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The complete amino acid sequence of the mating
pheromone Er-1 purified from Euplotes raikovihomozygous for mat-I was determined by automatedEdman
degradation of the whole protein and peptides generated by cyanogen bromide, trypsin, Staphylococcus
aureus VS protease, and chymotrypsin. The proposed
sequence is:
1
10
Asp-Ala-Cys-Glu-Gln-Ala-Ala-Ile-Gln-Cys20

Val-Glu-Ser-Ala-Cys-Glu-Ser-Leu-Cys-Thr30

Glu-Gly-Glu-Asp-Arg-Thr-Gly-Cys-Tyr-Met40

Tyr-Ile-Tyr-Ser-Asn-Cys-Pro-Pro-Tyr-Val

The calculated molecular weight is 44 11
.O, which is
in agreement with the averaged mass of 4410.2 obtained by fission fragment ionization mass spectrometry. Previously reported values of the native molecular
weight, determined by gel filtration, have
ranged from
9,000 to 12,000. Thus, the native structure is likely a
dimer (or larger aggregate) of identical subunits with
the three disulfide bonds present occurring as intrachain links. Secondary structure predictions suggest a
helical structure at the amino terminus. A comparison
of the Er-1 amino acid sequence with known protein
sequences did not reveal any significant similarities.

carinatus (8,9). In these lattertwo species of Euplotes, it has
also been shown that the many different mating pheromones
produced-supposedly hundredsin E. raikovi (as in other
species of Euplotes (10, 11))-are proteins controlled by a
series of alleles co-dominant at the Mendelian mating type
(mat)‘ locus (6, 12). Each mating pheromone appears to be
inherited in association with one mat-allele: thus, the pheromone Er-1 is inherited with theallele mat-1, Er-2 with mat2, and so forth. (The designation E r is the abbreviation of
“E” for“euplomone,”ageneral
term proposed to indicate
Euplotes mating pheromones, andr for raikoui (4).)
The mating type mechanism ciliates
in
is not related sex.
to
Each one of the often multiple intraspecific mating types is
comprised of diploid “hermaphrodite” cells and the mating
type mechanism is functionally better compared
with devices
used by, for example, floweringplants to ensureself-recognition (10, 13-15). This processrequiresspecific pheromone
recognition and presumablyinvolves receptor-pheromone interactions at thecell surface.
In this report,
we present the complete amino
acid sequence
of a ciliate mating pheromone,which is secreted by E. raikoui
of mating type I homozygous for the allele mat-1. This pheromone, Er-1, was initially isolated together with the pheromone Er-2from the supernatant of heterozygous mat-llmat2 cells of the wild type strain 13(4).Purification to apparent
homogeneity of Er-1 was carried out by a three-stage procedure thatinvolved reverse-phase chromatography on Sep-Pak
CIS cartridges, gel filtration on Sephadex G-50, and ion exchange chromatography on a Mono Q column (5). The homogeneous material was reported (5) t o be a protein with a
molecular mass of 12,000 daltons and an isoelectric point of
3.7. It was active a t concentrations of10”’ M when mat-1
homozygous clones were obtained as sexual offspring from
strain 13 and used as
a source of Er-1 (6). The covalent
structure determined, which is consistent with mass spectrometer measurements, suggests the native molecule occurs
as a dimer (or larger aggregate).

Mating pheromones of ciliates are diffusible extracellular
communication signals that distinguish different
intraspecific
classes of cells, commonlyreferred to as “mating
types.” Their
most obvious function, although notnecessarily their primary
one, may be readily observed when cells of a given mating
type are mixed with the mating pheromone
produced by cells
of another mating type. Upon suspension, the cells undergo
a temporary competence to
physiological changes and acquire
EXPERIMENTALPROCEDURES
unite in mating pairs.
Mating pheromones have been isolated and partially charMaterials-Er-1 was obtained from the clone laFJ3 ( m a t - l l m a t acterized from the heterotrich Blepharisma japonicum (1-3), I ) of E. raikovi and prepared as previously described by Concetti et
and the hypotrichsEuplotes raikoui (4-7) and Euplotes octo- al. (5). Chemicals and reagentswere purchased as follows: cyanogen

bromide, guanidine hydrochloride, iodoacetic acid (recrystallized be* This work was supported by United States Public HealthService fore use), N-tosyl-L-phenylalanine chloromethyl ketone-treated trypResearch Grants DK32465 (to R. A. B.) and RR00862 (to B. T. C.) sin, chymotrypsin, andcarboxypeptidase Y from Sigma; Staphylococand the Italian Minister0
della PubblicaIstruzione. The costs of cus aureus V8 protease and trifluoroacetic acid from Pierce; formic
publication of this article were defrayed in part by the payment of acid from Mallinkrodt Chemicals; iodo[l-”Clacetic acid, 17.9 mCi/
page charges. This article must therefore be hereby marked “aduer’ The abbreviations used are: mat, mating type locus designation;
tisement” in accordance with 18U.S.C. Section 1734 solely to indicate
Er-1, euplomone r-1; CM-Er-1, S-14C-carboxymethylated Er-1;
this fact.
(1 T o whom correspondence and reprint requests should be ad- HPLC, high performance liquid chromatography; PTH, phenylthiohydantoin.
dressed.
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mmol, from Du Pont-New England Nuclear; HPLC-grade solvents
from Fisher; gas-phase Sequencer chemicals from Applied Biosystems. All other chemicals were of reagent grade.
S-Carbonymethylation-S-Carboxymethylation was performed essentially according to Angeletti et al. (16). Er-1 was dissolved in 0.5
M Tris and6 M guanidine hydrochloride at pH 8.0 (1mg/ml), reduced
with 0.01 M dithiothreitol under nitrogen for 3-4 h at 37 "C, and
carboxymethylated with a 3-fold excess of iodoacetic acid neutralized
with NaOH and containing 0.05 mCi of i~do[l-'~C]acetic
acid. The
reaction was allowed to proceed at room temperature for 5 min and
stopped by the addition of 2-mercaptoethanol. The labeled protein
was eventually dialyzed and lyophilized.
Protein Cleauage-Cyanogen bromide cleavage of S-CM-Er-1 (0.5
mg) was performed in 70% formic acid with a 50-fold molar excess of
CNBr over methionine residues. The mixture was incubated under
nitrogen at room temperature for 24 h and then diluted with 15
volumes of distilled water prior to lyophilization (17).
The insoluble material remaining after cyanogen bromide cleavage
of CM-Er-1 was digested with trypsin (1%w/w) in 0.1 M NH4HC03,
0.1 mM CaCl', at pH 8.1 (18).After incubation for 10 h at 37 "C, the
reaction was terminated by acidification.
CM-Er-1 (0.5 mg) was digested with S. aureus V8 protease (2% w/
w) in 0.05 M NH,HC03, at pH 7.8 (19). After incubation for 18 h at
room temperature, the reaction was terminated by the addition of
excess phenylmethylsulfonyl fluoride.
The conditions for the digestion of CM-Er-1 (0.5 mg) with chymotrypsin arethose described abovefor trypsin. After 8 h, the
reaction was stopped by acidification with acetic acid.
For the determination of the carboxyl-terminal residues, CM-Er-1
was dissolved in 0.02 M sodium phosphate at pH6.0 and carboxypeptidase Y was added at a final ratio 1:lOO (20). Aliquots were removed
at designated times, acidified with 1 N HC1, and centrifuged, and the
supernatant was dried prior to derivatization and amino acid analysis.
Peptide Separation-All CM-Er-1 peptides were separated by reverse-phase HPLC on a Hewlett-Packardmodel 1090chromatograph.
A VydacC18 column (4.6 X 250 mm) was equilibrated with 5%
acetonitrile and 0.1% trifluoroacetic acid. Radioactive peaks were
identified on all by liquid scintillation counting of aliquots of the
fractions.
Amino Acid Analysis-Samples (0.5 nmol of Er-1 or 10% of peptide
fraction from reverse-phase chromatography) were hydrolyzed in 6 N
HCl for 22 h, dried, and derivatized using ethano1:triethylamine:
water:phenylisothiocyanate in a ratio of 7:l:l:l (v/v) for 15 min at
room temperature. The phenylthiocarbamyl derivatives were analyzedby reverse-phase HPLC on aHewlett-Packard model1090
chromatograph (21).
Amino Acid Sequence Determination-Sequence analysis was performed using either an Applied Biosystems 470A gas-phase or 477A
pulsed-liquid Sequencer. PTH-derivatives (from the 470A) wereidentified by reverse-phase HPLC with a Hewlett-Packard model 1084B
chromatograph equipped with an Altex Ultrasphere ODS column (4.6
X 250 mm). The aqueous phase was 7.5 mM sodium phosphate, pH
5.5, and the PTH-aminoacids were eluted with a gradient of methano1:acetonitrile in 17:3 ratio (v/v). The flow rate was 1.65 ml/min.
PTH-cysteine was detected as S-[14C]carboxymethylcysteineand
confirmed by liquid scintillation counting.
Mass Spectrometry-Er-1 (2 nmol in 20 p1 of 0.19% trifluoroacetic
acid) was applied to a thin layer of nitrocellulose, prepared by electrospraying 50 pgof nitrocellulose onto an aluminized polyester
support with 1 cm2 of surface area (22). The sample was allowed to
adsorb onto the nitrocellulose surface for 3 min, whereupon the
surface was washed with 0.1% trifluoroacetic acid. The sample was
then thoroughly dried on the nitrocellulose under reduced pressure,
and its mass spectrum was obtained using a 252Cffission fragment
ionization time-of-flight mass spectrometer constructed at theRockefeller University (23). The molecular mass of the sample was determined with an accuracy of better than 1 dalton.
Nomenclature of Peptides-Peptides were designated CNBr, T, V8,
and CT for cleavage by cyanogen bromide, trypsin, S. aureus V8
protease, and chymotrypsin, respectively. Peptides are numbered in
the order expected for the anticipated (or observed) cleavage sites.
Most of the supporting data for the separations, amino acid compositions, and quantitative sequencing are included in the Miniprint
Supplement' following the text. Tables and figures are numbered in

* Tables II*-XIII* and Figs. 2*-6* are presented in miniprint at
the end of this paper. Miniprint is easily read with the aid of a
standard magnifying glass. Full size photocopies are included in the
microfilm edition of the Journal thatis available from Waverly Press.

the order in which they occur in the text, but are followedby
superscript asterisk if they appear in the Miniprint Supplement.

a

RESULTS

The complete amino acid sequence of Er-1 and the strategy
used for its determination are shown in Fig. 1. The sequence
was established on the basis of automated Edman degradations of the whole Er-1, previously S-carboxymethylated and
radiolabeled with 14C,and of peptides produced by cleavage
with cyanogen bromide, trypsin, S. aureus V8 protease, and
chymotrypsin. The proposed structure accounts for the amino
acid composition of Er-1 (shown in Table I), both as determined in this study and as reported by Concetti et al. (51, in
a single unambiguous sequence of 40 amino acids.
Automated Edman degradation of an undigested 2-nmol
sample of CM-Er-1 allowed identification of the first 20 amino
acid residues (Table II*).The remainder of the sequence was
determined from a combination of peptides derived from four
different cleavage reactions. This seemingly exhaustive proof
was deemed necessary because of the initial discrepancy in
the expected molecular weight(-12,000) and that finally
determined (4,410).
Cyanogen Bromide Cleauage-The CNBr cleavage of CMEr-1 produced only one soluble peptide, CNBr-2, which was
entirely sequenced after purification by reverse-phase chromatography (Fig. 2*). It consisted of 10 residues (Table III*)
and was assumed to constitute the carboxyl-terminal portion
of Er-1 as itdid not contain homoserine (Table IV*).
Trypsin Digestion-The insoluble fraction remaining after
the cleavage of CM-Er-1 with CNBr (containing bothpeptide
CNBr-1 and residual undigested CM-Er-1) was recovered by
centrifugation andfurther digested with trypsin. Reverse
phase chromatography of the digest produced numerous
peaks, only four of which (designated 1 to 4 in Fig. 3*)
contained only a single peptide in amounts sufficient to be
analyzed (Table IV*). Peak 1 corresponded to peptide T-3, a
pentapeptide corresponding to residues 26-30 (Table V*). It
also contained homoserine, suggesting that itpreceded CNBr2. Peptide T-3-4, found in peak 4, confirmed this assignment.
It was generated bycleavage at a tyrosine residue in the
residual undigested CM-Er-1 asjudged by the intact methionine residue. It encompassed peptide T-3 and the first3
residues of peptide CNBr-2 (Table V*).
Peaks 2 and 3 included peptides T-2 and T-1, respectively,
the former derived by cleavage at the single arginine in Er-1
and the latterby another nonspecific cleavage at Gln-9. Both
these peptides were partially sequenced, and their alignment
was established by reference to the20-residue amino-terminal
sequence earlier determined on intact Er-1 (Table VI*). The
remaining two tryptic peptides were not furthercharacterized.
Staphylococcusaureus V8 Protease Digestion-The reversephase HPLC separation of the s. aureus V8 protease digest
of CM-Er-1 gave seven majorpeaks (designated 1 to 7 in Fig.
4*) and yieldedfive of the six peptides predicted by the
presence of 5 glutamic acid residues in Er-1 (Table VII*).
Only the dipeptide, V8-5, was not recovered.
Peak 1 contained two tetrapeptides, V8-1 and V8-3, which
were sequenced directly without further separation and assigned to positions 1-4 and 13-16 on the basis of the previous
sequence information (see above) (Table VIII*). Peaks 2 to 5
each contained one peptide: V8-4, V8-3-4, V8-2, and V8-1-2,
respectively, the compositions of which are given in Table
VII*. Peptides V8-2 and V8-4were also sequenced (Table
VIII*) and juxtaposed to V8-1 and V8-3 in positions 5-12 and
17-21, respectively; they collectively confirmed the 20 assignments from the analysis of the whole protein and extended it
by a residue (Glu-21). Peptides V8-1-2 and V8-3-4 appear to
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FIG. 1. Summary of the data used to establish the complete amino acid sequence of Er-1 mating
pheromone. The peptides have been designated and numbered according to thetype of digest and thetheoretical
order in which they appear in the sequence. Designations are: CNBr, cyanogen bromide; T, trypsin; V8, S. aureus
V8 protease; CT,chymotrypsin. Peptides indicated by 2 numbers connected with a hyphen result from partial
cleavage. Residues directly identified by automated Edman degradation and carboxypeptidase Y digestion (CPY)
are marked by right and left arrows, respectively. Residues identified by amino acid composition are indicated by
dashed lines.

TABLE
I
Amino acid composition of E. raikoui matingpheromone Er-I
Residues/molecule"
Amino acid

From acid
hydrolysatesb
1

4

2

From amino
acid sequence

Aspartic acid
2.7
3.2
3
Glutamic acid
6.9
7.1
7
2.7
2.9
3
Serine
2.4
3.3
2
Glycine
1
0.9
0.3
Arginine
1.9
2.0
2
Threonine
4.4
4.4
4
Alanine
2.3
2.0
2
Proline
2.3
3.6
Tyrosine
2.1
1.8
2
Valine
0.8
0.6
1
Methionine
5.9
6.1
6
Half-cystine'
2.1
1.9
2
Isoleucine
1.3
1.3
1
Leucine
0.3
Lysine
ND~
0.1
Tryptophan
Total
40.0
39.6
40
Assuming M, = 4,400.
Column 1, this study; column 2, Concetti et al. ( 5 ) , recalculated
from original M,= 12,000.
Determined as cysteic acid.
Not determined.

have been generated by incomplete cleavages a t Glu-4 and
Glu-16 (Table IX*). Peak 7 contained a single peptide sufficiently pure to be sequenced for 15 of its 17 residues (Table
X*). This peptide, VS-6, contained the carboxyl terminus of

the protein and provided the assignment of residues 24 and
25.
Chymotrypsin Digestion-To obtain the requisite data to
connect the amino- and carboxyl-terminal fragmentsand
complete the Er-1 sequence, CM-Er-1 was treated with chymotrypsin and the digest was separated by reverse-phase
HPLC (Fig. 5*). Only peptide CT-2, eluted in peak 5 and
shown by amino acid analysis (Table XI*) to contain 1 arginine residue, was sequenced. It consisted of 20 residues,
spanning residues 10 to 29, and provided the necessary overlap
as well as the identification of residues 22 and 23 (Table
XII*).
Carboxypeptidase Y Digestion-To confirm the carboxylterminal sequence of Er-1, previously determined through the
sequence of peptide CNBr-2, a carboxypeptidase Y digestion
of the entire CM-Er-1
was performed. A timed analysis of the
released amino acids permitted the quantitative confirmation
of the last 2 residues, Tyr-Val (Table XIII*).
Mass Spectrometric Analysis-A sample of native Er-1 was
subjected to Cf-252 fission fragment ionization mass spectrometry. As shown in Fig. 6*, a strong protonated quasimolecular ion (M H)+ appears in the positive spectrum at m/
z 4411.2, corresponding to an isotopically averaged mass of
4410.2. In addition, a weaker doubly protonated quasimolecular ion (M 2H)" appears at m/z 2206.2, corresponding
to an isotopically averaged mass of 4410.4. The spectrum of
Er-1 also contains a secondary peak at m/z 8819, which might
arise from the presence of homodimers of noncovalently
linked subunits in the analyzed sample.

+

+
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FIG. 7. Secondary structure prediction and hydropathy
profile of Er-1 mating pheromone. Profiles in A and B were
derived according to Chou and Fasman (24). Thehydropathy profile
in C was obtained using the scale of Kyte and Doolittle (25) ata span
setting of 9 residues; values above and below the horizontalline
indicate hydrophobic and hydrophilic regions, respectively.
DISCUSSION
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ated according to Kyte and Doolittle (25). The amino terminus may contain a helical segment, but the remainder of the
molecule probably contains little secondary structure other
than P-turns. Residues 20-27 are the most polar region and
probably occur on the surface. As such, it is a possible candidate to function as a siteof molecular recognition. It may also
contain a @-turn. Such areas often serve as loci for receptor
binding and antibody recognition (26).
All ciliate mating pheromones isolated so far are polypeptides with the exception of “gamone 2”of B. japonicum, which
has been identified as calcium-3-(2’-formylamino-5’-hydroxybenzoy1)lactate (1).Amino acid sequence information has
not yet been determined for the slightly basic gamone 1 of
this species (Mr = 20,000) (2), and for the acidic gamones 1,
2,3, and4 of E. octocarinatus with molecular masses between
18,500 and 23,500 Da (8,9). Only the amino termini of three
other E. raikoui mating pheromones, Er-2, Er-3, and Er-9,
have been analyzed and reported (27), in comparison to Er-1,
to be:

The mating pheromone Er-1 of E. raikoui was determined
to be a single chain polypeptide of 40 residues. The complete
amino acid sequence was determined by automated Edman
1
10
degradation of intact CM-Er-1, and fragments
its
were derived
by digestion with CNBr, trypsin, S. aureus V8 protease, and
Er-l:Asp-Ala-Cys-Glu-Gln-Ala-Ala-Ile-Gln-Cys-Val-Glu-Serchymotrypsin. The dipeptide sequence Tyr-Val at the carboxyl terminus was confirmed by the results of CM-Er-1 E r - 3 : A s p - A l a - C y s - G l u - G l n - A l a - A l a - I l e - G l n - ~ - V a l - G l u - V a l treatment with carboxypeptidase Y. The Er-1 amino acid
Er-2:Asp-Pro-Met-Thr-Cys“Gln-Ala-Met-Ala-Thr-~-Glucomposition deduced from the sequence analysis is the same
Er-9:Asp-Pro-Met-Gln-Cys-Glu-Gln-Ala-Met-Ala-Ser-*-Gluas thatdetermined after hydrolysis.
The 6 half-cystine residues are unreactive in the native
These sequences all show aspartic acid as a common aminomolecule (data not shown) and presumably exist, as expected terminal residue and that, with a 2-residue shift for Er-2 and
for an extracellular protein,aseitherintraor interchain Er-9, themotif Cys-Glu-Gln-Ala-X-X-X-Cys
is found in each
disulfide bonds. The even number of half-cystines would mating pheromone. This suggests that thepheromone family
require a minimum of two interchain bridges. Molecular may be homologous, and/or this sequence may be important
weight measurements of unreduced and reduced samples for a functionality common to E. raikoui mating pheromones.
should resolve this issue. However, previous determinations As proposed for other protein families characterized by a
of the native and subunitmolecular weights of ET-1have been conserved amino-terminal region (28, 29), one such property
difficult to interpret because they varied over a wide range. might be the interaction with membranes and other moleIn urea/sodium dodecyl sulfate electrophoresis, reduced Er-1
cules, especially small hydrophobic compounds. Clearly, exmigrated as abroad band corresponding to a molecular weight
tensive similarity exists between Er-1 and Er-3 andbetween
of 29,000 (5). Thisvalue was considered to be anomalous and
Er-2 andEr-9.
was attributed to intrinsic structural properties
of Er-1, such
It has been proposed (10) that, as in autocrine secretion
as the strongly negative charge and the high content of halfsystems,
the primary target cell of a ciliate mating pheromone
cystine residues. Molecular weight determinations of native
Er-1 samples on gel filtration, which gave values of 12,000, is the same as that which actually secretes the pheromone.
were thought to be more reliable. The Er-1amino acid com- The completion of the amino acid sequence of Er-1 is the first
position subsequently reported was calculated based on this step in defining the molecular basis of pheromone-cell intervalue (5). In more recent studies: Er-1 samples have been actions and thus testing this innovative concept, which confound to elute with a calculated molecular weight of 9,000 on tradicts the traditional view that ciliate mating pheromones
a Superose-12 column (equilibrated with 0.1 M Tris-HC1 and are involved in a process of recognition of cells characterized
0.15 M KC1 at pH 7.5). Furthermore, 20% sodium dodecyl by molecular differences that are “complementary” for mating
sulfate-polyacrylamide gel electrophoresis after carboxymeth- (12, 30).
ylation gave a diffuse band corresponding to a molecular
Acknowledgments-We wish to thank Owen J. Bates and Kevin P.
weight of 4000-5000.
Burke fortheir assistance with various analyses. We also thank Debby
These later results, taken with the molecular weight deter- Thyssen and Linda Kishimoto for expert assistance with the manumined from the sequence, suggest a homodimeric structure script.
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