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ABSTRACT:. Water-borne protein pheromones are essential for coordination of reproductive activities in
many marine organisms. In this paper, we describe the first structure of a pheromone protein from a
marine organism, that of attractin (58 residues) frAplysia californica The NMR solution structure

was determined from TOCSY, NOESY, and DQF-COSY measurements of recombinant attractin expressed
in insect cells. The sequential resonance assignments were done with standard manual procedures.
Approximately 90% of the 949 unambiguous NOESY cross-peaks were assigned automatically with
simultaneous three-dimensional structure calculation using our NOAH/DIAMOD/FANTOM program suite.
The final bundle of energy-refined structures is well-defined, with an average rmsd value to the mean
structure of 0.72t 0.12 A for backbone and 1.32 0.11 A for heavy atoms for amino acids-37.
Attractin contains two antiparallel helices, made up of residues#&816 and 136-S36. The NMR
distance constraints are consistent with the three disulfide bonds determined by mass spectroseopy (C4
C41, C13-C33, and C26-C26), where the first two could be directly determined from NOESY cross-
peaks between GHprotons of the corresponding cysteines. The second helix contains tH8QAEKTS*
sequence conserved in attractins from five specieSpdysiathat could interact with the receptor. The
sequence and structure of this region are similar to those of the recognition helix af iiegieromone

of the unicellular ciliateEuplotes raikei, suggesting a possible common pathway for intercellular
communication of these two distinct pheromone families.

The opisthobranch molluskplysia is a simultaneous  cordon, but this does not destroy activity, as a 47-residue
hermaphrodite that does not normally fertilize its own eggs. fragment of the protein recovered from the seawater sur-
The mollusks mate and lay eggs in breeding aggregationsrounding an egg cordon was attractig). (Attractins have
during the summer reproductive season. Following ovulation, now been isolated from several speciesAglysia with
the eggs travel to the fertilization chamber where they are overlapping and nonoverlapping geographic distributions.
mixed with mature sperm from another animal and with Where examined, attractins were cross-reactive among
secretions from the albumen glart).(One of the products  variousAplysiaspecies, despite considerable variation in their
of the albumen gland is attractin, a protein that elutes from sequences. In previous work, recombin@nt californica
the cordon to function as a water-borne pheromone, attractingattractin expressed in insect cells was shown to be active at
other Aplysiato the area and inducing them to mate. picomolar concentrations in T-maze attraction assays and to

Approximately 1% of the cDNAs in aAplysiaalbumen induce mating activity in all aquatic gastropod mollusks
gland cDNA library encode attractin. The cDNA Aplysia examined to date3( 4).

californicaattractin encodes a signal peptide and a 58-residue  This cross-reactivity suggests that attractins, despite less
protein without a transmembrane doma. (The proteinis  than 40% overall sequence conservation, share a common
degraded at the C-terminus following elution from the three-dimensional (3D) structure and receptor-binding site.
They thus provide an important biological system in which
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NMR Structure ofAplysiaAttractin

Despite considerable sequence diversity, NMfRuctures
of several of the pheromones frdauplotes raikei (Er) are
similar to each other, consisting of three helix bundles
stabilized by three intramolecular disulfide bond&<16).

The E-23 pheromone is a five-helix bundle stabilized by
five disulfide bonds 17). Fold recognition servers suggested
that attractins could have a fold similar to that of the small
Er pheromones. However, the level of sequence identity
between the two families is low, and the pattern of disulfide
bonding is different. Structures of mammalian pheromone
binding proteins, including mouse urinary proteir8Y and
hamster aphrodisinl@), are lipocalins, primarilys-sheet
proteins, and bear no resemblanceAmysiaattractin.

In previous work, we used molecular modeling, data from
circular dichroism, and the disulfide bonds determined with
mass spectroscopy to generate 3D models, uBingjotes
pheromones E2 and E-11 as templates4]. We present
here the NMR solution structure of recombinaiyplysia
attractin. Homonuclear two-dimensional (2D) TOCSY and
a portion of the NOESY spectra were manually assigned to
obtain the sequential assignment. The bulk of the NOESY
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fractions were repurified by Vydac analytical C18 RP-HPLC
using a gradient of 0.1% TFA in acetonitrile and 0.1% TFA.
The peak of interest was characterized by Edman microse-
guence analysis and MALDI-MS, and attractin-containing
fractions were pooled and lyophilized.

According to MALDI-MS, full-length recombinant attrac-
tin lacks the N-linked glycosylation at Asn8 found in the
native albumen gland peptide)( As both proteins are
equally active in T-maze bioassays, glycosylation is not
necessary for biological activity. Analysis of attractin by 20%
SDS-PAGE indicated a pure protein with no high-molecular
weight aggregates. The lyophilized samples were reconsti-
tuted; the pH was adjusted, and the samples were concen-
trated to a final attractin concentration of 0.7 mM in 10 mM
sodium phosphate buffer (pH 6.8) in Centricon-3 microcon-
centrators (Amicon)4).

NMR Experimental DetailsHomonucleartH 2D NMR
experiments (TOCSY, NOESY, and DQF-COSY) at 25 and
15°C were carried out on a Varian Unity Plus spectrometer
at 600 MHz. For TOCSY and DQF-COSY, water suppres-
sion was done using the “wet-PFG” sequence. In this

peak assignments were then done simultaneously withsequence, variable flip angle RF pulses (shaped), followed
structure calculation using self-correcting distance geometry by dephasing gradient pulses, were used for water suppres-

methods implemented in our in-house suite NOAH/DIA-
MOD/FANTOM (20—22). In agreement with our previous
models, attractin has a compact helical structure. The NMR

sion. This sequence is optimized to be insensitive to T1
differences and B1 inhomogeneities across the san2@e (
24). A "modified WET sequence” was used for water

solution structure suggests a common receptor-binding sitesuppression in NOESY experiments, where the relative

for all attractins, which will be tested in further studies by
site-directed mutagenesi®\plysia attractin has a helix
packing different from that of thé&uplotespheromones.
However, the second helix of attractin, which contains a
highly conserved maoatif, is quite similar to the third helix of
the E. raikovi pheromone E11, which is involved in
receptor recognition in the unicellular cilitate. This indicates

angles of the RF-shaped pulses were achieved by varying
pulse widths rather than by varying the power levéls)(
Good water suppression was achieved with this routin®/H
DSS signals were used as a reference. FELIX 2000 was used
for data processing as well as for peak picking. The data
were Fourier transformed using Complex FT and further
processed using the Felix routine states or stai@Pl. The

that the exposed residues in the conserved motif in the sinebell(66-90) window function was used for apodization.

attractins contribute to receptor binding in the mollusk.

MATERIALS AND METHODS

Recombinant Attractin Expressioithe A. californica
albumen gland attractin cDNA2J was subcloned into the

baculovirus expression vector pFastBac 1, and recombinanﬁn

virus was generated using the Bac-to-Bac Baculovirus
Expression System (Gibco BRL). Attractin was expressed
in Sf9 insect cells grown in Sf-900 Il serum-free medium.
Purification of Recombinant AttractirRecombinant at-
tractin was purified as previously described. Briefly, Sf9

TOCSY experiments were carried out at 15 and°25
using 32 scans with a mixing time of 60 ms. A spectral
window of 6000 Hz was used with 2048 points in the
dimension and 256 points in th& dimension, and a gain
of 48. NOESY experiments were also carried out at 15 and
25 °C with mixing times of 100 and 200 ms, with 2048 points
the F, dimension and 256 points in tHe, dimension.
DQF-COSY experiments, used to obtalrcoupling data,
were carried out with 4096« 512 points in the=, andF;
dimensions and at 15 and 26. Sequential assignments were
done manually using standard procedures and TOCSY,
NOESY, and DQF-COSY spectr2§, 27). NOE contacts

cells were centrifuged, and the pellet was resuspended inyatween the A protons of cystines were used to identify

ice-cold 0.1% HFBA and sonicated. The resulting lysates
were purified on C18 Sep-Pak Vac cartridges (Waters) and
lyophilized. The lyophilisate was purified by Vydac semi-
preparative C18 RP-HPLC using a gradient of 0.1% HFBA
to acetonitrile and 0.1% HFBA. The attractin-containing

! Abbreviations: TFA, trifluoroacetic acid; HFBA, heptafluorobutyric
acid; NMR, nuclear magnetic resonance; CD, circular dichroism;-SDS
PAGE, sodium dodecyl! sulfatgolyacrylamide gel electrophoresis;
MALDI-MS, matrix-assisted laser desorption ionization mass spec-
trometry; DQF-COSY, double-quantum-filtered two-dimensional (2D)
correlation spectroscopy; TOCSY, 2D total correlation spectroscopy;
NOESY, nuclear Overhauser spectroscopy; CSI, chemical shift index;
drmsd, distance root-mean-square deviation; EE raikovi peptide
pheromone; RP-HPLC, reverse phase high-performance liquid chro-
matography.

the cysteines forming disulfide bonds.

NOAH/DIAMOD Calculations.Our NOAH/DIAMOD
program R0—22, 28, 29) was used for structure calculation
and simultaneous assignment of NOESY spectra. The
structure most consistent with the data is generated by
automated iterative cycles of assignment and 3D structure
calculation 28, 30—32). The input data for NOAH/DIA-
MOD calculations were (a) protein sequence, (b) a NOESY
cross-peak list with chemical shifts and their intensities, (c)
angular constraints fror couplings or statistical data, and
(d) disulfide bond constraints. The procedure that included
angular constraints was previously describ2d).(Cross-
peak intensities were automatically converted to upper
distance constraints by the usual relatigr= Ar~5. An upper
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Catibz Table 1: Proton Chemical Shifts for Attractin Residues (in parts per
CT}:S Zsqu .L\ L :: mllllon)
vassk) me} wd ) |f © residue NH aH BH others
15HA (ip] l ASp
2 GIn
X 3 Asn 855 461 2.79 yNH2, 7.66, 6.93
amg | ~ 4 Cys 834 481 3.23,2.92
) : E_ 5 Asp 7.92 4.65 2.84,2.73
Q 6 le 889 4.02 1.98
n236aQ) _ 7 Gly 875 3.97,3.90
S 8 Asn 799 457 2.91 yNH2, 7.84, 7.07
EZ1HA 9 lle 8.44 3.68 1.86 j//éH,lOS
10 Thr 8.44 352 4.36 yH, 1.18
11 Ser 7.92 428 4.02
12 GIn 851 4.10 2.13, 2.23yH, 2.38, 2.46
N2sih 13 Cys 8.54 452 3.01,3.14
c 14 GIn 859 3.96 2.06, 2.34yH, 2.41, 2.63;
= ONH2, 6.79, 7.35
creEm 15 Met 8.13 4.19 2.16, 2.26yH, 2.65, 2.72
- - - - — - 16 GIn  8.08 3.99 1.72,2.270NH2, 7.20, 6.75
8.0 &.8 Sﬁj 8" 8.2 &0 17 His 7.37 4.93 3.42,2.8 2H,8.10: 4H, 7.27
ohoppad 18 Lys 7.56 4.19 1.92, 1.98yH, 1.41;¢H, 3.41;
Ficure 1: Fingerprint region of the TOCSY spectrum at 45, eNH3, 7.57
showing most of the NHCa cross-peak assignments. Not all 19 Asn 8.25 4.93 2.91, 2.74yNH2, 7.65, 6.92
residues have chemical shifts in this region, and there are some20 Cys 8.00 4.65 3.52,3.34
unassigned peaks that probably arise from residues in the unstruc21  Glu  8.97 4.33 2.21,1.97yH, 2.26, 2.33
tured N- and C-terminal areas of the protein. 22 Asp 7.62 4.55 2.87,2.56
23 Ala 887 4.18 1.46
distance limitr;; of 2.2 A was assigned to the strongest 24 éf” g-gé 2‘2‘2 04 2.93,2.82yNH2, 7.60, 6.99
NOESY cross-peak intensitly; to determine the constant q}’s 859 492 3.4 3.05
A. The rest of the upper distance constraints were calculated>7  asp 848 4.32 2.70
from the inverse sixth-power law; the maximum NOE 28 Thr 828 4.46 4.29 yH, 1.21
distance is taken to be 6.0 A for non-pseudo-proton pairs. 29 ':e 7.54 3.87 L7 ng 1.05,0.87pH, 0.59
The van der Waals distances were used as lower distanc@go lle 8.09 3.47 2.00 /7H,0.90
_— ; . 1 Glu 816 4.12 2.15 yH, 2.44,2.33
limits. The manual, unambiguous, and ambiguous upper3> Gglu 825 4.06 212 vH, 2.46, 2.22
distance constraints were given relative weights of 10, 5, 33 Cys 8.03 4.29 3.75,3.23
and 1, respectively, in the DIAMOD target functioB0- 34 Lys 847 374 1.93,1.71yH, 1.23;eH, 2.93
b ; ; iatina] 35 Thr  8.54 3.84 4.25 yH, 1.26
22). In addition, angular constraints obtained from a statistical 36  Ser 825 432 401
study of proteins for allowed ranges of backbone and 37 Met 821 4.30 2.02, 2.33yH, 2.89, 2.68
angles 83) were applied as previously describ@2) A high 38 Vval 869 3.58 2.19 yH, 1.10, 0.94
weight factor of 10 was given to the manually assigned 39 Glu 8.03 4.04 2.18,2.09/H,2.46,2.26
distance constraints in the initial NOAH/DIAMOD cycles 40 A9 7.79 4.17 197, 1'86VHNh'7$’$;"63§229'
to better a_ssign the high number of ambiguou_s _c_onstraints.41 Cys 812 4.38 3.52.3.16 o
The chemical shift tolerance was set, at the initial cycles, 42 GIn  8.27 4.21 2.16 yH, 2.56, 2.46;
restrictively to 0.010 ppm, and gradually increased to 0.025 ONH2, 6.82, 7.42
ppm toward the later NOAH/DIAMOD cycles. In every ﬁ élsr? g-gg ;‘-Zi %i’f 2-84yH 2 40
NOAH/DIAMOD cycle, the 10 structures (of 50 tqtal) with 45 G 823 4.17 511 yH: 2.22.1.95
the lowest DIAMOD target functions were used in NOAH 46 pPhe 8.11 4.62 3.22,3.06 7.36,7.27
for the NOESY peak assignment. In the last four cycles, the 47 Glu  8.28 4.26 2.04,1.98yH, 2.28

20 best structures were used. The REDAC procedsd ( Z‘g iler
was applied in the final cycles to increase the convergence ., AI:
of the bundle of structures. Floating assignments were usedsy  Gly

for diastereoscopic methylene protons that were not ste-52  Ser

reospecifically assigned. 53 Thr
P y g 54  Thr

55 Leu

RESULTS 26 Ol
. . 57 Pro
Sequential Assignment 58 Grln

The TOCSY spectra were well-resolved, and by using two

different temperatures, we were able to assign most of thein the amide-amide region of the NOESY spectrum were
spin systems, as shown in the fingerprint region of the also used to confirm the sequential assignment. The number
TOCSY spectrum for the NHCHa connectivities (Figure  of peaks in this highly resolved area of the spectrum was
1). Sequential assignments could be made for residtd3 3  consistent with the anticipated helical secondary structures
on the basis of Hg—NH+1), HBH—NH+1), and Hg— in attractin (see the next section).

NH+1) peaks. At least two contacts were used to confirm  Although the spectra were well-resolved, some of the
the sequential assignment of a resid2@& Q7). Cross-peaks  expected proton cross-peaks were missing or too close to
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NOE connectivity table for Aplysia attractin

| 10 20

30 40 50
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Ficure 2: NOE connectivity table for attractin. The protein sequence is followed by the chemical shift index (CSI) far greténs (on
a scale of-1 to +1), the3)(NH—oaH) values (a thick line corresponds talavalue of >10 Hz and a thin line to d of <5 Hz), and the
NH—NH, NH—aH, and NH-$H contacts. The next seven rows show medium-range contacts. In the lower rows of the figure, the thicknesses
of the lines correlate with the intensities of the peaks. The blocks at the bottom of the picture indicate the helices found by NOAH/

DIAMOD calculations.

the water line to be distinguished. For example, the cross-

loop region between the two helices. The last row of Figure

peaks between the amide proton of G7 and the amide and2 shows that the helical regions in the structures determined

the y or 6 protons of 16 were clearly visible while the G7

by NOAH/DIAMOD/FANTOM calculations (see below) are

NH—16 HA cross-peak was very weak and could be seen at consistent with the chemical shift addcoupling data.

only very low contours. As with the TOCSY data, we were

Confirmation of the Disulfide Bonding PatterAttractin

able to resolve some of the peaks where the amide chemicahas three disulfide bonds, between C4 and C41, between C13

shifts were degenerate by comparing spectra &iCLPata
from a DQF-COSY spectrum were used to resolvedhke
andSH protons of T10 and T28. No stereospecific assign-
ments were made.

The chemical shifts for the different protons at Z5 are

and C33, and between C20 and C26, as determined previ-
ously by mass spectroscopic measurements after limited
proteolysis 4). We were able to confirm the presence of
the first two of these bonds, based on observed NOE peaks
between @ protons. The cross-peak between B3Eind

summarized in Table 1. We were unable to detect any NOE 33H3 was observed unambiguously in the 25 NOESY

contacts for the first two N-terminal residues and C-terminal
residues 4858. As other data indicate that the 10 C-terminal

experiment, whereas the cross-peak betweeh artl 41H8
was clearest at 18C (Figure 3). None of the anticipated

residues of the protein are highly susceptible to proteolysis peaks for an alternative disulfide bonding pattern, such as
(3, 4), we assume that this area is more flexible than the that of the E pheromones, i.e., G4C26, C13-C41, and

rest of the protein.
NOE Connectiities and J Coupling Data Indicate Two
Major Helical Regions in AttractinThe sequential NH

NH cross-peaks in the NOESY spectrum are indicative of

an overall helical structure for attractin. Medium-range NOE
contacts between Gikfy—NH 3 and Chyj—NH+4), the
chemical shift index (the positive or negative difference from
the anticipated random coil value of the chemical sh8§)(
and J coupling data were then used to determine which
residues in the protein were most likely to be in a helical
conformation. ThEJ(NH—aH) values were determined from
the DQF-COSY spectrum using an automatic routine in
FELIX, which uses a line-fitting algorithm to obtain the

C20-C33, are seen in the spectrum.

Results of NOAH/DIAMOD Structure Calculations

Corvergence of NOAH/DIAMOD Calculationsitially,

136 NOESY peaks were manually assigned and kept constant
during the NOAH/DIAMOD calculations. These were for
the most part those NOE peaks indicating contact between
adjacent residues used for the sequential assignment, and a
small number of medium-range and intraresidue contacts.
The rest of the NOE peaks were assigned automatically in
NOAH/DIAMOD. The number of NOESY cross-peaks that
were assigned increased rapidly during the first 30 NOAH/
DIAMOD cycles and then leveled off (Figure 4). At the end

scalar couplings. These results are shown schematically inof 74 cycles, NOAH assigned 813 peaks unambiguously and
Figure 2. All the measurements are consistent with two long 110 peaks with more than one possible assignment, consistent

helical regions in attractin between residuesl® and 36-
42. The measuretl(NH—oH) values (around 5 Hz in the

with the final structure and the chemical shift tolerance. A
total of 949 peaks, including the initial manual assignments,

helical regions) agree with the chemical shift data and the were unambiguously assigned which corresponds to 79% of

NOE connectivities. Few values could be obtained in the

all NOESY cross-peaks in the peak list. The convergence
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tions with good fits between different sets of calculations.
An additional minor conformation of the loop region was
observed depending on NOAH/DIAMOD parameters. Figure
5 shows the ensemble of 20 structures with the smallest target
function, averaged to the mean structure after 74 NOAH/
DIAMOD cycles. For residues-347, the rmsd was 0.5&
0.05 A for backbone atoms and 1.4#70.07 A for heavy
atoms. For helical region I, these values for backbone and
heavy atoms were 0.16 0.04 and 0.67+ 0.09 A,
respectively. For helix Il, the corresponding values were
0.12 + 0.04 and 0.73+ 0.14 A, respectively. The values
for the loop region were 0.56 0.08 and 1.06+ 0.12 A,
respectively.

FANTOM Energy Minimization of NOAH/DIAMOD Struc-
tures. The bundle of 20 structures with the smallest target
WD functions from NOAH/DIAMOD were refined using energy
3534333233029 minimization with our FANTOM program. Table 2 shows

01 (ppm) the values of the energy terms (conformational, electric,
Ficure 3: Disulfide bond cross-peaks seen in NOESY spectra. A H-bond, Lennard-Jones, etc.) before and after FANTOM
portion of the NOESY spectrum (200 ms, 2&) is shown, minimization. All energy terms decreased during the mini-
illustrating the short 138—33H3 contact consistent with a disulfide mization, and the average rmsd among the energy-refined

bridge between these cysteines. The €C33 and C4C41 inter-
residue connectivities are labeled with double-headed arrows,StrUCtures’ 0.72 0.12 A for backbone atoms and 1.32

whereas the intraresidue cross-peaks of the cysteines are Iabele@;ll A for heavy atoms for .residues—87, was S”Qhﬂy
with single-headed arrows. higher than that for the starting structures. Only distance

constraints from unambiguously assigned NOESY cross-
of the bundle of structures during the NOAH/DIAMOD peaks were used in the restrained energy minimization,
cycles is also demonstrated in Figure 4 as the average spread/hereas in the NOAH/DIAMOD calculations, ambiguously
in the pairwise drmsd between the structures. The drmsd,assigned NOESY cross-peaks also contribute.
Calculated fOI‘ residues 1_]42, fa||S t0 0.74 A after 50 CyCIeS. Validation of the StructureThe Ramachandran p|ot for

The final structures after the NOAH/DIAMOD calcula- all 20 models and for residues—37 was plotted using
tions are most constrained between residues 3 and 47. ThAQUA/Procheck_NMR 86, 37). The ¢ and y dihedral
structures were seen to have, in general, wbelical angles of 98% of all residues from all the models occupy
regions, between T10 and Q16 and between 130 and E38.the generously allowed region, showing that the 3D structures
The helical regions were essentially identical in all calcula- are overall stereochemically acceptable.

D2 (ppm)
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Ficure 4: Convergence of the automatic structure calculation. (a) Peak assignments @)and (b) average spreads in the pairwise
drmsd between the structures)(are plotted as a function of the number of NOAH/DIAMOD cycles.
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Ficure 5: Bundle of 20 structures with the smallest target function from a NOAH/DIAMOD calculation (only the backbones are shown
for residues 842).

Table 2: Summary of Structure Calculation Results

helix topology as described for set 1 with a mean value of
the pairwise rmsd of 0.61 A for the well-defined region

28: 8; }?X‘Z'jilsﬁ’geﬁrﬁﬁff?manua,) 121%% comprising the segments of residues-1® and 36-38, and
no. of peaks assigned by NOAH unambiguously 813  1.27 A for residues 347.

no. of peaks assigned by NOAH ambiguously 110 Hydrophobic Core and Soént-Exposed Residues of the
no. of unambiguous constraints after ND calculations 946 . . . . -

no. of constraints used by FANTOM 880 Aplysia Attractin Solution StructurdRkesidues forming the

core of attractin, that is, those with less than 20% surface
exposure of side chains in the mean structure, were deter-

energy (kcal/moB

conformational  electric H-bond  Lennard-Jones mined with our GETAREA program3@) (Figure 6). These
initial 711+ 74 29+ 12 -9+ 39 463+ 66 include the cysteines forming the two disulfide bonds{C4
final -301+35 —21+9 —86+7 —284+23 C41 and C13-C33) and residues 19, T10, Q14, 130, and V38.
Most of these residues are hydrophobic or have a large
rmsd after . . . g
FANTOM energy r)on_polar_ suje chaln. We have; excluded residues from this
residues minimization (A) list if their side chains are mainly unstructured, such as all
3—47 and backbone 0720.12 residues from position 43 to 58, and K18 and A23 in the
3—47 and heavy atoms 1.300.11 loop region. K34 has a small exposed surface area in the
10—16 and 36-38 and backbone 0.350.06 mean structure as it is covered from residues of the
10-16 and 36-38 and heavy atoms 0.840.10 unstructured C-terminal end. Several residues conserved in
%g:gg :ﬂg Eggbg?;gms 3‘%%8:22 the known attractin sequence$),(indicated with asterisks

in Figure 6, and which are more than 50% surface-exposed,
such as D5, S11, M15, E31, E32, and E39, may contribute
to receptor binding. Their role in biological activity will be
tested by site-directed mutagenesis.

a Thirteen constraint violations 6f1.00 A in at least 10 structures.
Five angle constraint violations ¢f10.00 in at least 15 structures.

We also examined the influence of the total number of ) ) .
calculated structures and the number of selected structures Figure 7 shows the NMR solution structure of attractin,
in the NOAH cycles on the resulting final structures. Two represented by the conformer with the smallest rmsd from
additional calculations, set 2 and set 3, were carried out, andtN€ Mmean structure. The two helical regions (¥M16 and

compared to the original parameter settings as described in30—V38) are packed in an antiparallel conformation sepa-
Materials and Methods (set 1). In set 2, we increased the@t€d by a loop region. The C£&33 disulfide bond and
total number of structures calculated at each NOAH/ 'esidues 19, T10, 130, and V38 make contacts between the

DIAMOD cycle from 50 to 99, and kept all other parameters WO helices, to form the hydrophobic core. These residues
as in set 1. In set 3, we used the same total number ofalso have many NOE contacts to neighboring residues. The
structures as in set 2, and gradually increased the number ofotential receptor binding site (LH)EECKTS® and several
structures selected for the NOAH assignments from 10 up other residues cons_erved in five different attractisdre

to 40 at the final cycle. The convergence toward the final Surface-exposed (Figure 7).

bundle of structures only changed slightly with rmsd values A Consered Area Similar in Sequence and Structure to
of backbone residues-3!7 within the bundles of the final  the Recognition Helix of the Er Pheromon&verall, the

set 2 structures of 0.68 and 0.79 A for set 3 structures, asattractin structure represents a new fold. The DALI Web-
compared to 0.57 A for the original calculation with set 1. server 89) found no other comparable protein fold in the
The three mean structures of the three sets have the same@rotein Data Bank with @ score of>2. However, there is
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FiIGURE 6: Solvent-exposed and buried residues of the NMR solution structure of attractin. The fraction of solvent-exposed side chain area

relative to this area in random coil conformations was calculated for the mean structure using the GETAREA p8&yr&tasidues
labeled with asterisks are conserved among all five known attraetjns (

Ficure 8: Comparison of the mean NMR structures of thell
pheromone (a) anéplysiaattractin (b). The third helix of E11
(123—V30) and the second helix of attractin (l3¥38) are similar
in the backbone and the orientation of conserved side chains.

regions. The structural similarity between the potential
binding surfaces of theAplysia attractin and E11 is

FiGURE 7: Ribbon representation of one of the representative illustrated in Figure 8. The bestfit program did not find any
structures (those with the smallest rmsds from the mean) with the matching area between attractin and 10 other helical protein
side chains of core residues (magenta) and conserved solventstructures, including those for many four-helix bundle

exposed residues (orange). The disulfide bonds between cysteine i ina i ;
(yellow) and the helical regions of residues FAQ16 and 136- %ytoklnes and the chemokine interleukin 8.

V38 are also shown in this structure. DISCUSSION

some local resemblance of the attractin structure to the small The NMR solution structure oA. californica attractin
Euplotespheromones that we previously used as modeling provides the opportunity to better understand pheromone
templates 4), especially in the area that is considered the communication among marine animals and to analyze, at the
recognition helix of the Epheromones40, 41). The “bestfit” molecular level, signaling that regulates their reproductive
program of Swiss PDB viewer determined an rmsd of 1.3 A behavior. The current study verifies the hypothesis of our
over 48 backbone atoms for residues ¥2837, R40, and previous modeling studies that the protein is maicigelical

C41 of attractin to residues P2V30, E35, and E36 of E (4). The helix packing of the experimental NMR structure
11 (PDB entry 1ERY) without specifying the corresponding is, however, different from that of our models. The two
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helices in the solution structure are very well defined, with with respect to the third helix in the other relatEdplotes
bundle rmsd values from the mean of less than 0.5 A. In pheromone structures (data not shown), which have less
contrast, the last 11 amino acids are unstructured as previ-dentical sequences. We consider this structural similarity
ously suggested by their sensitivity to the proteolytic digest significant, as it matches the area that on the basis of
of attractinin vivo andin wvitro (3, 4). sequence conservation is most likely to be involved in
The robustness of our NMR bundle of structures was testedattractin function, with the receptor recognition helix of the
by varying the number of total and selected structures in the Er family (40, 41). The & pheromones stimulate both cell
NOAH/DIAMOD approach in calculations set 1, set 2, and proliferation and mating pair formation in the ciliates that
set 3. The convergence of the structures in these threeproduce them45). While they differ greatly in their mature
calculations was comparable in quality, and the mean primary sequence, with only the six cysteines and an
structures of the bundles changed only slightly in the well- N-terminal aspartic acid that is absolutely conserved, all have
defined regions. In previous studies on the NMR structure the same compact “pyramid” 3D structure of theedelices
of the New World Scorpion neurotoxir2®) and of the stabilized by three disulfide bond$4, 15, 40, 41, 46). Future
myeloid progenitor inhibitory factor-14@), we also assessed  studies on the mechanism of attractin action in mollusks and
the influence of distance calibration on the quality of higher species should indicate whether attractin represents
structures. In that study, we compared the 3D structuresan evolutionary link between the protein-based pheromones
obtained by our NOAH/DIAMOD method to those structures of unicellular organisms and the intercellular signaling
obtained by standard manual assignment and restrained MDproteins of higher organisms.
calculations with a simple three-level calibration with gener-
ous upper bounds for strong, medium, and weak cross-peaks
In both calculations, we showed that the 3D structures
obtained by our distance calibration and of the manual
method using more generous upper bounds do not signifi-

cantly deviate, proving that the effect of distance calibration protein (18) and aphrodisini9), were originally described

is not substantial. T X A
Common Surface-Exposed Residues: A Basis for Cross2® pheromone binding proteins, and a hydrophobic binding

. . . : pocket for known pheromones was distinguished in the
Reaciuity of Aplysia P_heromones{?ttractln Fe'ated peptldes structures. More recently, data have accumulated that indicate
have been characterized from five speciesApfysia (43,

44). including Aplysia brasiliana (PIR entry B59060), that recombinant pheromone binding proteins have phero-

Aplysia fasciatPIR entry A59447)Aplysia depilangPIR monal activity on their own, and that the pheromones may

d . be detected indirectly, by changes they induce in the binding
entry A59446), andiplysiavaccaria (PIR entry A59424), protein @8). The crystal structure of aphrodisin revealed a

which are 94, 91, 35, and 33% identical in sequence, dipi ligand” of unk hemical

respectively, tdA. californicaattractin (PIR entry A59061). selren Ipitous :jg?n Oh UT) hown Ichem|c_a r;]aturﬁ, appar-

All five of these attractins have in common six cysteines E_nty scavenged from the bacterial host, in the pheromone

and a motif, corresponding to (LFEECKTS® in the A. |nd|r)g, pockgt, which the authors suggest could aid in the

californica attractin, features that probably account for their protein's .ab'“ty to cause a response in m_ale-hamste)'.(
Attractin is smaller, and its 3D structure is different from

ability to cross-react in T-maze assays. More recent data . . ) . )
y Y that of lipocalins, which are primarilg-sheets. Also, there

indicate that attractins from other mollusks may have a . ; ; o
similar receptor site. The attractin Bursatella(PIR entry is no clear intramolecular hydrophok_nc pocket for binding
59453), an opisthobranch mollusk that belongs to asubfamilysm""l.I molgcqles. Mass spectrosco_plc measurements of at-
different from that ofAplysia is only 20% identical toA. tractln_ (4) indicate _there are no additional molt_acules bound
californica attractin but shares the same pattern of six to pur|_f|e_d recomblnant_a_tt_racnn. HoweV(_ar, thls resuit does
cysteine residues and three residues that correspond to D5r,10t eliminate the possibility that attractin bmds' 0 SFT‘?”
E31, and E32 (manuscript in preparation). molecules, producgd by t.htle m.ollusks.or pr.esent in artificial

The attractin solution structure allows us to separate SEAWater, t0 exert its activity in the biological assay.
residues conserved for structural reasons acrgslysia Attractin: A Possible Link between Unicellular and
species, such as the cysteines or the core residue 130, fronMulticellular Signaling ProteinsThe similarity of attractins
those such as D5, S11, M15, E31, E32, and E39, whoseto the B pheromones raises yet another interesting feature
surface exposure could reflect a role in receptor recognition. of the attractin system. Ther& pheromone can bind to the
Site-directed mutagenesis of these residues will be done tomammalian cell receptor for IL-24), raising the intriguing
test their effect on biological activity. The structure can also possibility that pheromones may be the ancestors of the
serve as a basis for modeling the structure of more distantly signaling proteins, cytokines, in higher organisms. Many
related attractins, such as that fr@ursatella Futurein vivo proteins that serve as intercellular messengers in mammals,
studies withBursatellaattractin will aid in determining the  including growth hormones and cytokines such as IL-2, IFNs,
importance of particular residues for attraction and/or mating and the colony stimulating factors, are helical bund&s.(
activity. There is immunological evidence of the existence of cyto-

Similarity to the Recognition Helix of Euplotes Phero- kine-like molecules and their receptorsAplysia(51), and
mones.Attractin, according to DALI, has an overall fold feline IFN-w protects pearl oysters from virusZ 53). There
different from those of others in the Protein Data Bank. As is, however, no obvious sequence similarity between attrac-
noted above (Figure 8), the conserved motif of the attractins tins and cytokines. Further studies of attractin’s mechanism
matches structurally the third helix region of the-EL of stimulation in the mollusk will be needed to clarify
pheromone. This attractin helix also has a low backbone rmsdpossible similarities in signaling pathways.

Pheromones in Mammalfhe most studied odorants and/
or pheromones in mammals are small volatile molecules,
such as aliphatic carboxylic acids or alcohols, farnasenes,
and N- and S-containing unsaturated ring compoudds (
48). Mammalian lipocalins, including mouse major urinary
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CONCLUSIONS

We describe the first experimentally determined structure
of a pheromone protein from a marine organighplysia
attractin. The NMR solution structure of attractin indicates
two large helices, with disulfide bonds between cysteines

C4 and C41, C13 and C33, and C20 and C26, consistent

with previous biophysical evidence. On the basis of sequence
analysis and the NMR solution structure, we suggest a
specific group of residues, common to the knoAplysia
attractins, to account for biological activity. Similarities
between the attractin structure and those of small ciliate
pheromones suggest a possible common, ancient pathway 17
for intercellular communication mediated by protein phero-
mones.
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