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Abstract 

The  NMR  solution  structure of the  pheromone  Er-11, a 39-residue protein  from  the ciliated protozoan Euplotes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ruikovi, was calculated  with  the  distance  geometry  program  DIANA  from 449 NOE  upper  distance  constraints 
and 97 dihedral  angle  constraints,  and  the  program  OPAL was employed  for  structure  refinement by molecular 
mechanics  energy  minimization in  a water  bath.  For a group  of 20 conformers used to  characterize  the  solution 
structure,  the  average  of  the pairwise RMS  deviations  from  the  mean  structure  calculated  for  the  backbone heavy 
atoms  N, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACa, and C' of residues 2-38 was 0.30 A. The  molecular  architecture is dominated by an  up-down-up 
bundle of three  short helices with residues 2-9, 12-19, and 22-32, which is closely similar  to  the previously deter- 
mined  structures  of  the  homologous  pheromones  Er-1,  Er-2,  and  Er-10.  This  finding provides structural evidence 
for  the  capability  shown by these  pheromones to compete with each  other in  binding reactions  to  their cell-surface 
receptors. 
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Families  of polypeptide  growth  factors play a key role in the 
control of cell survival,  proliferation,  and  differentiation.  In- 
sights  into  their  structure  and  regulatory  activity  are  mostly 
derived from  studies  of cell systems provided by advanced ver- 
tebrates  (James & Bradshaw, 1984; Sporn & Roberts, 1990). 
However, single-cell eukaryotes  such  as  the  protozoan ciliate 
Euplotes ruikovi have  already evolved  signaling  systems that 
may  be  regarded as attractive  paradigms  for investigating  signal 
transduction  mechanisms  at a primordial,  apparently  simpler 
level (Luporini  et  al., 1995). 

Like numerous  other species of ciliates (Dini & Nyberg, 1983), 
E. ruikovi is represented in  nature by a virtually  unlimited num- 
ber of morphologically similar but chemically distinct cell (mating) 
types. The chemical markers of  these cell types are polypeptides 
of 37-40 amino acid residues, usually referred to  as  pheromones, 
and  denoted Er-1, Er-2,  and so forth  (Luporini  et  al., 1995). 
Each  one is encoded by one  of a series  of  alleles at  the highly 
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Abbreviutions: 2Q9 two-quantum-filtered; TPPI, time-proportional 
phase  incrementation; COSY,  2D correlation  spectroscopy; TOSCY,  2D 
total correlation  spectroscopy; E. COSY,  2D  exclusive correlation spec- 
troscopy;  NOESY,  2D  NOE  spectroscopy;  TMS,  tetrarnethylsilane;  DSS, 
2,2-dimethyl-2-silapentane-5-sulfonate; REDAC, redundant dihedral 
angle constraint, Er-x, Euplotes raikovi pheromone of mating  type x. 

polymorphic mat (or mating  type)  locus,  and  acts  as  either a 
mitogenic  or a mating-inducing  factor,  according  to  whether it 
binds  to cells in  autocrine  or  paracrine  fashion  (Ortenzi & Lu- 
porini, 1995). 

To establish a structural basis for  systematic  studies  of  the 
evolutionary and functional  relationships  of this pheromone sys- 
tem,  NMR  and  crystallographic  analyses  of a  series of  phero- 
mones  have been undertaken.  Previously,  the  conformations 
of Er-1  (Mronga et al., 1994; Weiss et al., 1995), Er-IO  (Brown 
et al., 1993), and  Er-2  (Ottiger et al., 1994) have been deter- 
mined,  and a detailed  comparison  of  these  structures  has been 
reported  (Luginbiihl et al., 1994). In this article, we describe 
the  NMR  solution  structure of Er-11  and  show  that it fully 
conforms  with  the  three-helix-bundle  architecture of the  three 
other  pheromone  structures,  although  the  only  invariant  amino 
acid residues among these four species are  the N-terminal aspar- 
tic acid  and six cysteines that  are involved  in three  intrachain 
disulfide  bonds  (Stewart  et  al., 1992). 

Results 

The  determination  of  the  Er-11  structure was performed on 
preparations with natural  isotope  distribution.  The  aqueous so- 
lution  conditions  for  the  structure  determination were: protein 
concentration = 2.5  mM,  pH 5.0, T =  27 "C. The  amide  proton 
exchange  measurements were performed  at 13 "C. 
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'H  NMR assignments  and  identification 

of regular secondary  structure  elements 

The  resonance assignments were based on 'H  spin  system  identi- 
fication with homonuclear  and I3C-'H heteronuclear  correlation 
spectroscopy,  and  on  sequential  NOE  connectivities (Billeter 
et al., 1982; Wagner zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Wuthrich, 1982; Wider  et al., 1982). The 
Pro spin  systems were inserted into  the correct  sequence  positions 
on  the basis of d a g ,   d N a ,   d a N ,  and dgN cross  peaks  observed 
using  2D  NOESY  experiments  (Wuthrich, 1986). The Pro 36- 
Pro 37 peptide  bond  was  found  to  be in the  cis-conformation 
based  on  the  observation of the  sequential C"H-C*H NOE 
cross  peak. ['3C,'H]-COSY at  natural  abundance was also used 

to identify  the I3Ca chemical shifts.  The  degenerate  methylene 
proton  chemical  shifts  of CBH2 of  Asn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  Leu  22, Glu 24,  and 
Met  31,  and  of CYH2 of Glu 2,  Gln zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9, Glu 24, Glu 35, Pro 36, 
and  Pro 37, were established by the  fact  that only one cross  peak 
was observed  in ['3C,'H]-COSY (Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1). The  pairs of  side- 
chain  amide  protons of Asn were assigned  individually from  the 
relative intensity  of  the  intraresidual  NOES  to  the  individual 
P-methylene  protons  (Otting, 1987;  Sevilia-Sierra et  al., 1994). 
Overall, complete assignments for  the nonlabile protons  and  the 
backbone  and side-chain amide  protons were obtained (Table 1). 

Figure  1 affords a survey  of the  NMR  parameters used for  the 
sequential  assignments and  the initial secondary  structure deter- 
mination.  The  patterns  of successive dNN connectivities  and 

Table 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13C" and 'H chemical shifts for  Er-11 at p H  5.0 and 27 "C 

Chemical  shift  (ppm) 

~~~ - ~- 

Residue 13cu  NH 

Asp 1 52.61 
Glu 2 59.06 9.17 
c y s  3 57.41 8.18 
Ala 4 54.81 7.95 
Asn 5 55.06 8.00 
Ala 6 55.28 7.83 
Ala 7  53.76  6.97 
Ala 8  54.14  7.67 
Gln 9  55.21  7.60 
cys  10 55.08 8.15 
Ser 11 55.00  7.49 
Ile 12 63.10  8.30 
Thr 13 66.73 8.96 
Leu 14 56.83 8.40 
Cys 15 56.81 8.37 
Asn 16 55.92  7.70 
Leu 17 59.86  7.56 
Tyr 18  58.61 7.57 
Cys 19 58.00  7.68 
Gly 20 45.48 9.42 
Pro 21 64.1 1 
Leu 22 53.79 7.93 
Ile 23 67.29  7.39 
Glu 24 58.31 8.65 
Ile 25 63.09 7.42 
Cys 26 57.64  7.94 
Glu 27 59.88 8.61 
Leu 28 57.83 8.34 
Thr 29 67.06 7.98 
Val 30 66.32 8.08 
Met 31 58.07 8.02 
Gln 32 60.52 7.91 
Asn 33 52.93 7.68 
cys  34 56.09 8.22 
Glu 35 54.07 8.74 
Pro 36 61.28 
Pro 37 61.52 
Phe 38 54.94 8.33 
Ser 39 59.76 8.30 

- 

4.16 
3.88 
4.20 
4.07 
4.35 
3.86 
3.90 
4.08 
4.25 
4.25 
4.98 
3.46 
3.86 
4.08 
4.52 
4.23 
4.05 
4.97 
4.60 
3.61, 4.19 
4.54 
4.73 
3.12 
3.98 
3.81 
4.10 
3.52 
3.98 
3.75 
3.64 
3.81 
4.19 
4.88 
5.08 
4.88 
3.32 
4.09 
5.17 
4.48 

2.98,  2.84 
1.43, 1.01 
2.99, 3.25 
1.38 
2.76, 2.76 
1.63 
1.52 
1.49 
2.34,  1.92 
3.60, 3.28 
3.48,  3.79 
2.11 
3.90 
1.83, 1.53 
3.32, 2.87 
2.82, 2.54 
1.23, 0.96 
2.53, 3.06 
3.23, 2.69 

2.41, 2.06 
1.87, 1.87 
1.64 
2.02, 2.02 
1.86 
2.90, 3.27 
2.74, 2.19 
1.74, 1.56 
4.41 
1.95 
2.02, 2.02 
2.11, 2.01 
2.87,  2.83 
3.68, 3.21 
2.05,  1.90 
1.53, 1.43 
2.21, 2.02 
3.47, 2.96 
4.00, 3.96 

C"Ha C'Ha Othersa 

CYHz 1.93, 1.93 

N'HE 7.60. N6HZ 6.81 

CYH2 2.41, 2.41 

C7H2  1.59,  1.35;  CYH3  0.83;  C6H3 0.59 
C7H3 1.13 
CYH 1.81; C6H3 0.95, 0.85 

N'HE 7.29, N'HZ 6.87 
CYH 1.07; C6H3 0.69, 0.53 
C*H 7.10, 7.10;  C'H  6.79,  6.79 

C'Hz 2.08, 2.03; C6H2  4.09, 3.81 
CYH 1.60; CgH3 0.95, 0.83 
CYH2  1.94, 1.09; CYH3 0.72; C'H3 0.96 
CYH2 2.30, 2.30 
CYHz 1.48, 1.28; CYH, 0.88; CgH3 0.82 

CYH2 1.98, 1.88 
CYH 1.68; C6H3 0.82,  0.81 
C"H3 1.15 
CYH3  0.98,  0.14 
C7H2  2.52, 2.31; C'H3 2.06 
CYH2  2.49, 2.34 
N'HE 7.56, N6HZ 7.12 

CYH2 2.46,  2.46 
CYH2  1.83, 1.83; C6H2  3.77,  3.70 
CYH2 1.84, 1.84; C'H2 3.52, 3.37 
C6H 7.10, 7.10; C'H 7.35, 7.35 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

a Chemical  shifts of hydrogen  atoms  for  which  stereospecific  assignments  were  obtained  are  underlined,  with  the  atom  with  the  lower  branch 
number  shown  first,  e.g., P2H or 6'CH3. Methylene  hydrogens  with  degenerate  chemical  shifts  for  which  direct  evidence  of  the  degeneracy was 
obtained  from  a  heteronuclear [I3C,'H]-COSY spectrum  are  listed  with  two  identical  chemical  shifts.  The  reference  for  the "C and ' H  chemical 
shifts is internal DSS. 
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3 
JNHa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.... 0 0 0 0  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo.... 0. 0 .  .... 0 0  

a1 a3 a2 

Fig. 1. Amino  acid  sequence  of Er-11 and survey  of  the  sequential  and  medium-range  NOEs,  spin-spin  coupling  constants 
'&Ne, and  conformation-dependent I3C" chemical  shifts. Below the  sequence,  open  and  filled  circles  identify  residues  with 
3JHN, > 8.0 Hz, and 'JHNe < 6.0 Hz, respectively. For the  sequential NOE connectivities  de^, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd N N ,  and doN (dN,, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAde*, and 
do8 for  Xxx-Pro  dipeptides, d , ~  for  Pro-Xxx),  thick  and  thin  bars  indicate  strong  and  weak NOE intensities.  Medium-range 
NOEs  are  indicated  by  lines  connecting  the  two  residues  that  are  related  by  the  NOE. I3Ce chemical  shifts  relative  to  the  ran- 
dom coil  values  (Richarz & Wuthrich, 1978), A6I3C", are  plotted  at  the  bottom  of  the  figure,  where  positive  values are shifts 
to lower  field,  and  the  largest  shift is about 6 ppm.  (The  shifts  have  been  corrected  by + I  .43 ppm  to  account for the  difference 
between the  two  calibration  methods  used,  i.e.,  internal DSS in  the  present  study  [Wishart  et  al., 19951, and  external  TMS  by 
Richarz  and  Wiithrich [1978].) Downfield  shifts of the size observed  here  are  indicative of helical  secondary  structure  (Spera 
& Bax, 1991). The  locations  of  the  three helices are  identified  at  the  bottom. 

small 3JHNoI  coupling constants  indicate that Er-11 contains 
three helices extending approximately from residues  2-9,  12-19, 
and 22-32. In the first and  third helical regions, nearly complete 
sets of doIN(i ,  i + 3) and da8(i, i + 3) connectivities suggest the 
presence of regular a-helices  (Wuthrich et al., 1984), whereas 
for the second  helix,  only a subset  of the expected medium-range 
NOES was observed, indicating that this secondary structure 
is not  a regular a-helix. There is also a good correlation between 
the presence  of  successive  residues  with conformation-dependent 
downfield I3Ca chemical shifts, ASl3CoI, exceeding I .5 ppm and 
their location in the regular a-helices 1 and  3 (Spera & Bax,  1991; 
Wishart et al., 1991; Wishart & Sykes, 1994; Luginbuhl et al., 
1995), and irregularities in  helix 2 are reflected by the fact that 
some of the I3Ca shifts are close to  the random coil values 
(Richarz & Wuthrich, 1978). 

Collection of structural constraints 

and structure calculation 

A total of 577 cross peaks was assigned and integrated in two 
600 MHz  ['H,'H]-NOESY spectra measured with a mixing time 
of 70  ms in H20  and 2H20 solution, respectively, using several 
cycles of data collection and structure calculation. This involved 
checking constraints with consistent violations in the calculated 
structures for possible incorrect NOESY  cross  peak assignments, 
assignment of further NOESY cross peaks by reference to the 
preliminary structures with the  program ASNO (Guntert et al., 

1993), and repetition of the  structure calculation with the new, 
expanded data sets. Calibration with the program CALIBA and 
an initial screening with the program  DIANA  (Guntert et al., 
1991a) yielded 449 meaningful NOE upper-limit distance con- 
straints for  the final structure calculation (Fig. 2). For the  three 
disulfide bonds 3-19,lO-34, and 15-26, an additional nine upper 
and nine lower distance constraints were added (Williamson 
et al., 1985). Constraints are scarce for residues 20 and 21, which 
are located in the loop between the helices 2 and 3. In addition, 
values for 27 3 J H N ,  scalar coupling constants were obtained 
by inverse Fourier transformation from the NOESY spectrum in 
H20 solution (Szyperski  et al., 1992). Thirty 3Jap scalar coupling 
constants were measured in an E. COSY spectrum (Griesinger 
et al., 1985).  Using the programs HABAS  (Guntert et al., 1989) 
and GLOMSA, these data resulted in 35,35,  and 27 constraints 
on dihedral angles 4, $, and x I ,  respectively, and in stereospe- 
cific assignments for 15 diastereotopic  pairs of methylene pro- 
tons or isopropyl methyl groups  (Table 1). 

The final DIANA calculation started with 50 randomized con- 
formations. The REDAC procedure (Guntert & Wuthrich, 1991) 
was applied once, followed by a DIANA computation at full tar- 
get level using the original 97 dihedral angle constraints obtained 
with HABAS. Of the 50 computed conformers, the 20 conform- 
ers with the lowest residual target  function values had small 
numbers and magnitudes of residual constraint violations. The 
mean energy of these 20 conformers could be reduced by about 
450 kcal/mol  through energy-minimization with the program 
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1 0 20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 
amino acid sequence 

Fig. 2. Plot of the number of NOE constraints per residue used in the calculation of the Er-l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 structure  versus the sequence 
of Er-1 I .  Filled, crosshatched,  vertically hatched, and open bars  represent,  respectively,  intraresidual, sequential, medium-range, 
and long-range NOEs (for the notation used, see Wiithrich, 1986). 

OPAL  (P. Luginbuhl, M. Billeter, P. Guntert, & K. Wuthrich, 
unpubl.), with only minor changes in the residual constraint vi- 
olations and the RMS deviations (RMSDs) relative to the mean 
coordinates  (Table 2). For  the  backbone  atoms N, C“,  and  C‘ 
of the 20 energy-refined conformers,  the global RMSDs are 
0.39 A for all 39 residues and 0.30 A for residues 2-38. A visual 
impression of the high quality of the structure  determination is 
afforded by Figure 3. The global displacements calculated for 
the backbone  atoms N, C”, and C’ of the individual residues, 
D:kb (Billeter et al., 1989), are below 0.7 A for residues 2-38. 
For 16 “best-defined’’ residues (see Table 2) the global displace- 
ment of the side chains, DZob, is smaller than 0.7 A (see also 
Fig. 4). 

NMR solution structure of the  pheromone  Er- I I 

Figure 4 presents a summary of the information available on the 
NMR structure of Er-1 1 ,  which consists of an antiparallel bun- 
dle of three helices comprising residues 2-9, 12-19, and 22-32 
(Fig. 3). The axes of the three helices are almost parallel, with 
an up-down-up topology in the  orientation of Figure 3A. The 
first and second helices are connected by a  dipeptide segment 
of residues Cys 10 and Ser 1 1  (Fig. 3B), stabilized by an  0’-HN 
hydrogen bond between  residues 7 and 10 (Table 3). The second 
and third helices are connected by the dipeptide segment of resi- 
dues 20-21, which forms  a 310-helical turn (Fig. 3A) as indicated 
by the three O;-HNi+, hydrogen bonds connecting residues 19- 
22,20-23, and 21-24 (Table 3). The C-terminal polypeptide seg- 
ment following helix 3 adopts  an extended conformation that 
is only interrupted by the cis peptide bond Pro 36-Pro 37. The 
disulfide bridge 3-19 in Er-1 1 connects the first and second he- 
lices, the  disulfide bridge 15-26 connects the second and third 
helices, and the disulfide bridge 10-34 ties the C-terminal tail 
of the molecule to the dipeptide link  between the first and second 

helices (Fig. 4). The chain terminal residues Asp 1 and Ser 39 
have few nonbonding  contacts with the rest of the molecular 
structure, and their spatial  arrangement is less  well determined 
by the NMR data than that of most of the rest of the polypep- 
tide chain (Fig. 3). 

All three helices in Er-11 are quite  short. As was already 
indicated by the data in Figure 1 ,  helices 1 and 3 are regular 
a-helices,  involving a complete  set of OI-HNi+4  hydrogen  bonds. 
Helix 1 ends with the C-terminal residue Gln 9 in a 310-helical 
conformation and  an Ala 7 0’-Cys 10 HN hydrogen bond in- 
volving the  amide proton of the first residue following the he- 
lix (see also Table 3). It is well known that regular a-helices in 
globular proteins tend to end with one or two residues in a lo- 
cal 310-helix conformation (Schulz & Schirmer, 1979). Helix 2 
contains a-type  Of-HNi+4 hydrogen bonds linking the residue 
pairs 12-16,  13-17, and 15-19, but  there is also an  Of-HNi+3 
hydrogen bond linking residues 15-18 (Table 3). The distortion 
of the helix near residue 18 is also reflected in the experimental 
data by scarcity of medium-range NOEs and small conformation- 
dependent I3Ca chemical shifts (Fig. 1). This  distortion of the 
helix ensures that the Cys residues 15 and 19 are oriented prop- 
erly to form the disulfide bridges to the  other two  helices  (Fig. 4). 
Er-1 1 thus  shares  characteristic  traits of other highly stable, 
“small disulfide-rich” proteins, in  which  regular secondary struc- 
ture elements are distorted by the high density of disulfide bonds 
(Richardson, 1981). 

The C-terminal region of Er-1 1 possesses two segments that 
adopt extended conformations with residues 33-35 and 37-39, 
respectively, and that are separated only by the c& Pro 36-Pro  37 
dipeptide segment (Figs. 3A, 4). The first one of these extended 
segments corresponds closely to the C-terminal structure of Er-1 
(Mronga et al., 1994). However, Er-1 forms an extended loop 
on  top of helix 3, whereas in Er-1 1 ,  the kink at  the cis Pro-Pro 
dipeptide segment causes the polypeptide chain to end on top 
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Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. Quantitative  characterization zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the 20 DIANA conformers  used  to  represent  the  solution  structure 
of Er-11 before and after  energy  minimization with the  program OPAL 

Parameter DIANAa,'  OPAL^.^ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~~ ~ ~~ 

DIANA  target  function 

AMBER  energy  (kcal/mol) 
van  der  Waals  energy 
Electrostatic  energy 

0.78 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 0.23 (0.47 to 1.22) 

-576 i 36 (-640 to -516) -1,038 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 20 (-1,078 to -1,006) 
186 i 28 (136 to 235) -107 f 4 (-115 to -97) 

-978 k 25 (-1,026 to -928) -1,080 k 20 (-1,126 to -1,039) 

Residual  NOE  distance  constraint  violations (A) 
Number > 0.1 A 12.0 k 2.8 (6 to 17) 
Sum 3.5 k 0.5 (2.7 to 4.7) 
Maximum 0.25 f 0.08 (0.17 to 0.38) 

Residual  dihedral  angle  constraint  violations  (deg) 
Number > 2.5" 0.4 * 0.6 (0 to 2) 
Sum 5.9 k 1.7 (3.1 to 9.2) 
Maximum 2.1 f 0.8 (0.9 to 3.6) 

RMSD  values (A)e  

Backbone  N,  C", C'(1-39) 
All heavy atoms (1-39) 
Backbone  N, C', C '  (2-3Qr 
Same + best-defined  side  chains' 

0.36 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 0.10 (0.19 to 0.53) 
0.78 * 0.08 (0.65 to 0.91) 
0.30 f 0.10 (0.16 to 0.49) 
0.31 i 0.10 (0.16 to 0.50) 

1.1 f 0.9 (0 to 6) 
3.8 f 0.3 (3.3 to 4.4) 

0.10 f 0.01 (0.09 to 0.11) 

0 
7.0 k 2.2 (4.8 to 12.1) 
1.8 * 0.2 (1.4 to 2.1) 

0.39 k 0.07 (0.29 to 0.53) 
0.79 t 0.08 (0.67 to 0.91) 
0.30 + 0.05 (0.20 to 0.40) 
0.31 * 0.05 (0.21 to 0.39) 

~~ - ""_ 
"" 

- ." zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a DIANA  conformers  before  energy  minimization. 

DIANA  conformers  after  restrained  energy  refinement  with  the  program  OPAL. 
The  numbers given are  the  average f standard  deviation  calculated  for  the  group of 20 DIANA  conformers,  with  the  minimum  and  maximum 

values for  individual  conformers given in parentheses. 
The values for  the  DIANA  target  function (see text)  are given with  respect to all  distance  constraints  and  all  dihedral  angle  constraints  obtained 

from  the  HABAS  treatment  of  the  experimental  data. For all  other  parameters  in  the  table,  the  values  are  given  with  respect  to  a  reduced  data 
set from which  were  omitted  the  disulfide  bridge  constraints,  the  constraints  for  all rl. angles,  and  those  for  the 6 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx angles for which  there 
is no direct  experimental  evidence  from 3 J ~ ~ ~ p l i n g  constants.  The  target  function is not given for  the  energy-minimized  conformers,  because  these 
do  not  have  the  ECEPP/2  standard  covalent  geometry  (Momany  et  al., 1975; Nemethy  et  al., 1983). 

e The  RMSD values are relative to  the  mean  coordinates. 
'For all residues 2-38,the global  displacement  for  the  backbone  atoms N, C", C', D Z h ,  was < 0.7 A .  Among  these,  the  following  "best-defined" 

16 residues  have  global  displacements  of  the  side-chain  heavy  atoms, D&,, < 0.7 A :  Cys 3, Ala 4, Ala 6, Ala 7, Ala 8, Ser 11, Ile 12, Cys 15, 
Cys 19, Gly 20, Pro 21,  Ile 23, Cys 26, Thr 29, Val 30, Pro 36. 

of helix 2,  i.e.,  in  front  of  the  protein in the  orientation of  Fig- 
ure 3. Long-range  NOE  constraints  in  this region  were found 
between the residue pairs  Cys  34/Cys 10 and  Pro  37/Ile 12, and 
between Phe 38 and  the  residues 10-12, 14,  and 30. The  long- 
range  NOES  with  Phe 38 indicate a novel  feature  of  the 
C-terminal  conformation  of  Er-1 1 when  compared with Er-1, 
Er-2,  and  Er-10  (Luginbuhl et al., 1994). This new feature  in- 
cludes  nearly complete  solvent  protection  of residues 10-12 by 
the  aromatic  ring  of  Phe 38 with, for example, a solvent acces- 
sibility of only 1% of the  total  surface  area  for Ser 11 (Fig.  6). 
There is no  hydrogen  bond  in  Er-I1  beyond  Cys 34 (Table 3), 
which contrasts with the  other  pheromone  structures, where the 
C-terminal  segment  forms  one or two  turns  that  are  stabilized 
by backbone-backbone  hydrogen  bonds. 

The  amide  proton  exchange  rates (Fig. 5 )  provide  direct evi- 
dence for  the relative  solvent accessibilities of  different polypep- 
tide  segments  in  Er-1 1. Overall,  there is a good  correlation 
between hydrogen  bond  formation  and slowed  exchange  of the 
backbone  amide  protons.  With  the exceptions  of residues 4, 11, 
12,  13, 25, and 39,  exchange rates slower than 10" min-' were 
found  only  for  hydrogen  bonded  protons  (Fig. 5 ;  Table 3). An 
Asp 1 60-Ala 4 NH hydrogen  bond  was  found in 5 of the 20 
conformers  (not listed in  Table 3),  which explains  the slightly 
slowed amide  proton  exchange  of  Ala 4. The  small solvent  ac- 
cessibility of residues 11 and 12 may explain the high protection 

factor of the  amide  protons  in  these cases. Conversely,  no resi- 
due  with kNH > 10" min" forms a hydrogen  bond  identified 
in Table 3 (the  amide  proton  exchange  of  Cys  19  could  not  be 
determined  due  to  spectral  overlap). 

Apart  from  the  three  disulfide  bridges,  there  are six other 
residues for which the solvent-accessible surface is below 15% 
(Fig. 6). These  are  Ala  6,  Ala  7,  and Val 30, which lie in the 
interfacial region  between the  three helices, the  aforementioned 
Ser 11 and Ile  12,  which are  protected  from  the  solvent by the 
C-terminal  peptide  segment (see above),  and  Pro  36, which is 
shielded from  the  solvent by the  side  chains  of Ile  12, Met 3 1, 
Glu 35, and  Pro 37 (Fig. 4). 

Discussion 

The  conclusions  from a previous  detailed  comparison  of  the 
NMR  structures  of  the  pheromones  Er-1,  Er-2,  and  Er-10  from 
E. raikovi  (Luginbiihl  et  al., 1994) receive further  support by 
the present work. Residues Cys 3,  Ala  6, Cys  15,  Cys  19,  Cys 26, 
and Val 30 in Er-1 1 act  as  anchor residues for three helices, and 
coincide  in  the  structural  positions  with  corresponding  anchor 
residues  in Er-1,  Er-2,  and  Er-10  (Fig. 6).  Helices 1 and 3 are 
regular a-helices,  whereas helix 2 is distorted  due  to  the  two  an- 
choring  Cys residues. At  the  start  of helix 2,  an  N-cap  formed 
by hydrogen  bonds  Asn 11 60-Gly 14 NH in Er-10  and Ser 11 
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Fig. 3. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo  stereo views of the polypeptide backbone  of  the 20 energy-refined DIANA conformers of Er-1 I used to represent 
the solution structure, with superposition of the backbone atoms N. C", and C'of residues 2-38. (A) Front view. (B) Top view 
obtained after rotation by 90" about a horizontal axis in the  projection plane. 

. , "  

Fig. 4. Stereo view of the all-heavy-atom representation of the 20 Er-1 1 conformers of  Fig. 3 in the same orientation as in  Fig. 3A. 
The backbone is colored cyan,  the "best-defined" side chains  (Table 2) red, and the remaining side chains yellow. 
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Table 3. Hydrogen bonds observed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin the NMR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsolution 
structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof Er-I I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Donor”  Acceptora  Numberb zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~~ 

~~ 

~~ ” ~ 

5  Asn NH 
6  Ala  NH 
7  Ala NH 
8 Ala  NH 
9  Gln  NH 

10 Cys NH 
14 Leu NH 
15 Cys  NH 
16 Asn NH 
17 Leu NH 
18 Tyr  NH 
19 Cys NH‘ 
22 Leu NH 
23 Ile NH 
24 Glu NH 
26 Cys NH 
27 Glu  NH 
28 Leu NH 
29 Thr  NH 
29 Thr  yOH 
30 Val NH 
31 Met NH 
32 Gln  NH 
33 Asn NH 
34  Cys  NH 

1  Asp 0’ 
2  Glu 0’ 
3 cys  0‘ 
4  Ala 0‘ 
5 Asn 0’ 
7  Ala 0’ 

11 Ser zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAyo 
11 Ser 0’ 
12  Ile 0‘ 
13 Thr 0’ 
15 Cys 0’ 
15 Cys 0‘ 
19 Cys 0’ 
20  Gly 0’ 
21 Pro 0’ 
22 Leu 0’ 
23 Ile 0’ 
24 Glu 0’ 
25 Ile 0’ 
25 Ile 0’ 
26 Cys 0‘ 
27 Glu 0’ 
28 Leu 0’ 
29 Thr 0’ 
30 Val 0’ 

12 
20 
18 
20 
20 
16 
19 
18 
20 
16 
I 1  
19 
10 
19 
12 
20 
20 
20 
20 
16 
20 
19 
19 
I1 
18 

a Hydrogen  bonds  are  listed if they  are  present in at  least 10 of  the 
20 energy-refined  DIANA  conformers used to characterize  the  solution 
structure.  The  criterion  for  identificatiqn of a hydrogen bond was a  max- 
imal  proton-acceptor  distance of 2.4  A  and  a  maximal  angle of 35”  be- 
tween  the  donor-proton  bond  and  the  line  connecting  the  donor  and 
acceptor heavy atoms  (Levitt, 1983). The  donor  and  acceptor  atoms  are 
identified by the  sequence  positions,  the  amino  acid  type,  and  the  atom 
position,  where NH  and 0’ stand  for  the  backbone  amide  proton  and 
the  backbone  carbonyl  oxygen,  respectively. 

bThe  number of occurrences  among  the  20  energy-minimized 
DIANA  conformers is given. 

For Cys  19, no  amide  proton  exchange  measurements  were  possi- 
ble  (see text). All other  amide  protons listed in this table exchange slowly. 
Slightly  slowed  exchange  was  also  found for residues 4, 11, 12, 13,  25, 
and  39  (Fig. 5 ) ,  of which Ala  4  appears to be  involved in a weak hydro- 
gen  bond,  and  Ser 11 and Ile zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 are  otherwise  completely  protected  from 
the solvent (see text). 

yo-Leu 14 NH in Er-l 1, respectively, is a  local  detail preserved 
between these two proteins. In Er-l and Er-2, this  hydrogen bond 
is replaced by a backbone-backbone  hydrogen bond between the 
corresponding residues. The largest differences between Er-1 1 
and  the previously determined  structures of Er-I, Er-2, and Er-IO 
are,  on  the  one  hand,  that Er-I1 contains a 310-helical turn in 
the place of an extended loop between helices 2 and 3, which can 
be  related to  an  additional  deletion  in  this  segment,  and,  on  the 
other  hand,  the  presence  of a novel  conformation  of  the 
C-terminal  segment,  as  described  in  the  preceding  section. 

The NMR determination  of  the Er-11 conformation  shows 
that  the extensive variations  that  distinguish  the  amino  acid 
sequence  of  this  pheromone  from  its  homologues Er-1,  Er-2, 
and Er-IO do  not overcome  the  functional  constraints  that  im- 
pose  strict  conservation  of  a common three-helix-bundle molec- 
ular  architecture.  This  finding accounts  for  the similar capability 

shown by all  these  pheromones  to  compete  for  binding  to  each 
other’s receptors,  and  thus in  eliciting  a  variety of  different cel- 
lular  responses  (Ortenzi & Luporini, 1995). A cell may be stim- 
ulated to  reproduce  (proliferate), or to  arrest  temporarily its 
reproduction  and  form  mating  pairs,  depending  on whether the 
“own”  pheromone or a “foreign”  homologue is prevalently 
bound by its pheromone  receptors. 

E. raikovi pheromones  have been  divided into  two  separate 
groups  on  the basis of  the  spectrum of cell types  that they can 
induce  to  form  mating  pairs  (Luporini et al., 1995). The  pher- 
omones Er-I,  Er-2, Er-7, Er-IO, and Er-11 are  members of the 
PR group,  and Er-20, Er-21, and Er-22 belong to  the GA group. 
Within a given group,  each  pheromone  can  induce cells that se- 
crete  another  pheromone  to  form  mating  pairs, whereas inter- 
group  pheromone/cell  combinations  are  ineffective except  in 
combinations with cells that secrete Er-l 1 (Luporini et al., 1995). 
However,  the Er-11 cells show  unusually weak restrictions  to 
forming  mating  pairs,  also in response  to  pheromone  prepara- 
tions  from  other Euplotes species. It is of obvious interest to in- 
vestigate  whether  this functional classification is also  supported 
by the  molecular  structures  of  the  pheromones. 

The  pheromone-binding unit  of the cellular  receptors appears 
to  consist  of a membrane-anchored  pheromone  isoform of 
which the  extracellular  C-terminal  domain  has  an  identical 
amino acid sequence as the secreted pheromone. In fact, it arises 
from a mechanism of alternative splicing of  the  primary  tran- 
script  of  the  same  gene, which contains  the  information  for  the 
sequence of  the secreted pheromone (Miceli et al., 1992). In this 
context,  the  availability  of a reference  topological  picture of 
unique  and  common  structural  traits  that  make a set of homol- 
ogous pheromones  equally  able  to  function  as self or non-self 
cell ligands is also  of  interest  with  regard to a search  of molec- 
ular  features  that  distinguish  homologous versus heterologous 
(or autocrine versus paracrine)  pheromone/pheromone-recep- 
tor  interactions  and  consistently  modulate  different  transduc- 
tion  pathways. These interactions  may, in fact, be mimicked by 
the  study  of  interactions between identical or different  phero- 
mone molecules, which have recently been shown by Er-1 crys- 
tallographic  analyses to involve at least two types  of cooperative 
intermolecular helix-helix association (Weiss et ai., 1995). Here, 
the novel C-terminal  conformation  found in Er-l 1 may have an 
important role. The  triangular  shape of Er-1 1 gives rise to  three 
surfaces  formed by two helices each  (Fig. 3). Whereas in Er-1, 
Er-2, and Er-IO the  C-terminus is located  on  top  of  the  face 
formed by helices 1 and 3, in Er-11 it is located  on  top  of  the 
face  formed by helices 2 and 3. Because the  C-terminal  amino 
acid  sequence of Er-11 is very similar  to  the  C-terminal se- 
quences of Er-20, Er-21, and Er-22 (Luporini et al., 1995), one 
would  predict  that  the  C-terminal  conformation  of these latter 
pheromones  should resemble that  of Er-l 1 . This would go along 
with the  facts  that Er-11 shows higher sequence  identity to pher- 
omones of the GA group  (between 51% and 59% for Er-20, 
Er-21, and Er-22) than  to  the  other  members of the PR group 
(between 26% and  34%  for Er-I,  Er-2,  Er-7, and Er-IO), and 
that,  accordingly,  the  sequence  identity between Er-1 1 and  the 
GA group is about twice as high as between any of the  other 
pheromones  from  the PR group  and  any  member  of  the GA 
group (Luporini et al., 1995). Overall, the  data  on sequence and 
conformation  thus  provide a rationale  for  the weak  restrictions 
of  the Er-11 cells to  forming  mating  pairs  also in response to 
pheromones  from  the GA group. 
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Fig. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5. Plot of the rates of exchange with solvent 2H20  for the backbone amide protons of Er-l 1 at pH 5.0 and T zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 13 "C ver- 
sus the  amino acid sequence. Arrows indicate that  the exchange was too fast for  the amide proton resonance to be observed 
with the method used, and only a lower limit for  the exchange rate constant could be established. For Cys 19, the amide proton 
exchange rate was not evaluated because of spectral overlap. The locations of the three helices  of Er-11 are given at the  bottom. 

Materials and methods 

The  pheromone Er-l 1 was  purified from  supernatants of E. rai- 

kovi cultures  of offspring clones homozygous for  the Er-l 1 cod- 
ing  gene following  published  procedures  (Concetti et al., 1986). 
The cell cultures were derived from mating  pairs  induced to  form 
within  another  clone  denoted  "IaF, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlN," which  was  used orig- 
inally for  the  determination of the Er-I1 primary  structure 
(Raffioni  et  al., 1992). The  protein  sample was  dialyzed against 
H20, using a SPECTRUM'"  spectra/por  membrane  (mwco: 

1,000). For  the NMR experiments, 2.5 mM  solutions were  pre- 
pared in 'H20  or in a mixed solvent of 90% H 2 0  and 10% 
2H20. For  the 2H20 samples,  complete  exchange  of  the labile 
protons was obtained by keeping  the  sample  at 40 "C  in 2 H 2 0  
for IO h,  followed by lyophilization  and redissolving  in 'H20. 
All NMR experiments were recorded  at 27 "C and  at  pH 5.0, 
with the  exception  that  the  amide  proton  exchange  measure- 
ments were performed  at 13 "C. 

' H  NMR spectra were obtained  on  Bruker A M X  500 and 
AMX 600 spectrometers in the  pure  phase  absorption  mode 

S [  % 

60 

40 

20 

(x3 

I I1 I11 IV V V I i  ; 

amino acid sequence 

Fig. 6. Comparison of the average solvent-accessible surface area (Richmond, 1984;  Billeter  et ai., 1990b) relative to the  total 
surface  area for individual residues versus the  amino acid sequence. Numeration at the  bottom is for  Er-1 1.  Boxes indicate the 
locations of the helices in Er-l 1, and Roman numerals identify the positions of the Cys residues. Solid line, Er-1 1; broken line, 
Er-1;  dotted line, Er-10, dotted-broken line, Er-2. 
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using the  States-TPPI  method  (Marion et al., 1989b). To obtain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I H  resonance  assignments, a 2QF-COSY spectrum  (Rance et al., 
1983), a clean-TOCSY  spectrum (Griesinger  et al., 1988) with 
a  mixing time  of 100 ms,  and a NOESY  spectrum  (Anil-Kumar 
et al., 1980) with a mixing time of 120 ms were recorded in H 2 0  
solution  and in 'H20  solution.  In  addition,  an E. COSY spec- 
trum (Griesinger  et al., 1985) and a [13C,'H]-COSY  spectrum 
(Bodenhausen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& Ruben, 1980) were recorded in 'H20. Typical 
data sizes were  1,024 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 12 complex  data  points in t2 and t ,  , 
respectively. The  digital  resolution  after zero-filling  was about 
3 Hz/point  along w2 and 6 Hz/point  along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAw ,  . For  the collec- 
tion of upper  bound  'H-'H  distances, a NOESY spectrum in 
H 2 0  solution and a zero-quantum-suppressed NOESY spectrum 
(Otting et al., 1990) in 'H20 solution were recorded at 600 MHz, 
with  a  mixing time of 70 ms  and  the  following  experimental 
conditions:  recorded  data size 700 complex  points in t ,  and 
1,024 points  in t 2 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtlrnUx = 60.3 ms, tZmUx = 164 ms,  digital res- 
olution  after zero-filling 3.1 Hz/point  along w2 and 5.7 Hz/ 
point  along w1. 

For  measurements of amide  proton exchange rates, a sample 
of 500 pL  of  a fully protonated 6 mM  protein solution at  pH 5.0 
was lyophilized. Subsequently, the protein was redissolved in the 
same  amount of 'H,O.  We began  to  record a  series of 10 1D 
' H  NMR  spectra zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA15 minutes  after  the  preparation  of  the 'H20 
solution. Immediately thereafter, a series of 30 2D NOESY spec- 
tra with  mixing times  of 100  ms was  recorded.  The  individual 
2D  experiments were started between 40  and 56,379 minutes 
after  preparation of the 'H20 solution,  and  the  total measuring 
time per spectrum was  between 0.5 h for  the  first  spectrum  and 
4  h for  the last recording.  The  rate  constants, ICNH, were ob- 
tained  from a nonlinear least-squares fit of a single exponential 
to  the  experimental  data. 

For all 2D  NMR  spectra,  the  residual  water signal after  pre- 
irradiation  was  further  reduced using the  convolution  method 
of  Marion et al. (1989a). Prior  to  Fourier  transformation,  the 
time  domain  data were multiplied with a  sine bell window func- 
tion  shifted by ~ / 2  (DeMarco & Wuthrich, 1976). Baseline dis- 
tortions were corrected using the  FLATT  procedure  (Guntert & 
Wuthrich, 1992). Processing  of the  spectra was performed with 
the  program  PROSA  (Guntert et al., 1992). Peak picking in the 
NMR  spectra, spin  system identification,  and  volume  integra- 
tion  of  the NOESY cross  peaks were performed  with  the  inter- 
active  program  XEASY  (Bartels et al., 1995). Once  an  initial 
structure  had been obtained,  the  program  ASNO  (Guntert et al., 
1993) was used for  computer-supported  assignments  of  addi- 
tional  NOESY  cross  peaks by reference  to  this  structure. Val- 
ues of the 3JHN, scalar  coupling  constants were obtained by 
inverse Fourier  transformation  and time-domain  fitting of cross 
sections  taken  through  in-phase  NOESY  cross  peaks (Szyper- 
ski et al., 1992), so that  this  information  came  from  the  same 
data set as  the  NOE  distance  constraints  measured in H 2 0  so- 
lution.  The 3J,s coupling  constants  for  residues  with  CsH2- 
groups were determined from  an  E.  COSY  spectrum (Griesinger 
et al., 1985). 

Upper  distance  constraints were obtained  from NOESY  cross 
peak  volumes  using the  program  CALIBA  (Guntert et al., 1991a, 
1991b), and dihedral angle constraints were determined from  the 
spin-spin coupling constants  and  the intraresidual and sequential 
NOES using the  program  HABAS (Giintert  et al., 1989). At early 
stages  of the  structure  determination,  dihedral angle constraints 
derived  from  conformation-dependent 13Ca chemical  shifts 

were used to  improve convergence (Luginbuhl et al., 1995). Up- 
per and lower distance  constraints  for  disulfide  bridges were 
introduced  as  described previously (Williamson et al., 1985). 
HABAS  also  provided a number of stereospecific  assignments 
for  P-methylene  groups.  At  later  stages  of  the  structure  refine- 
ment,  additional  stereospecific  assignments of C0H2  and of 
other pairs  of diastereotopic  substituents were obtained with the 
program  GLOMSA  (Giintert et al.,  1991a, 1991b). The  struc- 
ture  calculations were performed with the  distance  geometry 
program  DIANA  (Guntert et ai.,  1991a, 1991b), using  the 
REDAC  procedure  (Guntert & Wuthrich, 1991). 

Energy  minimization  using  the  AMBER  all-atom  force field 
(Weiner et al., 1986) was performed  with  the  program  OPAL 
(P.  Luginbuhl, P. Guntert,  M. Billeter, & K. Wuthrich,  un- 
publ.), which includes  pseudoenergy  terms  for  distance  con- 
straints  and  dihedral  angle  constraints  (Widmer et al., 1989; 
Billeter et al., 1990b). The pseudoenergy was adjusted such that 
violations  of 0.10 A for  distance  constraints  and 2.5 degrees for 
dihedral angle constraints  corresponded  to  kBT/2  at  room tem- 
perature. The distance  constraints for  the chemically determined 
disulfide bridges (Williamson et al., 1985) and  those  dihedral 
angle  constraints  from  HABAS  for which no direct  spin-spin 
coupling  information was available were  removed from  the set 
of constraints used during energy refinement.  The  dihedral  an- 
gles of the  peptide  bonds were constrained  to 180 ? 20 degrees, 
with the sole exception of the cis peptide  bond linking Pro  36 
and  Pro 37,  which  was constrained  to 0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 20 degrees. The  en- 
ergy minimization was conducted  after immersing  each DIANA 
conformer in a 6-A-thick  shell  of water  molecules,  and using a 
constant dielectric  permitivity for  the  electrostatic  interactions. 
For each conformer, 1,500  steps of conjugate  gradient minimi- 
zation were performed,  after which  a  small total  gradient was 
attained.  The  analysis  of  the  structures in terms  of  RMSD val- 
ues (McLachlan, 1979), atom  displacements (Billeter et ai., 
1989), identification  of  hydrogen  bonds  (Levitt, 1983), and 
solvent-accessible  surface  (Richmond, 1984;  Billeter  et al., 
1990a) were performed with the  program  MOLMOL  (Koradi 
et al., 1996), which  was also used to  prepare  the  stereo  draw- 
ings  of the  Er-l l structure. 
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