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Summary

Cell type-specific signal proteins, known as pheromones, are

synthesized by ciliated protozoa in association with their self/nonself

mating-type systems, and are utilized to control the vegetative growth

and mating stages of their life cycle. In species of the most ubiquitous

ciliate, Euplotes, these pheromones form families of structurally

homologous molecules, which are constitutively secreted into the

extracellular environment, from where they can be isolated in

sufficient amounts for chemical characterization. This paper

describes the NMR structures of En-1 and En-2, which are

members of the cold-adapted pheromone family produced by

Euplotes nobilii, a species inhabiting the freezing coastal waters of

Antarctica. The structures were determined with the proteins from

the natural source, using homonuclear
1
H NMR techniques in

combination with automated NOESY peak picking and NOE

assignment. En-1 and En-2 have highly homologous global folds,

which consist of a central three-a-helix bundle with an up-down-up

topology and a 310-helical turn near the N-terminus. This fold is

stabilized by four disulfide bonds and the helices are connected by

bulging loops. Apparent structural specificity resides in the variable

C-terminal regions of the pheromones.TheNMRstructures ofEn-1 and
En-2 provide novel insights into the cold-adaptive modifications

that distinguish the E. nobilii pheromone family from the closely

related E. raikovi pheromone family isolated from temperate waters.
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INTRODUCTION

The exploration of organisms living in extreme environ-

ments has shed light on how life spread everywhere liquid

water is available on our planet, irrespective of other physical

and geochemical conditions (1). Even the most hostile and

harsh habitats have been found to harbour a great variety of

organisms, mostly archea and bacteria, which thrive under

environmental extremes and are designated as ‘extremo-

philes’. Among these, psychrophiles and thermophiles, i.e.,

organisms able to grow at temperatures close to 08C and up

to 808C, respectively, have generated keen interest for the

unique opportunities that they provide to assess relationships

between protein stability, dynamics and function, as well as

for the economic potential of their proteins for direct

industry use or as models for the engineering of mesophilic

counterparts (2, 3).

While the molecular properties of thermophilic proteins,

which are often readily overexpressed, purified and character-

ized, have been extensively studied (4 – 8), cold-adapted

proteins have so far been subject to much more limited

research. In view of their extensive distribution and occurrence

in the biosphere, much of which is mostly cold, with

temperatures permanently below 58C, much work remains to

be done. In recent years, a handful of structures have been

determined for enzymes of psychrophilic microorganisms

(9, 10) and ‘anti freeze proteins’ (11 – 15), and insights have

been obtained from site-directed mutagenesis experiments (16)

and directed evolution methods (17) on the structural

principles that govern protein cold-adaptation. To a greater

extent than in thermophilic adaptation, the psychrophilic

protein families appear to make use of more varied strategies

to maintain their functional efficiency in thermodynamically

unfavourable environments. Widening of the solvent-accessi-

ble areas, weakening of the compactness of the hydrophobic

core, or extension of surface loops have most commonly been
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proposed to act synergistically or individually to acquire

increased backbone flexibility without affecting stability in

cold-adapted proteins (18, 19).

A new avenue to insights into the structural modifications

underlying protein cold-adaptation may be provided by studies

of a family of structurally homologous proteins that can be

purified in amounts of 50 – 150 mg of protein/litre of culture

supernatant from an eukaryotic antarctic marine eukaryotic

microbe, the ciliate Euplotes nobilii (20). These proteins are

collectively designated as ‘pheromones’ and distinguished from

one another by the denominations En-1, En-2, . . . . They

represent cell type-specific environmental signals on which

the cells rely to shift between the vegetative (growth) and

mating (sexual) stages of their life cycle (21). In contrast to the

cold-adapted protein families studied so far which are mostly

represented by structurally complex enzymes specialized for a

specific catalytic activity in the cells (2, 18) or by antifreeze

proteins (11 – 15), the E. nobilii pheromones are small water-

borne proteins with hormonal activity. As such, they are likely

to be under stronger adaptive pressure to balance their

molecular structures between increased flexibility required to

bind effectively to their cell receptors, and high stability

required for a long-lasting and long-range activity in a

permanently freezing environment. Therefore, the adaptive

significance of their structural specificities should, at least in

principle, be more directly apparent and more readily

accessible to experimental analysis. In this paper, we have

determined the NMR structures of the two E. nobilii

pheromones En-1 and En-2. Analysis of these two structures

provides initial insights into potentially distinctive structural

features of the En pheromone family. Corresponding data on

another En pheromone, En-6, are forthcoming (22).

MATERIALS AND METHODS

Protein Preparation and NMR Spectroscopy
Isolation and purification of En-1 and En-2 from native cell

cultures were performed as previously described (23). For both

proteins, 1.3 mg were dissolved in a volume of 300 ml to obtain

1 mM protein concentration in 20 mM phosphate buffer at

pH 6.0, either in 95% H2O/5% D2O, or in 100% D2O.

Shigemi tubes were used for the NMR experiments. Sequence-

specific backbone and side chain assignments were obtained

using the following homonuclear 1H experiments with H2O

and D2O solutions of the pheromones (24): 2D [1H,1H]-

COSY, 2D [1H,1H]-TOCSY with a mixing time tm¼ 65 ms,

2D [1H,1H]-NOESY with a mixing time tm¼ 150 ms. The

spectra were recorded at 303 K on a Bruker Avance600

spectrometer. For the structure determination, two 2D

[1H,1H]-NOESY spectra were recorded with a mixing time

tm¼ 85 ms at 303 K on a Bruker DRX800 spectrometer in

protein solutions in 95% H2O/5% D2O, and in 100% D2O,

respectively. All NMR spectra were analyzed using the

software XEASY (25).

Collection of Conformational Constraints and 3D
Structure Calculation

The NOESY spectra were analyzed with the automated

ATNOS/CANDID approach (26, 27) in combination with

structure calculation, using the torsion angle molecular

dynamics algorithm DYANA (28). For each protein, the

input for the iterative ATNOS/CANDID procedure con-

sisted of the chemical shift lists obtained from the previous

sequence-specific resonance assignment, and of two 2D

[1H,1H]-NOESY spectra recorded in H2O and in D2O

solution, respectively. During the first six ATNOS/CANDID

cycles, ambiguous distance constraints were used (29). For

the final structure calculation in cycle 7, only distance

constraints were retained that could be unambiguously

assigned based on the protein 3D structure resulting from

cycle 6. j and c backbone dihedral angle constraints derived

from the 13Ca chemical shifts (30, 31), torsion angle

constraints derived from the 1H– 1H coupling constants

using the grid search procedure FOUND (32), and disulfide

bond constraints (33) were added to the input for each cycle

of structure calculation. The disulfide-bonded cysteine pairs

were identified by the following procedure (34). First, two

reference calculations, without disulfide constraints and with

ambiguous disulfide constraints (35), respectively, were

performed. Through the analysis of the distances dbb between

each possible combination of pairs of Cys residues, the

correct disulfide pairings were identified. These disulfide bond

assignments were verified through the observation of Hb7Hb

NOEs in the NOESY spectra. The 20 conformers with the

lowest residual DYANA target function values obtained

from cycle 7 were energy-refined in a water shell with the

program OPALp (36, 37). The program MOLMOL (38) was

used to analyze the protein structures and to prepare the

figures showing molecular models.

RESULTS

Resonance Assignment, Constraint Collection and
Structure Calculation

The sequence-specific resonance assignments of En-1 (52

residues, MW¼ 5630, Swiss-Prot: P83441) and En-2 (60

residues, MW¼ 6304, Swiss-Prot: P83235) were conducted

using standard homonuclear NMR techniques (24). For En-1,

all 47 expected backbone amide proton resonances were

identified. Nearly complete sequence-specific resonance assign-

ments were obtained, with a single gap between residues Tyr31

and Thr32 (Fig. 1), and all non-labile side-chain protons were

assigned for the residues 2 – 52. Similarly, for En-2 all 56

expected backbone amide proton resonances were identified,

and complete sequence-specific resonance assignments were

obtained (Fig. 1). For the side-chains, all the non-labile

protons were assigned, with the sole exception of Phe40 Hz. In

addition, 25 and 27 13Ca chemical shifts were assigned for En-1
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and En-2, respectively, based on natural abundance 2D

[13C,1H]-COSY spectra. For both proteins the side chain –

NHn groups of Asn, Gln and Trp have also been assigned. The

chemical shift lists of En-1 and En-2 have been deposited in the

BMRB (www.bmrb.wisc.edu) with accession numbers 7326

and 7327, respectively.

The structure calculations of En-1 and En-2 were

performed using automated NOESY peak picking and

NOE assignment with the routines ATNOS (26) and

CANDID (27) in conjunction with the DYANA (28) torsion

angle molecular dynamics algorithm, as described in Materi-

als and Methods. The input of conformational constraints

was derived from [1H,1H]-NOESY spectra recorded in H2O-

and D2O-solutions at T¼ 303 K with a mixing time of

85 ms, and from measurements of 3JHNa coupling constants

and 13Ca chemical shifts.

For the final structure calculation of En-1 in cycle 7, a total

of 2440 NOE cross peaks were unambiguously assigned,

leading to a total of 746 meaningful NOE upper distance

limits. In addition, 274 torsion angle constraints were derived

with the FOUND grid search algorithm (32) from short-range

NOEs and 50 3JHNa coupling constants, and from 25 13Ca

chemical shifts (30, 31). The input for DYANA was further

supplemented with 32 upper and lower disulfide distance limits

(33, 34). The 20 conformers with the lowest DYANA target

function values were energy-minimized with the program

OPALp (36, 37) and used to represent the solution structure of

En-1 (Fig. 2). The statistics of Table 1 show that a high-quality

structure determination was achieved.

For En-2, a total of 3103 NOE cross peaks were

unambiguously assigned, leading to a total of 696 mean-

ingful NOE upper distance limits. 277 torsion angle

constraints derived from short-range NOEs, 54 3JHNa

coupling constants and 27 13Ca chemical shifts (30 – 32), as

well as 32 upper and lower disulfide bond constraints

supplemented the input for the final structure calculation.

The 20 energy-minimized conformers with the lowest

DYANA target function values representing the solution

structure of En-2 (Fig. 3) represent a high-quality structure

determination (Table 1).

The NMR Solution Structures of En-1 and En-2

The solution structures of En-1 and En-2 are closely

homologous, and therefore they are described jointly in this

section. Each protein contains two regular a-helices, a1 and

a3, a somewhat distorted a-helix, a2, and a 310-helical turn

Figure 1. Alignment of the amino acid sequences of En-1 and En-2 based on the CLUSTALW algorithm (39) and survey of the

sequential and medium-range 1H-1H NOEs observed in En-1 and En-2 (24). The disulfide bonds in En-1 and En-2 identified in

this paper are indicated. Above the En-1 sequence, the sequential assignments and the collection of medium-range NOE

constraints for En-1 are surveyed (not shown are the Xxx-Pro sequential connectivities, which were in all cases established by

d12 and/or d22 NOEs). For the sequential NOEs dNN, d1N, and d4N, the thickness of the bars corresponds to the NOE

intensities, and the medium-range NOEs dNN(i,iþ 2), d1N(i,iþ 2), d1N(i,iþ 3), d14(i,iþ 3) and d1N(i,iþ 4) are indicated by

lines connecting the two related residues. The locations of regular secondary structures in En-1 are identified at the top. The

corresponding information for En-2 is presented below the En-2 sequence.
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(Fig. 4). The two regular a-helices span the residues 16 – 24

(a1) and 40 – 49 (a3) in En-1, and 17 – 24 (a1) and 42 – 52 (a3)
in En-2; the distorted a-helix spans the residues 30 – 37 in

En-1 and 33 – 39 in En-2; and the 310-helical turn spans the

residues 2 – 5 in both En-1 and En-2 (Figs 2 – 4). In En-1, the

cysteine pairs 11 – 37, 23 – 33, 34 – 46 and 30 – 52 form four

disulfide bonds, and in En-2 the equivalent cysteine pairs

11 – 39, 24 – 35, 36 – 48 and 31 – 57 are formed (Fig. 1). Two

disulfide bonds link the helices a1 and a3 to a2, one bond

links the N-terminal loop with the C-terminal end of the

helix a2, and the fourth disulfide bond connects the loop

following a1 to a position at or near the C-terminus (Fig. 1).

The three core helices a1, a2 and a3 of En-1 and En-2 are

organized in an up-down-up arrangement that forms a

trigonal pyramid, with the C-terminus located at the top of

the pyramid (Figs 2 – 4). In En-1, the helix a2 is anti-parallel

to a1 (Fig. 2), while in En-2 the helix a2 is anti-parallel with

a3 (Fig. 3). The 310-helical turn of residues 2 – 5 and the loop

6 – 16 are located at the base of the pyramid formed by the

three core helices and close off the hydrophobic core of the

protein.

DISCUSSION

Common Structural Features of En Family Pheromones
With the determination of the structures of two E. nobilii

pheromones, we are able to identify an apparent blueprint of

their molecular architectures, since the secondary and tertiary

structures of En-1 and En-2 exhibit extensive similarities. The

alignment of their sequences with the ClustalW algorithm (39)

required the insertion of five gaps in the sequence of En-1 in

order to bring the eight cysteines into register (Fig. 1). Once

brought into register, the cysteine residues form four

corresponding disulfide bonds, which are located in nearly

identical positions in the three-dimensional structures of En-1

and En-2, although the polypeptide segments leading from the

helix a3 to the last cysteinyl residue is elongated by two

residues in En-2 when compared to En-1. The two proteins

also contain similar sets of four helical secondary structures,

with three antiparallel helices a1, a2 and a3 organized in a

trigonal pyramidal fashion (Fig. 4). The two molecules also

share the following two traits: Firstly, two disulfide bonds link

the helices a1 and a3 to a2. Secondly, the 310-helical turn near

the N-terminus and the well-structured loop connecting this

turn with a1 form a base of the pyramid formed by the three

core helices.

Structural Specificities of Individual En Pheromones

With the core scaffold being largely conserved in En-1 and

En-2, two local structural variations are readily apparent.

First, the distorted helix a2 is shortened by one residue in En-2

(Fig. 4), which results in an elongation of the flexible loop

following helix a1. Apparently as a result of these sequence

and secondary structure variations, the axis of helix a2 runs

parallel to the axis of a1 in En-2 (Fig. 4), while the axis of the

helix a2 of En-1 runs parallel to the axis of a3 (Fig. 4).

Secondly, the two proteins show variable lengths of the helices

a3, and the sequence of En-2 is elongated beyond the last Cys

residue by a tripeptide segment. These two variable regions

form a contiguous surface area of the pheromones.

Variation of the structures near the C-terminal chain end

was previously proposed as a structural basis for pheromone-

specificity, based on the results of a study of E. raikovi

pheromones (40). Additional support for this hypothesis now

comes from the three En structures presented here, since

structural differences between these three proteins near their

C-termini and in the loop region following the helix a1
represent a structurally and electrostatically variable site,

which accommodates nearly all the insertions in En-2 when

compared to En-1.

The aforementioned variations of sequence and conforma-

tion lead to pronouncedly different charge distributions on the

surface near the C-terminus (Fig. 5). En-1 has a large cleft of

negatively charged surface extending from the base of the

trigonal pyramid formed by the core helices toward the top of

the pyramid, whereby the two proteins show clearly different

patterns of charge distribution, due to the fact that the shorter

C-terminus of En-1 creates a flat C-terminal surface that is

devoid of surface-accessible negative charges (Fig. 5). These

pronounced variations of surface charge distribution are

highly likely to ensure specificity for the interactions with

the pheromone receptors, as has also been suggested for the

pheromone7receptor interactions in E. raikovi, based on the

Figure 2. Stereo view of the bundle of 20 energy-minimized

DYANA conformers that represent the NMR structure of

En-1. The conformers were superimposed for pair-wise

minimum RMSD values of the backbone atoms N, C1 and

C0 of residues 2 – 52. The four disulfide bonds are highlighted

in gold. The two chain ends are identified by N and C, and the

regular secondary structures are identified, with the first and

last residue of each helix indicated by red numbers.
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intermolecular contacts in the crystal structure of the

pheromone Er-1 (41).

Molecular Structures and Cold Adaptation

The N-terminal polypeptide segments preceding the helix

a1 of the pheromones En-1 and En-2 are a well-structured

entity that caps off the hydrophobic core created by the

three a-helices (Fig. 6). No corresponding, well-structured

N-terminal region has been found in any of the E. raikovi

pheromone structures (42 – 48). In both En pheromones the

N-terminal surface exhibits similar sets of exposed negatively

charged side-chains, including the conserved and homologous

residues Glu 3, Asp/Glu 4 and Asp/Glu 8/9 (Fig. 6). Similar

orientation of these side-chains (Fig. 6) ensures that the base

of both pheromone structures is dominated by negative

charges (Fig. 5).

Overall, it thus appears that the N-terminus represents a

molecular region where the pressure for cold adaptation has

restricted the divergence in the pheromone sequences, whereas

in the loop following a1 and near the C-terminus, cold

Table 1

Input for the structure calculation in ATNOS/CANDID cycle 7 and characterization of the bundles of 20 energy-
minimized DYANA conformers that represent the NMR structures of En-1 and En-2

Parameter En-1a En-2a

NOE upper distance limits 746 696

Intraresidual 119 168

Short-range 222 211

Medium-range 222 127

Long-range 183 190

Dihedral angle constraints 274 277

Disulfide bond constraints 32 32

Residual target function values (Å2) 0.71+ 0.17 0.94+ 0.19

Residual NOE violations

Number� 0.1 Å 7+ 2 (3 – 11) 8+ 2 (4 – 13)

Maximum (Å) 0.12+ 0.01 (0.11 – 0.13) 0.12+ 0.01 (0.11 – 0.14)

Residual dihedral angle violations

Number� 2.5 deg 2+ 1 (0 – 3) 1+ 1 (0 – 2)

Maximum (deg) 5.66+ 3.79 (2.37 – 13.37) 4.06+ 2.76 (1.88 – 10.92)

AMBER energies (kcal/mol)

Total 71723.13+ 48.82 71854.80+ 39.69

van der Waals 7137.71+ 7.39 7143.42+ 7.76

Electrostatics 71951.83+ 45.69 72148.44+ 33.44

rmsd from ideal geometry

Bond lengths (Å) 0.0073+ 0.0002 0.0080+ 0.0006

Bond angles (deg) 1.86+ 0.06 2.01+ 0.18

rmsd to the mean coordinates (Å)b

bb (3 – 50/3 – 57) 0.36+ 0.05 (0.29 – 0.43) 0.39+ 0.08 (0.25 – 0.51)

ha (3 – 50/3 – 57) 0.73+ 0.05 (0.65 – 0.81) 0.75+ 0.05 (0.67 – 0.84)

Ramachandran plot statistics (%)c

Most favored regions 73.6 71.1

Additional allowed regions 22.2 25.9

Generally allowed regions 1.9 1.6

Disallowed regions 2.3 1.4

aExcept for the top two entries, the average value for the 20 energy-minimized conformers with the lowest residual DYANA target function values and

the standard deviation among them are given, with minimum and maximum values given in parentheses.
bbb indicates the backbone atoms N, Ca, C0; ha stands for ‘all heavy atoms’. The numbers in parentheses indicate the residues for which the rmsd was

calculated.
cAs determined by PROCHECK (50).
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adaptation has been combined with a large degree of sequence

variation between the two pheromones in order to retain

functional specificity. In both of these molecular regions,

incorporation of glycine, threonine and serine residues appears

to maintain the flexibility of the interaction surface in the

extreme cold environment of E. nobilii that is needed for

successful pheromone receptor binding (19, 49).
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packing in the 1.6-Å crystal structure of the pheromone Er-1 from the

ciliated protozoan Euplotes raikovi. Proc. Natl. Acad. Sci. USA 92,

10172 – 10176.

42. Brown, L. R., Mronga, S., Bradshaw, R. A., Ortenzi, C., Luporini, P.,
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