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ARTÍCULO  ORIGINAL

ABSTRACT  
Ste2p is a G protein-coupled receptor (GPCR) in Saccharomyces cerevisiae that mediates mating by responding 
to the alpha-mating factor pheromone. Ste2p belongs to a subfamily of GPCRs with no global sequence similarity 
to GPCRs of known atomic three-dimensional structure, yet it shares functional similarities with many of these. 
To deepen our understanding of the structure-function relationship of this receptor, we built an atomic three-
dimensional homology-based model of Ste2p that was used to simulate the docking of the alpha pheromone. 
The Ste2p model is in general agreement with the available experimental data and allowed us to propose that 
the interface between Ste2p and alpha pheromone is formed by 26 residues, most of which are polar residues 
located at the three extracellular loops and helices HI, H5, and H6. This interface does not include Ile190, a highly 
conserved residue among fungal species, located at the second extracellular loop and therefore a potential 
binding site residue. By performing mutagenesis of STE2 at this position we observed only a small effect of this residue 
in receptor signaling. Hence, the Ste2p model presented here is consistent in general with current experimental 
data and constitutes a framework to test hypothesis about the structure-function relationship of this receptor.
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Estudio de la relación entre la estructura y la función
del receptor de la feromona alfa de levadura

RESUMEN

Ste2p es un receptor acoplado a la proteína G (GPCR) en Saccharomyces cerevisiae que se une a la feromona 
alfa para mediar el apareamiento. Ste2p pertenece a una subfamilia de GPCRs que no presentan homología 
global en secuencia con los GPCRs de estructura atómica tridimensional conocida, pero comparte propiedades 
funcionales con muchos de éstos. Para profundizar nuestro entendimiento de la relación estructura-función 
de este receptor, en este trabajo presentamos un modelo de la estructura atómica tridimensional de Ste2p 
asociado a su ligando. El modelo de Ste2p generado es congruente con la información experimental disponible 
y sugiere que la interfaz entre Ste2p y la feromona está compuesta por 26 residuos, en su mayor parte polares, 
localizados en las tres asas extracelulares y las hélices H1, H5 y H6. La interfaz no incluye a la Ile190, un residuo 
altamente conservado entre especies de hongos, que se encuentra en el asa extracelular 2 y es un potencial 
sitio de anclaje. Mutantes en esta posición en STE2 muestran un efecto pequeño en la señalización del receptor. 
El modelo presentado de Ste2p es consistente en general con los datos de mutagénesis disponibles a la fecha, 
por lo que constituye un marco de referencia para evaluar hipótesis sobre la relación estructura-función en 
este receptor.

Palabras Clave: receptor de la feromona alfa, anclado molecular simulado, modelado molecular, feromona, Ste2p. 
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ver the past four decades extensive research has been 
carried out about the structure-function relationships 
of G protein coupled receptors (GPCRs), promoted 
by both basic and applied aspects of this group of 

INTRODUCTION

O
receptors; more than 40% of drugs in clinical use target GPCRs1 
and many fundamental aspects of cell physiology are regulated 
by these receptors2. Relevant to this study, the GPCR Ste2p from 
Saccharomyces cerevisiae mediates mating by recognizing the 
tridecapeptide mating factor, alpha pheromone.

STE23,4

characterized5,6

membrane proteins, the atomic three-dimensional structure of 

. 

Several residues and regions that are critical for STE2 function 
have been determined by site-directed mutagenesis. For 

the receptor
regulator11-13

trimeric G protein14

a conformational change upon ligand binding15 and also plays 
a role in signal transduction16. 

until 2004 in an attempt to recapitulate the structure-function 
 

pheromone are buried inside the transmembrane helices of Ste2p, 

 proposed 
a model that highlights the role of aromatic residues in the 

extracellular ends of the transmembrane helices in the receptor. 

Son C. D. and colleagues

residues Phe262 and Tyr266 at the extracellular interface of 
helix 6. All these models have in common that the central 
region of the pheromone forms a turn structure that is oriented 

binding pocket formed by extracellular ends of helix 1, helix 
5, and helix 6. 

of Ste2 bound to the pheromone, incorporating mutagenesis 

Figure 1. Topological diagram of Ste2p. Every amino acid residue from Ste2p is represented by a single letter code within a 
gray circle. The two horizontal lines separating the extracellular from the intracellular spaces represent the membrane. Data 
derived from20.
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31

Docking of Ste2 with alpha pheromone. For docking experiments 
the ClusPro 2.0 server32

to focus the docking on such residues. These residues included 
(Ste2p-pheromone pairs; the secondary structure element of 

, Phe204(H5)-Tyr13 , 
Asn205(H5)-Trp333, Tyr266(H6)-Trp3
Trp134. The energy of the Ste2p-alpha pheromone complex 

35

36.

Site-directed mutagenesis of the STE2 gene

introduced into the receptor gene (STE2) by PCR using the 

STE2 gene into 
STE2 

obtained from the pGRB2.2-STE2 plasmid using the XbaI 
and EcoRI restriction enzymes. The pGRB2.2-STE2 plasmid 

STE2

1) 5’GCGCTGTTAAAGGTATG GTGACTTATAAT 
GATGTTAGTGCCACCC 3’ 

2) 5’ GGGTGGCACTAACATCATTATAAGTCAC CA 
TACCTTTAACAGCGC 3’. 

E. coli

incorporated in previous models of this interaction; our model 

at this residue. We choose this residue because it is part of the 

play a role in ligand recognition and binding in other GPCRs, 
such as the dopamine D221 22, thyrotropin23 
angiotensin24, and histamine H125 receptors. Our results indicate 

in the presence of the pheromone. The structural bases of these 
results are discussed using our three-dimensional model.

MATERIAL AND METHODS 

The construction of a Ste2 model was done using the rhodopsin 

crystal as a template.
26

(Critical Assessment of Techniques for Protein Structure 

ligand binding.

functional properties, 2) available structural and mutational data 

based on a comparison of amino acids that have similar structural 
and functional roles in membrane proteins  and 3) rhodopsin 
has been used as a template for previously developed Ste2p 
models
from the UniProt database. The crystal structure of rhodopsin 

Bank
as described previously .

from solvent accessibility data20

specify boundaries of secondary structures. To guide i-TASSER 

placed at the end of a helix and the alpha-carbon from the 
residues localized at the ends of all the other helices. 

Construction of the alpha-pheromone three-dimensional 

model. 30

three-dimensional model of the alpha pheromone peptide. 
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STE2 null mutant 

Growth curves. Yeast cultures expressing the mutant receptor 

galactose in order to induce the expression of STE2 in the plasmid. 

RESULTS AND DISCUSSION

Three-dimensional model of Ste2p.

C-score given by i-TASSER estimates the quality of predicted 

i-TASSER estimates the similarity of the protein model and its 

model the boundaries of the transmembrane helices matched 
the solvent accessibility data previously described , except for 

of this helix. These authors could not establish the end of this 

GXXXG motif in H1 that includes Gly56 and Gly60. These 
motifs mediate helix-helix interactions  and have been 
implicated in the dimerization of Ste2p10. To achieve this, these 

glycines are properly oriented (see Figure 3). 

transmembrane helices are generally mediated by polar amino 
acids located in the transmembrane region . These amino acids 
can form single helix-helix contacts or hydrogen-bonding 

that the H1-H2 interaction is mediated by a hydrogen bond 

same face of H2 (see Figure 3), so further mutagenesis and 
structural experiments may test for the relevance of these pairs 
of residues in the H1-H2 interaction. Similarly, our model 

(H1) (see Figure 3). Our three-dimensional model of Ste2p also 

is part of the ERY motif in rhodopsin. Both Glu134 in rhodopsin 

Figure 2. Three-dimensional structural model of Ste2p. A 
ribbon representation of the three-dimensional structure of 
Ste2p is presented. Ste2p has a central core made of seven 
transmembrane helices (HI to H7) connected by three 
intracellular (IL1, IL2 and IL3) and three extracellular loops 
(EL1, EL2 and EL3). This model shows the counterclockwise 
orientation of transmembrane helices used for modeling 
GPCRs. The image was generated with PyMol.
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alanine leads to constitutive activation40-42

similar to that of Glu134 in rhodopsin and presumably shares 
the role of preventing constitutive activation of the receptor; 
the reported single point mutations to alanine in positions 

suggesting these residues are in close proximity in the 3D 

H3 on this side of the transmembrane region of the receptor are 
not properly oriented in our model. Yet, pheromone binding 
takes place at the opposite side of the transmembrane region 

to analyze the reliability of our model.

Docking

the members of the GPCR family43

small ligands bind to the transmembrane region of receptor. 
In the case of peptide ligands it has been proposed that a 

combination of both binding modes takes place. In such case, 

epicenter of conformational changes. These conformational 
changes are propagated to intracellular loops through the 
movement of helices. Then, the intracellular domain binds to 
and activates the trimeric G protein43. In the case of Ste2p, alpha 
pheromone binding has been mapped to the pocket formed by 

H1, H5, and H6 .

ionic pairs and hydrophobic contacts44

Ste2p and the alpha pheromone responsible for binding and 

interactions have been suggested to play a critical role in the 
Ste2p-alpha pheromone complex45. 

The docking simulation aimed to model the Ste2p-alpha 
pheromone interaction (Figure 4). In this model all contacts 
in the Ste2p-alpha pheromone interaction previously reported 

and activities of various alpha pheromone analogues have 

alpha pheromone

Figure 3. Residues involved in helix-helix interactions in Ste2p model. The transmembrane helices of Ste2p are presented as 
ribbons and are enumerated from H1 to H7. For convenience, transmembrane helices are displayed in a clockwise orientation. 
Hydrogen bonds are formed between Arg58-Tyr101, Ser170-Glu143, and Ser107-Gln51-Thr110, and are displayed with dots. 
Gly56 and Gly60 are oriented outwards the protein. The image was generated with PyMol.
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extracellular ends of the helices H5 and H6, respectively. These 
helices are linked at the opposite end involved in pheromone 

trimeric G protein and promotes its activation . Site-directed 

or Trp3) . Both residues, Phe204 and Tyr266, play roles in the 
transformation of Ste2p into an activated state upon agonist 
binding

in our model about H6 and the intracellular ends of H2 and 

 

Figure 4. Atomic three-dimensional model of the interaction between Ste2p and the alpha pheromone. Ste2p is shown in a light 

residues of Ste2p and pheromone are shown in a ball-and-stick representation. First, the C-terminal region of the pheromone 
(Gln10) binds to the receptor residues Ser47 and Thr48 (H1)17. Then, the central region of the pheromone (Pro8-Gly9) forms a 

46. At this point, Phe204 (H5) is near to Tyr13 in the pheromone18, and Lys269 (H6) is near to both the N and C-termini of the 
pheromone. Asn205 is facing toward the outside of Ste2p and away from the binding pocket (left). In our model, Tyr266 (H6) is 
oriented towards the surrounding lipids and is inaccessible to solvent. This orientation is consistent with experimental data from18. 
Finally, Tyr266 interacts with Trp3 in the pheromone, mediating the transition to an active state of Ste218,47 (right). The image was 
generated with PyMol.
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aromatic residues in the alpha pheromone and Ste2p could be 

by hydrogen bonding (Figure 4).

contact. Asn205 has been implicated in the binding of the 

33. It 

not necessarily near the ligand or at the interface in the three-
dimensional structure
from the binding pocket (Figure 4). Thus, according to our model, 

Asn205 may contribute to the pheromone binding through a 

the residues that directly bind to the pheromone. Analyzing the 

of the residues directly binding the pheromone. This analysis 
further supports the relevance of Asn205 in pheromone binding 

These results constitute a hypothesis that can be experimentally 

Additionally, our three-dimensional model has some 

of the alpha pheromone in the Umanah model34. The lack of 

studies of alpha pheromone analogues and chemical cross-

. Our 

, based on 
site-directed mutagenesis and cross-linking experiments that 

prefer to use the Tyr13-Phe204 interaction in the construction of 
our Ste2p model because it has more support by other research 
groups .

inaccessible to solvent. This is a feature of many other interfaces 

the transition to an active state52. Additionally, our binding 

Table I, interface residues include both polar and non-polar 

both hydrophobic and hydrophilic residues form the binding 
pocket of Ste2p53. The interface residues that are structurally 
and functionally important tend to be conserved residues or 

the residues of the protein54

 

residues that are important for binding are not conserved55. 

proposed as critical for signaling16

found at the interface, are hydrogen bonded as suggested by 

do not preserve the same side chain as Ste2p in other fungal 

been observed to undergo a conformational change upon ligand 
binding15

signaling process. Other non-conserved residues (e.g

critical role in Ste2p function. Site-directed mutagenesis on 
these residues may help to test the role of these residues in 
ligand binding or signaling.

Site-directed mutagenesis of STE2

that the second extracellular loop of GPCRs plays an important 
role in ligand binding21-25. Since no mutation for Ste2p at this 

the docking of the pheromone to Ste2p. A sequence conservation 

These results indicate that this position is not critical for receptor 
function, but ring and positively-charged side chains are tolerated 

direct ligand of the pheromone (Table I). Placing an arginine 
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cytoplasmic loops that could impair signaling.

modeling studies of protein structure commonly test for TP; 

only tests for TP by establishing a score that accounts for the 
fraction of the model that may be superimposed to the real 

56. 
The relevance of the other 3 parameters becomes apparent 

should also be considered a model to test for the critical role 

4 parameters in our model, thus providing a more complete 
test about the quality of the generated structure. Particularly, 

Figure 5. Area under the growth curve for each mutant strain. 

mutants at Ile190 (I190L, I190S, I190R, I190H and I190P) is 
represented by the Area Under the growth curve (Y axis) both in 
the presence and absence of the alpha pheromone (indicated 

of wild type strain (BY4741) and a strain carrying a deletion of 
STE2 gene are presented.

H1 Extracellular loop 1 Extracellular loop 2 and H5 Extracellular loop 3 and H6
Ser47

Accessible to solvent

Ser107
(16%)
Accessible to solvent

Asn194 Ala265

Inaccessible to solvent
Thr48

Accessible to solvent

Ser108
(27%)

Asp195
(12%)

Tyr266
(45%)
Inaccessible to solvent

Val49 
(32%)
Accessible to solvent

Leu113 
(26%)

Val196 
(13%)

Ser267 
(10%)
Inaccessible to solvent

Thr50 

Inaccessible to solvent

Thr114 
(30%)

Gln200 

Accessible to solvent

Lys269 
(3%)
Accessible to solvent

Gln51 

unaccessible to solvent

Phe116 
(12%)

Asp201 
(5%)
Accessible to solvent

Pro270 
(5%)
Accessible to solvent

Met54 
(6%)
Inaccessible to solvent

Pro117
(11%)

Lys202 

Accessible to solvent

Gly273 

Accessible to solvent
Tyr203 

Accessible to solvent
Phe204 
(10%)
Accessible to solvent

no more than 5 Å apart from the pheromone. Solvent accessibility data were obtained from Lin, J.C., et al., 200453. Percentage of conservation 
(indicated in parenthesis for each residue; this percentage represents the fraction of 214 orthologue sequences that have an identical residue to 
Ste2p at that position) was derived from the multiple sequence alignment for all the Ste2p orthologues reported for PFAM family PF02116. Those 
positions with the largest percentage of sequence identity conservation are marked in bold.
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TP are residues predicted critical and indeed are critical for 

Phe204 and Tyr266 that are close to the pheromone in our model 
are indeed important for binding.

FP are residues predicted critical but are not truly relevant for 

predicted by sequence conservation to be relevant for protein 

against this hypothesis.

in testing for structure-function prediction models, such as in 

CONCLUSIONS

The present study presents an atomic three-dimensional structure 
model of the alpha pheromone receptor from S. cerevisiae, 
Ste2p, based on state-of-the-art modeling methods and current 

serve as a starting point for further site-directed mutagenesis to 
test the structure-function relationship of this receptor.
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