhood was added to the same group. Each group
having connected residues formed a cluster.

Stability analysis

The change in protein stability upon mutation was
calculated by <PositionScan> command of FoldX*®
version 3.0 beta 5.1 (http:/foldx.crg.es/). Prior to
energy calculation, the model structure was mini-
mized using the <RepairPDB> command. Each of
531 residues in the model was mutated to other 20
amino acids (including itself). Then AAG values
were extracted from the FoldX output files. Any
mutation resulting in AAG < 0 kcal/mol and AAG >
2 kcal/mol was considered as stabilizing and desta-
bilizing, respectively. These cut-off values are used
in accordance with the development of FoldX algo-
rithm, obtained from correlations of AAG®™® and
AAG®™® values for 1088 mutants.’® The statistical
significance of the observed mutations leading to the
instability of the protein was measured with two-
tailed Student’s ¢-test, assuming unequal variance
between two samples. The observed mutation sites
with the total number of mutations per site which
resulted in total energy changes greater than 2
kcal/mol according to the FoldX*® calculations com-
prised the first sample (n = 65 residues). The second
sample consisted of either the entire sequence (n =
531 residues) or the non-mutation sites (n = 466
residues) with the same criteria.

Perforin pore model

The pore model was created in VMD®! from the
monomeric homology model as the starting struc-
ture. Two copies of the homology model were loaded
to form a homodimer complex (currently on top of
each other). The initial and the new-loaded mono-
mer will be referred as left partner and right

Structural Analysis of Perforin Mutations
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15598808
15598808
12599189

Dead

9 m/M
33 m/M

+/-

1376 C—T Algeria

Patient 1

Pro459Leu

Dead

+ +

+/=

1376 C—T Algeria

Patient 2

1304 C—T

Patient W.

Thr435Met

SCT/alive

17525286
17525286

and well

+

+ o+ o+
+ + + o+

2 m/F
0 m/M

+/

Netherlands

666 C—A
949 G—A/1288 G—T

2 If single mutation is shown, it is homozygous; otherwise mutations are compound heterozygous.

Patient 1

His222GIn

Sweden + Dead

Patient 2

Glu317Arg/Asp430Tyr

+, finding is present; —, finding is not present; M, male; F, female; fs, frameshift; ins, insertion; BMT, bone marrow transplantation; SCT, stem cell transplantation
Symptoms: CNS, central nervous system involvement; F, fever; S, splenomegaly; C, cytopenia; H/H, hypertriglyceridemia and/or hypofibrinogenemia; H, hemophagocytosis.

partner of the complex from now on, respectively.
First, the first three principal axes of the left part-
ner were drawn originating from its center of mass
[Fig. 4(a)]. Second, the complex was oriented so that
the third principal axes were aligned to the z-axis;
hence orthogonality of the complex to the xy plane
was achieved [Fig. 4(b)]. Third, the right partner of
the z-aligned complex was rotated about the z-axis
by an arbitrary degree, which was used as a param-
eter to determine the number of monomers to be
included in the pore, and translated along the y-axis
by an arbitrary distance, which was used as a sec-
ond parameter to determine the size of the pore
[Fig. 4(c,d)]. Finally, the right partner of this z-
aligned complex was superimposed with the left
partner of another loaded complex by using
<measure fit> command in VMD, this particular
step was repeated until the desired number of mono-
mers came together to obtain the pore model struc-
ture with a cyclic symmetry [Fig. 4(e,)]. The
redundant monomers, that is, all right partners,
were finally deleted.

Structural analysis

The interface between perforin monomers for the
homodimer model complex was extracted by using
Hotpoint Webserver?” with the default distance
threshold, that is, the sum of van der Waals radii of
two atoms + 0.5 A. Some residues are attributed to
be more important because of their higher contribu-
tion to the binding energy than others in protein
interfaces. These residues are called hot spots. The
hot spots between perforin monomers were predicted
by the same server (see Supporting Information Fig.
S1). The mutations observed at the hot spots are
expected to have more dramatic changes for perforin
oligomerization. The relative surface accessibility of
the residues was calculated using PSAIA®? to check
the distribution of the mutated residues on the pro-
tein structure.

Conclusion

This study presents the most extensive structural
analysis of the missense perforin mutations in the
literature where computational methods were used
in silico. A pore model is created to see how the
mutations interfere with the perforin’s mechanism
of action. In addition, clinical data from FHL2
patients are investigated to link the mutations to
the resulting phenotypes. As a result, it is clearly
shown that the mutations are closely associated
with the functional regions of the perforin. Free
energy calculations further confirm that the muta-
tions occupy critical positions on the protein struc-
ture. Interface residues between perforin monomers
play a direct role during oligomerization, which is
the key step of the pore formation. The biochemical
properties of the mutated residues reveal the

Structural Analysis of Perforin Mutations



Table VI. Structure-phenotype relationship of missense perforin mutations on FHL2 patients. Mutations and their

corresponding cluster ID (if available) are given in the first two columns. The third column shows the stability

change upon mutation (AAG) values calculated by FoldX. In the fourth column, the total relative accessible surface
areas (RASA) are given for the original residue before mutation in the monomeric model structure. The fifth and the
sixth columns show the clinical phenotypes of the patients carrying the corresponding mutations, natural killer cell

activity and the percentage of perforin expressing natural killer cells, respectively. The last column shows if the
mutation is observed in heterozygous state (yes), homozygous state (no) or compound heterozygous state (with the
other mutation name). For references, see Table S1 in supplementary material. [Color table can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Perforin
Mutation Cl;lls)ter Stabilitykgll?;%;mAG in 11;2211& NK function' | expressing I;JK Heti;‘;ﬁfo“s
(%) cells (%)
V38L 1 NA NA yes
V3gM 1 NA NA no
P39H 1 0.01 1 G149S
G45R 1 0.12 61 R54C
G45E 1 0.01 1 L17X
V50M 1 X X X
R54C 1 0.12 61 G45R
D70V 1 NA NA Y219X
D70Y 1 0.01 1 MII
C73R 1 0.01 1 L17X
C73Y 1 NA NA L17X
P89T 1 NA reduced NA
A91V" 1 X" X" X"
WOISR 1 absent NA no
C102F 1 NA NA yes
R119W 1 sigiibcantly NA E46X & A91V
reduced
R123H 1 NA NA NA
R126C 1 NA NA NA
V135M 1 NA NA NA
G149R 1 NA NA NA
G149S 1 X X X
F157V 2 0.01 1 1628insT(fs)
S168N 2 NA NA yes
S170R 2 absent NA E243X
R177C 1 NA NA NA
V183G 1 NA NA yes
F193L 1 NA NA R410P
G198R 1 NA NA yes
P201T 1 NA NA L285X
L2151 1 NA absent A262D
G220R 1 absent absent NA
G220S 1 NA NA No
T2211 1 NA NA R225W
H222R 1 0.01 1 yes
H222Q 1 0.01 1 1636delC (fs)
1224N 1 significantly absent No
reduced
R225p 1 NA absent No
R225Q 1 NA NA yes
R225W 1 0.01/0.01/0.01 91/54/NA no/no/S150X
An et al.
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Table VI. (Continued)

R232C 1 absent NA ! 18??:&’; 94t
R232H 1 S‘%fclﬁcc":(’iﬂy absent NA
R240G 2 NA NA No
N2528 2 X X X
E253K 2 0,17 29,238 absent absent 285delLys
E261K 2 1,29 I absent No
A262D 2 0,000 NA absent L2151
C279Y 2 5,386 NA NA yes
E298G 2 1,69 28,521 absent NA NA
R299C 2 1,25 27,350 0.01 NA G149S
G305D 1 13,117 NA NA R356W
G306C 1 18,000 re:lii:r:(?(c;;?r:loynn absem(zl)/ norma | 191 iills?f%(fs &
al(1) (triplet) stop)(2)/yes

D313V 2 16,085 NA NA MII
G317R 2 21,354 NA NA M1V
G334S 1 NA NA NA
P345L 1 1,90 3,454 NA NA NA
R356W 1 1,62 27,695 absent absent NA
R357W 1 0,43 29,976 NA NA NA
R361W 1 0.01 18 G149S
R410P - NA NA F193L
R410W - 2 NA L364fs
F421C - NA NA NA
G426S 3 NA NA NA
G429E 3 NA NA NA
D430Y 3 NA absent G317R
T435M 3 NA NA NA
Y438C 3 NA NA NA
Q446R - NA NA NA
T450M 3 absent NA NA
P459L 3 NA NA NA
P477A - absent absent no
Q481P 3 1,94 16,770 0.01 1 L17X
D486G 3 0,80 25,115 NA NA yes
D491N 3 1,49 24,204 NA NA NA
R509K - NA NA yes
A523D - 0,101 NA NA no
C5258 - 0,89 26,868 NA NA NA

>2 (kcal/mol)  (destabilizing) buried (< 5%)

between 0 and 2 (kcal/mol) intermediate exposure (between 5% and 30%)

<0 (kcal/mol)  (stabilizing) exposed (> 30%)

" :discussed further in the article
NA : not available

NK:

1
2

X

natural killer

: normal values: > 3,2
: normal values: 91-97 (0-1 year), 81-91 (1-15 years)
: reported in many cases with diverse clinical phenotype and/or in different genetic forms

(homozygous, heterozygous or compound heterozygous)

PROTEINSCIENCE.ORG
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Figure 4. Steps of perforin pore modeling. First row (a-d) shows the alignment of the homodimer model complex to z-axis
along its three principal axes. Second row (e and f) shows the symmetrical growing of the monomers toward a complete pore.
(@) The principal axes are drawn originating from the center of the mass of the protein. (b) The protein is oriented so that the
third principal axis is aligned to the z-axis (both pointing downward). (c) The second monomer (the red one, initially on top of
the blue one) is rotated about the z-axis by —18° and translated along the y-axis by 35 A so that the homodimer model com-
plex is created. (d) Top view of the aligned homodimer model complex in (c). (€) More monomers are added up by superimpos-

ing the homodimer model complexes. (f) Top view of (e).

underlying reasons for reduced or absent perforin
activity. A special case, A91V, reflects that perforin
deficiency is related to the stability of the protein
structure. Heterozygous behavior of the mutations
creates complexity in the resulting phenotypes.
Overall, this study presents valuable findings useful
for perforin biology and FHL disease. A network-
based analysis might be promising to understand
the perforin interactions in the secretory granule-
mediated death pathway.
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