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In Euplotes, protein pheromones regulate cell reproduction and mating by binding cells in autocrine or heter-
ologous fashion, respectively. Pheromone binding sites (receptors) are identified with membrane-bound pher-
omone isoforms determined by the same genes specifying the soluble forms, establishing a structural equivalence
in each cell type between the two twin proteins. Based on this equivalence, autocrine and heterologous pher-
omone/receptor interactions were investigated analyzing how native molecules of pheromones Er-1 and Er-13,
distinctive of mating compatible E. raikovi cell types, associate into crystals. Er-1 and Er-13 crystals are equally
formed by molecules that associate cooperatively into oligomeric chains rigorously taking a mutually opposite
orientation, and each burying two interfaces. A minor interface is pheromone-specific, while a major one is
common in Er-1 and Er-13 crystals. A close structural inspection of this interface suggests that it may be used by
Er-1 and Er-13 to associate into heterodimers, yet inapt to further associate into higher complexes. Pheromone-
molecule homo-oligomerization into chains accounts for clustering and internalization of autocrine pheromone/
receptor complexes in growing cells, while the heterodimer unsuitability to oligomerize may explain why het-
erologous pheromone/receptor complexes fail clustering and internalization. Remaining on the cell surface, they
are credited with a key role in cell-cell mating adhesion.

1. Background

Among evolutionarily more successful and experimentally more
promising ciliates, Euplotes calls for a privileged position. It is repre-
sented by nearly one hundred morphospecies that are regular compo-
nents of any food web and colonizers of the most disparate habitats
including abyssal depths (Zivalji¢ et al., 2020), hypersaline lagoons
(Fotedar et al., 2016) and high-latitude freezing waters (Di Giuseppe
et al., 2011; 2013; 2015). The extraordinary genetic variation underly-
ing this evolutionary success is largely explained by the adoption of a
strongly outbreeding lifestyle, which results from cell-cell mating in-
teractions and inter-population gene flow controlled through high-
multiple systems of mating-types (Nobili et al., 1978). These systems
act via species-specific families of diffusible signal proteins, nowadays
commonly reported as pheromones, each specified by one of a series of
multiple alleles (usually designated mat-1, mat-2, mat-3 and so forth)
that are inherited in Mendelian fashion at the mat-locus of the chro-
mosomic micronuclear genome (Heckmann, 1963; Nobili et al., 1978),
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and expressed as gene-size DNA molecules in the sub-chromosomic
macronuclear genome (Ricci et al., 2019; Vallesi et al., 2012).

The most apparent pheromone activity is sexual, manifested as het-
erologous (not-self) induction of cell-cell unions in mating pairs. It was
originally discovered in E. patella by Kimball (1942), who observed that
genetically identical cells were promptly induced to unite in mating
pairs following suspension with supernatant preparations from cultures
of genetically different cell types. This sexual activity has for long time
been regarded as the unique pheromone activity, receiving experimental
support (Miyake, 1981) particularly from the chemical characterization
of two structurally unrelated mating active molecules, a glycoprotein
and a tryptophan derivative (named “gamones”), isolated from cultures
of Blepharisma japonicum and assigned to represent two functionally
distinct cell types (improperly defined as ’sexually complementary’,
lacking any information on their genetic determinants and native Ble-
pharisma cells regularly practicing self-mating). The late arrival of
E. raikovi pheromones onto the scene has eventually provided evidence
that the pheromone sexual activity is not unique, but rather likely
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secondarily acquired in the course of evolution with respect to the less
apparent, yet primary autocrine (autologous) activity aimed at pro-
moting the mitotic reproduction (growth) of the same cells from which
pheromones are secreted (Vallesi et al., 1995).

This double biological activity is made possible by the close re-
lationships of pheromone structural homology, which permits members
of each species-specific pheromone family to bind target cells in mutual
competition (Ortenzi and Luporini, 1995; Ortenzi et al., 1990). As
shown by NMR spectroscopy of native protein preparations from
E. raikovi (Brown et al., 1993; Zahn et al., 2001), E. nobilii (Pedrini et al.,
2007; Placzek et al., 2007) and E. petzi (Pedrini et al., 2017), regardless
of variations in amino acid sequences, conspecific pheromones closely
mimic one another in their molecular folding basically represented by an
up-down-up three-helix bundle stabilized by a conserved pattern of
densely spaced disulfide bridges (Alimenti et al., 2009; Luginbiihl et al.,
1994; Luporini et al., 2016).

In E. raikovi, the pheromone binding sites on target cells have been
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identified with longer insoluble pheromone isoforms represented by
single-pass transmembrane type-II proteins, having the C-terminus
exposed on the extracellular side and the N-terminus on the cytoplasmic
side (Miceli et al., 1992; Ortenzi et al., 2000). These pheromone iso-
forms, henceforth regarded as pheromone receptors, are synthesized
through a mechanism of intron splicing by the same macronuclear
pheromone genes which encode the soluble pheromone molecules in the
form of immature cytoplasmic precursors (pre-pro-pheromones) (Miceli
et al., 1992; Ricci et al., 2019, 2021). As a consequence of this common
genetic determination, the pheromone receptors of each cell type turn
out to repeat the same pre-pro-pheromone sequence at the level of their
trans-membrane and extracellular ligand-binding domains, and to show
a new sequence (including potential phosphorylation sites) at the level
of the cytoplasmic domain (Fig. 1).

This structural context, combined with observations from mass
spectrometry analysis that native homo- and possibly oligomeric ag-
gregates (with the subunits associated by noncovalent forces) are
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Fig. 1. Schematic representation of the intron-splicing mechanism that in E. raikovi macronuclear pheromone genes results in the synthesis of soluble pheromone
molecules and longer membrane-bound pheromone isoforms. In the pheromone structure: TSS1 and TSS2, positions of the two transcription start sites; ATG1, ATG2
and TAA, positions of the translation-start and stop codons; dashed box, intron sequence; filled boxes, telomeric ends. Two distinct mRNA sequences are synthesized.
The sequence starting from TSS2 encodes a cytoplasmic pheromone precursor (pre-pro-pheromone), subject to enzymatic cleavages that remove the pre and pro
segments and release the soluble pheromone form. The sequence starting from TSS1 involves the removal of the intron sequence and encodes a longer pre-pro-
pheromone precursor, which avoids cleavages and remains anchored to the cell membrane. It includes an extracellular C-terminal domain formed by the pro-
pheromone sequence, a transmembrane domain formed by the pre (signal-peptide) sequence, and a cytoplasmic N-terminal domain formed by a new sequence.
The equivalence in structure between soluble and membrane-bound pheromone molecules is highlighted by identical colors. N and C, amino and carboxyl termini,

respectively. Based on Ricci et al. (2019).
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commonly formed by E. raikovi pheromones (Bradshaw et al., 1990),
provided a good reason to inquire into the pheromone/receptor in-
teractions on the cell surface by studying how native water-borne
pheromone molecules associate into crystals (Weiss et al., 1995). This
study has for long time remained confined uniquely to crystals raised
from preparations of the 40-amino acid pheromone Er-1 distinctive of
type-I cells. It provided evidence for a cooperative model of protein—
protein association in which Er-1 molecules tightly clasp into linear
chains by simultaneously burying two surfaces and rigorously taking
mutually opposite orientations as expected for pheromone and receptor
molecules interacting on the cell surface (Weiss et al., 1995).

Anew Er-1 crystals were eventually raised along with novel crystals
of a second pheromone, dubbed Er-13 and secreted from type-XIII cells
that are strongly mating reactive with type-I cells (Pedrini et al., 2022).
A comparative analysis between the two pheromone crystal structures
has, in the first place, fully validated the cooperative model of pro-
tein-protein association. In addition, it suggests a parsimonious
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explanation for the formation and the different destiny of the phero-
mone/receptor complexes that growing and mating cells form of auto-
crine or heterologous type, respectively, on their surface, and identifies
helix-3 (longer and structurally more regular than helices 1 and 2) as the
central element of the pheromone/receptor interactions.

2. Er-1 and Er-13 molecular and crystal structures

A relatively low degree of equivalence (40 %) joins the Er-1 and Er-
13 amino acid sequences extending 40 and 38 residues, respectively
(Fig. 2A). The two sequences match in 17 positions, while differing in
the others for non-conservative or semi-conservative substitutions.
Regardless of these amino acid variations, their up-down-up three-helix
folding is to a large extent wholly overlapping and stabilized by the same
three-disulfide bond pattern (Fig. 2B). Limiting the calculation of the
‘root-mean-square deviation’ (RMSD) to the positions of the backbone
atoms of residues on the helices 1 and 3, the RMSD value is as little as
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Fig. 2. Amino acid sequences and molecular structures of Er-1 and Er-13 pheromones. (A) Alignment of the Er-1 and Er-13 amino acid sequences. Boxes enclose
residues forming the three helical structures. Cys residues are shadowed and numbered progressively with Roman numerals; dots tag conserved residues. (B) Ribbon
representations of Er-1 and Er-13 pheromone folding, and superposition between the two molecular backbones. The three disulfide bridges are represented with
yellow ball and stick drawings; N and C, amino and carboxyl termini, respectively. (C) Perspective views of the packing array of Er-1 and Er-13 molecules in the
crystal. The mutually opposed orientations taken by molecules within the chains are highlighted by different colors: upside and downside orientated Er-1 molecules
are colored blue and cyan, respectively; upside and downside orientated Er-13 molecules are colored red and orange, respectively. (D) Orthogonal projections of the
Er-1 and Er-13 crystal chains along the chain propagation direction. The symmetry axes are indicated with standard symbols; N and C, amino and carboxyl termini,

respectively. Based on Pedrini et al. (2022).
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0.5 A. Minor structural variations are confined to the length and
configuration of the two inter-helix coil segments, and to the design of
helix-2 forming an initial 3;p-turn in the Er-1 protein while taking a
regular a-configuration in the Er-13 protein.

The Er-1 crystallographic structure was originally determined at a
resolution of 1.59 A (Weiss et al., 1995), and soon refined at 1.0 A
(Anderson et al., 1996, 1997), on crystals with a symmetry of space
group C2, grown by the sitting-drop vapor diffusion method applied to
lyophilized protein dissolved in MilliQ water at a concentration of 8.8
mg/ml. It has ultimately been re-determined at an even higher resolu-
tion of 0.7 A, revealing only a few functionally marginal variations, on
crystals that have been freshly synthesized and used in a cross seeding
procedure to grow Er-13 crystals, showing a symmetry of space group
P43 and analyzed at a resolution of 1.36 A (Pedrini et al., 2022).

Er-1 and Er-13 crystals are equally formed by molecules that tightly
pack into one-dimensional linear chains running parallel with one
another along a two-fold screw symmetry rotation axis parallel to the c
crystallographic direction (Fig. 2C, D). However, their symmetries
differ. A two-fold symmetry (intrinsic to a C2 space group) applies to Er-
1 crystals, while a four-fold screw symmetry (intrinsic to a P43 space
group) applies to Er-13 crystals. In the former, inter-chain contacts,
earlier described as “dimer 1” (Weiss et al., 1995) and burying an area of
approximately 330 A2, are provided by residues on helices 1 and 2 of
facing and inversely oriented molecules of two coplanar adjacent chains.
In the latter, instead, inter-chain contacts bury an area of approximately
155 A2 and are provided by residues mostly lying on inter-helix coil
segments of molecules from two chains that are rotated by 90° one with
respect to the other.

A substantial difference also distinguishes Er-1 and Er-13 molecules
in relation to their intra-chain arrangement and mutual contacts
(Fig. 3A). With respect to Er-1 molecules, Er-13 molecules settle rotated
approximately 30° about the helix axis, and this rotation makes only one
protein—protein interface fully equivalent in extension and geometry
between Er-1 and Er-13 chains. This conserved and arguably function-
ally more relevant interface buries matching areas in Er-1 and Er-13
chains (590 A% and 390 A2, respectively), and similarly involves contacts
between the great majority of residues on helix 3 of one molecule (n) and
residues on helices 1 and 3 of the nearest (inversely oriented) neighbor
molecule (n-1). On the other hand, a second interface that molecule n
shares with its next-nearest (similarly oriented) neighbor molecule (n-2)
turns out to be appreciably extended (approximately 200 A% only in Er-
13 chains in which it involves contacts between residues on helices 2 and
3 of molecule n and residues on helix 1 of molecule n-2. Burying only a
minimal area of 35 A% and involving a single water-molecule mediated
contact, it practically lacks in Er-1 chains, implying a secondary func-
tional relevance.
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3. Biological insights

Different behaviors are known from immunocytochemical observa-
tions (Vallesi et al., 1995, 2005) to distinguish the pheromone/receptor
complexes of autocrine type that appear on the surface of Euplotes cells
interacting with their self-pheromone, from the complexes of heterolo-
gous type that are formed by mating cells interacting with a not-self
pheromone. The autocrine complexes undergo clustering and internal-
ization via endocytic vesicles, whereas the heterologous ones oppose
clustering and internalization. It has thus been proposed, on the basis of
calculations of protein-protein dimerization forces, that their perma-
nence on the cell surface may function in stabilizing the cell-cell union
in mating pairs (Weiss et al., 1995).

As illustrated in Figure 4, the comparative analysis between Er-1 and
Er-13 crystals provides substantial information that accounts for this
contrasting behavior between autocrine and heterologous pheromone/
receptor complexes. The first piece of information directly pertains to
the evidence that molecules of structurally distinct pheromones equally
assume mutually opposite orientations to oligomerize into chains. This
protein—protein oligomerization pattern precisely mirrors the behavior
that is expected from soluble pheromone molecules binding to their twin
membrane-bound receptor isoforms bearing the C-terminus oriented
outside the cell.

The second piece of information instead relates to functionally sig-
nificant differences and similarities in the structure of the two surfaces
that Er-1 and Er-13 molecules bury in their common major intra-chain
association interface (Fig. 5A). The surface spanning helices 2 and 3 in
Er-1 molecules and only helix 3 in Er-13 molecules is characterized by
multiple residue substitutions, which make it a substantially molecule-
specific surface. Instead, the surface that in both Er-1 and Er-13 mole-
cules is provided by helices 1 and 3 turns out to be the site of conser-
vation, or semi-conservation of as many as 14 residues over the total of
16 residues exposed therein. Only two Glu and Asp residues that are
unique to Er-1 molecules are replaced in Er-13 molecules with two Ala
residues, causing local and functionally marginal increases in the surface
hydrophobicity. This large structural conservation of the helix 1/helix 3
surface thus strongly implies that Er-1 and Er-13 molecules can mutually
utilize it to interact with their specific surface, and likewise with their
membrane-bound receptor isoforms, in the formation of heterodimeric
complexes.

Two types of Er-1/Er-13 heterodimers can be expected (Fig. 5B),
according to whether an Er-1/Er-1, or an Er-13/Er-13 homodimer is
taken as a structural prototype for replacing (via minimal RMSD value of
the distance between equivalent backbone atoms of residues of helices 1
and 3) one of the two homo-dimeric subunits with a heterologous
molecule. In the case where the protein—protein association takes place
between the conserved surface of one Er-13 molecule and the specific
surface of one Er-1 molecule, the heterodimer would turn out to be more

Er-13

n-2

30°

Fig. 3. Top view of Er-1 and Er-13 crystal chains. Blue and red molecules point the carboxyl terminus towards the observer; instead, cyan and orange molecules point
the amino terminus towards the observer. Colored bars indicate the two (one minor and one major) contact interfaces that each molecule (n) establishes with the
nearest neighbor (n-1) and the next-nearest neighbor (n-2) molecules. The chain two-fold screw symmetry is indicated with the standard symbol, and the three alpha
helices of the Er-1 and Er-13 molecular folding are marked h1l, h2 and h3, respectively. Colored triangles replace ribbon representations to better visualize the
rotation of 30° about the helix axis that distinguishes the intra-chain arrangement of Er-13 molecules with respect to Er-1 molecules. Based on Pedrini et al. (2022).
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Fig. 4. Schematic representation of the different destinies that in E. raikovi (and likely in other Euplotes species) distinguish homo- and heterodimeric complexes
formed between soluble pheromone molecules and twin membrane-bound isoforms in relation to autocrine (A) and heterologous (B) pheromone/cell interactions.
Type-X and type-Y are any two of mutually mating-compatible cell types. Soluble pheromone molecules and membrane-bound receptor isoforms (R) are named Er-x
and Er-xR, respectively, in type-X cells, and Er-y and Er-yR, respectively, in type-Y cells. It is worth pointing out that Euplotes-cell mating interactions regularly
generate mating pairs that may equally be of heterotypic (X/Y) or homotypic (X/X, Y/Y) type. Based on immunocytochemical observations from Vallesi et al. (1995),
and on protein-protein dimerization forces as originally calculated in Er-1 crystals by Weiss et al. (1995) and validated in Er-13 crystals by Pedrini et al. (2022).
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Fig. 5. Heterodimerization between Er-1 and Er-13 molecules. (A) Structure of the two surfaces that Er-1 and Er-13 molecules bury in the formation of the major
intra-chain interface. Conserved, semi-conserved and not-conserved residues are colored green, yellow and red, respectively. The higher degree of conservation of the
surface equally provided by helices 1 and 3 in Er-1 and Er-13 molecules is highlighted by a higher incidence of green; a higher incidence of red instead highlights the
higher degree of specificity of the surface provided by helices 2 and 3 in Er-1 molecules and only by helix 3 in Er-13 molecules. The four residues, E12, S13, E16 and
S17, on the helix 2/helix 3 surface of Er-1 molecules are not colored, because they lie on helix 2 which is not exposed by Er-13 molecules. (B) Diagrammatic
representation of the two potential types of heterodimers arising by opposing the conserved surface of one Er-13 molecule to the specific surface of one Er-1 molecule
and, vice versa, by opposing the conserved surface of one Er-1 molecule to the specific surface of one Er-13 molecule.

stable, burying a larger interface and relying on the conservation of six
out of the seven hydrogen bonds involved in the Er-1/Er-1 homodime-
rization (Supplementary Table S1). In the alternative case, where the
association takes place between the conserved surface of one Er-1
molecule and the specific surface of one Er-13 molecule, the heterodimer
would instead turn out to be less stable, burying a smaller and more
hydrophobic interface, and involving the disruption of the single
hydrogen bond involved in the Er-13/Er-13 homodimerization. This
minor stability might thus require reinforcement from supplementary
protein—protein associations arising from the utilization of new in-
terfaces. Should these associations take place, their realization in the
form of regular linear chains would in any case run into phenomena of
clashing and steric collisions, which are the ultimate consequence of the
different intra-chain orientation of Er-1 and Er-13 molecules and the
most likely reason for frustrating efforts in raising ‘hybrid’ Er-1/Er-13
crystals (unpublished observations).

Further support as to the functional importance of the structural
conservation of the helix 1/helix 3 surface derives from a wider com-
parison among the molecular structures that have been determined by
NMR spectroscopy in other members of the E. raikovi pheromone family
(Fig. 6). Superimposing the backbones of the two helices for minimal

RMSD values provides evidence that the spatial correspondence of most
residues forming the helix 1/helix 3 surface is not unique to Er-1 and Er-
13 pheromones. Rather, it appears to be a largely shared trait of the
pheromone family, and the different extents of structural conservation
may be applied to explain variations in the intensity of mating in-
teractions between the respective pheromone-source cell types.

In addition to indications relevant to progress in unravelling the
molecular mechanisms that are intrinsic to the autocrine and heterolo-
gous pheromone/cell interactions, the Er-1 and Er-13 crystallographic
determinations also clearly identify helix-3 as the functionally central
element of the pheromone structure. Independently of the variations in
their intra-chain arrangement, Er-1 and Er-13 molecules similarly locate
their helix 3 right in the middle of the chains in such a way as to charge it
with the vast majority of the protein—protein contacts. This functional
centrality of helix 3 is reinforced by biological and phylogenetic ob-
servations. The former relates to a change in the Er-1 pheromone activity
from autocrine to heterologous, which is consequent to cell-ageing
phenomena involving the oxidation of the sulfur atom of the Met30
side chain lying well exposed on the helix 3 surface of Er-1 molecules
(Alimenti et al., 2012). Native as well as experimental Er-1Met(O)
molecules bind their source type-I cells no longer as an autocrine
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Fig. 6. Amino acid sequences and molecular structures determined in E. raikovi pheromones secreted from cell types characterized by varied degrees of mutual
mating compatibility. The pheromone Arabic numbering reflects the Roman numbering of the source-cell types. (A) Amino acid sequences aligned according to the
best positional matching in the corresponding three-dimensional structures (superimposed for minimal backbone RMSD of helices 1 and 3). The residues forming the
three helices are boxed and colored on the condition that they expose the side chain on the surface formed by helices 1 and 3. Acid residues (D, E) are in red, aromatic
(F, Y, W) in purple, hydrophobic (A, C, G, I, L, M, P, V) in yellow, and polar (N, Q, S, T) in green; no basic residue is contextually involved. (B) Visualization of the
helix 1/helix 3 molecular surface oriented in front of the observer, as it may better be appreciated by watching the orientation of the molecule ribbon-representations.
Strong, moderate and low mating reactions are indicated by thick, thin and dashed double arrows, respectively, which connect the interacting cell types. PDB codes
taken as references for the molecular structures: Er-1, 6E60; Er-2, 1ERD; Er-10, 1ERP; Er-11, 1ERY; Er-13, 6E6N; Er-22, 1HD6.

growth-promoting signal; rather, they bind cells like molecules of a
heterologous pheromone inducing the formation of homotypic (self)
mating pairs. Considering the double conformation of the Met30 residue
that each molecule utilizes in the intra-chain contacts with both the
preceding and subsequent nearest neighbors (Pedrini et al., 2022), the
cause of the mutated behavior of Er-1Met(O) molecules is soundly
explained with an enhanced steric hindrance and/or a local modifica-
tion of the helix 3 surface potential, which makes these molecules no
longer amenable to oligomerize (through bilateral contacts) with non-
oxidized counterparts.

With regard to phylogenetic observations, an overall comparison of
the molecular structures determined from the E. nobilii, E. raikovi and
E. petzi pheromone families clearly identifies helix 3 as the most tightly
conserved domain in relation to backbone, extension and regular alpha-
conformation (Alimenti et al., 2022a; Luporini et al., 2016). Marked
reductions in extension and rigid conformation reflecting distinct
evolutionary times and varied degrees of environmental cold-adaption
(which requires unstructured and flexible regions to face an increased
water viscosity) are instead earmarks of helices 1 and 2. They are
particularly evident in E. petzi, which, in addition to dwelling (like
E. nobilii) in the freezing polar waters, also takes the most basal position

in the Euplotes phylogenetic tree (Di Giuseppe et al., 2014; Pedrini et al.,
2017). In a functional context, the interspecific helix 3 conservation may
also give reason for various observations of mating reactions between
sister species such as E. crassus, E. minuta and E. vannus (Nobili et al.,
1978), or E. patella and E. octocarinatus (Kuhlmann and Sato, 1993), as
well as of pheromone-mediated mating induction between distantly
related Euplotes species (Alimenti et al., 2011; 2022b).
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