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Biological context

Cellular recognition and signal transduction processes
mediated by polypeptides or small proteins, e.g.,
growth factors and hormones, are an important feature
of intercellular communication in higher eukaryotes
(e.g., Bradshaw, 1996). The pheromone regulatory
system inEuplotes raikovi (E. raikovi)represents a
similar, simpler system in a unicellular eukaryote,
which may represent an evolutionary predecessor of
the more sophisticated regulatory mechanisms in mul-
ticellular species (Luporini et al., 1996). This makes
the E. raikovi system an attractive paradigm for in-
vestigating the structural basis of ‘self’ and ‘nonself’
recognition processes that elicit different cellular re-
sponses. NMR structures of the pheromones Er-1
(Mronga et al., 1994), Er-2 (Ottiger et al., 1994),
Er-10 (Brown et al., 1993) and Er-11 (Luginbühl
et al., 1996b), as well as an X-ray crystal structure
of Er-1 (Weiss et al., 1995) have previously been de-
termined. These four pheromones are all members of
the ‘PR group’ (Luporini et al., 1995) and share a
common architecture. Local structure variations con-
fer specificity in receptor association (Luginbühl et al.,
1994) without interfering with the ability to compete
for each other’s cell receptors in homologous (au-
tocrine) reactions for cell growth stimulation, and in
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Figure 1. Fingerprint region of the 600 MHz phase-sensitive
[1H,1H]-2QF-COSY spectrum of Er-22. Resonance assignments
are given by the one-letter amino acid code and the sequence
position.

heterologous (paracrine) reactions for mating induc-
tion (e.g., Ortenzi et al., 2000). Here we describe
the NMR structure of the 37-residue pheromone Er-
22, which belongs to the ‘GA group’ ofE. raikovi
pheromones (Luporini et al., 1995). Since the PR and
GA groups represent mating-incompatibleE. raikovi
strains (Vallesi et al., 1996), the Er-22 structure should
provide further insight into the molecular basis of
signaling mechanisms in this organism.
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Figure 2. Resonance assignment and secondary structure of Er-22. Open and filled circles identify residues with3JHNα > 8.0 Hz, and
3JHNα < 6.0 Hz, respectively. For the sequential NOEsdαN , dNN anddβN (dNδ, dαδ anddβδ for Xxx-Pro,dδN for Pro-Xxx), thick and thin
bars indicate strong and weak intensities. Medium-range NOEs (Wüthrich, 1986) are indicated by lines connecting the two related residues.
The crosshatched bar indαN between Pro 34 and Pro 35 indicates a sequential CαH-CαH NOE, which shows that this Pro-Pro dipeptide bond
is in thecis-conformation. The numeration of the three helices at the top corresponds to that used for previously studied pheromones, with the
310-helix in the place ofα2 (Luginbühl et al., 1994).

Methods and results

The pheromone Er-22 at natural isotope distribu-
tion was isolated from natural sources (Vallesi et al.,
1996). The structure determination was performed
at pH 5.0 and 23◦C. Homonuclear1H NMR spec-
tra and a [13C,1H]-COSY experiment were recorded
at 600 MHz on a Bruker AMX spectrometer and
at 750 MHz on a Varian Unity-plus spectrometer.
The spectral analysis was supported by the program
XEASY (Bartels et al., 1995), and the structure
calculation and refinement were performed with the
programs DIANA (Güntert et al., 1991) and OPAL
(Luginbühl et al., 1996a).

The [1H,1H]-COSY spectrum of Figure 1 illus-
trates the high quality of the NMR data obtained
for this small protein. Sequence-specific1H reso-
nance assignments were obtained using sequential
NOEs and1H–1H scalar couplings (Wüthrich, 1986)
(Figure 1). The Pro34–Pro35 dipeptide showed a
sequential CαH–CαH NOE and thus is in thecis-
conformation (Wüthrich, 1986).1H–1H two-quantum
spectroscopy and [13C,1H]-COSY at natural13C abun-
dance were used to establish the chemical shifts for
geminal methylene protons and13Cα, and the Asn and
Gln side chain amide protons were individually as-
signed from intraresidual NOEs (Sevilla-Sierra et al.,
1987). The complete1H and13Cα assignments have
been deposited in the BioMagResBank (accession
code BMRB-4820).

Table 1. Characterization of the 20 energy-refined DIANA con-
formers representing the NMR structure of Er-22a

Diana target function (Å2)b 0.73± 0.14 (0.51. . .0.98)

NOE violations> 0.1 Å 0.1± 0.2 (0. . . 1)

AMBER energy (kcal/mol) −1006± 24 (−1058. . .−940)

RMSD, N, Cα, C′ (Å)c 0.47± 0.10 (0.28. . .0.62)

RMSD, all heavy atoms (Å)c 0.71± 0.07 (0.56. . .0.85)

a Average values± standard deviations for the 20 DIANA conform-
ers, minimum and maximum values for individual conformers in
parentheses.
b Before energy minimization.
c RMSD values relative to the mean coordinates for residues 1–37.

Patterns of successivedNN connectivities and
small3JHNα coupling constants, and nearly complete
sets ofdαN(i, i + 3), dαβ(i, i + 3), and dαN(i, i +
4) NOE connectivities indicate two regularα-helices
from residues 2–9 and 21–31, and a distorted he-
lical structure is indicated for the residues 12–18
(Wüthrich, 1986) (Figure 2). The secondary structures
are also clearly reflected by the13Cα shifts (data not
shown) (Spera and Bax, 1991).

A total of 598 NOESY cross peaks obtained at
750 MHz with a mixing time of 45 ms were assigned
and integrated, which yielded 497 NOE upper limit
distance constraints. The combined information from
the intraresidual and sequential NOEs (Figure 2), and
from measurement of 273JHNα and 243Jαβ scalar
coupling constants yielded 32, 32 and 26 constraints
on dihedral anglesφ, ψ and χ1, respectively (Gün-
tert et al., 1991). Stereospecific assignments were
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Figure 3. Stereoviews of the NMR structure of Er-22. Top: backbone of the 20 energy-refined DIANA conformers, with best fit for N, Cα and
C′ of residues 2–33. Bottom: all-heavy-atom representation of the same 20 Er-22 conformers. The backbone is blue, the side-chains are red
and the disulfide bonds yellow.

obtained for 16 diastereotopic pairs of methylene pro-
tons and isopropyl methyl groups. The three disulfide
bonds were enforced by 9 upper and 9 lower dis-
tance constraints (Williamson et al., 1985). Thereby
we started with the assumption that the disulfide bonds
correspond to those determined previously by chem-
ical methods in Er-1 and Er-2, i.e., with the Cys
combinations 3–18, 10–32 and 15–24 (Stewart et al.,
1992). Subsequently this assumption was validated by

structure calculations with alternative Cys–Cys com-
binations in the disulfides, which invariably resulted
in higher residual values of the DIANA error function.
The statistics on the 20 conformers used to charac-
terize the NMR structure, which resulted from a final
DIANA calculation with 50 randomized starting con-
formations, are given in Table 1. Figure 3 affords
a visual impression of the high quality of the Er-
22 structure determination.The atom coordinates have
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been deposited in the Protein Data Bank (PDB ID code
1hd6).

Er-22 consists of an antiparallel bundle of three
helices comprising residues 2–9, 12–18 and 21–31
(Figures 2 and 3). The three helix axes are nearly par-
allel, with an up-down-up topology in the orientation
of Figure 3. As was already indicated by the data of
Figure 2, helix 1 and helix 3 are regularα-helices,
whereas helix 2 is a continuous stretch of distorted
310-helix turns. The distortion of helix 2 ensures that
Cys15 and Cys18 are properly oriented to form disul-
fide bridges to the other two helices (Figure 3b). The
dipeptide segment Cys10-Ser11 is stabilized by O′-
HN hydrogen bonds with Ile7 and Ala6. The dipeptide
Glu19-Asn20 forms a hydrogen bond with Thr21 O′,
and is further stabilized by a Cys18 O′-Thr21 γOH
hydrogen bond. The polypeptide segment following
helix 3 adopts an extended conformation, with a kink
at thecis peptide bond linking Pro34 and Pro35. The
disulfide bridge Cys3-Cys18 connects the helices 1
and 2, Cys15-Cys24 connects the helices 2 and 3, and
Cys10-Cys32 ties the C-terminal ‘tail’ of residues 32
to 37 to the dipeptide link between the helices 1 and 2
(Figure 3b).

Discussion and conclusions

From sequence alignment, Vallesi et al. (1996) ob-
served that in the pheromones of the GA group the
polypeptide segment from the third to the fifth Cys
residue is at least two residues shorter than in the
pheromones of the PR group, and they hypothesized
that this might generate the different group specifici-
ties. In Er-22 one of these deletions leads to the
310-type helix 2. Since this coincides with the struc-
ture of Er-2 (Ottiger et al., 1994), this feature does
not appear to discriminate between the PR and GA
groups. The second deletion shortens the loop be-
tween the helices 2 and 3, which is a unique feature
of the presently known GA pheromones. The spatial
arrangement of the C-terminal segment in Er-22 is
very similar to Er-11, with the C-terminal residue on
top of helix 2, whereas in Er-1, Er-2 and Er-10 it
is on top of helix 3 (Luginbühl et al., 1994). The
amino acid sequences from the end of helix 3 to the
C-terminus are very similar in all GA pheromones
(Vallesi et al., 1996), and hence the conformation type
of the C-terminal ‘tail’ from the end of helix 3 to the
C-terminus might be a critical feature for discrimi-
nation between the GA and PR groups ofE. raikovi
pheromones. This conclusion is in line with previous

suggestions that more subtle variations of the arrange-
ment of the C-terminal polypeptide segment further
confer specificity to theE. raikovipheromones within
the GA and PR groups (Luginbühl et al., 1994), and
would also provide a rationale for the ‘intermediate
behaviour’ of cells producing Er-11 relative to mating
induction with GA pheromones (Luporini et al., 1995;
Vallesi et al., 1996).
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