Biochem. J. (1999) 340, 337343 (Printed in Great Britain)

337

Sequence-divergent units of the ABA-1 polyprotein array of the nematode
Ascaris suum have similar fatty-acid- and retinol-binding properties but
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Polyproteins comprise long polypeptides that are post-
translationally cleaved into proteins of different function, or
tandemly repetitive polypeptides which are processed into mul-
tiple versions of proteins which are presumed to have the same
function. In the latter case the individual units of the polyprotein
can differ substantially in sequence. Identity of function between
the different units therefore cannot be assumed. Here we have
examined the ABA-1 polyprotein allergen of the parasitic nema-
tode Ascaris suum and found it to contain units which show a
509, difference in amino acid sequence. The parasite therefore
produces at least two radically different forms of the allergen
encoded within the polyprotein array. In fluorescence-based
ligand-binding assays, recombinant polypeptides representing
the two forms (designated ABA-1A1 and ABA-1B1) showed
similar binding affinities for a range of fluorescent active-site
probes [retinol, dansylundecanoic acid, dansyl-DL-z-amino-

octanoic acid, cis-parinaric acid (cPnA)] and for the non-specific
hydrophobic surface probe 8-anilinonaphthalene-1-sulphonic
acid. However, the molecular environments in the active sites are
markedly different, as indicated by disparate fluorescence
emission peaks and intensities of bound probes. CD showed
that the proteins have similar secondary structures but differ
in susceptibility to chemical denaturation/unfolding by
guanidinium chloride. Both retain a single conserved tryptophan
residue in a characteristic non-polar environment, as revealed by
extreme fluorescence blue shift. Thus the gross differences in
sequence of the two proteins are not reflected in their ligand-
binding specificities but in their binding-site environments.

Key words: ABA-1 allergen, fatty-acid-binding protein, poly-
proteins, retinol-binding protein.

INTRODUCTION

The term polyprotein is used to denote two different types of
entity. The first is exemplified by viral proteins and certain
vertebrate hormones in which a single nascent polypeptide is
cleaved into proteins with completely different functions [1-5].
The second is typified by certain proteins of vertebrate keratino-
cytes in which a large polypeptide containing tandemly repeated
units is cleaved post-translationally into polypeptides which are
presumed, in the absence of direct testing, to have similar or
identical functions [6-10]. There will presumably also be cases of
this type in which the different units have diverged such that they
now serve different biochemical functions yet reflect their
antecedents in primary, secondary and tertiary structures.

The advantage in producing proteins in repetitive polyprotein
arrays is presumably that it represents a highly efficient means by
which to produce large quantities of a functional product [8].
Proproteins of terminally differentiated mammalian keratino-
cytes such as filaggrin, involucrin and loricin comprise peptide or
polypeptide repeats that display sequence variations yet retain
distinctive structural motifs, and are encoded by genes lacking
introns in the coding region [6—10]. The postulated advantage of

this is that a maturing epidermal granular cell needs to mobilize
rapidly, and precisely regulate, a large pool of cell type-specific
proteins in the face of nuclear function which is compromised by
approaching senescence [8].

However, examples of repetitive polyproteins with intronless
coding regions have recently arisen which break the rule that
such proteins are products of a senescing cell. These are the
polyprotein allergen proteins of nematodes (NPAs) which bind
fatty acids and retinol [11-18]. Some NPAs exhibit dramatic
differences in the sequences of the repeated units, although each
possesses conserved signature amino acid positions [15,16]. To
date, the ligand-binding characteristics of these proteins have
been demonstrated only for single units of the polyprotein from
a variety of nematode species, but not for two different units
from the same polyprotein array. It therefore remains a possibility
that the various members of the same array are functionally
different in vivo, which will be important, given that NPA
proteins are secreted into the tissues inhabited by parasitic
nematodes in humans and other hosts [11-13,15].

We have here selected a pair of sequence-divergent units from
the same NPA array, and, using recombinant polypeptides,
compared their structure, stability and ligand-binding properties.
The latter were examined using environment-sensitive fluorescent
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probes which can explore subtle differences in the nature of a
binding site. The two proteins were found to have similar ligand-
binding activities, but showed differences in the environments of
their binding sites, a finding that may be of biological significance.
The findings prompt the question of why other proteins which
are required in abundance (or at short notice) are not also
produced in this manner and what the selective advantage is in
having sequence diversity in this kind of polyprotein array.

MATERIALS AND METHODS
cDNAs encoding ABA-1

A cDNA expression library was constructed from mRNA from
the infective stage of Ascaris suum as previously described [14].
The library was screened with rabbit antibody against excretory/
secretory products of the infective larvae of the parasite [19], and
two positive clones (pJMAsl and pJMAs2) were isolated, the
plasmids excised, and the sequences of the entire inserts on both
strands obtained using standard methods [20].

Expression and purification of recombinant proteins

Primers A-Nter (ggaattcCATCATTTCACCCTTG; lower-case
letters indicate the appended EcoRI restriction site plus extra
nucleotides to enable cutting) and A-Cter (ggaattcCCTCCTT-
CGTCGCGAAG) were used to amplify the 3’-most repeat unit
known to be encoded within the aba-1 array [14,21]. Primer A-
CterA4R (gggaattcTCACGAAGTATGTACACCATAG) was
used in place of A-Cter to produce a PCR product which did not
encode the four terminal arginine residues which are probably
absent in the mature protein [14,22-25]. The above combination
of primers were used in PCR reactions containing 1 ng of pHS10
DNA [14] with the following conditions: 94 °C for 1 min/55 °C
for 1 min/72 °C for 1 min for 30 cycles, followed by 72 °C for
5 min. The above refers to production of DNA encoding the type
A (ABA-1A) unit in the NPA array. Primers B-Nter (gggaat-
tcCATACAATGGAACACTATC) and B-Cter (gggaattcCCT-
CCTTCGTCGATGATG) were used similarly in PCR reactions
to produce a single repeat unit corresponding to the type B
(ABA-1B1) unit, except that the PCR annealing temperature was
reduced to 50 °C to allow for the characteristics of the primers
used, and the pJMAs! plasmid was used as a template. The PCR
reaction products were cut with EcoRI and purified on agarose
gels. The purified fragments were ligated to EcoRI-digested and
alkaline phophatase-treated pGEX-1AT (Pharmacia, Milton
Keynes, U.K.) expression vector. The plasmid clones thus
obtained were checked by sequencing to validate the fidelity of
the PCR amplification.

Escherichia coli XL1-Blue containing pGEX-1AT derivatives
containing inserts encoding ABA-1A1 or ABA-1B1 were induced
to produce the recombinant proteins with isopropyl thio-S-b-
galactoside (0.2 mM) and cells were harvested by centrifugation
at 15000 g for 10 min at 4 °C. The pellet was resuspended in PBS
(171mM NaCl/3.35mM KCI/10mM Na,HPO,/1.8 mM
KH,PO,, pH 7.2), sonicated on ice and centrifuged at 22000 g
for 30 min at 4 °C. The glutathione S-transferase (GST) fusion
protein was purified from the supernatant by binding to GSH—
agarose beads (Sigma). In order to minimize contamination with
GST, the fusion protein partner, recombinant ABA-1A or ABA-
1B fusion proteins with GST were cut using thrombin while still
bound to the GSH-agarose beads. Approx. 5 NIH (National
Institutes of Health) units of thrombin (Sigma)/mg of recom-
binant protein were added to the column in a volume equal to the
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bed volume in buffer containing 2.5 mM CaCl,. The column was
incubated at room temperature for 24 h and the recombinant
ABA-1A or ABA-1B proteins collected by addition of buffer.
Residual detergent was removed from solutions of protein by
passage through an Extracti-Gel D column (Pierce, Chester,
U.K.).

Spectrofluorimetry and fluorescence-based ligand-binding assays

Fluorescence emission spectra were recorded at 20 °C with a
SPEX FluorMax spectrofluorimeter (Spex Industries, Edison,
NJ, U.S.A)), using 2 ml samples in a silica cuvette. All spectra are
uncorrected for photomultiplier response. Raman scattering by
solvent water was subtracted where necessary using appropriate
blank solutions. The fluorescent fatty acid analogues 11-
(dansylamino)undecanoic acid (DAUDA) and dansyl-DL-a-
amino-octanoic (= caprylic) acid (DACA) were obtained from
Molecular Probes (Eugene, OR, U.S.A.) and Sigma respectively.
All-trans-retinol, oleic acid, 8-anilinonaphthalene-1-sulphonic
acid (ANS) and dansylamide were also obtained from Sigma,
and cPnA was kindly given by Dr. Bruce Hudson of the
University of Oregon or obtained from Molecular Probes. The
excitation wavelengths used for DAUDA, DACA, retinol and
cPnA were 345 nm, 345 nm, 350 nm and 319 nm respectively.
The dansylated fatty acids were stored as stock solutions of
approx. 1 mg/ml in ethanol, in the dark at —20 °C, and freshly
diluted in PBS to 1 #M before use in the fluorescence experiments.
Competitors of fluorescent-fatty-acid binding were prepared as
stock solutions in ethanol at approx. 10 mM and diluted in PBS
or ethanol for use. Free retinol is poorly soluble and unstable in
aqueous solution, so it was dissolved and diluted in ethanol
immediately before use, and binding to proteins was tested by
addition of typically 5 ul of this directly to a cuvette containing
protein in PBS.

To estimate the dissociation constant of ABA-l-fatty acid
binding, successive 5 ul or 10 ul portions of protein at a monomer
concentration of 60 M were added to 2 ml of DAUDA at 1 uM
and the fluorescence intensity measured at 483 nm (A, i.ion)
With A, ;000 @t 345 nm. The concentration of the ethanol stock
solution of DAUDA was checked by measuring the absorbance
of a 1:10 dilution in methanol at 335 nm, using a molar
absorption coefficient, ¢,,,, of 4400 M'-cm™ [26]. The con-
centration of retinol was estimated from the absorbance of a
solution of retinol in ethanol at 325nm, using an e¢,,, of
52480 M '-ecm . For the retinol titration experiments, 72 xM
retinol in ethanol was added in 5ul aliquots to 2 ml of a 3.27 or
3.86 uM solution of ABA-1 and mixed immediately. Correction
for the fluorescence of free retinol involved addition to a cuvette
containing only PBS, as previously described [27]. The con-
centration of the recombinant proteins was estimated from the
absorbance at 280 nm, using a molar absorption coefficient, e,,,
of 10810 M*-ecm™ and 16939 -M*'-cm™ for ABA-1A and
ABA-1B respectively, based on the amino acid composition of
the recombinant protein [28]. Fluorescence data were corrected
for dilution where necessary and were fitted by standard non-
linear-regression techniques (using Microcal ORIGIN software)
to a single non-competitive binding model to give estimates of
the dissociation constant (K,;) and maximal fluorescence intensity
(F,.)- Similar non-linear-regression methods were used to ana-
lyse results of competition experiments in which oleic acid was
progressively added to DAUDA /ABA-1 mixtures. Typically, a
stock solution of oleic acid in ethanol was freshly diluted to
1 mM in PBS and increasing concentrations of oleic acid were
added to a mixture containing 1.7 uM DAUDA and 1.94 mM
ABA-1.
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CD

CD spectra were recorded at 20 °C in a JASCO J-600 spectro-
polarimeter using quartz cells of path length 0.02 or 0.05 cm. The
protein concentrations were estimated from the absorbance at
280 nm and were 0.5 mg/ml with a 0.02-cm-path-length cell for
the observations on native protein, and 0.2 mg/ml for the
denaturation experiments using a 0.05-cm-path-length cell.
Molar-ellipticity values were calculated using values of 113 Da
and 117 Da for the mean residue weight calculated from the
amino acid sequence of recombinant ABA-1A1 and ABA-1B1
protein respectively. Analysis of the secondary structure of
the protein was performed using the CONTIN procedure [29]
over the range 240-190 nm. Guanidinium chloride (GdmClI)
(Ultrapure grade) was purchased from Gibco-BRL, Paisley,
Refrewshire, Scotland, U.K., and the concentrations of solutions
checked by refractive-index measurements [30].

RESULTS AND DISCUSSION
cDNA cloning and sequence analysis

The cDNA expression library was screened as described in the
Materials and methods section, and DNA sequencing of positive
clones revealed two (pJMAsl, 1.8 kb and pJMAs2, 2.1 kb) with
distinct overlapping sequences. Neither of these are full-length,
both having arisen by internal priming of the mRNA in first-
strand cDNA synthesis, presumably due to the high frequency of
adenine residues within the coding region. This was, however,
fortuitious given that the full-length mRNA encoding the ABA-1
polyprotein, and that from other species, is variously estimated
or known to contain between 10 and 20 units [11-13,15], which
would amount to a transcript of such a size that complete copies
are unlikely to be represented in the cDNA library; similar
difficulties have prevented the complete sequencing of any
filaggrin cDNA to date [6-9]. Translation of the open reading
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Figure 1 Diversity within the polypeptide units encoded in the polyprotein array of the nematode Ascaris suum

(R) Structures of the three overlapping cDNAs encoding the C-terminal end of the ABA-1 polyprotein array from Ascaris suum. The assembled sequence encodes six polypeptide units of identical
amino acid sequence designated type A1 (with ‘silent’” substitutions in the DNA allowing positioning of overlapping regions), three units designated A2, A3 and A4, which are unique but very
similar to A1, and the divergent B1 repeat unit. The actual assembled nucleotide sequence has been submitted to the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under the
accession number AF051702. (B) Alignment of all the repeat unit types illustrating the abrupt difference between the A and the B-type units. Trp'®, GIn?°, Cys® and Cys'® are conserved throughout
the NPA proteins [15,16]. The consensus proteinase cleavage sites are underscored and have the Lys/M-Xaa»LVS/A,Q»/-\rg motif identified for processing endoproteinases; the arginine tetrad is removed
in parasite-processed protein [22—25], and the N-terminal amino acid sequence obtained from fully processed parasite-derived ABA-1 allergen protein begins immediately after the cleavage sequence
and is in bold [21]. Gaps (—) indicate amino acid positions which are identical with those of the A1 sequence. (C) Evidence that both type A1 and B1 units may have arisen from duplication
of a single ancestral peptide of approx. 60 amino acids in length. The N- and C-terminal halves of each unit have been aligned using the MultAlin program set for the Dayhoff matrix [42]. Residues
which are identical across the alignment are in UPPER CASE, those which appear three out of four times are in lower case. ! indicates where aligned residues are either | or V, $ if either L or
M, and # if any of N, D, Q or E (single-letter amino acid code).
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Figure 2 Fluorescence spectral analysis of ligand binding and intrinsic tryptophan fluorescence of ABA-1 type A1 or B1 protein

(A, B) Emission spectra of DAUDA and DACA and changes upon binding to ABA-1 type A1 or B1. A 10ul portion of a 60.6 zM solution of A1 or B1 protein was added to 2ml of 1M DAUDA
(A) or DACA (B) in a fluorescence cuvette and the emission spectrum recorded. The wavelengths of maximum fluorescence emission were 542 nm for DAUDA in buffer, 480 nm for DAUDA + ABA-
1B1, and 473 nm for DAUDA + ABA-1A1. The wavelengths of maximum fluorescence emission were 542 nm for DACA in buffer, 491 nm for DACA + ABA-1B1, and 471 nm for DACA+
ABA-1A1. The spectra for DAUDA or DACA in buffer were subtracted from the appropriate spectra obtained upon addition of protein. Aggie, Was 345 nm. (C) Binding of ANS to ABA-1 type
A1 or B1 protein. Fluorescence emission spectrum of 20 M ANS in buffer alone or upon addition of 0.3 M A1 or B1 protein, showing enhanced fluorescence upon interaction with B1 over
that produced with protein A1. In both cases, the enhanced emission of ANS was reversed by addition of oleic acid (result not shown). The wavelengths of maximum fluorescence emission were
517 nm for ANS in buffer, 477 nm for ANS 4+ ABA-1B1, and 475 nm for ANS -+ ABA-1A1. (D) Fluorescence emission spectra of Trp'® in types A1 and B1 protein. Fluorescence spectra were recorded
with approx. 8 1M of proteins A1 and B1. The wavelength at the peak of emission and at the shoulder were 306 nm and 314 nm respectively in both cases. A1 has one tryptophan and four
tyrosine residues, and B1 has one tryptophan and five tyrosine residues. Ao, Was 290 nm.

Table 1 Binding of lipids to ABA-1A1 and ABA-1B1 recombinant proteins

ABA-1A1 ABA-1B1

Ligand A (NM) Ky (uM)T Appa (NM) Ky (M) A/ET
DAUDA 473 18 480 4.0 0.60
DACA a7 8.0 491 9.0 0.63
ANS 475 - 477 - -
cPnA 411 19 411 13 0.62
Oleic acid - 0.6 - 0.3 -
Retinol 465 0.1 465 0.3 0.28

* Ay i the wavelength of peak fluorescence emission of ligand when bound to protein.

+ All dissociation-constant (Ap) estimations were obtained by fitration with the fluorescent ligands listed, or, in the case of oleic acid, the value is for apparent A; obtained in competition
experiments with DAUDA.

1 F/K is the ratio between the maximum fluorescence intensity (F,,) at the wavelength of peak emission for ABA-1AT and ABA-1B1; F,, was estimated by extrapolation to infinity of the
titration data used for calculation of K. Errors in experimental determination of A are typically of the order of +10% [16].
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frame of the inserts showed that they comprise multiple head-to-
tail units encoding polypeptides similar or identical with the
amino acid sequence of the ABA-1 allergen of Ascaris which has
been obtained from direct N-terminal sequencing of parasite-
derived protein (see Figure 1) [21]. Figure 1(A) shows the
organization of the cDNAs and how they align with a previously
described cDNA (pHS10; [14]) to give a contiguous sequence
containing ten NPA units, six of which encode identical poly-
peptide units (type Al), three more with only minor differences
from these (A2, A3 and A4) and one which is substantially
different from the others (Bl). The N-terminal amino acid
sequence of the parasite-derived ABA-1 allergen matches exactly
that of the Al units, presumably because these represent the
most abundant form [21,22]. The amino acid sequence of BI is
only 499, identical with that of Al, representing an abrupt
change in the pattern of repeat units. Southern-blotting analysis
with genomic DNA showed that types A and B are in the same
single copy gene (results not shown). The parasite therefore
produces multiple forms of the allergen, which could in turn have
consequences for the hypersensitivity responses engendered by
the infection, particularly in light of the genetic control of allergic
reactions to ABA-1 [21,31].

The differences between type A and B units are scattered
throughout the sequences (Figure 1B), although Trp'®, GIn*’,
Cys* and Cys'? are conserved across these and all other NPA
units so far described [15,16]. Genetic or chemical modification
of any of these residues variously affects the protein’s structure
or ligand binding (L. McDermott, J. Moore, N. C. Price, S. M.
Kelly, A. Cooper and M. W. Kennedy, unpublished work). It
has previously been noted that the type A unit shows evidence of
having itself arisen from a duplication [14], and the same appears
also to be true of unit B1, in which there are similarities between
the N- and C-terminal halves of Bl and Al (Figure 1C).

Recombinant proteins representing type Al and Bl units
were produced as described in the Materials and methods section.
We have already tested Al protein in a biological assay for
allergenic activity and found that the recombinant protein is
equivalent to parasite-derived material in allergenic activity in
vivo, and that A1 and B1 are antigenically distinct. What follows
is a biochemical and structural comparison of the two.

Ligand-binding functions

Both Al and B1 bound to DAUDA, producing a dramatic shift
in the wavelength of maximum emission of the dansyl fluorescent
reporter group, from 542 nm for DAUDA in buffer to 473 nm
and 480 nm for DAUDA interacting with A1 and B1 respectively
(Figure 2A). This blue shift was similar to that observed for the
parasite-derived protein (475 nm; [16]), and is extreme compared
with that observed with vertebrate fatty-acid-binding proteins
(FABPs) such as the p-rich FABPs and serum albumin
(~ 500 nm; [16,32,33]). However, Bl produced a substantially
greater enhancement of DAUDA fluorescence on a molar basis
than did its counterpart.

The disparity in the two proteins in terms of degree of blue
shift and fluorescence enhancement they produce was more
marked upon binding of a dansylated fatty acid in which the
fluorophore is attached at the a-carbon atom (DACA), rather
than at the methyl terminus (as in DAUDA). With DACA, the
proteins were clearly distinguishable in that the blue shift was
substantially greater for Al (to 471 nm) than for Bl (491 nm),
whereas the reverse was true for the enhancement of intensity
(Figure 2B). The degree of blue shift in the emission of the dansyl
fluorophore is considered to be a measure of the polarity of a
protein-binding site [34], so Al and Bl presumably differ in
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Figure 3 Titration curve for the binding of retinol to ABA-1 types A1 and
B1 protein

The Figure shows the change in relative fluorescence intensity at 470 nm of 4 xM A1 or B1
monomer on addition of increasing concentrations of retinol. Ao, Was 350 nm. The data
were corrected for retinol fluorescence when added to buffer alone, as described previously [27].
The curves drawn for the corrected data are the theoretical binding curves for complex formation
with dissociation constants (Kp) 8.3 x 1078 M for A1 and 3.1 x 1077 M for B1.

terms of amino acid side chains close to the ligand or accessibility
to solvent water within the binding site. Titration experiments
showed that the two proteins have similar dissociation constants
and also emphasized the greater fluorescence emission produced
in DAUDA on binding to Bl. Similar experiments were carried
out with a naturally fluorescence fatty acid (cPnA) whose
emission was also greater when bound to B1 than when bound
to Al, but the dissociation constants were similar (Table 1).

Binding of retinol was also examined by fluorescence, showing
that Bl produced a substantially greater fluorescence enhance-
ment of retinol than did A1, although the latter proved to have
the greater affinity for retinol in titration experiments (Figure 3).

The final fluorescent probe used in the comparison was ANS,
which is considered to increase its fluorescence upon interaction
with exposed hydrophobic regions on proteins [35], although we
also find it to bind to proteins with hydrophobic lipid-binding
pockets such as serum albumin and f-lactoglobulin (results not
shown). The fluorescence emission of this probe increased
dramatically upon addition of either Al or B1, but the change
in fluorescence intensity with Bl was approximately double that
with Al (Figure 2C). In both cases, however, the fluorescence
increase was reversed upon addition of oleic acid to the mixture,
indicating that ANS binds in the ligand-binding site. The
wavelength of maximum fluorescence emission of ANS in the
two proteins was similar (477 nm and 475 nm) and not signifi-
cantly different from that when bound to BSA (473 nm) or
p-lactoblobulin (476 nm) (results not shown).

The different ligand binding propensities of the two proteins
are summarized in Table 1.

Structural analysis

An unusual characteristic of ABA-1 and its homologues from
other species is the dramatic blue shift in the fluorescence
emission of the single, conserved tryptophan (Trp'?), the extent
of which is matched by few proteins [36-38]. When the emission
spectrum of Trp'® in the two recombinant proteins was analysed,
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Figure 4 CD analysis of ABA-1 type A1 and B1 proteins

The Figure shows the CD spectrum recorded at 20 °C on a 0.5 mg/ml (approx. 30 z«M) solution of A1 or B1 in PBS; the pathlength was 0.02 cm. Using the CONTIN procedure [29], the predicted
estimates of oc-helix are 47 +2.2% and 48 +1.8% for ABA-1AT and ABA-1B1 respectively. The predicted contents of f-structure are 34 +3.8% and 40 +3.2% for ABA-1A1 and ABA-1B1
respectively, although it should be noted that estimates for £-structure can be unreliable for oc-helix-rich proteins. The inset shows the change in ellipticity at 225 nm of a 0.2 mg/ml (approx.
12 uM) sample of A1 or B1 with increasing concentration of GdmCl; the pathlength was 0.05 cm. The curves drawn are merely for guidance.

the blue shifts were found to be identical (Figure 2D), indicating
that the tryptophan residues of the two proteins are in similarly
buried and water-inaccessible sites within the structure of the
proteins, despite the disparity in their primary structures. The
spectra for the two proteins have the same emission peak at
306 nm and a shoulder at 314 nm; the shoulder is absent from
the emission spectrum of a deletion mutant in which Trp'® is
substituted (results not shown), so the 306 nm peak is probably
due to tyrosine residues, of which there are four in Al and five
in B1.

CD analysis gave very similar spectra for Al and BI, with a
similarly high predicted a-helix content (Figure 4). Neither
protein showed any significant change in CD spectrum over a 50-
fold concentration range (75-1.5 M results not shown). When
the stabilities of the folded proteins were compared in GdmCl
titration experiments, the major part of the unfolding of the two
proteins occurred between 1 and 3 M GdmCl (as in parasite-
derived ABA-1 [16]). There was, however, a reproducible
difference in the shape of the denaturation curves which was
apparent in three separate experiments using different batches of
the proteins, although the mid-points for the two proteins
occurred at approximately the same concentration of denaturant
(~ 2.5 M; Figure 4, inset). This suggests that, although the
stabilities of the folded proteins are similar, the co-operativity or
mechanisms of unfolding in the presence of GdmCI may differ
between the two forms. Preliminary analysis assuming a two-
state model [39] of the unfolding curves gives Gibbs-free-energy-
change (AG") values for the unfolding of the native proteins
of 27kJ/mol [m (slope of the plot of free energy against
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GdmCl concentration) = — 11 kJ-mol™-M™] for ABA-1A1 and
16 kJ-mol™ (m = —6.5kJ-mol™t-M™) for ABA-1B1. In the
presence of oleic acid there was essentially no change in the shape
of the denaturation curve for either protein (results not shown).

These studies indicate that sequence-divergent units from the
same nematode polyprotein array are functional lipid-binding
proteins but possess binding sites with distinctive biophysical
characteristics. Two possibly related questions are prompted,
namely why are NPAs produced as polyproteins and why has the
dramatic sequence diversity evolved when the end products have
similar functional properties, at least as regards ligand binding?
Perhaps the answer to both questions arises from a requirement
for large amounts of functionally active protein to be produced
rapidly and efficiently at high local concentrations at the site of
synthesis or action. The polyprotein mechanism would achieve
this, but the limited solubility of a structurally homogeneous
protein [40] would impose limits on the concentrations safely
achievable (ABA-1 concentration in Ascaris body fluid is approx.
21.3 mg/ml (M. W. Kennedy, unpublished work), and there are
fewer species of protein present than in, say, human plasma
[21]). The combination of polyprotein and diversity might over-
come this problem by raising the threshold concentration of
protein which could be produced before significant aggregation
occurs. In relation to the solubility argument, it may be relevant
to note that different components of the Ascaris and other
nematode polyprotein arrays show significant differences in
predicted pl (ranging from 5.0 to 6.4), but will all be negatively
charged at neutral pH (A. Cooper and M. W. Kennedy, un-
published work).
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Alternatively, the explanation might be genetic. Following the
amplification of DNA encoding the ancestral NPA unit, an array
comprising tandemly repeated sequences might be at risk of
disruption through homologous recombination during meiosis.
There would therefore be a selective advantage to diversifying
the DNA, within functional constraints imposed on the encoded
proteins. Instability of such a gene might, for instance, be the
reason for the apparent difference between individual humans in
the sequences and number of repeat units in the filaggrins, and
apparent size heterogeneity of the products [9,41]. On the other
hand, the amplification event(s) might merely be sufficiently
ancient that the diversified NPA arrays we observe today result
from the gradual divergence in the sequences of the different
units in an array, but with conservation of function.

The different responses shown by the various fluorescent
probes when bound to ABA-1A1 and ABA-1B1 unexpectedly
showed that the sequence diversity between these two influences
functionally important parts of the folded molecule, producing
changes in the molecular environment of the active site. It is
possible that this active-site variability merely reflects the mul-
tiplicity of ways in which these relatively non-specific fatty-acid-
/retinoid-binding sites may be constructed, with some mutational
latitude in the absence of other evolutionary pressures. Alterna-
tively (but not incompatible with this), it might reflect some other
additional function(s) that we have not yet identified. For
example, whereas these molecules might be relatively indis-
criminate in what they bind, the sites of delivery (what they
deliver and where) may be more specific. The diversity in the
active site and other features of the proteins might therefore
reflect different mechanisms for transfer or release of their
payload at different receptors or membrane locations within
nematodes.
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