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Do the Structures of Big ET-1 and Big ET-3 Adopt a Similar Overall Fold?
Consequences for Endothelin Converting Enzyme Specificity
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ABSTRACT. Big ET-1 and big ET-3 are precursor peptides which render endothelin-1 (ET-1) and
endothelin-3 (ET-3) relatively unreactive and resistant to proteolytic cleavage. Big ET-1 is cleaved in
vivo by ECE-1 (endothelin-converting enzyme), and big ET-3 is also cleaved but apparently to a
significantly lesser extent by this enzyme. To shed light on the relation between structure and function,
circular dichroism (CD) spectroscopy and homology modeling were used to determine whether big ET-1
and big ET-3 adopt similar secondary and tertiary structures. Analyses of the CD spectra and thermal
denaturation indicate they have similar secondary structures and thermal stabilities. Superposition of the
modeled coordinates of both peptides indicates that they can adopt the same overall fold except in the
C-terminal residues, 3438 in big ET-1 and 3441 in big ET-3. This region corresponds to an area of
complete sequence heterogeneity between the two peptides. A model has been developed which has a
loop for residues 2730 (HVVP in big ET-1), which have previously been demonstrated to be essential
for eliciting efficient hydrolysis of the W21V22 bond in big ET-1 and which have the sequence QTVP

in big ET-3. Differences in affinity between big ET-1 and big ET-3 for ECE-1 thus appear to be due
solely to sequence variations in the local region of the cleavage site.

The three-dimensional structure of endotheliri), & 21- endothelin-converting enzymes (ECE$, ©). Both the
amino acid polypeptide and the most potent naturally endothelin-converting enzymes and the furin-like convertases
occurring vasoconstrictor yet discovere?),(has given us are integral membrane proteins. Genetic evidence from the
insight into its mode of binding to its heterotrimeric guanine development of mouse embryos points to ECE-1 as a
nucleotide protein-coupled receptors (GPELRnd it has physiologically relevant endothelin-converting enzyme for
been a target for the rational drug design of receptor poth big ET-1 and big ET-3 in vivo3). The three known
antagonists. However, design of specific inhibitors has beenisoforms of ECE-1, i.e., ECE-%ec, derived from a single
difficult due to the existence of several receptor subtypes gene through the use of alternative promoters, have distinct
and the existence of three distinct endothelin isoforms. An tissue distributions and subcellular localizations and have
alternative strategy for drug design is to inhibit the processing equal affinity for big ET-1 and approximately 10% of this
of the endothelin precursors to the active polypeptides.  activity for big ET-3 in vitro (7). This was confirmed by

Endothelin-1 (ET-1) is produced from an intermediate Tyrner et al. g), who found tissue-specific expression using
precursor big ET-1, a 38-amino acid polypeptide in humans, antipodies raised against two ECE-1 rat isoforms in human
which performs a dual role in rendering ET-1 inactive while mpilical vein endothelium cells (HUVEC) and transformed
conferring resistance to proteolytic degradation. Evidence 44 lung vascular endothelial cells (TRLEC-03). Another
suggests _that big ET-l can act as a Iong-distance carrier Ofisoenzyme, ECE-2 with an acidic pH optimum and a
the biological activity of ET-1 in vivod). Endothelin-3 (ET-  isopeptide substrate selectivity similar to that of ECE-1, has
3) is protected in an analogous form in big ET-3, @ 41-amin0 a6 ¢loned from bovine adrenal cortex, but it is not known
acid polypeptide. Big ET-1 and big ET-3 are produced from \\ n«ihar ECE-2 is expressed in humags The processing
a zymogen, preproendothelin, by proteolysis at a pair of site in big ET-3 has a Trplle bond rather than the Trp
dibasic amino acids, one of the pair being proximal and one Val scissile bond found in both big ET-1 and big ET-2.

dls_tal to the resultant blg endothelin, by a memper of the Although there is a high degree of sequence homology
furin-like convertase family of C?a-deper!dent SEMNe pPro-  hatween big ET-1, big ET-2, and big ET-3, a further variation
teases 4).' The Trp2F-Val22 bond of big ET-1 is then between the endothelins occurs in residues 29 which
preferentially hydrolyzed by the homologous family of have the sequence HVV in human big ET-1, QTA in human
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G-protein coupled receptor; NDSB195, nondetergent sulphobetaine 195.t0 each other in this region. This could indicate a tertiary
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Ficure 1: Sequence alignment of the currently known endothelin precursor (big ET) peptides shaded according to calculated conservation
values (0), depicted using ALSCRIPT4Q), with black indicating absolute sequence conservation and white nonhomologous substitution.

structural feature shared by big ET-1 and big ET-2 but not structural content of a proteirl%). The reference data set
by big ET-3 in the C-terminal tail. used was a combination of the reference data set of Brahms
CD spectroscopy and homology modeling have been usedand Brahms 15) and the data set of Chang et dl2).
in this study to examine whether big ET-1 and big ET-3  Molecular Modeling.Homologues were identified using
bear overall structural homology to each other and whetherthe gonnet-predicted-secondary-structure meth@é)( Co-
differences in susceptibility to proteolytic cleavage are due ordinates for the X-ray structures of scorpion toxin Il (2sn3)
to overall differences in secondary and tertiary structure or and endothelin-1 (1edn) and the NMR structure of charyb-
due to local differences in the residues which bind in the dotoxin (2crd) were obtained from the Brookhaven Protein
specificity subsites of the enzyme. We have further examined Data Bank. Modeling was carried using the program MOD-
whether a difference in thermal stability of the isoforms could ELLER (17).

account for any differences in proteolytic susceptibility.
RESULTS AND DISCUSSION

EXPERIMENTAL PROCEDURES Comparisons of the CD Spectra of Big ET-1 and Big ET-
Materials. Human big ET-1 and human big ET-3 were 3. The CD spectra of big ET-1 and big ET-3 in 0.1% aqueous
purchased from the Peptide Institute Inc. (Osaka, Japan).acetic acid (pH 4.0) are both characterized by broad minima
Solutions containing 0:20.5 mg/mL peptide in 0.1% acetic  at~206 nm (Figure 2a). The spectra are very similar except
acid, 10 mM glycine buffer at pH 3.2, 10 mM Tris buffer at for an unusual positive band at233 nm in the big ET-3
pH 8.5, or 10 mM sodium citrate buffer at pH 4.0, with or spectrum. Tyrosine side chains can give rise to a positive
without 0.25 M NDSB195 (nondetergent sulfobetaine), were band at~228 nm [which in this case is slightly red-shifted
prepared. NDSB195 from Calbiochem-Novabiochem was by the strong negative contributions of the peptide groups
used. (18)]. Such peaks are detectable even in the presence of the
Circular Dichroism Spectroscopyll measurements were  peptide backbone ellipticity if tyrosines comprise a significant
performed with an AVIV 62ds spectropolarimeter using 0.5 proportion of the amino acid composition. This is the case
mm path length cells. The instrument was calibrated for for big ET-3, which has five tyrosines in contrast to big ET-1

wavelength with benzene and for optical rotation vetbam- which has only two, hence the spectral difference in this
phorsulfonic acid. In the wavelength mode, all data were region.
collected over a wavelength range of 3880 nm in 0.2 Comparisons were made of big ET-1 and big ET-3 in the

nm intervals, using a 1.5 nm bandwidth. For each sample, presence and absence of NDSB195 to ascertain whether
five scans of both peptide solutions and buffer alone were NDSB195 has any effect on secondary structure. Big ET-3
obtained and averaged. After the buffer baseline was is highly insoluble in water and in buffered solutions at pH
subtracted, the net spectrum was smoothed using a Savitzky7.0 and is only sparingly soluble in lower- or higher-pH
Golay filter (11). The results are expressed as mean residuebuffers. NDSB195 is a zwitterionic ammonium propane
ellipticity. In the temperature mode, the thermally induced sulfonic derivative which ameliorates the solubility of
denaturation was performed by monitoring changes in the proteins and prevents nonspecific aggregation with the
far-UV CD spectra at 205 nm, scanning from 20 to 2a0 advantage that this is not at the expense of denaturat@n (
in 1 °C intervals with an equilibration time of 2.5 min at The CD spectrum of big ET-3 in 0.1% aqueous acetic acid
each point. (pH 4.0) and its spectrum in 10 mM sodium citrate (pH 4.0)
CD AnalysesData points were analyzed at 0.2 nm inter- containing 0.25 M NDSB195, a nondetergent sulfobetaine,
vals between 190 and 240 nm using a normalized constrainecdare very similar (Figure 2b). Comparison of the spectrum of
fitting procedure which required the fraction of each type big ET-1 in 10 mM Tris (pH 8.5) containing 0.25 M
of secondary structure to be positive and normalized the over-NDSB195 with that of big ET-1 in aqueous acetic acid (pH
all sum to unity (2, 13). The normalized root-mean-square 4.0) showed they were also similar (Figure 2c), the latter
deviation (NRMSD) parameter for each curve fitted was a being virtually identical to previous data for big ET-1 at pH
measure of ¥ n(Oexptt — Ocaicd? > N(Oexpt)?] 2, Whereheyn and 6.0 and 7.0 20). The spectrum at the higher pH with the
O.acaare the experimental and calculated mean residue ellip-nondetergent sulfobetaine is slightly blue-shifted, its mini-
ticities, respectively, antl was the number of data points mum being at~205 nm instead of at207 nm. This type
used (4). Values of less than 0.1 are indicative of good of shift is commonly seen in the presence of nonaqueous
correlation between the calculated and the actual secondarysolvent component26).
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Ficure 2: Circular dichroism spectra (a) of big ET-1) and big
ET-3 (©) in 0.1% aqueous acetic acid at pH 4.0, (b) of big ET-3
in 0.1% aqueous acetic acid at pH 4<®)(@nd big ET-3 in 10 mM
citrate at pH 4.0 with 0.25 M NDSB195H), and (c) of big ET-1
(©) at pH 4.0, as above, and in 10 mM Tris buffer at pH 8.5 with
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Estimation of Secondary Structure and pH EffeAtsaly-
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Table 1: Comparison of Calculated Secondary Structures for Big
ET-1 and Big ET-3

sample pH a(%) pB(%) t(%) c(%) NRMSD

big ET-1 406 1 45 6 49 0.05
bigET-3 40 0 45 5 50 0.07
bigET-3 406 0 45 3 52 0.09
bigET-1 88 2 40 6 51 0.05

a2 a, a-helix content;3, -sheet content; t3-turn content; c, coil
content; NRMSD, normalized root-mean-square deviati@ig ET-1
and big ET-3 in 0.1% acetic acid at pH 43Big ET-3 in 10 mM
sodium citrate at pH 4.0 with 0.25 M NDSB19%5Big ET-1in 10 mM
Tris at pH 8.5 with 0.25 M NDSB195.

the peptide?1). The structure of ET-3 in 10% aqueous acetic
acid determined by NMR2Q) suggested an irregular helix
for residues 9-15. This result is consistent with the NMR
study of ET-3 at pH 3.6 by Mill et al.Z3), which inferred

an irregular helix for the same residues. CD and NMR
analyses of an analogous polypeptide sarafotoxin-6b (S6b)
in agueous solutior?d) found no difference in its CD spectra

at pH 7.4 and 3.6, and the study revealed a regular right-
handedo-helix extending from residue 9 to 17.

The calculated secondary structures for big ET-1 and big
ET-3 (Table 1) are similar to the secondary structure
previously determined for big ET-1 at pH 7.0 by CD
spectroscopyd0). Because the helix found in the X-ray and
NMR structures of ET-1 is disordered, i.e., wighand y
angles outside the expected region for helix in the Ram-
achandran plot, the low helix but high coil content is
expected. The reference data set used was a combination of
the reference data sets of Brahms and Brahiig and
Chang et al. 12) as this gave the best fit and most consistent
NRMSD parameters and is thus the most likely representation
of the types of secondary structure present in these peptides.
The relative proportions af-helix, 5-sheet, ang-turn are
virtually identical for big ET-1 and big ET-3 in 0.1% aqueous
acetic acid (Table 1). Similarly, big ET-3 in 0.1% aqueous
acetic acid and in sodium citrate, both at pH 4.0, but with
the latter containing NDSB195, are also essentially the same
(Table 1), indicating the absence of any significant effect of
this solubilizing agent on the secondary structure. For big
ET-1, the calculated secondary structures at pH 4.0 and 8.5
with NDSB195 indicate only a very slight increase of helical
and coil content at the higher pH with a small decrease of
p-sheet content but no changefrturn content.

Temperature-Induced Conformational Transitioithe
thermally induced denaturations of the secondary structures
of big ET-1 at pH 3.2 and at pH 8.5 with NDSB195 and of
big ET-3 at pH 3.2 in 10 mM glycine buffer and at pH 4.0
in 10 mM sodium citrate with NDSB195 were monitored as
an increase in ellipticity of the CD peak at 205 nm. Big ET-1

ses of the CD spectra of oligopeptides by empirical methodsin 10 mM glycine buffer at pH 3.2 exhibits a gradual and
for estimating their secondary structural composition are less continuous increase in ellipticity (corresponding to a loss of
reliable when compared to similar analyses of protein secondary structure) rather than an abrupt cooperative pattern
structures, due to the highly flexible nature of peptides in of unfolding between 20 and 10C. Even at 100C, there
solution, where they can adopt multiple conformations which is still a considerable amount of residual secondary structure

are often solvent-dependent or pH-depende&2l).( The

(Figure 3a). For big ET-3 in 10 mM glycine at pH 3.2, there

crystal structure of ET-1 indicates that it contains an irregular is a similar gradual and monotonic increase in ellipticity at

helix stretching from residue 9 to 21)( Previous NMR

205 nm between 20 and 10C with a gradient (change in

studies of ET-1 in nonphysiological solvents also indicated ellipticity per degree Celsius), suggestively similar to that
helical stretches which involved fewer residues, implying of big ET-1. For big ET-1 in 10 mM Tris (pH 8.5) and 0.25
that the stability of the helix depends on the environment of M NDSB195, denaturation occurs with a sharp transition
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a 4 T T — I T I T tions of chaotropic agents such as guanidine hydrochloride
» L big ET-1 in 10mM glycine buffer pH3.2 —— | or urea R7, 28). This has been hypothesized to result from
big ET-3 in 10mM glycine buffer pH32 ---

electrostatic repulsion which disrupts the native structure but
fails to completely overcome the interactions favoring tertiary
2r 1 folding such as hydrophobic forces, disulfide bonds, and salt
bridges The stability of compact intermediate states as
evidenced here for both big ET-1 and big ET-3 at pH 3.2
has been demonstrated to result from the binding of anions
to basic charged groups as the protein unfolds, thus masking
repulsive positive charge and allowing intrinsic hydrophobic
forces to cause collapse to a compact sta@. (At pH 8.5,
the sharp cooperative transition from the initial folded to the
. final unfolded state indicates that intermediate states are
o 20 30 40 s0 6 10 80 90 100 energetically unfavorable and not stabilized at this pH.
Temperature degC Comparison of Big ET-1 and Big ET-3 by Homology
b 4 T T T T T T Modeling. Modeling of big ET-1 and big ET-3 was based
2 - B L in 10m et A2 > on homology with scorpion toxin 129) whose sequence is
27% homologous with that of big ET-1. The alignment was
produced using the gonngpredicted-secondary-structure
method of Fischer and Eisenbertf)]. The X-ray structure
of ET-1 (1) and the NMR structure of charybdotoxiBQ)
were also included in the modeling of the N-terminal regions
of the ET precursors. The many different NMR structures
of ET-1 (see reB1for a comparison between them and the
X-ray structure) and ET-3 were not included in the modeling
strategy since their C-terminal residues{13) are poorly
defined and highly variable among these structures and, more
i significantly, the low pH [e.g., pH 3.23Q)] of these
10 20 30 Te;(})’e mureiggc 60 70 80 experiments appears to give rise to populations of partially
unfolded structures. Moreover, SAR studies have suggested
FIGURE 3: Compal’ison of the Changes in elllptICIty at 205 nm with that the X_ray structure Wh|Ch was from a S|mp|e aqueous

Lequgfgu;ﬁ gféae)lﬁcijg(E)T bgoé‘?dlbl'r? fOT rrgﬂ\(/l T)r||2 tﬁfrfg?/lgl)ﬁng ¢ solution but none of the NMR structures (principally from
with 0.25 M NDSB195 ) and in 10 mM glycine at pH 3.2 (- _): solutions incorporating high levels of organic solvents) is

likely to be the biologically relevant form of the molecule

from the signal of the native peptide to that of the denatured (33). The program MODELLERX7) was used to initially
form (i.e., from an ellipticity® of —15 mdeg to one of 0  calculate distance and dihedral angle restraints as conditional
mdeg) between 45 and 6C (Figure 3b). Big ET-3in 10  probability density functions on the target sequence from
mM sodium citrate buffer (pH 4.0) and 0.25 M NDSB195 its alignment with template three-dimensional structures. The
exhibits no loss of signal between 20 and 8D, i.e., a model was refined using molecular dynamics with simulated
temperature-independent part, and then a gradual loss ofannealing.
secondary structure between 80 and 1GQindicative of a The models obtained for both big ET-1 and big ET-3
broad thermal unfolding transition (data not shown). predict identical structures for both for the region including

The temperature-induced denaturation gradients of big residues +34. Superposition of the two structures shows a
ET-1 and big ET-3 at pH 3.2 are virtually identical, which divergence of conformation from residue 34 to 38 in big
is consistent with them having similar secondary and possibly ET-1 and residue 34 to 41 in big ET-3 (Figure 4). This is,
tertiary structures and similar thermal stabilities. However, in fact, a continuous region of the alignment where residues
there is a significant pH effect on the temperature-induced are unconserved across all sequences coupled with gaps and
denaturation patterns of both big ET-1 and big ET-3, which a number of species differences among the isoforms (Figure
may imply a pH effect on their tertiary structures. The 1). Two previous modeling studies of big ET-1, based on
secondary structures of big ET-1 at pH 3.2 and 8.5 at room either a threading algorithm34) or homology modeling
temperature are very similar, but the denaturation profiles techniques 35), gave rise to structures which differed
differ. The thermally induced cooperative unfolding transition somewhat both from each other and from the structure of
at pH 8.5, which is characteristic of native-type structure big ET-1 predicted here; no previous structure has previously
particularly in small single-domain proteins, is disrupted at been produced for big ET-3. The current models predict
pH 3.2 with a profile characteristic of compact denatured or disulfide bridges between residues-15 and 3-11, an
stable “molten globule” states of many proteins. The acid irregular helix comprising residues-86, extendeg-strands
treatment of proteins has been observed to produce compacinvolving residues 4, 21-26, and 31 and 32, anfgiturns
intermediate states that retain significant secondary structureat residues 47, 17—20, and 2730 (33-36 and 35-38 in
and compactness due to the presence of a hydrophobic cor¢he C terminus of big ET-1 and 3&9 in the C terminus of
and a tertiary structure reminiscent of the native fold but big ET-3). Residues Trp21 and lle22 (big ET-3) or Trp21
with altered interactions and packing5j. Such structures  and Val22 (big ET-1) of the scissile bond adopt a gauche
are less unfolded than those obtained with high concentra-(+) conformation for they; side chain torsion angle in both

Ellipticity
(=)}
I

Ellipticity
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ET-3 are produced by different isoforms of ECE, designing
selective inhibitors of these isoforms could potentially allow
unique inhibition of specific functionalities of both peptides.
The potential for specific inhibition is further enhanced by
the observation that 95% of the total expressed ECE-1b is
intracellular ) while ECE-1a and ECE-1c are present on
the cell surface, and thus, there exists the potential for
tailoring specific drugs which can or cannot cross the cell
membrane.

Our current understanding of ECE-1 specificity arises from
the development of a series of truncated or elongated
N-terminal and C-terminal fragments of preproendothelin-1
and big ET-1. By mutation of the pair of dibasic consen-
sus sequences for the furin-like convertase in preproendo-
thelin-1, it was demonstrated that cleavage at the N-terminal
Ficure 4: Stereoview of the superposition of modeled coordinates sequence is not required for subsequent cleavage by ECE-1

for big ET-1 (red) and big ET-3 (blue). The backbone atoms for p,+ clegqvage at the C-terminal sequence is critical for further
all residues and side chain atoms of residues 21 and 27 are shown,

The structures were based on homology modeling with the X-ray Processing by ECE-1. However, mutations at both dibasic
structures of ET-1 (ledn)l, scorpion toxin Il (2sn3)29), and consensus sequences blocked the formation of active ET-1

the NMR structure of charybdotoxin (2crd3@) displayed using (4). Furthermore, big ET-1 was cleaved by ECE-1 after
BOBSCRIPT 44). deletion of 15 N-terminal amino acid residue37), In

) _ ) _ addition, it was established that the N-terminal disulfide loop
models and havg-strand main chain conformations which  strycture in big ET-1 compromises the activity of ECE-1
would facilitate the possibility of this molecule binding in  gjnce big ET-1 (residues &7) shows 3-fold enhanced
an extended fashion in the active side of ECE with side actjvity relative to the native big ET-1 peptid@7). Specif-
chains occupying specificity subsites on either side of the jcaly, hig ET-1 residues 1834 are necessary and sufficient
scissile bond. NMR solution studie36) of big ET-1indicate o optimal activity of ECE-142). Of this fragment, residues
that the tail region (L17S38) undergoes faster internal and  18—21, 23-26, and 36-33 are identical in human big ET-1
independent motion compared to the core region-{816) and human big ET-3, i.e., 75% sequence identity (Figure
and showed that the tail region (L¥®38) exhibits a great 1)  On this basis alone, it is highly probable that the overall
deal of flexibility under the conditions used in the spectro- fg|ds of the two isoforms are similar, and this was borne
Scopic measurements. out by the present CD analyses.

The relevant features of the model structures produced in
this study to the experimental data are that they predict a
similar fold for both big ET-1 and big ET-3 which cor-
roborates the CD analysis. Hydrolysis rates of substituted \ye thank H. Peto for helpful discussions and suggestions.
analogues of big ET-1 indicate that ECE recognizes the
sequence from H27 to G34 in the C termin39,(38) as
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