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Structural Transformation of the Peptide Fragments from the
Reactive Center Loops of Serpins: Circular Dichroic Studies
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Two peptides, derived from the reactive center of ovalbumin
(OVARC) and plasminogen activator inhibitor-1 (PAIRC)
respectively were chemically synthesized and investigated by
circular dichroic spectroscopy. The secondary structural
transformation in solution and in solid state was studied.
OVARC shows a nascent helical structure in aqueous solution,
and its helical content increases under acidic conditions. There
is no obvious structural conversion from solution to solid
state. PAIRC, however, undergoes a structural transforma-
tion from random coil in aqueous solution to a typical B-sheet
structure in the solid state. Hexafluorcisopropanol ( HFIP)
prompts helical structures of the two peptides in solution, but
it seems to trigger the structural formation of f-sheets in solid
state. The novel structural transformation from random coil
or nascent helical structure in aqueous solution to the a-helix
in HFIP and to the P-sheet structure in solid state may reflect
the conformational polymorphism of the serpin reactive cen-
ters and is implicated in the structural features of the amyloid
aggregates.
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Introduction

Serpin ( serine proteinase inhibitor) functions as
regulating coagulation and fibrinolysis. Dysfunctional
serpins are associated with a series of diseases such as
thrombosis, emphysema and angioedema.’ Crystal struc-
tures of serpins reveal that they share a common highly
ordered tertiary structure with three B-sheets (A—C)

and nine o-helices (A—I1).2 A long flexible loop or
loop-helix-loop motif constitutes the reactive center
whose conformation varies strikingly.?* Folding of the
serpin proteins is controlled by a kinetic pathway.’
Binding to the target proteinase or proteolytic cleavage of
serpins can result in a dramatic structural transforma-
tion. The cleaved reactive loop may transform into a J3-
strand being inserted into the preexisting 3-sheet struc-
ture . It has been proposed that the conformational poly-
morphism in the reactive center loop is the basis for the
unique inhibitor properties. It is also implicated that the
flexible reactive center loop is in relation to the aggrega-
tion of serpins and the pathogenesis of diverse
diseases.’

Ovalbumin (OVA) is a non-inhibitory serpin,
which was reported to transform into an inhibitory form
without cleavage.® Study of the heat- or pH-induced
structural transformation revealed the conformational
polymorphism and cross 3-sheet aggregation.® The corre-
sponding reactive center is comprised of a short a-helix
flanked by two loops. '® Plasminogen activator inhibitor-1
(PAI) is a typical inhibitory serpin that regulates the ac-
tivity of plasminogen activator.!! The reactive center of
the active PAI is a long loop, which can insert into the
preexisting -sheet when PAI binds to the plasminogen
activator and switches to the latent-form.

To study the structural transformation of the novel
reactive center, two peptides that are homologous to the
reactive centers of the non-inhibitory OVA and PAI were
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chemically synthesized. Research on the peptide frag-
ments by circular dichroism (CD) both in solution and
in solid state may provide further understanding of the
intriguing structural transformation in the intact serpins.

Materials and methods
Peptide synthesis

The peptides were synthesized by the Boc solid-
phase method and cleaved from the resins by using hy-
drogen fluoride. The initial products were purified by
preparative HPLC and verified by amino acid analysis.

Materials

Analytical-grade hexafluoroisopropanol (HFIP) was
purchased from Fluka. Other reagents were of analytical
reagent grade. The peptide was dissolved in a Tris-HCl
buffer (25 mmol/L Tris, 50 mmol/L NaCl, pH7.4) in
a stock of 1.0 mg/mL and was diluted to 0.2 mg/mL
with buffer or solvent for solution CD measurements. The
aqueous solution was adjusted to a proper pH value with
dilute NaOH or HCI for pH titration.

Circular dichroism measurements

All CD measurements were performed on a JASCO-
715 spectropolarimeter as previously reported. 2 The spec-
tra were recorded over a wavelength range of 250—190
nm using a cuvette of 1-mm pathlength at a scan speed of
10 nm/min and a time constant of 0. 125 s. Data were
further processed for noise reduction, baseline subtraction
and signal averaging when needed. The data for solution
CD were presented as mean residue molar ellipticities
([6], deg cm?/dmol). For the solid-state CD measure-
ments, ™ the peptide solution ( ~ 1.0 mg/mL) was cast
onto a 2-cm diameter cylindrical quartz glass to evaporate
the solvent overnight (12—18 h) until a dry thin film
formed on the surface of the glass. The far-UV CD spec-
tra of the solid peptide were directly recorded on the film
and the data were presented as ellipticities (6, mdeg) .

Results

Design and secondary structure prediction of the reactive
cender

Two peptide fragments derived from the reactive

center of egg-white ovalbumin (namely OVARC) and
plasminogen activator inhibior-1 (PAIRC) were selected
as models for the present research. The OVARC se-
quence forms a loop-helix-loop structure in native OVA
while PAIRC sequence appears to be a long loop in na-
tive PAI.® The sequence alignment and the secondary
structure prediction by Chou-Fasman method" are dis-
played in Table 1. The two sequences share homologous
residues with almost 50% positives. As expected, P9—
P1’ residues of OVARC have a propensity to form an a-
helix (P, =1.14) while P16—P4 of PAIRC tend to a
B-sheet (Pg=1.11, P,=0.95). In addition, OVARC
shows an amphipathy by helical wheel projection.

Table 1 Amino acid sequence and structural prediction of

serpin reactive center loops in this study 610
Peptide Sequence
Number (P— P')
18 15 10 511 5
IP,=1.14 |

OVARC Ac-NEAGREVVG SAEAGVDAA"SV SEE-NH,
PAIRC Ac-NE SG TVAS SSTAV I VSAR"MAPEE-NH,

| Py=1.111

Ac: acetyl; NH,: amide; *; cleavage site. The reactive

center, denoted as P15—P5’, extends from 15 residues on the N-
terminal side of the Pl residue to 5 residues on the C-terminal
side. Within P1—P1’ is the cleavage site. The underlined se-
quences represent that they form a-helix in native OVA or §-strand
insertion into the preexisting 3-sheet of the latent PAI. P, and Py
are the probabilities of a-helix and B-sheet estimated by the Chou-
Fasman method. 15

Secondary structure in solution : pH effect

The CD spectra of OVARC and PAIRC peptides in
aqueous solution are shown in Fig. 1. At neutral pH
(pH 7.4), both OVARC and PAIRC show a large nega-
tive peak at 198 nm, indicating that the peptides are un-
structured and flexible. Nevertheless, the spectrum of
OVARC has a shoulder at around 222 nm (Fig. 1A),
suggesting the possibility to form a marginally stable
structure named nascent a-helix. The shoulder at 222
nm increases under acidic pH conditions, indicative of
an a-helical structure (Fig. 1A, inset). PAIRC, how-
ever, gives a spectrum without a shoulder at 222 nm. It
seems that acid has no effect on the structure (Fig.
1B). In comparison of the two peptides, OVARC con-
tains more negatively charged residues (5 Glu + 1 Asp )
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Fig. 1 pH effects on the CD spectra of OVARC peptide (A)
and PAIRC peptide (B). The pH titration was per-
formed in a peptide solution (25 mmol/L Tris, 50
mmol/L NaCl) and the pH values were recorded with
a pH meter (Orion 710A). The figures show the
spectra recorded at pH 7.4 (dotted) and 2.1 (sol-
id). The inset is the plot of [0, of OVARC versus
pH values.

than PAIRC (3 Glu). The protonation of the negatively
charged carboxylic groups under acidic condition may re-
duce the charge repulsion that is usually unfavorable to
structural formation.

HFIP induced secondary structural formation

TFE and HFIP are the structure inducers that are
commonly used to mimic hydrophobic conditions for
structural formation of amphipathic peptide.'® Fig. 2A
shows the HFIP induced structural formation of OVARC
peptide. In a 28.6% HFIP solution, the negative peak
shifts to 205 nm from 198 nm in aqueous solution. It is
also a negative peak around 222 nm, which gives an in-
crease of [0]x from — 1340 to — 5680 deg cm®/dmol.
The characteristic spectra suggest that OVARC trans-
forms into a structured a-helical conformation with the
increase of HFIP concentration. Similarly, PAIRC pep-
tide can also switch to an a-helical secondary structure
(Fig. 2B) but with lower helical content ( compared
with OVARC) as estimated from the ellipticity values at
222 nm. Fig. 3 illustrates the plot of [ 0]y, fraction ver-
sus the HFIP concentration. Both OVARC and PAIRC
show sigmoidal curves with midpoints ( C,,) of 16.3%
and 13.2% , respectively. C,, is the transition midpoint
that reflects effect of HFIP on the secondary structural
formation of a peptide. The results indicate that PAIRC
is more sensitive to HFIP induction than OVARC.

Secondary structure in dry films

Protein or peptide samples can form dry films on
the surface of quartz glass, which allowed the secondary
structure of solid-state samples to be studied. ' Fig. 4 is
the CD spectra of OVARC peptide in the solid state.
Compared with the solution spectrum (dotted) that shows
a small shoulder at 222 nm and a negative peak at 198
nm, the solid-state spectrum exhibits a larger shoulder at
around 222 nm and a shift of the negative peak to 202
nm (solid), suggesting that OVARC peptide becomes
less flexible in the solid state. As for the solid-state
PAIRC sample (Fig. 5), the spectrum shows a strong
negative peak at 218 nm and a positive peak at 196 nm,
which designates a typical (3-sheet dominant secondary
structure. Intriguingly, when the solid sample was pre-
pared by evaporation of the OVARC peptide in 25%
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Fig. 2 HFIP effects on the CD spectra of OVARC (A) and
PAIRC (B). The peptide solution (25 mmol/L Tris,
50 mmol/L NaCl, pH 7.4) was mixed with different
concentration ( V/V) of HFIP. The HFIP concentra-
tions are 0% (dotted), 16.7% (A, dashed),
13.8% (B, dashed) and 28.6% (solid), respec-
tively.
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Fig. 3 HFIP induced structural formation of OVARC ( circle)
and PAIRC (square) peptide. The midpoints ( C,,)
of the transitions are 16.3% HFIP for OVARC and
13.2% HFIP for PAIRC.

HFIP solution, its spectrum becomes a broad negative
peak at around 218 nm (Fig. 4, dashed), manifesting
that it has transformed into a B-sheet-like structure from
the a-helix in HFIP solution (see Fig. 2) . Analogously,
when the dry film was prepared from a 25% HFIP sam-
ple, PAIRC also forms a {3-sheet structure in solid state.
It seems that both OVARC and PAIRC undergo struc-
tural transformation from a-helical structures in HFIP so-
lutions to the 3-sheet structures in dry films.

Discussion

The secondary structure prediction suggests that
OVARC possesses an a-helix probability whereas PAIRC
has a potential of 3-sheet. The present CD experiments
show that OVARC peptide forms a small percentage of o-
helix in aqueous solution, and the helical content in-
creases under acidic conditions, while PAIRC presents a
random coil structure as the reactive loop in the active
serpin. The flexible peptide fragments that correspond
to the serpin reactive centers have the potential to form
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Fig. 4 CD spectra of OVARC peptide in dry films. The pep-
tide solution sample was cast onto the surface of a
cylindrical quartz glass with 2 cm in diameter for
evaporating overnight (12—18 h) for the dry thin
film. (1) The dry film was made from 0.15 mg
OVARC peptide (1.0 mg/mL, 150 yL) in aqueous
solution (pH 7.4) (solid); (2) from 0.15 mg
OVARC (0.75 mg/mL, 200 gL) in 25 % HFIP
(dashed) ; (3) The solution spectrum (dotted) was
carried out in a Tris-HCl buffer (25 mmol/L Tris, 50
mmol/L NaCl, pH 7.4) and the peptide concentra-
tion was 0.2 mg/mL.

compact structures under specific conditions. The pre-
sent results by peptide research demonstrate that the
model peptides form o-helices in HFIP solution or §-
sheet-like structures in the solid state. It could be con-
cluded that the synthetic peptides in different solvents or
states may reflect the structural transformation occurring
in the native serpin, which could mimic the conforma-
tional polymorphism of segments in native proteins (es-
pecially in the serpin family) .

Some peptides in solution are unstructured due to
their flexibility, but it is likely to form ordered structures
in the anomalous solid-state form.” Structural study of
the solid-state peptide and protein is still in its infancy.
CD spectroscopy as well as FT-IR in dry films may pro-
vide valuable information on secondary structural forma-
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Fig. 5 CD spectra of PAIRC peptide in dry thin films. (1)
The dry film was made from 0.15 mg PAIRC peptide
(1.0 mg/mL, 150 pL) in aqueous solution (pH
7.4) (solid); (2) from 0.15 mg PAIRC (0.75 mg/
mL, 200 pL) in 25% HFIP (dashed); (3) The so-
lution spectrum ( dotted) was obtained in a Tris-HCl
buffer (25 mmol/L Tris, 50 mmol/L NaCl, pH 7.4)
and the peptide concentration was 0.2 mg/ml..

tion. Indeed, HFIP is a helix enhancer, and OVARC
has a propensity to a-helix formation. The [B-sheet-like
structure of the peptides associated in the dry films from
HFIP solution remains problematic when elucidating the
structural formation in the solid state. HFIP and TFE are
Bronsted acids that provide proton to form hydrogen
bonds with the carboxylic groups of the peptide chain,
which are conducive to structural formation in solution
especially to o-helix.'® On the other hand, hydration ef-
fects contribute equally to the structural formation and
polymerization. Slow evaporation of the cosolvents re-
duces hydration effects and breaks down the hydrogen
bonds between peptide and HFIP molecules through ex-

~ cluding HFIP from the peptide sample, and subsequently

leads to an increase of the chain-chain interactions that
favor the cross f-sheet structure in the solid-state form.
The intriguing o-helix to B-sheet transformation by evap-
orating solvent may resemble the amyloidogenic pathway
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of amyloid B-peptide ( AB) accelerated by organic os-
molytes such as glycerol.

The CD spectrum of PAIRC peptide in dry film
demonstrates evidently that a cross -sheet structure has
been formed as revealed in AR peptide by solid-state
NMR studies.” From aqueous solution to a dry film,
PAIRC undergoes a structural transformation as the reac-
tive loop segments in latent PAI, It is proposed that the
solid-state and the aggregated forms of the peptide share
physical and morphological similarities. The [-sheet
structure of PAIRC in dry film might be analogous to the
cross [3-sheet of amyloidogenic peptide in the aggregated
form. A pair of or numerous peptide chains associate or
get tangled into fibrils with B-strand structure in the solid
state?! as described explicitly in the amyloid B3-peptide
aggregate . "2 Attentions to the cross B-sheet structure in
solid state will provide insight into the mechanism of
structural transformation in peptide and protein aggre-
gates. 2 It is likely that the synthetic peptide fragments
and the segments of the serpin reactive center may re-
semble the amyloidogenic peptides, both of which are
prone to form cross 3-sheet structure and aggregate. The
amyloid-like aggregates are the principal components of
pathological deposits implicated in pathogenesis of some

amyloid diseases.?'®
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