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Abstract

Project Code: RSA4780025
Project Title: Molecular Folding and Protein Engineering of the Bacillus thuringiensis Cyt Toxin
Investigators: Chartchai Krittanai

Institute of Molecular Biology and Genetics, Mahidol University
Email Address: stckt@mabhidol.ac.th
Project Period: August 2005 — August 2008

Cyt2Aa2 is a 29-kDa cytolytic toxin produced by Bacillus thuringiensis

subsp.darmstadiensis. It has a larvicidal activity against Dipteran larvae. The toxin has a single

domain of a/f architecture comprising two outer layers of Ol-helix hairpins wrapped around -
sheet, and require proteolytic processing to become an active toxin. This research project aims
to characterize the process of protein unfolding and refolding of Cyt2Aa2 using a guanidinium
hydrochloride induced environment. We have successfully identified three conformational states
of Cyt2Aa2 as native (N), intermediate (I) and unfolded (U) states. Unfolding and refolding of
toxin in 0-6 M GuHCI were observed as the reversal process. The determined conformational
free energies of native and intermediate states are approximately 5.8 and 14.8 kcal/mol,
respectively. The transitional kinetics of the two states revealed activation energy around 20-25
kcal/mol. Further characterization of the intermediate state has identified a molten-globule like
conformation. The stabilizing role of amino acid residues in various positions of toxin structure
relating to toxin conformation and function was also explored. Site-directed mutagenesis was
employed to generate various mutant toxins with amino acid substitutions and deletions. These
mutant toxins were investigated by unfolding experiment and assayed for their biological activity.

Our results has shown that the amino acid residues located on the N and C termini of Cyt2Aa2

play a critical role in the production of expressed mutant toxins. () analysis of amino acid
mutation on various secondary structure elements of Cyt2Aa2 suggested that the helical
element of toxin may have a contributing role in the transition between the unfolded and native
conformation. From these results, the conformational intermediate was proposed to be partially
maintained as the native conformation with a rearrangement on helical structural elements. This

revealed intermediate may involve in the detailed mechanism of cytolytic toxin function.

Keywords: protein unfolding, conformational change, free energy, B. thuringiensis, Cyt2Aa2



UNANLD
sWalasan1s: RSA4780025
Tasenas: mydalawailuanausziainssulys@ues Bacillus thuringiensis Cyt Toxin
AL JOIMRATINITINATY N AThE
amﬁ'uanﬁﬁﬂmua:ﬁ'uﬁqmam’ WAINRDNRAR
E-mail Address: stckt@mahidol.ac.th
szaztaalasenis: 31 RIRNAN 2547 — 30 WAL 2551
] { v t:g/ g a . . . .

ldsducytaa2 tHuldsaun ai’ldmuﬁ]’mL%aﬁ;au"n%ETBacﬂlus thuringiensis spp.
darmstadiensis 1U3aurhaRi lasizs 19t dnlatundeilsenaua18suwya N80 AN INEDS
TULNTNATINAIAIETUY DI LA LflaImtaa%ﬁaIuLaqamumsﬁmiaﬂasmﬁ‘hl,wwz@ﬁmguvlmﬁ

a £ n{ ] :’ o v a v ¥

TUs@Laruan mmmaanqnﬂumimgﬂmmauqamml,a:qai’lmty"l,@ﬁ Tas9n13398 %l
[ 6 di =S d' o wg a % % [ % a
'mqﬂizmﬂLwaﬂﬂmmmmJmmgwmawmumsa@mu,a:ﬂmﬂmmaﬂmomwiﬂmu
Cyt2Aa2 luanzigninftoidissaei nunilienziisunuimvainsaaziiluluduni
i1 guaslansaiiluanaindenuidyuazdunusadnslsnunalnnsinsuaiissninuazns
ﬁwo’m’l,mzé'uimaqa NaINNIANE T8I UIATINATH WUIITLIBNITNIRIAALASVLIUNIT
ARUA LT WULIBAITT DN AUTIN WAL IN1TLUR WL aIaD 1y laTIRTIITERIIIENINE

v a . v A o ' . v A a 6
lassa9Und (Native) 1a598319NARN8AIL9EIU (Intermediate) LLE\]&IﬂNﬁi’]x‘]ﬂﬂﬂ’m@’JﬁNHim
(Unfolded) §aaARadnL Three-state model la3taT1eRUnfolding/ Refolding curve 71la wWuinen
Wad9UFree Energy 1a9matdasniladszning Native (N) Wae Intermediate (1) dendszano 5-6
kcal/ mol a2 ATWAIINKYaINM UKL BLURIEDIUZIZNIN Intermediate () wae Unfolded (U) Y
' o o o [ o A { £
ANU3zanmh 12-16 keall mol ARG UAzd@INIIWNAINUNTTAU 20-25 Alauasadsalun Tilu

o o A o a £ v Aao o . . Aa

mimwmﬁ;ﬂLﬂaﬂuLLﬂaaIﬂiaamG WNadusulasIzIniansuesinng (intermediate) N33
%’@éf’maﬂﬂﬁaaﬁ”ﬂm@ﬂgﬁ (Tertiary structure) @1931nlATIa319Native waidansayInIan U
lassasin@ani (Secondary structure)ld wnsnszyldilassasedindnafiansuzidu Molten
globule state l#N1IA59FLRILNUINVINTABA LUNAILALIAS 9ANEITRINLILINATIAG?
maaLLa:msﬁﬂmumawaaimaa%“’miuLaqa VI,@TﬁﬂmsaEmLLUULL&:&%’MIﬂSﬁWJﬁQﬂﬁWqwﬁmﬂmﬂ
v ¢ . L 2] a Y A A o a
WS (mutant toxins)  TudwIURL I(ﬂwmumuwmamm@a:wiuwagluml,mmma 9UD4

o \ ~ o &, 2 A a A A o
Imaamﬂmaqaaaﬂ wuawiﬂsmuﬂawﬂwu‘gmuﬂmqummiwLﬂaﬂuLLﬂm"l,ﬂmnIﬂmu@uqu
niluginvasrtunanoadluuazdsasnianuiinetes lasnsaazllunagnlaadn N-

Wz C-terminal Jununaydansnaauazialasiainsldsdn uazlunmsiiensd dd aas
lds@unaneiugens g sunzdinsaeziilulunarsdunis lasawizatdsbludunisnaguu
nAgI0Helix  Sanufpadasiunalnramisaaisds anuianudilaannuiseh szgeld
v Ao Y = a o A o Aa a & &
wn3deleansnuiieneaziduauazmIdsudaoulassaseauiduelysan Ssanduuwinaluns
vihlanalnlunisvinusesldsfusigningeangs cyt2 ledea’ly

ANNAN: Imaa%“ﬂﬂmaqa WRII% Iﬂiﬁumﬂgﬂﬁﬁqa



a;ﬂtﬁammaamuﬁiﬁ'ﬂ



INTRODUCTION
Delta-endotoxins are crystalline parasporal inclusion proteins, synthesized by a gram-
positive bacterium, Bacillus thuringiensis (Bt). These toxins are considerable applied as
environmentally-safe insecticides [1]. The toxins can be categorized into 2 groups of Crystal
(Cry) and Cytolytic (Cyt) proteins [2, 3]. Currently, there are many distinct Bt-toxins
characterized by structural similarities and insecticidal spectra for Lepidoptera-specific (1),
Lepidoptera- and Diptera-specific (Il), Coleoptera-specific (lll) and Diptera-specific (IV)

activity.

Crystal (Cry) toxins

The three dimensional structures of six different Cry proteins, Cry1Aa, Cry2Aa,
Cry3Aa, Cry3Bb, Cry4Aa and Cry4Ba have been determined by X-ray crystallography. All of
these structures display a high degree of conservation with three-domain organization,
suggesting a similar mode of action among the Cry protein family. The N-terminal domain
(domain 1) is a bundle of seven O-helices in which the central helix-0l5 is hydrophobic and is
encircled by six other amphipathic helices; and this helical domain is responsible for
membrane insertion and pore-formation. Domain Il consists of three antiparallel B-sheets
with exposed loop regions, and domain Il is a B-sandwich [4-9]. The exposed regions in

domains Il and Il are also proposed to be involved in receptor binding [10-12].

Cytolytic (Cyt) toxins

There are 2 groups of cytolytic (Cyt) toxin: Cyt1 (CytA) and Cyt2 (CytB). The amino
acid sequence contain 249 amino acids for Cyt1 (ca.27.3 kDa) and 259 amino acids for Cyt2
(ca. 29.2 kDa). The protein sequence alignment of these Cyt toxins showed 39% identity and
70% similarity [13-15]. In 1996, the X-ray crystal structure of Cyt2A has been resolved by Li
J, et.al. lts structure contains a single domain of alpha-beta architecture comprising of six
alpha-helices and seven beta-sheets. There are two outer layers of alpha-helix hairpins
wrapped around mixed beta-sheets in the middle. The alpha-helix A, B, C and D show an
amphipatic character that the hydrophobic site interacts to the beta-sheets and turn the
hydrophilic site to the environment. There is an N-terminal arm consisting of a beta-strand
and its extensions, which are involved in dimerisation [16].

The secondary structure of six alpha-helices in the Cyt2 monomer involved a total of
55 residues or 24% of the polypeptide. The beta-sheet involves 75 residues or 33% if the
polypeptide. The helices OA, OB, O.C, and 0D all have an amphiphilic characteristics, with



hydrophobic residues packed against the b-sheet, and polar and charged residues on the
molecular surface. The amphiphilicity of the region in the Cyt1 sequence corresponding to
0L.C was previously noted [17]. Since the helices are short and only cover the sheet over part
of its length, the long strands in the B-sheet also show an amphiphilic feature. On the long
strands BS, BG and B?, the residues on the “helix A-B face” are predominantly hydrophilic,
while those on the “helix C-D face” are predominantly hydrophobic. Cyt toxin is structurally
related to volvatoxin A2, a PFT cardiotoxin produced by a straw mushroom Volvariella

volvacea [18].

It has been reported that protease K-processed Cyt1 and Cyt2 are both haemolytic,
whereas unprocessed Cyt1 is less haemolytic and unprocessed Cyt2 is non haemolytic. For
Cyt2, the initial product is a 23 kDa fragment extending from Thr34 to Phe237, while further
digestion yields the 20 kDa fragment from Ser38 to Ser228. Both products are cytolytically
active [30]. The processing cleaves the intertwined N-terminal arm, including B1 responsible
for dimerization, thereby releasing the active toxin as a monomeric form. It also removes the
C-terminal tail and OF, to uncover the three-layered core [16]. However, when Cyt1 and Cyt2
were first incubated with phospholipid liposomes, new protease-sensitive sites were created
for most of the proteases used, resulting in smaller fragments of about 10}12.5 kDa. This

suggests that a major conformational change was induced by membrane binding [19].

Figure 1: Three-dimensional structure of Cytolytic Cyt2 toxin and toxin dimerization

(http://www.bioc.cam.ac.uk/~dje1/)



Mode of action

The delta-endotoxins are ingested by insect larvar and dissolved under the alkaline
pH and reducing conditions in the midgut of larvae. They are then processed to an active
toxin by the gut proteases. The active form of Cry toxins can bind to specific proteins on the
membrane of microvilli of midgut epithelial cell. These membrane-bound toxins can undergo
a conformational change, leading to an oligomerization and ion pore formation. The osmotic
imbalance and cell swelling can consequently cause cell lysis [20].
In contrast, Cyt toxins do not require specific binding or docking on membrane proteins. They
interact directly with membrane and cause the cell lysis. The mechanism of their action has
been proposed either by a membrane pore-formation [21-23] or by a membrane disruption
via detergent-like interaction [25]. However Cyt toxin has been shown to be specifically
lethal to the dipteran larvae in vivo and also cytolytic activity to a broad range of cells
including erythrocytes in vitro [25]. The toxicity of Cyt1Aa to mosquito larvae is found, on
average, one order of magnitude lower than that of Cry4 or Cry11Aa toxins [26].
Interestingly, several studies have found that the Cry toxins also showed a synergistic toxicity
when combined with Cyt toxins. The synergistic effect has been found very useful and
applied to overcome insect resistance to Bt-toxins [27-29].
Currently the mechanism of the Cyt toxin is still unclear. The two models have been
proposed to be a pore-forming model and the detergent-like model. In the pore-forming
model, the toxin undergoes oligomerization, insertion into the lipid membrane, and formation
of the lytic pores. For the detergent-like model, the toxin aggregates onto the lipid membrane
and disrupt the cell membrane stabilization [30]. Li et al. has proposed that Cyt toxins can
form a membrane pore based on a B-barrel structure. It is noteworthy that the helical
elements of Cyt toxin are not long enough to span the 30A° width of the hydrophobic layer of
biological membrane. While, the lengths of beta strands, BS, B6, and B?, estimated on the
basis of an average rise of 3.3A° per residue in twisted parallel and antiparallel sheet, are
sufficient to span membrane width [16]. In addition, it has been found that the segment
containing [34, BS, [36, OE and B? remains tightly associated with the membrane after
proteolysis of membrane bound Cyt2Aa toxin. The pore is suggested to be oligomeric, with

each monomer contributing B5, BB and B? to form the barrel [23].
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Figure 2: Proposed insertion model of Cyt toxins [23]

Protein stability

The amino acids sequence in the polypeptides is crucial to create the conformational
structure of protein. These amino acids are happened to interact either to each other or the
environment and develop the arrangement. There are several stabilized interactions within
the polypeptide which can be categorized into covalent and non-covalent bonds. The
examples of the covalent bonds are the peptide bonds and disulfide bonds. The non-covalent
bonds are addressed in hydrogen bonds, van der Waals interactions, electrostatic
interactions and hydrophobic interactions [31]. These interactions are essential for protein

stability and folding. Under physiological conditions, the native and denatured states of a

protein are in equilibrium. The free energy change of these two states, AG, represents the
conformational stability of a protein.

k1

Unfolded (U) <> Native (N)

k-1
This reaction is reversible, where the equilibrium lies to the right (Keq > 1 = [N]/[U]) for the
native state (N) to be defined as more stable than the unfolded state (U). The k1 and k-1
represent the rate constants of the forward and reverse reactions, respectively.

There are many factors agitated the stability of protein especially structure
perturbation such as heat, temperature, pH, pressure and some chemical denaturants. The
chemical denaturants such as urea and guanidine hydrochloride are widely used for the
protein unfolding experiments because they are convenient for estimating the conformational

stability of a protein [32]. It was found that the ionic strength is a potentially confounding

variable and linear extrapolation is generally less applicable to guanidinium salt so that



Maxwell et. al. [33] recommended urea as a denaturant for protein unfolding investigation.
However, some proteins do not unfold in saturated urea solution, so the guanidinium chloride
or guanidinium thiocyanate may be required. There are some advantages of GuHCI over
urea. Since the solutions of urea slowly decompose to form cyanate and ammonium ions, the
cyanate ions are capable of chemically modifying the amino groups of the protein so the urea
stock solutions should be prepared and used within the same day. By contrast, solutions of
GuHCI are stable for months. Because the GuHCI is hygroscopic compound, its molarity is
determined by refractive index measurement after the solution has been prepared [32]. The
free energy change can be calculated from the unfolding curve from native (N) to the

unfolded (U) states.

Phi ((I)) Analysis of Amino Acid Substitution

The degree of formation of structure at individual positions in a particular state, I, on
the folding pathway can be estimated by phi value from the changes of its free energy on
mutation (AAG#-U) relative to the change in the overall free energy of folding (AAGF-U).
When the quantity (DF(#) = AAG#u/ AAGF.uis = 1, then the transition state is destabilized
by mutation in the same amount of energy as is the fully folded state, F. When (DF(#) =0
means transition state is as unaffected by mutation as is the unfolded state, U. Intermediate
values of D indicate either partial formation of structure or a mixture of states of different

degrees of formation of structure [34].
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Figure 3: Transition state of mutant similar to folded ((DF = 1), and unfolded state ((DF =0)



The D-value analysis requires the availability of a set of non-disruptive mutants,
mutants in which the structure is not significantly altered outside the position of the mutation.
In hydrophobic cores of the protein molecule, preferentially the mutations delete only one or
two methyl-groups, for example Val Ala, Leu Ala, lle Ala, Ala Gly. In helices mutations may
be used which delete interaction of neighboring amino acid residues, for example GIn Ala,
GIn Gly, Ala Gly and Ser Ala [35].

This research project aim to investigate structural folding pathway and molecular
stability of Cyt2Aa2 toxin by using a chemical induced unfolding/refolding experiment. Based
on guanidine hydrochloride induced unfolding/refolding of the protoxin, we have identified
three states of toxin in native (N), intermediate (I) and unfolded (U) conformations. The
transitional free energy for each transition was determined and reported. The () (phi)-value
analysis was then employed for further study of the unfolding pathway to reveal the degree
of the conformational states and energetic quantities, related to changes in the protein’s
stability and folding rate between wild type and single-site mutant toxins. Fifteen mutants
were constructed with point mutation on each secondary structure elements of the toxins.
These mutant are V32A (B-1), V46A (B-Z), A57G (0l-A), A8OC (0l-B), V109A, L114A (O-C),
F131A, V135A, G141A (0.-D), H158A (B-S), Y168T (B-G), V186A, A190G, V193A (B-G), and
V223A (B-?). The results revealed the unfolding/folding states affected by the point mutation.
The experiment also included structural characterization on the intermediate state that might

be involved in the mechanism of action of toxin
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MATERIALS AND METHODS

Protein Expression

E. coli colony was inoculated in 3 ml LB broth containing 100 mg/ml ampicillin and
incubated at 37°C 250 rpm for overnight. The overnight culture was transferred into a new
flask of LB-ampicillin broth to make up 1% of final concentration. The culture was incubated
at 37°C 250 rpm for 2-3 hours until OD600 reached 0.3-0.5. An expression was induced by
adding isopropyl-B-D-thiogalactopyranoside (IPTG) with a final concentration 0.1 mM and
incubated for 4 hours. OD600 of the culture was measured and 1 OD was collected by
centrifugation 5,000 rpm for 5 minutes. The cell pellet was re-suspended with 50 ml of
distilled water and 20 ml of 4X sample buffer. The 0.1 OD of cell suspension was loaded and

analyzed on 10% SDS-PAGE.

Protein Purification by Size-Exclusion Chromatography

The activated toxin was purified by FPLC system (GE Healthcare, USA) using
Superdex 200 HR 10/30 column to separate the proteins by their sizes. The column was
equilibrated with 50 mM NaHCO5/Na,CO;, pH 9.8 at the flow rate 0.4 ml/minute. The
purification profile was observed under the UV absorbance of 280 nm. Both buffer and
protein sample were filtered through 0.2 mm membrane before applied to the column. The

corresponded peaks were collected and then analyzed on 13% SDS-PAGE.

Protein Solubilization and Quantification

Inclusion protein was dissolved in 50 mM of carbonate buffer pH 9.8 (NaHCO3/Na,CO,),
incubated at 37°C for 1 hour and the supernatant was collected by centrifugation at 10,000
rom for 10 minutes. Protein concentration was determined by using Bio-Rad protein assay
reagent based on method described by Bradford (36). The Bovine Serum Albumin (BSA) was
used as protein standard for calibration curve. The concentrations of BSA were prepared with
distilled water from 0.1, 0.2, 0.4, 0.6, and 0.8 mg/ml. A 10 ml of either standard BSA or
partial-purified inclusion was mixed with 300 ml of Bradford dye reagent and the mixture was
further incubated at room temperature for 10 minutes. The absorption at 595 nm was
measured by using Hitachi U-2000 spectrophotometer. The protein concentration was
calculated from the standard curve. For spectroscopic analysis, the protein concentration was
also determined based on the absorbance at 215 and 225 nm (37). The protein spectrum

was measured from 190 to 350 nm and subtracted with baseline spectrum. Protein

11



concentration was calculated by the formula: Protein concentration (mg/ml) = 0.144 x (ODy5

- OD,y5), when pathlength of cuvette = 1 cm.

Circular Dichroism Spectroscopy

CD spectra were obtained by a Jasco J-715 spectropolarimeter, purged with oxygen-
free nitrogen (Jasco, Japan). The instrument was calibrated daily with 1.0 mg/ml (+)-10-
camphorsulphonic acid (CSA), yielding an intensity ratio between 192 and 290 nm greater
than 2.0. A sample of 0.4-0.6 mg/ml was loaded into a cylindrical quartz cuvette of 0.02-cm
path length (Hellma, USA) and analyzed from 190 to 260 nm. Scanning was set at a rate of
20 nm/min, with 1.0-second response time, 50-millidegree sensitivity and four accumulations.
All spectra were subtracted by baseline spectra of buffers containing an appropriate

concentration of GuHCI.

Intrinsic Fluorescence Spectroscopy

Emission spectra were monitored from 300 to 500 nm on Jasco FP-6300 and Perkin

Elmer LS-50B spectrofluorometers, based on an excitation of intrinsic fluorescence from

aromatic side chains at 280 nm. Samples containing 20-40 Llg/ml of protein were analyzed
in a rectangular quartz cuvette of 0.5-cm path length. Scanning rate was set at 50 nm/min. At

least three repetitive scans were obtained and averaged.

Steady-State Unfolding

A series of GuHCI stock from 0-6.0 M was freshly prepared and used to unfold the
protein at 4 °C. The purified toxin was incubated overnight in various concentrations of
GuHCI, and then monitored for conformational state by fluorescence spectroscopy. An
accurate concentration of GUHCI in each individual condition was confirmed by a refractive
index, as described by Nozaki [38]. An unfolding curve of the toxin was constructed from a
fluorescence intensity ratio between 330 and 350 nm (F330/350). The apparent fraction of

unfolding (f,,,) was determined based on the equation:

fapp = Iobs - (aN + BN [C])

(o, + By, 1c1 - (o, + By ICD)

12



where [, is the observed intensity; Oly and Oly are Y-intercepts for the native and unfolded

states; BN and BU are slopes at low and high GuHCI concentrations; and [C] is the GuHCI

concentration. The transitional midpoint [C]5O% and unfolding free energy of the protein in the

absence of denaturant AGOW = m[C]SO% at 25 °C were obtained by curve fitting using the

model equation [39].

tm (1c1-161°°%) yRT

foo = (O +ByIC) + (0 + By ICD exp

[m ([C1-1€1°°%) yRT

1+ exp
Kinetic Unfolding

The toxin (20-40 LlLg/ml) was mixed with various concentrations of GuHCI. The
fluorescence spectra decay was recorded at 340 nm over a time course from 2000 to 5000
sec, using an excitation wavelength of 280 nm. The bandwidths of excitation and emission
were 5 nm. The fluorescence decay spectra were subtracted by baseline spectra obtained in

the first 50 seconds. Each curve was then fitted to the first order single exponential equation:

-k t
k= g+ AIO exp( obs’

where [, is the signal intensity at a given time, | is the signal intensity at the plateau, |, is

the initial intensity, Al is the difference of I and 1y, Kops is the kinetic rate constant (which is
denaturant dependent), and t is time. The In k,,s was plotted against the GuHCI

concentration and fitted with the linear equation

In kype = M[GUHCI] + Ink,

where Ink,, is the natural log of the kinetic rate constant in water, m is the slope, and [GuHCI]

is the concentration of GUHCI. The k,, value was used for the activation energy calculation

E )RT

K, = (ksT/h)exp acw

where kg is Boltzmann’s constant (1 .3807x10'23 J/K), h is Planck’s constant (6.6261x1 0-34), T
is absolute temperature ('K), R is the gas constant (1.987 cal/mol K) and Eacw is the

activation energy.

13



ANS Binding Assay

1-anilino-8-naphthalene-sulfonate (ANS; Sigma) was applied to determine the

conformational state of an unfolding intermediate. Cyt2Aa2 protoxin (30 LLg/ml) was
incubated in various concentrations of GUHCI for 16-18 hrs. ANS was then added to a final
concentration of 100 LLM, mixed and incubated for 5 minutes in the dark. The samples were
scanned for emission spectra from 420-600 nm at an excitation wavelength of 350 nm. Slit
width for excitation and emission spectra was 5 nm. The spectra of blank solution (without
protein) were recorded for subtraction. Intensity changes at a particular wavelength (465 nm)

versus GuHCI concentrations were documented.

DNA Extraction and Analysis

An extraction of plasmid DNA from E. coli cell culture is based on the method using
cationic detergent cetyl-trimethylammonium bromide (CTAB) for DNA precipitation [40]. In
general, the E.coli cell was cultured in LB-broth for overnight. Cells are collected by
centrifugation and re-suspended in STET buffer. The reaction included digestion with
lysozyme, ribonuclease A and recovered in 5% CTAB. Extraction was employed by
chloroform and precipitated in absolute ethanol at —20°C. DNA pellet was obtained by
centrifugation, washed with 70% ethanol and then dried in room temperature. The agarose
gel was prepared in TBE buffer (0.09 M Tris-HCI, 0.09 M Boric acid, 2 mM EDTA pH 8.0),
and melted until reaching homogeneity in microwave oven. The gel solution was poured into
an electrophoretic tray and allowed to solidify. The TBE buffer was used as an
electrophoretic buffer. DNA sample was mixed with gel-loading dye (15% (w/v) Ficoll 400,
0.01% (w/v) Bromophenol blue) and then loaded into the well. After running with appropriate
voltage, the gel was stained in ethidium bromide solution and destained in distilled water.

The DNA patterns were visualized under UV light and photographed.

Site-Directed Mutagenesis

Site-directed mutagenesis based on the method of Stratagene’s QuikChangeTM was
employed. The recombinant plasmid containing the targeted gene, was mutated using
complementary oligonucleotide primers containing the desired mutation in the polymerase
chain reaction (PCR). The high fidelity polymerase, Pfu DNA polymerase, was used in

temperature cycling. The mutagenic primers were designed and synthesized based on the

14



selected amino acid. The sample reaction (50 ) was comprised of 100 ng DNA template,
50 uM for each dNTP, 10 pmole for each forward and reverse primers, 5 ul 10X pfu buffer,

2.5 U Pfu polymerase, and distilled water to make it to 50 pl. The PCR cycling was set to

95°C 1 min 1 cycle, 95°C 1 min, 44-50°C 1.30 min, 68°C 13 min 18 cycle, and 68°C 7 min
1 cycle. Following temperature cycling, the reaction was added with Dpn |, and incubated at

370C for 3 hours to digest the template DNA.

Transformation of Plasmid DNA into Competent Cells

The Dpnl-treated PCR product approximately 20-40 ng was added into 200 pl
competent cells and gently mixed. The transformation reaction was chilled on ice for 30
minutes, then placed in 42°C for exactly 90 seconds and immediately chilled on ice 2-5
minutes. The reaction was added with LB broth 800 pil and incubated at 37°C for 1 hour with
shaking. The transformed cells were collected by centrifugation at 5,000 rpm for 2 minutes
and re-suspended in 200 pl of media. The transformation culture was plated on LB agar

plate containing 100 pg/ml of ampicillin and incubated at 37°C for 16-20 hours.

Restriction Endonuclease Analysis

The analysis was used to screen for the mutant plasmids based on their recognition
sites which were introduced by the mutagenic primers. The 20 pl of reaction solution
contained 100-200 ng of DNA plasmid, 1X restriction enzyme digestion buffer, 1-2 units of
restriction enzyme and sterile distilled water to achieve the final volume 20 ul. The reaction
solution was incubated at optimum temperature for each enzyme for 2-3 hours. The DNA

product was analyzed in 0.8-1% agarose gel electrophoresis.

Mosquito Larvicidal Assay

The 2 day-old Aedes aegypti mosquito larvae were obtained from the mosquito-
rearing facility of the Institute of Molecular Biology and Genetics, Mahidol University. The cell
culture of 10 OD was collected by centrifugation 5,000 rpm for 10 minutes. The cell pellet
was re-suspended with 2 ml of distilled water. The larvae were counted on 48-well titration
plate (11.3 mm well diameter, Costar, MA, USA). 10 wells were performed for either wild
type or mutant. Each well contained 10 larvae and was added with 200 ul (1 OD) of cell

suspension. The larvae were counted after 24 hours incubation at room temperature.
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Proteolytic Processing of Protoxins

The soluble protoxin was activated with Proteinase K (US Biologicals) at the ratio of
protein:proteinase K 100:1 w/w. The mixture was incubated at 370C for 1 hour and the
reaction stopped was by 4 mM PMSF (Sigma) in final concentration. The mixture was
centrifuged to remove the pellet and then the digestion product was analyzed on

12.5% SDS-PAGE.

Haemolytic Activity Assay
Sheep red blood cells were collected by centrifugation at 3,000 rpm, 4 °C for 5 min

and then washed twice with PBS buffer pH 7.4 for 2% diluted preparation. Toxin samples
(500 Mg/ml) were diluted in two-fold serial dilutions with PBS buffer (100 LL/well). 2% sheep

red blood cells were mixed with the diluted toxin and left at room temperature. The end-point

of haemolysis was monitored after 24 hours.

Determination of ®-value [41]

To determine the P-value for each mutant toxin, the difference of Gibb’s free energy
that is obtained from thermodynamic experiment and the rate constant of kinetic experiment
were employed to calculate the phi value. For each step in the folding reaction the molecule

transitions from the state i to the state j = i+1, the increase of the D-value is

ACDj-i = AAGj-l
AAGF-u
AAGj-i is the difference in the Gibbs energy changes for this reaction between mutant and

the wild type. AAGj-i is calculated from the folding rate constants, ki,mt and ki,wt or

unfolding rate constant k-i,mt and k-i,wt.

For multi-state transition:

AAGj-i = RTx In{ Kkimt |
\ki,WL
or
AAG}-i = RT x In | keimt |
| kit |
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The D-value of the state n is given by summing the increments of the @D-values,

n
On = 2 ADji
J=2

For example, @I of the intermediate I, of a three-state folding reaction is

O = AAG#1-U + AAGI-#1 = AAGKu
AAGF-u AAGF-U
AAG#-u = -RT x In [m,mt] AAGI-#1 = -RTxIn [k-1_,mt
k1,wt k-1,wt
For #2,
O#2 = AAG#1u + AAGI# + AAGH21 = AAGH2-u = 1- AAGF#
AAGF.u AAGF.u AAGF.u
AAGH#2- = -RT x In [ k2,mt AAGF#2  =-RTxIn [ k-2mt
k2, wt k-2,wt
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RESULTS AND DISCUSSIONS

Expression of Cyt2Aa2 toxin

Cyt2Aa2 protoxin can be produced from an E. coli culture. The expressed product
was obtained as an inclusion protein. The protoxin was well solubilized when incubated with
carbonate buffer pH 10-11. The product can be visualized by 10% SDS-PAGE analysis
giving a single band around 29 kDa.

200 —

16 —

9% — | -
66_ ——
44 —
31—

21 =

— 29 kDa

14 —

G

Figure 1: Expressed product of Cyt2Aa2 Toxin detected by SDS-PAGE

Purification of Toxin by Size-Exclusion Chromatography

The purification of toxin can be achieved by two steps. The first step is to obtain a
partially purified of the expressed inclusion toxin by centrifugation. We normally get the
partially purified product containing Cyt2Aa2 as a major component. The second step is
applied to polish the purity of toxin based on size-exclusion separation. The final product can
be collected as a single peak around 13-14 ml on chromatogram and observed as a single

band on SDS-PAGE.
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Figure 2: Chromatographic Purification of Cyt2Aa2 gives single protein on SDS-PAGE

Structural characterization by intrinsic fluorescence spectroscopy

After purification, wild type and all mutant toxins (excluding the insoluble product for
V46A, F131A and V193A) were characterized for their native structures using intrinsic

tryptophan as a probe. Excitation energy at 280 nm has yielded the emission spectra of the
toxin molecule in the 300 to 550 nm region. The maximum wavelength (Kmax) of wild type
Cyt2Aa2 in carbonate buffer was found at 327 nm, representing the native conformation. This
intrinsic Amax is found gradually red shifted toward 347 nm for the unfolded state obtained
in 6 M GuHCI. Most of the mutants, V32A, A80G, V135A, Y168T, V186A and A190G,
demonstrated the Amax of their native states similar to those of wild type. However some of
the mutants, A57G, V109A, L114A, H158A and V223A showed a small shift of their 7\.max
towards the 330-335 nm.
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Figure 3: Intrinsic fluorescence spectra of Cyt2Aa2 in various conformational states
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Steady-state unfolding/refolding and analysis of conformational free energy

We applied intrinsic fluorescence spectra of the toxin as a tool to monitor a

conformational state of Cyt2Aa2 in various GuHCI concentrations. The toxin in an initial

condition of carbonate buffer gives emission spectrum with 7\,max around 330 nm. When the

denaturant was gradually increased in the unfolding condition, the spectra progressively
changed, with a reduction of emission intensity and a redshift of Kmax toward 350 nm. The

shifting of Kmax to a longer wavelength was similar to other reported unfolding proteins such
as concanavalin A, methanol dehydrogenase, and glycyl-tRNA synthetase — indicating a
conformational change of tryptophan residues from an apolar to a polar environment [42-44].
With a series of intensity ratio between 330 and 350 nm representing native and unfolded
conformations, an unfolding curve was then established as a function of the denaturant. The
resulting curve demonstrated a well-defined feature corresponding to a three-state
transitional model. These three revealed conformational states could be assumed to
represent the native (N), intermediate (I) and unfolded states (U). This suggests that GuHCI
could bind and help stabilize intermediate and unfolded conformations of the toxin. The
steady-state conformations for N, | and U can be obtained at approximately 0-2, 3-4 and 6-7
M of GuHCI, respectively. Based on the three-state model equation, a curve fitting was
performed which yielded values for denaturant concentration at a half unfolding ([GuHCI]SO%)

and transitional slope (m). These data were then used to determine the conformational free

energy of protein in a denaturant-free condition (AGW). After a number of independent
repeats, we could report a conformational free energy of the native state at 5-6 kcal/mol,
while the free energy of the intermediate against the fully unfolded state was 12-16 kcal/mol.
The reverse process of these conformational changes was also analyzed by a refolding
experiment. Interestingly, the derived refolding curve and free energy values were found to
be very similar to those obtained from the unfolding study. These results confirmed that the
two investigated pathways are simply a reversal process of the same route and existing
conformations. When considering the completed transition, starting from native to unfolded
state, the summation of conformational free energy found for Cyt2Aa2 toxin was 17-22
kcal/mol. This total unfolding free energy was comparable to the stabilizing energy of other

native proteins with a similar molecular weight, as reported in the database [45], such as 25-

kDa glutathione s-transferase, 21-kDa YD crystallin, and 28-kDa B-Iactamase [46-48]. These
proteins undergo a three-state unfolding involving 12 to 27 kcal/mol of free energy. Moreover,

the total unfolding free energy for Cyt2Aa2 toxin was also found to be similar to the
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previously reported data from the two-state unfolding of Bacillus thuringiensis Cry4Ba toxin

[49].
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Figure 4: A typical unfolding curve of the purified toxins

Parameters Unfolding Refolding
m; (kcal/mol/M) 2931 0.22 2551 0.17
m, (kcal/mol/M) 3.18 £ 0.19 252+ 0.14
[GUHCIT™"; (M) 214 X 0.15 2.10 £ 0.10
[GUHCIT™", (M) 497 £ 0.14 4.63 £ 0.09
AG,,; (kcal/mol) 6.25 + 0.32 5.32 £ 0.20
AG,, (kcal/mol) 15.81 + 0.47 11.64 + 0.28

Table 1: Conformation free energy for unfolding and refolding of wild type toxin
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Kinetics of unfolding and activation energy analysis

In order to investigate the kinetics among these identified conformational states, a
rapid mixing of purified toxin in carbonate buffer with various GuHCI concentrations was
performed. During the mixing, intensity changes of fluorescence emission spectra were
monitored over a period of time. The emission intensity corresponding to the native state at
330 nm was found to decrease obviously and rapidly after the addition of a denaturant. In
addition, a more significant change of 330-nm intensity was repeatedly obtained when using
a higher concentration of GuHCI. Based on the first order of single exponential equation, we
were able to obtain an apparent rate constant (k,,) for each denaturant condition. A linear
plot between Ink,,s and GuHCI concentrations provided rate constants in a denaturant-free
condition (k,) of 3.60x10" and 1.94+0.55x10" sec  for the first and second transitions. Then
the activation energy (E,.,,) for these two transitions was finally obtained around 20 and 25
kcal/mol, respectively. Despite the activation energy for both transitions being very similar,
the rate constant of the second transition was much slower than that of the first one. Thus
this transition from an intermediate to an unfolded state could be identified as a rate-limiting

step of the unfolding pathway.
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Figure 5: Kinetic of unfolding observed from fluorescence intensity at 327 nm as a

function of time and various GuHCI concentrations
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Figure 6: Chevron plots of rate constants against GuHCI concentrations for Cyt2Aa2
Blank squares represent the rate constants in the first transition from native (N) to
intermediate (I) and filled circles represents the rate constants in the second
transition from intermediate (l) to unfolded (U) states. Dash line and solid line are
extrapolated to Y axis to obtain the Inkw of the first and second transitions,

respectively.

1st transition (N -- 1) 2nd transition (I -- U)

Toxin
kw1 (s-1) Eac1 (kcal/mol) kw2(s-1) Eac2 (kcal/mol)

Cyt2Aa2 | (3.60+1.03)x10-2 | 19.46+0.19 | (1.94+0.55)x10-6 | 25.33+0.19

Table 2: Kinetic parameters illustrated the rate constants at 0 M GuHCI (kw) and

activation energy (Eac,w ) of the first and second transitions of Cyt2Aa2
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Construction of an energy map

The combined data from steady-state and kinetic analyses can provide necessary

information for the construction of a conformational energy map of the unfolding toxin.

Conformational free energy (AGW) of the three conformational states together with the
activation energy (E,.,) of both transitions were mapped along the pathway progression.
This energy map displays an unfolding pathway starting from a lower-energy native state,
and proceeding to higher-energy intermediate and unfolded states, respectively. The
transition between each conformational state involves thermodynamic free energy around 5
and 16 kcal/mol, and activation energy around 20-24 kcal/mol. This energy map for the Cyt
toxin family was experimentally established for the first time in this study. It could provide
relative energy characteristics for the study of protein structure and stability, and could be

used as a reference for structural engineering of the mutant toxins.
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Figure 7: Energy map of protein unfolding for Cyt2Aa2 Wild Type
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Characterization of intermediate state

ANS binding assay was applied to probe for an exposure of the protein hydrophobic

core upon a conformational change. When fluorescent dye binds to the toxin, its emission

spectrum is experimentally established with a 7\,ma of 465 nm. When this assay was

performed for each denaturing condition, the results showed the maximal intensity of binding
when the toxin was in 3.0-3.5 M GuHCI. It is apparent that the adopted intermediate state in
this denaturing condition has a relaxed structure, and extensively exposes its hydrophobic
core to the environment. We also analyzed the secondary structure of the toxin using circular
dichroism spectroscopy. The CD spectra obtained for the native, intermediate and unfolded
states. Interestingly, while the CD spectrum for the unfolded state indicated a significant loss
of protein secondary structure, the spectra for the intermediate and native states were found

to be very similar. This result suggested that the same secondary structure element is

maintained in both native and intermediate states. In addition, our intrinsic fluorescence data

for the intermediate state showed a red shift of Kmax toward 340 nm, indicating a detectable
loss of the toxin’s tertiary structure. Taking these data together, we were able to demonstrate
that the intermediate state was present as a loose folding of the native-like secondary
structure and the exposed hydrophobic core. Thus, this stable intermediate can be

characterized as a defined molten globule conformation.
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Figure 8: ANS binding assay for hydrophobic exposure of intermediate state
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Figure 9: CD Spectra of Cyt2Aa2 Toxin at Native, Intermediate and Unfolded States

Several reports on the protein folding pathway [50-52] involve a molten globule state
formation. Moreover, the molten globule states for diphtheria toxin [53], anthrax protective
antigen [54] and colicins [55] had been shown to be responsible for their functions in protein-
lipid membrane interactions. For B. thuringiensis toxin, a molten globule has been proposed
for Cyt1A toxin in the presence of liposome vesicles, using differential scanning calorimetry
and CD spectroscopy [56]. The toxin binds and releases the dye from lipid membrane
vesicles at low pH [56-57]. It has been proposed that the molten globule structure binds to
the lipid membrane independent from the net charge of the membrane. The importance of a
molten globule for biological functions could also be inferred for Cyt2Aa2. Our data directly
suggest a presence of molten globule in its unfolding and refolding pathway. When the native
and intermediate states of the toxin are related in terms of mechanism of action, it is clear
that the native conformation is required for the production of toxin, providing a stable form of
protease resistance. However when the toxin undergoes a proteolytic activation and
conformational change, a formation of molten globule could then be required for an active

role in toxin and membrane interaction. Future investigation of the functional role and
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interacting mechanism of the intermediate revealed in this work could help provide a basic
understanding of the toxin structure as well as a better mechanism model to be used for the

application of Cyt2A toxin.

Construction of mutant toxins

Mutant plasmids were constructed using pGEM-Cyt2Aa2 plasmid as a template. The
approach was based on Stratagene’s QuikChangeTNI site-directed mutagenesis. Agarose gel
electrophoresis of the PCR products showed the expected size of plasmid of approximately
3.8 kb. After Dpnl treatment and transformation to E.coli JM109, The mutant colonies was
selected verified for their sequences. Since all the mutagenic oligonucleotide primers were
designed introducing specific endonuclease restriction sites, various enzymes were used for
restriction analysis and mutant screening. The results from restriction analysis showed that
all the constructed mutants had the expected digestion patterns based on the introduced
restriction sites. The selected clones were then subjected to be analyzed by automated DNA
sequencing. The sequencing data had confirmed the designed mutation point and indicated
the wild type sequence on the rest of the gene sequences. All mutant toxins were found to

be expressed at a comparable level to that of wild type.

Structural unfolding of mutant toxins

All of the mutants were characterized by GuHCI induced unfolding experiment. The
analyses were performed both in steady state and kinetic studies to reveal conformational
free energy and activation energy respectively. Most of the mutants had demonstrated
unfolding behavior similar to that of wild type showing three-state transition. Some exception
was found for the mutants, A57G, L114A and V223A indicating two-state transition.

Their unfolding curves of toxins were fitted with three-state transition model to obtain the free
energy values, the mid points (the point that the 50% of initial state turns to the next state) of

each transition and the slopes of transition.
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Figure 10: Steady state unfolding experiment and the typical unfolding curve obtained from

mutant toxins. (This presented data come from V32A mutant)

17 transition (N—»I) 2™ transition (I—» U)
_ M1 D] AGW™ M1-eu [D]™® AGW sumAG
Toxin
keal/mol/M M kcal/mol | keal/mol'M M keal/mol kcal/mol
Cyt 2.70+0.53 2.19+0.02 5.89+1.08 379+013 4.72+0.72 17.89+0.89 | 2378+1.16
V3I2A 1.68+0.28 2.04+0.04 341+0.54 3.42+0.09 5.01+0.03 17.13+0.05 | 20.54+0.10
ASTG 0.84+0.06 1.66+0.22 1.39+0.17 ND ND ND ND
AB0G 278+0.55 | 1.26+028 | 3.50+0.79 | 199+020 | 4.74+0.04 | 9454097 | 11.87+147
WVI109A 455+0.08 0.77+0.01 351+0.10 261+0.01 4.79+021 12.43+048 | 16.06+048
L114A 0.46+0.09 1.38+0.35 0.62+0.07 ND ND ND ND
WI35A 1.74+0.06 2751014 4814041 3.60+031 3632009 13.05+080 | 17.86+039
Gl414A 2.06+0.44 2.17+0.11 4394074 1.72+0.33 492+0.26 8.55+0.19 12.94+2 60
H1584A 1.45+0.17 1.10+0.24 1.65+0.55 1.71+0.27 4.58+0.02 T 81+124 045+0.72
Y168T 2.80+0.37 1.74+0.04 4 844054 3.04+011 448+0.04 | 1364+058 | 18.49+0.04
WVI186A 1.56+0.16 2.26+0.37 347+0.47 2.22+0.39 4.84+0.02 10.73+1.90 | 1420+2.30
A190G 2.35+0.11 2.17+0.04 5.09+0.18 202+019 4.08+0.13 8.29+1.05 13.38+1.23
V223A 0.46+0.15 245+0.18 1.16+0.45 ND ND ND ND

Table 3: Unfolding free energy of Cyt2Aa2 and its mutants in the 1% transition (N -- 1) and 2nd

transition (I -- U)
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Figure 11: Kinetic unfolding experiment and the typical chevron curve obtained from mutant

1™ transition (N—»1)

2" transition (I—»U)

Toxin 4 S p Eacwz
Fwt (37) _ w2 (57) .

(kcal/mol) (kcal/mol)
Cyt (3.60+1.03)x10~ 19.46+0.19 (1.94+0.55)x10° 25.3320.19
V32A (0.14+0.03)x10™ 21.37+0.13 (7.26+2.90)x10~ 23.18=0.30
ASTG ND ND (4.75+2.71)x10™" | 22.28+0.63
ABOG (6.26+2.42)x10~ 19.12+0.24 2.1741.19)x107 23.86+0.34
VI109A | (15.81+6.39)x107 | 18.62+0.27 | (1.78+1.26)x10™ | 23.39+1.27
L114A ND ND (3.60+1.14)x10™* | 22.20+0.23
VI135A | (2.7520.01)x107 | 19.70+0.33 | (7.07+3.08)x10° | 24.55+0.26
Gl41A | (5.91+0.26)x10™ | 19.45+0.40 | (3.49+1.41)x10° | 25.08+0.27
H158A | (0.14+0.04)x107 | 21.39+0.18 | (1.16+0.20)x10™ | 22.83+0.11
Y168T | (0.16+0.00)x10~ | 21.27+0.02 | (5.91+1.38)x10” | 23.24+0.14
VI86A | (1.51%0.67)x10™ | 20.02+0.29 | (2.05+0.98)x10” | 23.98+0.38
A190G | (0.06+0.00)x10~ 21.85+0.01 (2.96+1.29)x107 23.70+0.23
J223A ND ND (1.67+0.23)x107 | 22.62+0.11

the 1" transition (N - 1) and 2" transition (I-U)

Table 4: Kinetic rate constant and calculated activation energy of Cyt2Aa2 and its mutants in




D-value analysis of unfolding pathway

Based on Gibb’s free energy values and the rate constants of wild type and its mutants were
obtained from thermodynamics and kinetics unfolding, the @D-values of each mutant were
calculated to elucidate the unfolding pathway of this protein. For a multi-state transition, there
are five M-values states of protein molecule: native (N), transition state | (TS I), intermediate
(), transition state Il (TS Il) and unfolded (U). The QD-values that represent native and
unfolded states were designated as 1 and O, respectively. The @-values of other three
states were then calculated. Beginning with native to transition state | (TS 1), V32A mutant
demonstrated the lowest P-value following by Y168T, A190G, H158A, V109A, V135A,
V186A, G141A, and A80G. Most of the mutants displayed lower D- values in the
intermediate state when compared to the transition state | except for the mutants Y168T and
A190G. Compared with the intermediate state, and transition state I, most of the mutants
exhibited gradually decrease of @D-values, except V32A and V135A that presented higher
D-values. Al the mutants were set their D-values of unfolded state equal 0. Three mutants
A57G, L114A and V223A illustrated no observed intermediate state. Their D-values were

then calculated only in the transition state.

V109A (aC)
G141A (uD) «
L114A (aC)
| ABOG (uB)
V435A (aD) V32A (B1)
F131A (aD)

AS7G (0A)

Figure 12: Structure of Cyt2Aa2, indicated the mutated residues in this study: V32A (B-1),
V46A (3-2), AS7G (0-A), ABOC (0I-B), V109A, L114A (0-C), F131A, V135A, G141A (0l-D),
H158A ([3-4), Y168T (3-5), V186A, A190G, V193A ([3-6), and V223A (3-7).
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Figure 13: @D-values of Cyt2Aa2 mutants in 3-state model transitions from native (N),

transition state | (TS I), intermediate (1), transition state Il (TS Il) and unfolded (U) states.

Mosquito larvicidal assay

After the 2-day-old Aedes aegypti mosquito larvae were fed with the inclusion
proteins and left for overnight, we were able to monitor the mortality rate and calculate the
LC50 values for each mutant. The determined toxicity of wild type toxin was reported as
LC50 = 0.48+0.03 Lg/ml. While the mutants, V32A, A80G, G141A, V186A, A190G and
V223A were found to toxicity comparable to that of wild type, the other mutants, V46A and
H158A give a lower activity than wild type. Their LC50 are approximately 122.66+31.60
Ha/ml and 69.77+2.96 LLg/ml, respectively. While the mutants, A57G, V109A, L114A, F131A,
V135A, Y168T and V193A showed no toxicity even when the tested concentration of the

inclusion proteins were raised up to 250 LLg/ml.

Hemolytic activity assay

In vitro, hemolytic activity assay was performed using 2% sheep red blood cells. The
two-fold serial dilution of toxins were mixed with sheep red blood cells and left overnight. The
end-point of haemolysis was observed at the lowest concentration of toxin. Hemolysis was
detected when the color of mixed solution become red due to the leakage of hemopgobin

from cell lysis.
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The end point of wild type toxin was observed at 0.25 [lg/ml of toxin concentration
which is comparable to the end point of V32A, A80G, V109A, G141A, V186A, A190G and
V223A mutant toxins. The mutants, A57G, L114A and H158A were found to have lower
hemolytic activity than that of wild type. The activity for V46A, F131A and V193A mutants

cannot be determined since they did not yield any activated toxin product from proteolytic

processing.
Toxicity
Toxin Solubility Larvicidal toxicity Hemolytic assay
LCsp (pg/mly+SD End point (pg/ml)

Cyt (Wild type) ++++ 0.48+0.03 0.25
V32A (Bl) +++ 1.57+0.28 0.125

V46A (B2) ++ 122.66+31.60 No active toxin
AS7G (oA) ++ >250 3.84
ABOG (uB) ++ 2.22+0.07 0.55
VI109A (oC) ++ 250 0.99
L114A (oC) ++ 250 15.62

F131A (oD) + 250 No active foxin
V135A (uD) +++ 250 250
Gl41A (uD) +++ 0.56+0.17 0.25
HI158A (B4) ++ 69.77+2.96 31.25
Y168T (B5) ++ =250 250
VI186A (p6) +H+ 0.36+0.05 0.32
A190G (p6) +H+ 0.49+0.05 0.25

VI193A (B6) + =250 No active toxin
V22I3A (BT ++ 2.6010.11 0.90

Number of experiment = 3

Table 5: Solubility, mosquito larvicidal and hemolytic activity of Cyt2Aa2 and mutants
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CONCLUDING SUMMARY

We have characterized an unfolding pathway of cytolytic Cyt2Aa2 toxin from Bacillus
thuringiensis subsp. Darmstadiensis by using a guanidinium hydrochloride
denaturation.

Based on the observation of changes of circular dichroism and intrinsic fluorescence
spectra, the determined unfolding curve of wild type Cyt2Aa2 was observed as three-
state transition with 3 stable states of protein from native (N) to intermediate (I) and
unfolded (U) states.

The conformational free energies for native and intermediate state unfolding are
approximately 5.8 and 14.8 kcal/mol, respectively. Kinetic analysis suggested that
the activation energy of both transitions was around 20-25 kcal/mol, with a rate-
limiting step in the second transition. These results have established for the first time
an energy profile of the Cyt2Aa2 toxin in various unfolding/refolding conformations.
Further characterization of the intermediate state by dye-binding assay, intrinsic
fluorescence, and circular dichroism spectroscopy demonstrated characteristics of a
molten globule state. This revealed intermediate may play an active role in structural
folding and biological activity of the toxin.

We have successfully constructed 15 mutant toxins with amino acid substitution
located throughout the protein secondary structure elements. They are V32A (on B1),
V46A (on BZ), A57G (on OA), A8BOC (on OB), V109A, L114A (on OC), F131A,
V135A, G141A (on OD), H158A (on B4), Y168T (on BS), V186A, A190G, V193A (on
BG), and V223A (B?]. Their mutated sequences were confirmed by automated DNA
sequencing.

All mutant proteins were expressed as inclusion proteins in E.coli system under IPTG
induction. Purification of the expressed toxin was accomplished by using size-
exclusion chromatography.

The mutants, V32A, V46A, A80G, L114A, V135A, G141A, H158A, Y168T, V186A and

A190G were soluble in 50 mM carbonate buffer (pH 10.8) comparable to that of wild
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11.
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13.

14.

15.

type. While the mutants, A57G, V109A and V223A were found with decreased
solubility and F131A and V193A showed very low level of solubilization.

Proteolytic processing by proteinase K gave a 25-kDa active toxin product for V32A,
A80G, V135A, G141A, Y168T and A190G 7, A57G, V109A, L114A, H158A, V186A
and V223A. While the mutants, V46A, F131A and V193A were highly sensitive to the
proteinase digestion, giving no active toxin product.

The LC50 against Stegomyia aegypti of V32A, A80G, G141A, V186A, A190G and
V223A were comparable to wild type. The decreased toxicity was found for V46A and
H158A. A complete loss of toxicity was observed for A57G, V109A, L114A, F131A,
V135A, Y168T and V193A

Based on the data from these mutant toxins, It seems that the mutations on Ol helical
elements has a significant effect on larvicidal toxicity, whereas the mutation on in the
B-sheets did not affect the activity. These helical elements on toxin structure had
been proposed to swing out and bind along the cell membrane.

Hemolytic activity of activated of V32A, A80G, V109A, G141A, V186A, A190G and
V223A were comparable to that of wild type. Reduced activity was observed for
A57G, L114A and H158A.

In an unfolding experiment, most of the mutants revealed the three-state transition
similar to that of wild type. However A57G, L114A and V223A demonstrated the two-
state transition.

The D-values of all mutants were found gradually decreased from native ((D =1) to
unfolded ((D = 0) state indicating a progressive relaxation of the protein structure
upon the given denaturant.

There are 5 states of @-values determined for V32A, A80G, V109A, V135A, G141A,
H158A, Y168T, V186A and A190G mutant proteins, which are native (N), transition
state | (TS 1), intermediate (I), transition state 1l (TS Il) and unfolded state (U). While
A57G, L114A and V223A illustrated no observed intermediate state.

The far-UV CD spectra were found similar between the native and intermediate
states of Cyt2Aa2 in 3.5 M GuHCI, while their fluorescence spectra were different.

This data suggested the formation of molten globule in an intermediate state.
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Abstract

Cyt2Aa2 is a cytolytic toxin from Bacillus thuringiensis subsp. darmstadiensis. Its active
form has a lethal activity against specific mosquito larvae. We characterized an unfolding
pathway of Cyt2Aa2 using a guanidinium hydrochloride denaturation. The results revealed
three-state transition with a detectable intermediate in a condition with 3-4 M of GuHCI. The
conformational free energies for native and intermediate state unfolding were 5.82 + 0.47 and
16.85 £ 1.47 kcal/mol, respectively. Kinetic analysis suggested that the activation energy of
both transitions was around 23-25 kcal/mol, with a rate-limiting step in the second transition.
These results have established an energy profile of the Cyt2Aa2 toxin in various
conformations involved in the unfolding/refolding pathway. Further characterization of the
intermediate state by dye-binding assay, intrinsic fluorescence, and circular dichroism
spectroscopy demonstrated characteristics of a molten globule state. This revealed
intermediate could play an active role in the structural folding and biological activity of the
toxin.

Keywords: Cyt2Aa2, Bacillus thuringiensis, protein unfolding, molten globule, intrinsic
fluorescence, circular dichroism.



Introduction

Bacillus thuringiensis is a spore-forming, Gram-positive soil bacterium which
produces parasporal proteins during sporulation (Nickerson et al., 1975). The produced
endotoxins can be solubilized in alkaline pH, and become insecticidal after proteolysis by
insect gut proteases (Murphy et al., 1976; Bulla et al., 1977; Andrews et al., 1985; Armstrong
et al., 1985). The binding of an active toxin on the brush border membrane of a susceptible
insect could result in the formation of ion channels or pores, leading to osmotic imbalance,
cell swelling and osmotic lysis (Hofte and Whiteley, 1989; Schnepfet al., 1998).

The cytolytic toxin Cyt2Aa2 is produced by B. thuringiensis subsp. darmstadiensis
(Promdonkoy et al., 2003). This toxin is synthesized as a 29-kDa protoxin and then
proteolytically processed into a 25-kDa active form. Its toxicity is found against Stegomyia
and Culex sp. mosquito larvae (Galjart et al., 1987). The x-ray structure of Cyt2 toxin
contains a single domain of o/f architecture comprising six a-helices and seven -sheets (Li
et al., 1996). Cyt toxin can bind and form pores in a synthetic lipid membrane without the
requirement of a receptor (Thomas and Ellar, 1983). The precise mechanism of action for Cyt
toxin is still unclear, and may be based on either pore-forming (Promdonkoy and Ellar, 2000;
2003) or detergent-like model (Butko, 2003). To study the details of membrane interaction,
stable conformational states of the toxin should be identified and characterized. The present
study aims to analyze the conformational states of Cyt2Aa2 toxin using a chemically induced
unfolding experiment. The identified conformational states and calculated transitional free
energy between each state in the unfolding pathway could help reveal an energy map of the
toxin. In addition, the stable intermediate state can also be characterized further to provide a
clue to its possible involvement in the structural folding and biological function of Cyt2Aa2
toxin.

Materials and Methods

Protein expression and purification: Cyt2Aa2 protein was expressed at 37 °C in
Escherichia coli strain JM 109 (Promdonkoy et al., 2003) in the presence of 0.1 mM IPTG.
The culture media was LB broth containing 100-pg/ml ampicillin. The cell culture was
disrupted using a French pressure cell. The harvested inclusion protein was solubilized in 50
mM carbonate buffer (pH 10.0). The soluble toxin was then chromatographically purified
using a Superdex-200 HR10/30 size-exclusion column (Amersham). Protein concentration
was determined based on Bradford dye-binding assay and far-UV absorption (Waddell,
1956).

Circular dichroism spectroscopy: CD spectra were obtained by a Jasco J-715
spectropolarimeter, purged with oxygen-free nitrogen (Jasco, Japan). The instrument was
calibrated daily with 1.0 mg/ml (+)-10-camphorsulphonic acid (CSA), yielding an intensity
ratio between 192 and 290 nm greater than 2.0. A sample of 0.4-0.6 mg/ml was loaded into a
cylindrical quartz cuvette of 0.02-cm path length (Hellma, USA) and analyzed from 190 to
260 nm. Scanning was set at a rate of 20 nm/min, with 1.0-second response time, 50-
millidegree sensitivity and four accumulations. All spectra were subtracted by baseline
spectra of buffers containing an appropriate concentration of GuHCL

Intrinsic fluorescence spectroscopy: Emission spectra were monitored from 300 to
500 nm on Jasco FP-6300 and Perkin Elmer LS-50B spectrofluorometers, based on an
excitation of intrinsic fluorescence from aromatic side chains at 280 nm. Samples containing
20-40 pg/ml of protein were analyzed in a rectangular quartz cuvette of 0.5-cm path length.
Scanning rate was 50 nm/min. At least three repetitive scans were obtained and averaged.

Steady-state unfolding: A series of GuHCI stock from 0-6.0 M was freshly prepared
and used to unfold the protein at 4 °C. The purified toxin was incubated overnight in various



concentrations of GuHCI, and then monitored for conformational state by fluorescence
spectroscopy. An accurate concentration of GuHCI in each individual condition was
confirmed by a refractive index, as described by Nozaki (Nozaki, 1972). An unfolding curve
of the toxin was constructed from a fluorescence intensity ratio between 330 and 350 nm
(F330350). The apparent fraction of unfolding (f,,p) was determined based on the equation:
f;lPP = Iops - (aN + BN [C])
(v + Bu [C]) - (an + By [C])

where I is the observed intensity; an and oy are Y-intercepts for the native and unfolded
states; Bn and Py are slopes at low and high GuHCI concentrations; and [C] is the GuHCI
concentration. The transitional midpoint [C]**” and unfolding free energy of the protein in
the absence of denaturant AG®, = m[C]*"” at 25 °C were obtained by curve fitting using the
model equation (Ibarra-Molero and Sanchez-Ruiz, 1996):

C]-[C
fww = (ax+BnI[C]) + (ay + By [C]) exp "I
[m (IC]-1C1 %7y yRT

50%y /RT

1+ exp

Kinetic unfolding: The toxin (20-40 pg/ml) was mixed with various concentrations of
GuHCI. The fluorescence spectra decay was recorded at 340 nm over a time course from
2000 to 5000 sec, using an excitation wavelength of 280 nm. The bandwidths of excitation
and emission were 5 nm. The fluorescence decay spectra were subtracted by baseline spectra
obtained in the first 50 seconds. Each curve was then fitted to the first order single
exponential equation (using the SigmaPlot 6.0 software suite):

I = I,+ Alexpobs"

where [; is the signal intensity at a given time, I, is the signal intensity at the plateau, I, is the
initial intensity, Al is the difference of I, and I,, k.bs 1s the kinetic rate constant (which is
denaturant dependent), and t is time. The In ks was plotted against the GuHCI concentration
and fitted with the linear equation

In kops= m[GuHCI] + Inky
where Ink,, is the natural log of the kinetic rate constant in water, m is the slope, and [GuHCI]
is the concentration of GuHCI. The k., value was used for the activation energy calculation

ky = (ksT/h)expFacw®"
where kg is Boltzmann’s constant (1.3807x107* J/K), % is Planck’s constant (6.6261x107%), T
is absolute temperature (°K), R is the gas constant (1.987 cal/mol K) and E,. is the
activation energy.

ANS binding assay: 1-anilino-8-naphthalene-sulfonate (ANS; Sigma) was applied to
determine the conformational state of an unfolding intermediate. Cyt2Aa2 protoxin (30
pg/ml) was incubated in various concentrations of GuHCI for 16-18 hrs. ANS was then added
to a final concentration of 100 uM, mixed and incubated for 5 minutes in the dark. The
samples were scanned for emission spectra from 420-600 nm at an excitation wavelength of
350 nm. Slit width for excitation and emission spectra was 5 nm. The spectra of blank
solution (without protein) were recorded for subtraction. Intensity changes at a particular
wavelength (465 nm) versus GuHCI concentrations were documented.

Results and Discussion

Steady-state unfolding and transitional free energy analysis

We employed intrinsic fluorescence spectroscopy to monitor for conformational states
of Cyt2Aa2 in various GuHCI concentrations. The toxin in an initial condition of carbonate
buffer gave a fluorescence emission spectrum with Ay, around 330 nm. When the denaturant



was gradually increased in the unfolding condition, the spectra progressively changed, with a
reduction of emission intensity and a red shift of Aynax toward 350 nm (Figure 1). The shifting
of Amax to a longer wavelength was similar to other reported unfolding proteins such as
concanavalin A, methanol dehydrogenase, and glycyl-tRNA synthetase, indicating a
conformational change of tryptophan residues from an apolar to a polar environment (Wang
et al., 2000; Dignam et al., 2001; Chatterjee and Mandal, 2003). With a series of intensity
ratio between 330 and 350 nm representing native and unfolded conformations, an unfolding
curve was then established as a function of the denaturant (Figure 2). The resulting curve
demonstrated a well-defined feature corresponding to a three-state transitional model. These
three revealed conformational states could be assumed to represent the native (N),
intermediate (I) and unfolded states (U). This suggests that GuHCI could bind and help
stabilize intermediate and unfolded conformations of the toxin. The steady-state
conformations for N, I and U can be obtained at approximately 0-2, 3-4 and 6-7 M of GuHCI,
respectively. Based on the three-state model equation, a curve fitting was performed which
yielded values for denaturant concentration at a half unfolding ([GuHCI1]*"*) and transitional
slope (m). These data were then used to determine the conformational free energy of protein
in a denaturant-free condition (AGy,). After a number of independent repeats, we could report
a conformational free energy of the native state at 5.82+0.47 kcal/mol, while the free energy
of the intermediate against the fully unfolded state was 16.85+1.47 kcal/mol. The reverse
process of these conformational changes was also analyzed by a refolding experiment.
Interestingly, the derived refolding curve and free energy values were found to be very
similar to those obtained from the unfolding study. These results confirmed that the two
investigated pathways are simply a reversal process of the same route and existing
conformations. When considering the completed transition, starting from native to unfolded
state, the summation of conformational free energy found for Cyt2Aa2 toxin was 22.67+1.94
kcal/mol. This total unfolding free energy was comparable to the stabilizing energy of other
native proteins with a similar molecular weight, as reported in the database (Gromiha et al.,
1999), such as 25-kDa glutathione s-transferase, 21-kDa yD crystallin, and 28-kDa [3-
lactamase (Vanhove et al., 1997; Hornby et al., 2000; Flaugh et al., 2005). These proteins
undergo a three-state unfolding involving 12 to 27 kcal/mol of free energy. Moreover, the
total unfolding free energy for Cyt2Aa2 toxin was also found to be similar to the previously
reported data from the two-state unfolding of B. thuringiensis Cry4Ba toxin (Krittanai et al.,
2003).

Kinetics of unfolding and activation energy analysis

In order to investigate the kinetics among these identified conformational states, a
rapid mixing of purified toxin in carbonate buffer with various GuHCI concentrations was
performed. During the mixing, intensity changes of fluorescence emission spectra were
monitored over a period of time, as shown in Figure 3. The emission intensity corresponding
to the native state at 330 nm was found to decrease obviously and rapidly after the addition of
a denaturant. In addition, a more significant change of 330-nm intensity was repeatedly
obtained when using a higher concentration of GuHCI. Based on the first order of single
exponential equation, we were able to obtain an apparent rate constant (ko) for each
denaturant condition. A linear plot between Ink,,s and GuHCI concentrations provided rate
constants in a denaturant-free condition (ky) of 3.62 x 10 and 5.83 x 10 sec™ for the first
and second transitions. Then the activation energy (Eacw) for these two transitions was finally
obtained: 23.10 £ 0.28 and 24.89 £ 0.10 kcal/mol, respectively. Despite the activation
energy for both transitions being very similar, the rate constant of the second transition was



much slower than that of the first one. Thus this transition from an intermediate to an
unfolded state could be identified as a rate-limiting step of the unfolding pathway.

Construction of an energy map

The combined data from steady-state and kinetic analyses can provide necessary
information for the construction of a conformational energy map of the unfolding toxin.
Conformational free energy (AGy) of the three conformational states together with the
activation energy (E,.w) of both transitions were mapped along the pathway progression, as
shown in Figure 4. This energy map displays an unfolding pathway starting from a lower-
energy native state, and proceeding to higher-energy intermediate and unfolded states,
respectively. The transition between each conformational state involves thermodynamic free
energy around 5 and 16 kcal/mol, and activation energy around 23-24 kcal/mol. This energy
map for the Cyt toxin family was experimentally established for the first time in this study. It
could provide relative energy characteristics for the study of protein structure and stability,
and could be used as a reference for structural engineering of the mutant toxins.

Characterization of intermediate state
ANS binding assay was applied to probe for an exposure of the protein hydrophobic
core upon a conformational change. When fluorescent dye binds to the toxin, its emission

spectrum is experimentally established with a A,__ of 465 nm. When this assay was performed

for each denaturing condition, the results showed the maximal intensity of binding when the
toxin was in 3.0-3.5 M GuHCI. It is apparent that the adopted intermediate state in this
denaturing condition has a relaxed structure, and extensively exposes its hydrophobic core to
the environment. We also analyzed the secondary structure of the toxin using circular
dichroism spectroscopy. The CD spectra obtained for the native, intermediate and unfolded
states are shown in Figure 5. Interestingly, while the CD spectrum for the unfolded state
indicated a significant loss of protein secondary structure, the spectra for the intermediate and
native states were found to be very similar. This result suggested that the same secondary
structure element is maintained in both native and intermediate states. In addition, our
intrinsic fluorescence data for the intermediate state showed a red shift of A toward 340
nm, indicating a detectable loss of the toxin’s tertiary structure. Taking these data together,
we were able to demonstrate that the intermediate state was present as a loose folding of the
native-like secondary structure and the exposed hydrophobic core. Thus, this stable
intermediate can be characterized molten globule state.

Several reports on the protein folding pathway (Goldberg et al., 1990; Ptitsyn et al.,
1990; Sugawara et al., 1991) involve a molten globule state formation. Moreover, the molten
globule states for diphtheria toxin (Chenal et al., 2002), anthrax protective antigen (Gupta et
al., 2003) and colicins (Zakharov and Cramer, 1997) had been shown to be responsible for
their functions in protein-lipid membrane interactions. For B. thuringiensis toxin, a molten
globule has been proposed for CytlA toxin in the presence of liposome vesicles, using
differential scanning calorimetry and CD spectroscopy (Butko et al., 1997). The toxin binds
and releases the dye from lipid membrane vesicles at low pH (Butko et al., 1996; Butko et al.,
1997). It has been proposed that the molten globule structure binds to the lipid membrane
independent from the net charge of the membrane. The importance of a molten globule for
biological functions could also be inferred for Cyt2Aa2. Our data directly suggest a presence
of molten globule in its unfolding and refolding pathway. When the native and intermediate
states of the toxin are related in terms of mechanism of action, it is clear that the native
conformation is required for the production of toxin, providing a stable form of protease



resistance. However when the toxin undergoes a proteolytic activation and conformational
change, a formation of molten globule could then be required for an active role in toxin and
membrane interaction. Future investigation of the functional role and interacting mechanism
of the intermediate revealed in this work could help provide a basic understanding of the
toxin structure as well as a better mechanism model to be used for the application of Cyt2A
toxin.
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Figure Legends

Figure 1: Intrinsic fluorescence spectra of Cyt2Aa2 toxin in various concentrations of
guanidinium hydrochloride. Purified toxin of 20-40 pg/ml was incubated overnight in 0.0-6.4
M GuHCI. The emission spectra were obtained from 300 to 500 nm, with an excitation at 280
nm.

Figure 2: An unfolding curve of Cyt2Aa2 toxin derived from a plot of the fluorescence
intensity ratio for native (N) and unfolded (U) states between 330 and 350 nm, respectively.
The three-state transition model was demonstrated to be a function of the denaturant.

Figure 3: Exponential decay of the fluorescence intensity at 330 nm from a rapid mixing of
Cyt2Aa2 with various concentration of GuHCI. The faster (darker color) and slower (lighter
color) decays were observed when using higher and lower concentrations of GuHCI,
respectively.

Figure 4: The energetic map of Cyt2Aa2 unfolding/refolding, showing the relative energy
levels for native (N), intermediate (I) and unfolded (U) states. The activation energy was also
labeled for each conformational transition.

Figure 5: Circular dichroism spectra of Cyt2Aa2 toxin in the native, intermediate and
unfolded states. Purified toxin of 0.3 mg/ml was applied, and the spectra expressed in
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Bacillus thuringiensis Cyt2Aa toxin is a mosquito-larvicidal and
cytolytic 8-endotoxin, which is synthesized as a protoxin and
forms crystalline inclusions within the cell. These inclusions are
solubilized under alkaline conditions and are activated by pro-
teases within the larval gut. In order to assess the functions of the
N-and C-terminal regions of the protoxin, several N- and C-termi-
nal truncated forms of Cyt2Aa were constructed. It was de-
termined that amino acid removal at the N-terminal, which dis-
rupts the B1 structure, might critically influence toxin production
and inclusion formation. The deletion of 22 amino acids from the
C-terminus reduced the production and solubility of the toxin.
However, the removal of more than 22 amino acids from the
C-terminus or the addition of a bulky group to this region could
result in the inability of the protein to adopt the proper folding.
These findings directly demonstrated the critical roles of N- and
C- terminal amino acids on the production and folding of the B.
thuringiensis cytolytic &-endotoxin. [BMB reports 2008; 41(11):
820-825]

INTRODUCTION

Bacillus thuringiensis (Bt) is a gram-positive soil bacterium
which can synthesize insecticidal crystal proteins during spor-
ulation (1). The toxic proteins have been classified into two
major groups, referred to as the Cry and Cyt toxins (2). The re-
ceptor-specific Cry proteins are generally toxic to insect larvae
in the orders Lepidoptera, Diptera, and Coleoptera. The toxins
in the other group, the Cyt toxins, are specifically toxic to
Dipteran larvae including mosquito and blackfly larvae, in
vivo. The toxins in this group also evidence cytolytic activity
to a broad range of cells, including erythrocytes, in vitro (3-6).
The amino acid sequences of all Cyt toxins show a high de-
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gree of homology with each other (7), and therefore all of
them should evidence similar 3D structures. On the basis of
the X-ray crystallographic structure of Cyt2Aa1 (8), all Cyt tox-
ins should be single domain proteins with alpha-beta archi-
tectures, comprised of six helices and seven beta sheets, in
which the two outer-layers of the alpha helix hairpins are
wrapped around a mixed beta sheet (8).

The Cyt toxins are generated as protoxins in the form of
crystalline inclusions. The crystal protoxin can be solubilized
under alkaline conditions, and then proteolysis is processed by
proteases in the mid-gut tracts of susceptible larvae (9). The ac-
tivated toxin will bind to the epithelial cell membranes and
form an oligomeric complex prior to the breakage of the cell.
Two possible hypotheses have been currently proposed to ex-
plain its mode of action, and these hypotheses are referred to
as the detergent-liked and pore-forming models. The de-
tergent-like model proposes that the activated toxin molecules
aggregate on the membrane surface, thereby inducing mem-
brane fragmentation and releasing intracellular molecules (10,
11), whereas the pore-forming model suggests that parts of the
toxin molecule are inserted into the lipid bilayers in order to
form transmembrane pores, thus resulting in osmotic im-
balances and cell lysis (12, 13).

Although no model has yet been developed in which the
Cyt toxin is employed to disrupt the cell membrane, the toxin
inclusions must be solubilized and the soluble protoxin must
be activated by gut proteases. For Cyt2Aa, 33-37 and 22-31
amino acids at the N- and C-termini are removed in order to
convert the inactive protoxin into the active toxin (9). This
clearly demonstrates that amino acids at both termini are not
crucial for biological activity. However, they may be required
to facilitate the production and folding of the toxin within the
host cell. In order to assess the functions of the N- and C-termi-
nal regions, several N- and C+terminal truncated forms of
Cyt2Aa were constructed. The truncated fragments and
full-length protein were designed to be generated in-
dependently (non-fusion), and as N-terminal fusion proteins to
glutathione S-transferase (GST) or C-terminal fusion proteins to
green fluorescent protein (GFP).
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Fig. 1. (A) The deduced amino acid sequence at the N- and C-termini of Cyt2Aa. The secondary structures of the Cyt2Aa protein are
shown on top of the sequence. Arrows and rod represent B-sheets and o-helix. Proteinase K and chymotrypsin cleavage sites are shown
as filled and open triangles, respectively. (B) Schematic diagram representation of truncated and fusion proteins of Cyt2Aa2 toxin. Upper
and lower numbering represents the definite amino acids for the design of truncated toxins. The non-fusion forms of truncated toxins were
cloned into pGEM-Teasy to be expressed under the control of the lac promoter. Some truncated forms were subcloned into pGEX-4T-3 be-
tween the BamHI and Xhol sites to be expressed as GST-fusion proteins. The GFP was fused to the C-terminus of truncated toxin genes
(CytAN33AC22 and CytAC22) and cloned in pTZ57R.
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RESULTS AND DISCUSSION

Production of truncated Cyt2Aa2 fragment similar to the
protease activated toxin

The gene encoding for Cyt2Aa2 from Bacillus thuringiensis
subsp. darmstadiensis has been cloned and sequenced in our
laboratory (4). It comprises 259 amino acids, identical to that
of Cyt2Aal (14). The gene was placed downstream of the lac
promoter in pGEM-Teasy vector and transformed into E. coli
JM109, so that it could be induced by IPTG. The full-length
Cyt2Aa2 was abundantly generated as inclusion bodies within
the E. coli cells (4). These inclusions can be readily solubilized
in alkaline buffers such as 50 mM NayCOs pH 10.5. The solu-
ble toxin can be activated in vitro by proteinase K or
chymotrypsin. The cleavage sites for both enzymes in Cyt2Aa2
are shown in Fig. 1. Digestion with proteinase K removes up
to 37 and 31 amino acids from the N- and C-terminal regions,
respectively, whereas activation by chymotrypsin deletes 33
and 22 amino acids from the N- and C-terminal regions, re-
spectively (9). Activated products from both enzymes evi-
denced similar activity. In order to generate truncated proteins
similar to the chymotrypsin-activated toxin (CytAN33AC22),
the gene encoding for truncated Cyt2Aa2 between
Thr34-Phe237 was amplified via PCR with a pair of specific
primers. The PCR product was cloned into pGEM-Teasy vec-
tor, to be expressed under the control of the lac promoter. The
production of the truncated fragment was not detected (not
shown), although this system has already proven successful for
the abundant expression of full-length Cyt2Aa2 (4). This result
indicates that amino acids at either the N- or C-terminus, or
both, are required for protein folding and inclusion formation.
The truncated protein may fail to fold properly or may be un-
able to form inclusions, and could be completely digested by
the proteases of the host. Amino acids at the N- and C-termini
of other B. thuringiensis crystal toxins, such as Cry4Ba, also
perform a crucial function in inclusion formation and solubili-
zation (15, 16).

The production of several proteins in E. coli has been im-
proved when expressed as GST-fusion proteins, including mos-
quitocidal toxin 1 (Mtx1) (17), chitinases (18), and HIV pro-
teins (19). This approach was therefore employed to improve
the production of the truncated Cyt2Aa2. The truncated gene
was cloned into pGEX-4T-3 between the BamHI and Xhol sites
in order to be expressed as the GST-CytAN33AC22 fusion pro-
tein (Fig. 1, fragment C). Unfortunately, no recombinant pro-
teins were generated in this system. The truncated Cyt2Aa2
gene was also linked to the GFP gene in order to be expressed
as the CytAN33AC22-GFP fusion protein (Fig. 1, fragment D).
However, this construct proved unable to generate the re-
combinant protein (not shown). Our results showed that the N-
or C-terminus, or both, perform a crucial function in the pro-
duction of Cyt2Aa2.
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Role of N-terminal region of the Cyt toxin

In order to assess the functions of the N-terminal region of the
protoxin, 3 different truncated forms of the Cyt2Aa2 toxin
were constructed. The first N-terminal truncated toxin,
CytAN33, corresponding to amino acids Thr34 through
Asn259 (Fig. 1, construct E), was generated in respect to the
chymotrypsin cleavage site at the C-terminus of B1. The pro-
duction of this truncated fragment could not be detected when
the truncated gene was positioned downstream of strong pro-
moters including lacZ (in pGEM-Teasy) and T7 (in pET-17b).
The truncated gene was subsequently cloned in pGEX-4T-3, to
be expressed as the GST-CytAN33 fusion protein (Fig. 1, con-
struct F). However, the fusion protein could not be generated
in E. coli (not shown). The results demonstrated that the re-
moval of 33 amino acids from the N-terminal region of
Cyt2Aa2 disrupted the formation of the first B-sheet, which
may be required for nucleation and subsequent folding. The
misfolded protein is unstable, and could be digested com-
pletely by the host cell proteases.

Our results showed that B1 may perform a central function
in protein folding. In order to evaluate this possibility, another
truncated toxin harboring B1 was constructed via the deletion
of the first 26 amino acids from the N-terminus (Fig. 1, con-
struct G). This fragment (CytAN26) was generated abundantly
in E. coli. However, the majority of the fragments were pro-
duced in soluble form. This result suggested that amino acids
at the N-terminal region upstream of 1 are required for in-
clusion formation, and B1 is required for protein folding or the
stabilization of the protein structure.

Helix ooF at the C-terminus of Cyt toxin is required for folding
The C-terminal truncated toxins were constructed on the basis
of proteolytic cleavage sites (Fig. 1). Activation by chymo-
trypsin removes 22 amino acids from the C-terminus and
leaves the oF helix intact, whereas digestion with proteinase K
removes 31 amino acids from the C-terminus, including ofF
(Fig. 1). In order to generate C-terminal truncated toxins similar
to these fragments, nucleotides encoding for Asn and Ser at
positions 238 and 229 were mutated to stop codons (Fig. 1,
constructs H and 1). It was determined that the removal of 22
amino acids from the C-terminus (CytAC22) exerted no detect-
able effects on protein production. The truncated protein was
generated at a high level, and formed inclusion bodies similar
to that of the full-length toxin (Fig. 2). However, protein pro-
duction was reduced significantly when an additional 9 amino
acids were deleted (CytAC31). This suggested that helix oF at
the very end of the molecule performs a crucial function in the
efficient folding and crystal packing of the Cyt toxin. The over-
all conformation of the purified CytAC31 protoxin was inves-
tigated in comparison with that of the full-length toxin via in-
trinsic fluorescence spectroscopy. It was determined that the
CytAC31 protoxin evidenced significantly different emission
spectra as compared to the full-length protein (Fig. 3). The
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Fig. 3. Intrinsic fluorescent spectra of solubilized toxins. Solubilized
toxin in carbonate buffer was excited at 280 nm and the emission
spectra were scanned at between 300-500 nm.

emission spectra of the CytAC31 protoxin evidenced a max-
imum peak at 342 nm, whereas that of Cyt2Aa2 was observed
at 332 nm. This result showed that the overall structure of
CytAC31 differed significantly from the full-length toxin. This
result suggested that the abrogation of the oF structure could
effectively result in the misfolding and formation of inclusions
that are more difficult to solubilize.

The addition of a bulky group, such as GST and GFP, to either
end of the Cterminal truncated toxin, CytAC22 (Fig. 1, con-
structs J and K), exerted no significant effects on the levels of pro-
tein production, but interfered significantly with the solubility of
the toxin inclusions. The solubility of the GST-CytAC22 in-
clusion was reduced and inclusions of the CytAC22-GFP fusion
protein could not be solubilized (Fig. 2). The solubilized GST-
CytAC22 fusion protein could be processed into an activated
form similar to that of the wild-type (Fig. 2). These results
showed that a bulky group added to the N- or C-terminus of the
Cyt toxin influenced the solubility of the toxin inclusion. This in-
dicated that both termini are involved in inclusion formation.

http://ombreports.org
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GST-CytAC22

Fig. 2. Coomassie-stained SDS-poly-
acrylamide gel of inclusions, soluble and
protease-activated Cyt2Aa2 and its trun-
cated forms. Toxin inclusions (I) were
extracted and partially purified from E.
coli. The inclusions were solubilized in
50 mM Na,CO; buffer at a pH of 10.5
plus 10 mM DTT, and the soluble frac-
tion (S) was separated from insoluble
materials or pellets (P) via centrifugation.
Soluble proteins were activated (A) for 1
- hour with 1% (w/w) proteinase K at

37°C. Protein molecular weight markers
.. (M) were shown alongside in kDa.

I P S I PS A

Biological activity of truncated proteins

Only 5 constructs were determined to be able to generate the
truncated proteins, CytAN26, CytAC22, GST-CytAC22,
CytAC22-GFP and CytAC31. The mosquito larvicidal activity
of these proteins was assessed by feeding to A. aegypti and C.
quinquefasciatus larvae, and the results are provided in Table
1. We detected only 2 constructs that evidenced larvicidal ac-
tivity, namely CytAC22 and GST-CytAC22. However, both of
these evidenced toxicity approximately 2-5 times lower than
that of the full-length toxin. Other constructs were unable to
kill larvae at toxin concentrations of up to 250 ug/ml. It should
be noted that the 2 truncated forms that retain larvicidal activ-
ity were generated abundantly as inclusion bodies, and the in-
clusions could be solubilized and activated by proteinase K.
The reduction in toxicity may be attributable to the lower sol-
ubility of both truncated forms as compared to that of the
full-length toxin (Fig. 2). The results of the in vitro solubiliza-
tion test showed that CytAC22-GFP was insoluble, and that on-
ly a minute amount of CytAC31 could be solubilized. This
showed that both of them might not be solubilized in the larv-
al gut, and thus should not evidence any activity. The N-termi-
nal truncated form that retains B1 (CytAN26) exhibited no tox-
icity to mosquito larvae. Although it was generated at a high
level, it exists in soluble form and is incapable of resisting pro-
teinase K digestion. This protein could be digested completely
by the larval gut proteases prior to exhibiting any toxicity.
Hemolytic activity assays of the proteinase K-activated frag-
ments evidenced a trend similar to that of larvicidal toxicity
(Table 1).

In summary, amino acids at both termini of Cyt2Aa2 per-
form a crucial function during protein folding and inclusion
formation. The first 26 amino acids at the N-terminal region
upstream of B1 may be required for intermolecular interaction
and inclusion formation. The deletion of this part might disrupt
such interactions and the truncated protein could be generated
in soluble form. Amino acids in B1 could be responsible for in-
itial folding or nucleation. The truncated protein lacking B1
may not be capable of folding properly, and the misfolded pro-
tein is unstable and degraded. The final 22 amino acids at the
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Table 1. Biological activities of the truncated proteins. Mosquito larvi-
cidal activity of the mutant toxins against A. aegypti and C. quinque-
fasciatus larvae were reported as LCso. The fidulcial limits at 95% con-
fident were shown in parentheses. Hemolytic activity against sheep
red blood cells was recorded after 24 hours.

Mosquito larvicidal activity; LCso

a Hemolysis

Toxin (ng/mb end-point
A. aegypti  C. quinquefasciatus (ng/ml)

Full-length 286 (261-314) 313 (271-363) 0.25-0.50

CytAC22 491 (430-559) 1,075 (941-1,230)  0.25-0.50
GST-CytAC22 717 (570-904) 1,433 (1,172-1,755) 1.0-2.0

CytAC22-GFP inactive inactive NDP

CytAC31 inactive inactive 2.0-4.0
CytAC26 inactive inactive 2.0-4.0

 inactive means no mortality was observed when using toxin up to
250,000 ng/ml.
ND means not determined (no activated toxin available)

C-terminus of Cyt2Aa2 downstream of the oF helix should not
perform a major function in protein production and biological
activity. However, the removal of 31 amino acids from the
C-terminal region (including oF) or the addition of a bulky
group to this region have resulted in the production of in-
clusion bodies that are insoluble within the larvae gut. The oF
helix is, therefore, required for the formation of a uniform or
crystalline inclusion, in order to be solubilized in the larvae
gut.

MATERIALS AND METHODS

Bacterial strain, plasmid, and oligonucleotides

Escherichia coli JIM109 was utilized for the cloning and ex-
pression of the full-length and truncated Cyt2Aa2 throughout
this experiment. The recombinant plasmid pGEM-Cyt2Aa2 (4),
containing the full-length of the cyt2Aa2 gene from B. thur-
ingiensis subsp. darmstadiensis 73E10-2, was utilized as a tem-
plate for the construction of the truncated cyt2Aa2 gene. The
recombinant plasmid pBCgfp (20) was utilized as a source for
the gfp gene. The plasmid pGEM-Teasy (Promega), pTZ57R
(Fermentas) and pGEX-4T-3 (GE Healthcare) were utilized for
the cloning and expression of truncated and fusion proteins.
The oligonucleotide primers employed in this experiment
were obtained from Sigma Proligo, Singapore.

Construction of recombinant plasmids expressing truncated
Cyt2Aa2 and fusion proteins

Genes encoding for truncated proteins were generated via pol-
ymerase chain reaction (PCR) using a high fidelity Pfu
polymerase. The PCR reactions were conducted using pGEM-
Cyt2Aa2 as a template, together with specific primers designed
for each of the constructs. The PCR products of the gene en-
coding for truncation at the N-terminal region, CytAN26 and
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CytAN33, as well as the active core protein, CytAN33AC22,
were cloned into pGEM-Teasy vector. The construction of the
C-terminal truncated toxin was based on Stratagene’s
QuikChange™ Site-directed mutagenesis Kit. Codons encod-
ing for Asn at position 238 and Ser at position 229 were sub-
stituted with stop codons to generate the C-terminal truncated
mutants (CytAC22 and CytAC31). Genes encoding for
CytAN33, CytAC22, and the active core proteins were fused to
the C-terminus of the GST gene in pGEX-4T-3 vector between
the BamHI and Xhol sites, to be expressed as GST-CytAN33,
GST-CytAC22, and GST-CytAN33AC22, respectively. The GFP
gene was also tagged to the end of genes encoding for
CytAC22 and CytAN33AC22 using SOE-PCR and cloned into
the pTZ57R vector. The DNA sequences of all constructs were
confirmed via automated DNA sequencing (Macrogen Inc,
Korea). Schematic diagrams representing protease cleavage
sites and the construction of truncated and fusion proteins are
provided in Fig. 1.

Expression, purification, and solubilization

E. coli cells harboring mutant plasmids were inoculated in LB
broth containing 100 ug of ampicillin/ml and were grown at
37°C until the ODgogo of the culture reached 0.4-0.5. One mM
IPTG was added in order to induce the expression of the toxin
gene, and the culture was grown for at least an additional 5 hr.
Toxin inclusions were released from cells using a French press
and ultrasonication, as previously described (21). Inclusions
were solubilized for 1 hour in 50 mM Na,CO; pH 10.5 con-
taining 10 mM DTT at 37°C. After 5 min of centrifugation at
12,000xg, soluble protoxin in the supernatant was collected.
For proteolytic activation, the soluble protoxin was processed
for 1 hour with 1% proteinase K (w/w) at 37°C.

Intrinsic fluorescence spectroscopy analysis

The comparative overall conformations of the truncated and
full-length toxins were analyzed via fluorescent spectroscopy.
One uM of purified toxin in carbonate buffer was added to a
quartz cuvette, then placed in a Jasco FP-6500 fluorospec-
trometer. The protein sample was excited at 280 nm and the
emission spectrum was monitored between 300-550 nm using
an excitation and emission slit width of 3 nm. All emission
spectra were subtracted with buffer prior to comparison with
that of the full-length Cyt2Aa2.

Hemolysis activity assay

The hemolysis assay was conducted as previously described
(21), with minor modifications. Sheep red blood cells were
washed twice in PBS at a pH of 7.4, and diluted to a 2% sus-
pension in the same buffer. Proteinase K-activated toxin was
placed in each well of a 96-well microtiter plate as a two-fold
serial dilution (100 pl/well). An equal volume of the diluted
red blood cells was added to each well and incubated for 24 h
at room temperature. The hemolysis end-point was judged at
the last well at which coloration remained visible.
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Mosquito larvicidal activity assay

Toxin inclusions were diluted in distilled water as two-fold se-
rial dilutions from 500 to 0.25 pg/ml. One milliliter of diluted
inclusion was fed to ten 3 -instar larvae (Culex quinquefascia-
tus and Aedes aegypti) in 1 ml of water. The mortality of lar-
vae in each well was recorded after 24 h of feeding with the
toxin. The LCso (50% lethal concentration) was calculated via
Probit analysis (22).
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Abstract

Cyt2Aa?2 produced by Bacillus thuringiensis subsp. darmstadiensis exhibits in vitro cytolytic activity against broad range of cells but shows
specific in vivo toxicity against larvae of Dipteran insects. To investigate the role of amino acids in A and oC of this toxin, 3 single-point mutants
(A61C, S108C and V109A) were generated. All 3 mutant proteins were highly produced as inclusion bodies that could be solubilized and activated
by proteinase K similar to that of the wild type. Hemolytic activity of A61C and S108C mutants was significantly reduced whereas the V109A
mutant showed comparable hemolytic activity to the wild type. Interestingly, the A61C mutant exhibited high larvicidal activity to both Aedes
aegypti and Culex quinquefasciatus. S108C and V109A mutants showed low activity against C. quinquefasciatus but relatively high toxicity to A.
aegypti. These results demonstrated for the first time that amino acids in aA and oC are involved in the selectivity of the Cyt toxin to the targeted

organism.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Cyt toxins are mosquito-larvicidal and cytolytic toxins pro-
duced by a minor group of Bacillus thuringiensis (Bt) mostly in
subspecies that are toxic to Dipteran insects (Cheong and Gill,
1997; Juarez-Perez et al., 2002; Promdonkoy et al., 2003). All
Cyt toxins discovered from different B. thuringiensis subspecies
show high amino acid sequence homology (Guerchicoff et al.,
2001). Therefore, all of them should have similar structure and
function (Li et al., 1996). Cyt toxins showed specific activity
against Dipteran insects in vivo but have cytolytic activity to
broad range of cells in vitro (Knowles et al., 1992; Maddrell
et al., 1989). The ability of these toxins to bind and form pore
in the membrane prepared from pure lipids indicated that they
do not need a specific receptor (Drobniewski and Ellar, 1989;

* Corresponding author. Tel.: +66 2 564 6700; fax: +66 2 564 6707.
E-mail address: boonhiang @biotec.or.th (B. Promdonkoy).

0168-1656/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2007.10.007

Thomas and Ellar, 1983). X-ray crystallographic analysis of sol-
uble toxin showed no receptor-binding motif (Li et al., 1996).
However, the receptor-binding motif may be formed after con-
formation changes which occur upon the toxin approaching the
membrane.

Several evidences suggested that Cyt toxins form an
oligomeric pore but the number of molecule required to form
a pore is still unclear (Chow et al., 1989; Promdonkoy and
Ellar, 2000). Diameter of the pore formed by Cyt toxin was
estimated to be 1-2 nm (Drobniewski and Ellar, 1988). Diges-
tion of the membrane-bound toxin by several proteases revealed
that the C-terminal half was protected from proteolysis diges-
tion and should be inserted into the membrane (Du et al., 1999).
Investigation by labeling selected residues by polarity sensi-
tive chemical, acrylodan, showed that 35, 36 and 37 should
insert into the membrane (Promdonkoy and Ellar, 2000). From
the above evidences together with the X-ray crystal structure
of Cyt toxin in solution, Li et al. (2001) proposed that 5,
B6 and B7 which are long enough to span the membrane
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Table 1
Mutagenic primers for site-directed mutagenesis

Primer Sequence (5'-3") Restriction enzyme
ASTL ATACATTAATCAGCTGCTTCATTTAGCA Pvull

A61C GGCGCTTCATTTATGCAATGCTTTTCAAGG BsrDI

S108C GCAAACAGTTGAGATCTGCGTTATGGTTGA Bglll

V109A CAGTTGAAATTTCGGCCATGGTTGAGCA Haelll

MI110A GAAATTTCAGTTGCCGTGGAGCAACTTAA Secl

L114A ATGGTTGAGCAGGCCAAAAAGATTATTCA Haelll

I118A AACTTAAAAAGATTGCTCAGGAGGTTTTAGG Ddel

Primers were designed based on cyr2Aa2 gene (GenBank accession no. AF472606). Mutated nucleotides were shown in bold and restriction enzyme recognition
sites were underlined. This table showed only the forward primers. DNA sequences of the reverse primers are complementary to their forward primers.

should insert into the membrane. These sheets from several
molecules may oligomerise and form “B-barrel” pore similar
to that of a-hemolysin (Song et al., 1996). Reversion mutage-
nesis study suggested that amino acids in aA—aD may involve
with oligomerization and aD-34 loop and B6-37 loop could
facilitate conformational changes during membrane insertion
(Promdonkoy and Ellar, 2005). Although several reports have
suggested that Cyt toxins form pore on the membrane, Butko
(2003) proposed that Cyt toxin may not form a well-defined
pore but rather aggregates nonspecifically on the membrane
surface, causing the lipid membrane to be more disordered
or even completely destroy the membrane in a detergent-like
manner. This hypothesis was further supported by analyses of
the membrane-bound toxin on SDS-PAGE, fluorescence spec-
troscopy and fluorescence microscopy (Manceva et al., 2005).
Secondary structure analysis revealed that oA and oC are
amphiphatic. Study of the synthetic peptides corresponding to
these helices showed that they could interact to lipid membrane
and self-aggregate (Gazitetal., 1997). Itis therefore possible that
amino acids in these regions are involved with membrane bind-
ing and oligomerization. To investigate the role of amino acids
in these helices, several single amino acid substitutions in aA
and aC were generated. Effect of the replacement on protein pro-
duction, inclusion formation, solubilization, protease activation,
hemolytic and mosquito-larvicidal activities were investigated.

2. Materials and methods
2.1. Bacterial strain, plasmid and oligonucleotides

Escherichia coli JM109 (Promega) was used throughout
the experiment. Recombinant plasmid pGEM-Cyt2Aa2 con-
taining full-length cyt2Aa2 gene was as described elsewhere
(Promdonkoy et al., 2003). Oligonucleotide primers for site-
directed mutagenesis were from BioService Unit, National
Center for Genetic Engineering and Biotechnology, Thailand
and from Sigma Proligo Ltd., Singapore. The primer sequences
and additional information are shown in Table 1.

2.2. Site-directed mutagenesis

The method used in this work was based on Stratagene’s
QuikChange™ Site-Directed Mutagenesis. The recombinant
plasmid pGEM-Cyt2Aa2 was used as a template for single

substitution together with appropriate primers described in
Table 1. The recombinant plasmids obtained for each mutant
was analyzed by restriction endonuclease digestion with the
enzyme shown in Table 1. DNA sequences of the full-length
cyt2Aa?2 gene from all mutants were verified by automated DNA
sequencer at the BioService Unit, National Center for Genetic
Engineering and Biotechnology, Thailand and Macrogen Inc.,
Korea.

2.3. Protein preparation

The E. coli culture was grown at 37°C for 16-24h
with shaking at 220-250rpm in a litre of LB containing
100 g ampicillinml~! and 1 mM IPTG using a 0.1% inoculum
from a freshly grown culture. The toxin inclusions were isolated
as described previously (Promdonkoy et al., 2004) and stored at
—20°C in 1 ml aliquots until required. The inclusion was solu-
bilized in 50 mM Na,CO3 pH 10.5 plus 10mM DTT at 37°C
for 1 h with occasional shaking. Solubilized toxin was then sepa-
rated from insoluble material by centrifugation at 13,000 x g for
3 min and stored at —20 °C in 1 ml aliquots. Concentrations of
solubilized proteins were determined by the method of Bradford
(1976) using the Bio-Rad protein assay kit and BSA as standard.
For proteolytic processing, the solubilized material was mixed
with 1% (w/w) proteinase K and incubated at 37 °C for 1 h.

2.4. Intrinsic fluorescent property analysis

Fluorescence spectra of Cyt2Aa2 and its mutants were
obtained by emission scanning of protein solution in a 10 mm
path length square quartz cell. The protein samples were excited
at 280 nm using a Jasco FP-6500 spectrofluorometer. The Emis-
sion spectra were recorded from 300-500nm with medium
scanning speed using 3 nm of excitation and emission slit width.
All spectra were subtracted with baseline spectra from buffer.

2.5. Hemolytic assay in microtitre plate

The hemolysis assay in microtitre plates was as described by
Thomas and Ellar (1983) except that a 2% (v/v) sheep blood cell
suspension in PBS buffer (§ mM NayHPOy4, 1.5 mM KH,POyq,
140 mM NaCl, 2.7 mM KCl, pH 7.4) was used. Toxin inclusions
from E. coli were solubilized and proteolytically processed as
described earlier then diluted in two-fold serial dilutions with
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PBS buffer in a 96-well, U-bottom shape microtitre plate. 0.1-
ml aliquots of the diluted toxin were mixed with 0.1 ml of
diluted blood cells and left at room temperature. The end-point
of hemolysis was judged after 24 h as the last well at which
colouration of the liquid was still visible.

2.6. Hemoglobin release assay

Hemoglobin release assays were performed as described pre-
viously (Promdonkoy and Ellar, 2003). Sheep RBCs (1% in
PBS pH 7.4) were pre-incubated at room temperature (25 °C).
The cells were then treated with proteolytically processed
Cyt2Aa2 at varying concentrations (0.125-256 pgml~!) and
incubated at room temperature. Samples of 1 ml were taken out
at indicated times and the unbroken cells and cell debris were
removed from these samples by centrifugation at 12,000 x g for
30s. The hemoglobin containing supernatant was removed and
hemoglobin release was quantified at A549. The supernatant from
1% RBC treated with 0.1% Triton X-100 was used as a 100%
hemolysis control and the supernatant from untreated 1% RBC
was used as a 0% lysis (blank).

2.7. Mosquito-larvicidal assay

Mosquito-larvicidal assays were carried out 3 times in dupli-
cate using 3rd instar Aedes aegypti and Culex quinquefasciatus
larvae supplied by the Institute of Molecular Biology and Genet-
ics, Mahidol University. Mosquito-larvicidal activity of the toxin
was tested by diluting the toxin inclusions in water as two-fold
serial dilutions from 512 to 0.125 wgml~!. One millilitre of
diluted inclusions was added to 1 ml of water with 10 larvae in
each well of tissue culture plate (24-well plate, diameter of the
well = 1.5 cm). Proteins extracted from E. coli JM109 contain-
ing pGEM-Teasy were used as negative control. Mortality was
recorded after incubation at 30 °C for 24 h. LCsy (50% lethal
concentration) was calculated using Probit analysis (Finney,
1971).

2.8. Liposomes preparation

Multilamellar phospholipid liposome vesicles were prepared
according to the method described by Thomas and Ellar (1983)
with modification. The lipid mixture of egg yolk phosphatidyl
choline:cholesterol:stearylamine in a molar ratio of 4:3:1 in
chloroform/methanol (2:1) was added to a glass bottle and
mixed. The solvent was removed by flushing with nitrogen gas.
An appropriate buffer was added and the lipid resuspended by
gentle swirling of the bottle until all lipid had been resuspended.
The liposomes were stored at —80 °C in 0.5 ml aliquots.

2.9. Toxin-membrane interaction assay

Liposomes (100-1000 g total lipid mI~!) were incubated
with activated toxin (10-100 wg mi~!) in PBS buffer at 25°C
for 1h. The samples were then centrifuged at 20,000 x g for
15 min and the supernatant removed. The pellets were washed
twice with PBS buffer and centrifuged as above. Final pellets

were subjected to SDS-PAGE or stored at 4 °C for subsequent
analysis.

3. Results and discussion

Cyt2Aa2 protoxin consists of 259 amino acids that show iden-
tical sequence to Cyt2Aal (Koni and Ellar, 1993; Promdonkoy
et al., 2003). Therefore, Cyt2Aa2 should adopt the same 3D
structure as reported for Cyt2Aal (Li et al., 1996). The toxin
is a single domain protein with (3-sheets at the middle and are
sandwiched both sides by 4 major a-helices (Fig. 1). Several
experiments suggested that Cyt toxin molecules bind to lipid
membrane, oligomerize and some part of the toxin insert into
the membrane to form pores (Du et al., 1999; Promdonkoy and
Ellar, 2003). Since all a-helices is too short to span the width of
the membrane, it is more likely that the -sheets insert into the
membrane. Investigation using synthetic peptides corresponding
to aA, aC, B5, B6 and 37 revealed that only oA and aC could
undergo self-oligomerization and interact with lipid membrane
(Gazitetal., 1997). Structural analysis of these helices found that
they are amphiphatic helices. Amino acids in these helices could
play important role during oligomerization and membrane bind-
ing. To investigate this possibility, selected amino acids in both
helices were substituted (A57L and A61C in oA and S108C,
V109A, M110A, L114A and I118A in «C). Positions of these
residues on the molecule are shown in Fig. 1.

E. coli cells containing mutated gene were induced by 1 mM
IPTG to produce the toxin. Analysis of the whole cell lysate
on SDS-PAGE revealed that all mutants express at high level
similar to the wild type toxin. All mutants were produced as
inclusion bodies inside the cell and could be easily visible
under phase-contrast microscope. The total yield of inclusions
extracted from E. coli was approximately 20-30mg1~! of the
culture cells. Solubility test in 50 mM Na;CO3 pH 10.5 plus
10mM DTT revealed that only 3 mutants (A61C, S108C and
V109A) could be solubilized in this buffer similar to the wild
type (Fig. 2). Inclusions from 3 mutants (M110A, L114A and
1118A) showed very low solubility (less than 10%) and 1 mutant
(L57A) was unable to solubilize in this buffer. The soluble pro-
teins from 3 mutants were activated by proteinase K (1%, w/w)
at 37°C for 1 h. All of them were processed and yielded sim-
ilar product to that of the wild type (Fig. 2). Results indicated
that replacement at these positions (A61C, S108C and V109A)
did not affect folding of the toxin. Intrinsic fluorescence emis-
sion spectrum analyses revealed that the overall conformation
of these mutants was not different from that of the wild type (not
shown). Soluble fraction from 3 low solubility mutants (M110A,
L114A and I118A) was not stable upon activation. These pro-
teins were completely degraded after incubation with proteinase
K or chymotrypsin (not shown). This suggests that substitution
at these positions disturbed protein folding and inclusion forma-
tion. These residues are located in the hydrophobic face of helix
aC pointing inside the molecule. Replacement these positions
with smaller and less hydrophobic side-chain may destabilize
the Van der Waal contact required to hold the right conforma-
tion. Substitution Ala57 by Leu in oA may affect protein folding
in opposite direction to the above mutants.
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p2 aA oB
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B3 aC
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Fig. 1. Positions of the mutated residues in primary sequence (A) and on 3D models of Cyt2Aa2 (B). Selected positions for amino acid substitutions in oA and aC
are shown in bold. Cleavage sites to produce the active toxin are indicated by arrows. The 3D models showing different views of Cyt2Aa2 are generated based on
structure of Cyt2Aal (Li et al., 1996).

Table 2

Mosquito-larvicidal and hemolytic activities of the mutant toxins

Toxin Hemolytic end-point (g ml~!) Mosquito-larvicidal LCsq (g ml~1)

Cyt2Aa2 C. quinquefasciatus A. aegypti

Wild type 0.25-0.50 0.26 (0.21-0.32) 0.37 (0.26-0.47)
ASTL ND 57.11 (40.56-93.61) Not toxic

A61C 4.00-8.00 0.29 (0.24-0.36) 0.43 (0.38-0.48)
S108A 4.00-8.00 14.02 (10.71-19.79) 1.56 (1.18-2.00)
V109A 0.13-0.25 46.88 (26.93-138.99) 1.35(0.97-1.78)
MI110A ND Not toxic Not toxic
L114A ND 24.07 (19.12-31.64) Not toxic

I118A ND 28.16 (16.59-71.39) Not toxic

Data was from 3 independent experiments. ND means not determine because there was no activated toxin available. Not toxic means no mortality was observed when
used the toxin at very high dose up to 250 wgml~!. LCsq was calculated from 6-8 different toxin concentrations and the fidulcial limits are shown in parenthesis.
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Fig. 2. Solubilization and activation of the mutant proteins. Toxin inclusions
(I) were solubilized in 50 mM Na;CO3 pH 10.5 at 37 °C for 1 h. The samples
were then centrifuged at 12,000 x g for 5 min. Supernatant containing soluble
toxin (S) was removed and activated (A) with 1% proteinase K at 37 °C for 1 h.
All fractions were analyzed on SDS-PAGE. WT represents the wild type toxin.
Protein molecular weight markers (M) are shown alongside in kDa.

Mosquito-larvicidal activity of insecticidal crystal proteins
is normally tested by feeding the larvae with toxin inclusions
(Schnepf et al., 1998). It was found that Cyt2Aa2 inclusion is
highly toxic to both C. quinquefasciatus and A. aegypti larvae
(Promdonkoy et al., 2003, 2005) similar to the closely related
toxins, Cyt2Aal and CytlAal (Koni and Ellar, 1993, 1994).
The protease activated form of these toxins exhibited compa-
rable hemolytic activity to each other. This is not unexpected
because all Cyt toxins share high amino acid sequence homol-
ogy (Guerchicoff et al., 2001) and they should have similar
3D structure (Li et al., 1996). Replacement at some positions
such as AS7L, M110A, L114A and I118A of Cyt2Aa?2 yielded
the toxin inclusions that are less soluble or insoluble in car-
bonate buffer. Hemolytic activity of these mutants could not
be accessed because no activated toxin was available. These
mutants exhibited very low larvicidal activity (Table 2). The
mutants L114A and I118A showed higher activity comparing
to other insoluble mutants indicated that the soluble fraction,
even small amount, could retain some activity. It should be
noted that these mutants exhibited higher toxicity to C. quin-
quefasciatus than A. aegypti. It is possible that solubility of the
mutant inclusions in the larval gut may not be the same for both
larvae.

Mutant inclusions that are readily solubilized in carbonate
buffer showed different toxicity to C. quinquefasciatus and A.
aegypti larvae (Table 2). Mutant A61C showed low hemolytic
activity but high mosquito-larvicidal activity. In contrast the
mutant V109A exhibited high hemolytic activity but showed
very low toxicity against C. quinquefasciatus larvae and moder-
ate activity to A. aegypti. The highly conserved mutant S108C
yielded low hemolytic activity and low toxicity to C. quinque-
fasciatus but moderate toxicity against A. aegypti. Hemoglobin
release assay (Fig. 3) demonstrated that S108C could not com-
pletely break RBC even when use at high concentration. It is
therefore possible that this mutant affects oligomerization or
pore stability. The mutant A61C showed very low hemolytic

—+—WT

—®#—A61C

—--&--5]08C

OD (540 nm)

=

5 6 7 8

Toxin concentration (g ml")

Fig. 3. Hemolytic activity of mutant proteins comparing to the wild type. Sheep
red blood cells (1% in PBS pH 7.4) were incubated with different concentrations
of activated toxins (0.125, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 p.g ml’l) at room tem-
perature for 1 h. Hemoglobin release was followed by measuring the absorbance
(OD) at 540 nm. Data was the average from 4 independent experiments and
vertical bars represent S.E.M.

activity against sheep RBC. Less than 10% of hemoglobin
release was detected after incubation of the activated toxin
(8 wgml~!) with RBC for 1h and the hemoglobin release
increased to approximately 20% after incubation for 24 h. The
mutant A61C could interfere membrane binding and oligomer-
ization. Therefore, it needs more time for the toxin molecules to
randomly accumulate until it reaches a certain number required
to break the cell. The mutant VI109A exhibited comparable
hemolytic activity to the wild type (Fig. 3). However, at low
concentrations (0.125-0.250 wgml~!), V109A mutant caused
more hemoglobin release than that of the wild type. This obser-
vation was consistent with the hemolysis assay in microtitre
plate (Table 2). Replacement by alanine at this position might
be able to promote membrane binding and oligomerization of the
toxin. Binding assay with liposomes (Fig. 4) demonstrated that
membrane binding and oligomerization of the mutants A61C
and S108C to liposomes were significantly reduced whereas
the mutant V109A showed similar binding and oligomerization
to that of the wild type. However, binding and oligomeriza-
tion to red blood cell and mosquito larval cell membranes
may not be the same as detected on liposomes because of
the differences in membrane compositions. It could be pos-
sible that other membrane components such as glycoproteins
and lipoproteins contribute in some ways to the binding of the
toxin.

Our investigation discovered 3 positions that play impor-
tant role for Cyt toxin activity. The first position Ala-61 in
hydrophobic face of aA is important for hemolytic activity
but not necessary for larvicidal activity. Substitution this posi-
tion with cysteine could interfere hydrophobic patch of aA.
This change may reduce binding to RBC membrane but pro-
mote binding to C. quinquefasciatus gut cell membrane. Second
position Val-109 in hydrophilic side of aC (Fig. 1) is impor-
tant for larvicidal activity. Replacement by a less hydrophobic
residue (alanine) reduced hydrophobicity of this region. This
change may decrease binding to the larval gut cell membrane but
increase RBC binding. The next position Ser-108 is also in the
hydrophilic side of aC. Replacement with a highly conserved
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Fig. 4. Membrane binding activity and oligomerization of the mutant proteins.
Activated toxins were incubated with liposomes at room temperature for 1 h.
The membrane-bound toxins were washed twice with PBS and liposomes were
mixed with protein loading buffer and loaded to SDS-PAGE without boiling.
Liposomes incubated with buffer without toxin was used as negative control
(—ve control). Proteins separated on SDS-PAGE were visualized by Coomassie
blue stain. The activated toxins in solution without liposome existed as monomer.
Protein molecular weight markers are shown alongside in kDa.

but slightly larger residue (cysteine) affected both hemolytic
and larvicidal activities indicating that either side-chain vol-
ume or polarity is critical for this position. Results presented
here clearly demonstrate that binding between Cyt toxin and
cell membrane is specific. Amino acids in oA, and aC of the
Cyt toxin may act as specificity determinant. These residues may
interact with some components presented on the cell membrane
either glycoproteins or lipoproteins. Changing amino acids in
these regions could alter the target organism. This finding sug-
gested that binding of the Cyt toxin to cell membrane could
be made specific. Results reported here clearly demonstrated
that we could improve mosquito-larvicidal activity and reduce
hemolytic activity of the Cyt toxin. This is a very important and
exciting discovery that could lead to improvement of the Cyt
toxin to be more specific to the targeted insect larvae.
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To understand molecular responses of crustacean hemocytes to virus infection, we applied 2-DE
proteomics approach to investigate altered proteins in hemocytes of Penaeus vannamei during
Taura syndrome virus (TSV) infection. At 24 h postinfection, quantitative intensity analysis and
nano-LC-ESI-MS/MS revealed 11 forms of 8 proteins that were significantly up-regulated,
whereas 9 forms of 5 proteins were significantly down-regulated in the infected shrimps. These
altered proteins play important roles in host defense (hemocyanin, catalase, carboxylesterase,
transglutaminase, and glutathione transferase), signal transduction (14-3-3 zeta), carbohydrate
metabolism (acetylglucosamine pyrophosphorylase), cellular structure and integrity (beta-tubu-
lin, beta-actin, tropomyosin, and myosin), and ER-stress response (protein disulfide isomerase).
Semiquantitative RT-PCR and Western blot analysis confirmed the upregulation of 14-3-3 at both
mRNA and protein levels. Interestingly, several altered protein spots were identified as frag-
ments of hemocyanin. Mass spectrometric analysis showed that the hemocyanin spots at acidic
and basic regions represented the C- and N-terminal hemocyanin fragments, respectively. As
three-quarters of C-terminal fragments were up-regulated, whereas two-thirds of N-terminal
hemocyanin fragments were down-regulated, we therefore hypothesize that C- and N-terminal
hemocyanin fragments may have differential roles in hemocytes. Further investigation of these
data may lead to better understanding of the molecular responses of crustacean hemocytes to
TSV infection.

Keywords:
Hemocytes / Penaeus vannamei/ Shrimp / Taura syndrome virus

— 1 Introduction
Correspondence: Dr. Chartchai Krittanai, Institute of Molecular

Received: March 29, 2007
Revised: June 8, 2007
Accepted: June 29, 2007

Biology and Genetics, Mahidol University, Salaya Campus,
Nakhonpathom 73170, Thailand

E-mail: stckt@mabhidol.ac.th

Fax: +-66-2-441-9906

Abbreviations: hpi, hours postinfection; PDI, protein disulfide
isomerase; TM, tropomyosin; TSV, Taura syndrome virus

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

“u

Penaeid shrimp culture is an important aquaculture industry
worldwide. The Pacific white shrimp, Penaeus vannamei, is
one of the predominant shrimp species produced in the
areas where water temperatures are greater than 20°C
throughout the year [1, 2]. Stress factors such as over-
crowding, abnormal temperature and low dissolved oxygen

T EWILEY

InterScience’ www.proteomics-journal.com



Proteomics 2007, 7, 3592-3601

can cause several diseases, particularly those of viral origin
[3, 4]. Viral infection can lead to a serious problem of pro-
duction shortage as a result from high mortality and slow
growth rate. Economic loss due to viral infection in shrimps
has made it necessary to improve the knowledge on the
pathogenic mechanisms and invertebrate immunity [5].
While responses of the shrimp immune system to bacterial
and fungal pathogens have been extensively studied, little is
known about its responses to viruses. Currently, there are no
effective methods to prevent viral diseases in shrimp culture.
Therefore, molecular elucidation of shrimp immune
responses to viral infection would be a great benefit for the
disease prevention and control.

Shrimp innate immunity consists of cellular and
humoral responses. Hemocytes in the hemolymph are the
primary target of cellular immune responses in crustaceans.
Hemocytes are involved in phagocytosis of small microbes,
encapsulation of parasite [6], nonself recognition [7], and
elimination of reactive oxygen intermediates [8]. Humoral
immune responses include hemolymph coagulation, pro-
teolytic cascades leading to opsonization and melanization
[9], and production of antimicrobial peptides [10]. When the
shrimps are infected, the virus can spread throughout the
whole body within a few minutes via the circulating hemo-
cytes, which are significantly increased after infectious sti-
mulation [11].

Taura syndrome virus (TSV) is one of the most impor-
tant pathogens in shrimps. It causes a highly virulent dis-
ease in penaeid shrimp, especially P. vannamei. The accu-
mulative mortality of TSV-infected shrimps varies from 5%
to more than 95%. This virus is normally found in the
cytoplasm of the infected epithelial cells of shrimp cuticle.
TSV was originally classified to be closely related to the
Picornaviridae family [12], based on its morphology, virion
size, and cytoplasmic location. Recently, it has been
regrouped into the new genus of “Cricket paralysis-like
viruses” (CrPV), based on the nucleotide sequences [13].
Physically, TSV is a nonenveloped virus with icosahedral
shape of approximately 31-32 nm in diameter. The ge-
nome contains a single-stranded RNA of approximately
10 kb as a positive sense and two distinct ORFs. ORF1 and
ORF2 encode for the nonstructural and structural proteins,
respectively. Analysis of the TSV structural proteins by
SDS-PAGE normally provides three major bands with mo-
lecular masses of 24, 40, and 55 kDa, and one minor band
at 58 kDa.

Although there are a number of reports on crustacean
immunity through genetic studies, host responses of virus-
infected shrimp at the molecular level remain poorly
understood. Additionally, alterations in protein expression
and function in TSV-infected shrimp remain unknown.
Our present study was aimed to identify differentially
expressed proteins in the hemocytes of P. vannamei during
TSV infection using a gel-based proteomics approach. A
number of up-regulated or down-regulated proteins were
successfully identified by nano-LC-ESI-MS/MS. Change in
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expression level of a selected protein (14-3-3) was con-
firmed and monitored at various time-points using West-
ern blot analysis. In addition, semiquantitative RT-PCR
was also applied to confirm change in 14-3-3 expression at
the mRNA level.

2 Materials and methods
2.1 TSV stock and proliferation

TSV was obtained from the Center of Excellence for Shrimp
Molecular Biology and Biotechnology (Centex Shrimp),
Mahidol University, Bangkok, Thailand. Virus proliferation
was performed by intramuscular injection of TSV into P.
vannamei. When the infected shrimps became moribund,
the hemolymph was withdrawn, mixed with NTE buffer
(containing 200 mM NaCl, 20 mM Tris-HCI, and 20 mM
EDTA; pH 7.4) and then centrifuged at 5000 x g and 4°C for
15 min. The collected supernatant was then centrifuged at
89000 x g and 4°C using swing rotor SW40 Ti on Beckman
ultracentrifuge (Beckman, Fullerton, CA, USA.) for 1 h. The
virus pellet was resuspended in NTE buffer at 4°C overnight,
and the suspension was overlaid on top of a linear ficoll gra-
dient (10-30% w/v in NTE) and centrifuged at 89 000 x gand
4°C for 1 h. After ultracentrifugation, the viral band was vis-
ualized, collected, diluted with ten volumes of NTE buffer,
and centrifuged again at 89000 x g for 1 h. The pellet was
then resuspended in NTE buffer and stored at —80°C until
used. The purity of the TSV stock was verified using 12.5%
SDS-PAGE.

2.2 Shrimp preparation

The specific-pathogen-free Pacific white shrimps, P. vanna-
mei, were obtained from a local farm in Trang province,
Thailand. The shrimp was reared in aerated artificial sea-
water with 25 part-per-thousand salinity at 25°C. Twelve to
fifteen shrimps were cultured in each 40 x 60 cm? tank. The
artificial seawater was changed once daily. The healthy
shrimps with average size of 10-14 cm in length and 17-20 g
by weight were divided into control and TSV-infected groups.

2.3 TSV infection

For the infected group, 100 pL of partially purified TSV was
diluted (1:250) in NTE buffer and intramuscularly injected
into the healthy shrimps through the lateral surface of the
fourth abdominal segment. For the control group, NTE buf-
fer was used for injection instead of the partially purified
TSV. After the injection, the inoculated shrimps were kept
and observed for signs of the Taura syndrome disease. The
hemolymph was collected from 12 shrimps in each experi-
mental condition at 2, 4, 6, 12, 24, and 48 h postinfection
(hpi; totally 144 shrimps were examined in the present
study).
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2.4 Isolation of hemocytes

Approximately 2 mL of hemolymph was drawn from shrimp
abdominal hemocoel using 18 G needle. The sample was
mixed with an equal volume of anticoagulant AC I solution
(containing 27 mM sodium citrate, 450 mM NaCl, 115 mM
glucose and 10 mM EDTA; pH 7.0) and immediately kept on
ice. Hemocytes were harvested by centrifugation at 830 x g
and 4°C for 15 min. After discarding the plasma, the packed
hemocytes were washed twice with AC I solution and stored
at —20°C until used.

2.5 Extraction of hemocytic proteins

Protein extraction was performed using a lysis buffer con-
taining 8 M urea, 2 M thiourea, 0.2% v/v Triton-X, 50 mM
DTT, 1 mM PMSF, and 1 mM benzamidine. The cell lysate
was then centrifuged at 12 000 rpm and 4°C for 15 min and
the supernatant was kept at —20°C until used. Protein con-
centration was determined by a Bio-Rad protein assay, based
on method described by Bradford [14]. BSA was used as the
protein standard for quantitation.

2.6 2-DE

The first dimension of 2-DE was performed in IPGphor IEF
system (Amersham Biosciences, Uppsala, Sweden). A total
of 400 pg of proteins derived from three individual shrimps
was loaded onto each IPG strip (nonlinear pH 4-7; 13-cm
long) (Amersham Biosciences). Four IPG strips, represent-
ing 12 individual shrimps, were analyzed for each condition.
Rehydration was done at 50 LA per strip in the presence of
8 M urea, 2 M thiourea, 4% v/v CHAPS, 50 mM DTT, 1 mM
PMSF, and 1 mM benzamidine for 12 h. The IEF was per-
formed at 20°C using a continuous increase in voltage (up to
8000 V) to reach 50000 Vh. Prior to the second dimension,
the focused IPG strip was incubated for 15 min in an equili-
bration buffer containing 30% w/v glycerol, 20% w/v
sucrose, 2% w/v SDS, 50 mM Tris-HCI (pH 8.8), 100 mM
DTT, and 0.002% w/v bromophenol blue. The strip was then
further equilibrated for 15 min in a similar buffer, which
replaced 100 mM DTT with 250 mM of iodoacetamide. The
IPG strip was placed onto the top of 12.5% SDS-PAGE gel
and sealed with hot agarose (1% w/v). After SDS-PAGE, the
gel was fixed in a fixative solution containing 50% v/v etha-
nol and 2% v/v phosphoric acid, and stained with CBB-G250
stain, containing 10% w/v ammonium sulfate, 2% v/v phos-
phoric acid, and 0.001% w/v of Brilliant Blue G (USB, Cle-
veland, OH, USA).

2.7 Image analysis
The 2-D gel images were analyzed with MELANIE software
version 5.0 (GeneBio, Geneva, Switzerland). Comparative

analysis of protein spots was performed by matching corre-
sponding spots across different gels. Each of the matched
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protein spots was rechecked manually. Intensity volumes of
individual spots were normalized with total intensity volume
of all spots present in each gel and were subjected to statis-
tical analysis to compare the normalized intensity volumes of
individual spots of the control group to those of the infected
group. Only differentially expressed proteins were excised
and subjected to subsequent identification by MS.

2.8 In-gel tryptic digestion

Differentially expressed protein spots were excised from 2-D
gels with sterile scalpel. The gel pieces were washed with
50% v/v ACN in 25 mM ammonium bicarbonate (pH 8.5)
for 15 min twice to remove Coomassie dye. After dehydra-
tion with 100% v/v ACN for 10 min at room temperature, the
gel pieces were vacuum-dried and rehydrated with sequenc-
ing-grade modified trypsin (Promega, Madison, WI, USA.)
in 25 mM ammonium bicarbonate (pH 8.5) at 37°C over-
night. The in-gel tryptic digested samples were then sub-
jected to nano-LC coupled to ESI MS/MS (nano-LC-ESI-MS/
MS).

2.9 Nano-LC-ESI-MS/MS

Nano-LC-ESI-MS/MS was performed at the Proteomic Core
Facility, Academia Sinica, Taiwan, as described previously
[15]. Briefly, the in-gel tryptic digested samples were injected
into an integrated a nano-LC-ESI-MS/MS system (Quadru-
pole/TOF Ultima API, Micromass, Manchester, UK). The
injected samples were first trapped and desalted isocratically
on an LC-Packings PepMap C;g p-Precolumn cartridge (Dio-
nex, Sunnyvale, CA, USA). After dissolving with 0.1% formic
acid, the samples were loaded into an analytical C;g capillary
column connected online to the mass spectrometer. Instru-
mental operation, data acquisition, and analysis were per-
formed under the full control of MassLynx 4.0 (Micromass).
The 1-s survey scans were run over the mass range of m/z
from 400 to 2000. A maximum of three concurrent MS/MS
acquisitions were triggered for 2%, 3%, and 4" charged pre-
cursor detection at an intensity above the predefined thresh-
old.

The acquired peptide ions obtained from nano-LC-ESI-
MS/MS were analyzed with the MASCOT search tool
(www.matrixscience.com) using both NCBInr and EST data-
bases. Parameters for the MASCOT search were peptide
mass tolerance of 1 Da; MS/MS ion mass tolerance of 1 Da,
maximally one missed cleavage; and tryptic digestion. Vari-
able modifications included methionine oxidation and cyste-
ine carbamidomethylation. Only proteins with the signifi-
cant ions scores (>40) were reported.

2.10 Western blot analysis
Western blotting was performed by an electroblot transfer of

proteins from SDS-PAGE or 2-D gels onto PVDF mem-
branes using a Mini Trans-Blot electrophoresis transfer cell
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(Bio-Rad, Richmond, CA, USA.). This semidry blotting was
performed for 1 h at a constant voltage of 200 V. Membrane
was presoaked in absolute methanol and equilibrated in Tris-
glycine transfer buffer (39 mM glycine, 0.04% SDS, 10%
methanol, and 48 mM Tris-HCI). After protein transfer, the
membrane was blocked with 5% skim milk in 0.5% TTBS
buffer (0.5% Tween, 20 mM Tris-HCl, and 150 mM NaCl;
pH 7.4) to prevent nonspecific binding. Rabbit polyclonal
anti-14-3-3 and antiphosphopyruvate hydratase (provided by
Professor Lo, National Taiwan University) were used as the
primary antibodies. The membrane was incubated with a
primary antibody in 2.5% skim milk/0.5% TTBS at room
temperature for 1 h with dilution factors of 1:10 000 for both
anti-14-3-3 and antiphosphopyruvate hydratase. After three
times of washing with 0.5% TTBS, the membrane was incu-
bated at room temperature for 1 h with antirabbit IgG con-
jugated with HRP (KPL, Gaitherburg, MD, USA.) 1:10 000 in
2.5% skim milk/0.5% TTBS. After three washes, immuno-
reactive protein bands or spots were visualized with a che-
miluminescence substrate using the ECL Plus Western Blot
Detection System (Amersham Biosciences). The immuno-
reactive proteins were then quantitated using Image Master
2D Platinum software (Amersham Biosciences).

2.11 Semiquantitative RT-PCR

Total RNA was extracted from a pool of hemocyte pellets
using TRI reagent (Sigma, St. Louis, MO, USA.). The first-
strand ¢cDNA was prepared from total RNA with PRT
primer [16]. Briefly, the total RNA (1-5 pg) was mixed with
0.5 pg of PRT primer. RNase-free water was used to make a
final volume of 5 uL. The mixture was heated at 70°C for
5 min and then cooled immediately on ice. Thereafter, the
volume was adjusted to 20puL using 1 xreaction buffer
containing 3 mM MgCl,, 0.5 mM dNTPs, 3 U ImPromII
reverse transcriptase (Promega) and RNase-free water. The
first-strand ¢cDNA was then used as the template for PCR
amplification with the appropriate primers designed by the
MASCOT analysis (www.matrixscience.com) of ESTs
(Tablel). Semiquantitative RT-PCR analysis was performed
on total RNA isolated from control and infected hemocyte
at various time-points. RT-PCR of elongation factor-1 was
performed and used for normalization of total RNA varia-
tion. RNA expression levels were quantitatively analyzed
using Image Master 2D Platinum software (Amersham
Biosciences).

3 Results

3.1 TSV infection in P. vannamei

The healthy specific-pathogen-free P. vannamei was injected
with partially purified TSV. Signs of TSV infection were

observed in the TSV-injected P. vannamei, including soft
shell and expansion of red chromatophores in all append-
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Table 1. Primer used in semiquantitative RT-PCR analysis

Target gene Primer name Primer sequence (5'-3')

14-3-3 Zeta protein 14-3-3-F CAGCCCACCCACCCCATC
(Penaeus monodon)  14-3-3-R GTTTTGGTCGCCCTCGTTAGC
Elongation factor-1 EF-1-F CATCTCATCTACAAATGCG
EF-1-R ATGAAATCACGATGGCCTG
Viral protein 1 (TSV) VP1-F TTACCTGGTAAGGGCTTCAC
VP1-R ATTGCTCCAATTCACCCAAG

ages, especially on the uropod, pleopod, and body surface.
The infected shrimps became lethal within 4-5 days of
infection. RT-PCR showed an mRNA band, corresponding to
VP1 of TSV, in the infected hemocytes, as early as 4 hpi. The
amplification of viral gene, VP1, provided the expected band
at a size of 657 bp. Moreover, the PCR data also suggested
that the intensity (quantity) of the 657-bp band was increased
by time after infection, indicating propagation and accumu-
lation of this virus in shrimps at the longer time-points

(Fig. 1).

M 0 2 4 6 24 hpi

Figure 1. Time-course detection of TSV in the infected hemo-
cytes. Using RT-PCR amplification, the 657 bp PCR product of VP1
was observed at 4 h postinfection (4 hpi) and was increased at
the later time-points, particularly at 24 hpi.

3.2 Differentially expressed proteins in TSV-infected
hemocytes

Proteins resolved in each gel were derived from a pooled
sample of three individual shrimps and four replicated gels
were analyzed for each condition. Thus, the data of each
condition represented the information for a total of 12
shrimps. A pH gradient of 4-7 was found suitable for the
separation of hemocytic proteins, as most of these proteins
had pIs within the range of 4-7. Approximately 320-400
protein spots were visualized in each gel. At first, we investi-
gated the modulation of proteins at 2 and 4 hpi aiming to
obtain the data that may explain immune response mechan-
isms at an early phase of infection. Unfortunately, image
analysis revealed no significant differences between the con-
trol and infected groups during these two early time-points,
at 2 and 4 hpi.

Comparative analysis of the control and infected hemo-
cytic proteome at 24 hpi was then performed and revealed a
total of 32 protein spots to be differentially expressed in the
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Figure 2. The representative 2-D gel image of shrimp hemocytes
at 24 hpi. (A) Control hemocytes; and (B) TSV-infected hemo-
cytes. Hemocyanin full-length, which is the most abundant pro-
tein in hemocytes, is shown in the rectangle. Differentially
expressed proteins are labeled with numbers, which correspond
to the numbers present in Table 2.

TSV-infected samples (Fig. 2). Using nano-LC-ESI-MS/MS,
most of these altered proteins were successfully identified
(except only for spot # 20, which remains unidentified)
(Table 2). We then divided these altered protein spots into
three groups. Group I significant up-regulated proteins,
which showed significantly increased expression levels
(>1.5-fold compared to the control); Group II: significant
down-regulated proteins, which showed significantly
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decreased expression levels (<0.67-fold compared to the
control); and Group III: subtle altered proteins, which had
subtle changes (0.68-1.49-fold changes). Based on these
criteria, 11 forms of 8 identified proteins were significantly
up-regulated, whereas 9 forms of 5 identified proteins were
significantly down-regulated by TSV infection (Fig. 2 and
Table 2).

Among these altered proteins, most of the down-
regulated proteins (i.e., hemocyanin, transglutaminase,
and glutathione transferase) had functional roles in
defensive mechanisms of shrimps. Whereas the down-
regulated proteins had physiological significance in self
defense, the up-regulated proteins played important roles
in (i) signal transduction (i.e., 14-3-3 zeta); (ii) carbohy-
drate metabolism (i.e., acetylglucosamine pyrophos-
phorylase); (iii) detoxification (i.e., catalase and carboxyl-
esterase); (iv) cellular structure and integrity (i.e., beta-
tubulin and beta-actin); and (iv) ER-stress response (i.e.,
protein disulfide isomerase; PDI).

3.3 Confirmation of the proteomic data by Western
blot analysis and RT-PCR

The increased 14-3-3 zeta protein (spot #2) was found inter-
esting since it showed a marked increase of approximately
1.89-fold on 2-D gels of the TSV-infected hemocytes at 24 hpi
(Fig. 2). However, the increased expression of this protein
was not observed at 2 and 4 hpi. We therefore performed ad-
ditional experiments, using both RT-PCR and Western blot-
ting, to confirm the proteomic data. Western blot analysis,
using phosphopyruvate hydratase as an internal control for

(A) RT-PCR

20 M I 1433 mRNA

Elongation factor-1

(B) Western Blot
s1on (SR  145-3 protein

Phosphopyruvate hydratase

! g L] a 12 F2 ] 48 hpi

Figure 3. Time-course analysis of 14-3-3 mRNA and protein
expression in TSV-infected hemocytes. (A) Semiquantitative RT-
PCR of 14-3-3 mRNA at various time-points (0, 4, 12, 24, and
48 hpi) using elongation factor-1 as an internal control. (B) West-
ern blot analysis of 14-3-3 protein with at various time-points
using phosphopyruvate hydratase as an internal control to nor-
malize the quantitative data.
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Table 2. Differentially expressed hemocytic proteins in TSV-infected shrimp (P vannamei) identified by nano-LC-ESI-MS/MS

Spot  Protein (organism) Accession Predicted Observed lons scores/% Coverage Ratio

no. number MW MW infected/
(kDa)/p!/  (kDa)/p/ NCBI EST control

Significantly up-regulated proteins (expression levels were>1.5-fold of controls)

2 14-3-3 Zeta protein (P. monodon) DQ311235.1 28/4.90 31/4.50 298/25% 585/ 36% 1.89 + 0.53

3 Tubulin beta-2 chain (Homarus americanus) Q94571 50/4.85 55/5.00 706/31% 586/36% 1.66 = 0.18

4 Beta-actin (Culex pipiens) ABD48797 41/5.30 40/4.85 212/11% 192/14% 2.36 = 0.63

5 Acetylglucosamine pyrophosphorylase AAU25808 54/5.40 17/5.10 42/6% NA 1.80 £ 0.49

(Aedes aegypti)

7 Hemocyanin (P. vannamei) CAA57880 74/5.27 62/5.10 334/13% 146/33% 1.92 + 0.69
11 Hemocyanin (P. vannamei) CAA57880  74/5.27 48/4.90 186/5% 208/19% 2.05 + 0.34
15 Hemocyanin (P. vannamei) CAA57880 74/5.27 38/5.90 223/6% 132/17% 2.25 + 0.26
17 Hemocyanin (P. vannamei) CAA57880 74/5.27 26/4.60 74/2% NA 1.50 = 0.15
18 Protein disulfide isomerase precursor XP_789669  89/5.39 39/4.40 NA 117/13% 1.56 + 0.20

(Tribolium castaneum)
19 Catalase (A. aegypti) ABF18150 48/7.28 39/5.20 NA 82/4% 1.563 £ 0.03
20 Unknown protein 45/6.60 NA NA 1.60 = 0.41
21 Carboxylesterase (Spodoptera litura) ABE01157 60/5.69 70/6.00 NA 173/30% 2.65 + 0.47
Significantly down-regulated proteins (Expression levels were <0.67-fold of controls)

1 TM (Farfantepenaeus aztecus) Q25456 31/4.60 38/4.45 934/45% 1641/76%  0.25 = 0.08

6 Transglutaminase (P. monodon) AAL78166 84/5.51 40/6.40 137/5% 149/10% 0.62 = 0.17

8 Transglutaminase (P. monodon) AAL78166 84/5.51 44/6.00 240/8% 269/29% 0.54 = 0.19

9 Transglutaminase (P. monodon) AAL78166 84/5.51 44/6.00 260/8% 250/18% 0.48 = 0.12
10 Myosin light chain (Lonomia obliqua) AAV91413 16/4.57 16/4.60 NA 461/28% 0.23 = 0.05
12 Glutathione transferase (Schistosoma A26484 25/6.30 22/4.10 146/11% NA 0.09 = 0.06

japonicum)
13 Hemocyanin (P. vannamei) CAA57880 74/5.27 39/4.70 169/7% 135/12% 0.37 = 0.19
14 Hemocyanin (P. vannamei) CAA57880 74/5.27 30/6.00 107/4% 183/28% 0.42 = 0.12
16 Hemocyanin (P. vannamei) CAA57880 74/5.27 25/5.50 302/8% 149/8% 0.53 + 0.1
Proteins with subtle changes (Expression levels were 0.68-1.49-fold of controls)
22 Phosphopyruvate hydratase (P. monodon) AAC78141 47/6.18 47/6.10 919/34% 393/22% 0.80 = 0.24
23 Arginine kinase (P. monodon) AAO15713  40/6.05 39/6.30 954/38% 732/57% 0.81 = 0.20
24 Proteasome subunit (A. aegypti) EAT38162 27/6.80 31/5.20 NA 382/31% 1.14 = 0.06
27 TM (H. americanus, Lobster) P31816 32/4.70 33/4.20 434/16% 434/17% 0.95 + 0.18
29 Profilin (Branchiostoma belcheri) AAL75808 13/5.61 <10/5.40 NA 298/ 37% 1.07 £ 0.33
31 Glyceraldehyde-3-phosphate dehydrogenase AB094145 35/6.25 36/6.80 440/ 27% 366/21% 1.07 = 0.44
(H. americanus)
32 Similar to annexin 11a isoform (Danio rerio) XP_683620  20/5.38 34/6.40 NA 268/27% 0.96 = 0.45
36 Transketolase (A. aegypti) EAT44192 67/6.54 62/6.20 103/3% 456/20% 0.83 + 0.16
37 Fascin (A. aegypti) EAT33922 19/8.34 58/5.90 NA 359/34% 0.83 = 0.02
43 Cytosolic MnSOD (P. vannamei) AAY57407 31/5.62 31/5.20 294/27% 109/6% 1.46 = 0.60
46 ATP synthase beta subunit (Leucosolenia sp.) AAZ30666 43/4.89 53/4.60 607/27% 631/54% 1.15 £ 0.13

NA = not applicable (not available).

normalization, clearly confirmed the significant increase in
expression of 14-3-3 protein at 24 hpi (approximately 1.87-
fold increase) and also at a longer time-point at 48 hpi (with
a lesser degree of increase, approximately 1.45-fold)
(Fig. 3B). RT-PCR, using elongation factor-1 as a PCR
internal control, also showed the significant increase in
expression of 14-3-3 at the mRNA level (approximately 1.76-
fold increase at 24 hpi and 1.35-fold increase at 48 hpi)
(Fig. 3A).
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3.4 Calculation of theoretical p/ and MW of
C-terminal and N-terminal hemocyanin
fragments

Hemocyanin is the most abundant protein in hemolymph
and is a copper-containing respiratory pigment. Expression
level of the most prominent protein spot at an MW of ap-
proximately 75 kDa (located inside a rectangle in Fig. 2) was
unchanged during TSV infection. This major abundant
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protein was subsequently identified by nano-LC-ESI-MS/
MS as hemocyanin. While expression level of the most
abundant full-length hemocyanin remained unchanged, a
number of differentially expressed protein spots (both up-
regulated and down-regulated ones) in TSV-infected hemo-
cytes were identified by nano-LC-ESI-MS/MS as hemocya-
nin fragments. They were found to be widely distributed in
the 2-D gel, with various pIs and MWs. Interestingly, mass
spectrometric analysis of hemocyanin spots present at the
more acidic region identified peptides covering amino acid
residues only at the C-terminus of hemocyanin (Fig. 4). In
contrast, the hemocyanin spots present at the less acidic
area had sequence coverage only at the N-terminus of
hemocyanin.

We performed a bioinformatic analysis to address whe-
ther this difference in pIs of C-terminal and N-terminal
hemocyanin fragments was due to a greater proportion of
negatively charged residues in the C-terminus as compared
to the N-terminus of hemocyanin. ProtParam tool (http://
expasy.org/tools/protparam.html) was employed for this
bioinformatic search. Figure 4 clearly confirmed that theo-
retical pI of a C-terminal hemocyanin fragment (spot # 7)
was more acidic (pI=4.81) than that of an N-terminal
hemocyanin fragment (spot #15; pI=5.64). The data also
confirmed that the more acidic pI of the C-terminal frag-
ments was due to the greater proportion of negatively
charged residues in the C-terminus of hemocyanin. As only
the hemocyanin fragments (either C-terminal or N-terminal
ones), not its full-length, were significantly altered during
TSV infection, we hypothesize that these fragments should
have functional significance in molecular responses of
shrimp hemocytes during TSV infection, and that C-termi-
nal and N-terminal hemocyanin fragments may have differ-
ential roles in hemocytes. Further investigation is required to
address our hypothesis.

4 Discussion

To date, the knowledge on shrimp immune responses, par-
ticularly at the molecular level, to a virus infection is still
limited. In the present study, we applied a gel-based prote-
omics approach to explore the molecular responses of P.
vannamei during TSV infection. Our results revealed 21 out
of the average of 281 protein spots in each gel of shrimp
hemocytes that had significant alterations in their expression
levels upon TSV infection. Peptide sequencing by nano-LC-
ESI-MS/MS allowed reliable identification of 20 among these
21 differentially expressed proteins.

We observed a significant increase in 14-3-3 expression at
both protein and mRNA levels, at 24 and 48 hpi. The func-
tional role of this protein has been elucidated and reported
for eukaryotic cells [17-19]. In mammalians, 14-3-3 proteins
are crucial for cell signaling and survival. However, its role in
invertebrates, particularly crustaceans, is not well under-
stood although there is recent evidence demonstrating an
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Figure 4. Alignment and bioinformatic analysis of full-length (A),
N-terminal (B), and C-terminal (C) hemocyanin. ProtParam was
used for calculation of theoretical p/ and MW. Number and pro-
portion of the negatively charged amino acid residues of N- and
C-termini were also compared. Bold and underlined residues
represent peptide sequences identified by nano-LC-ESI-MS/MS.
Note that the first 14 residues (boxed) were not used for the cal-
culation of the full-length hemocyanin in (A) as they are the
components of signal peptide. However, when these residues
were included the results remained almost the same (pl/
MW = 5.27:74 980).

increase in this protein in shrimp lymphoid organ and sto-
mach cells after white spot syndrome virus (WSSV) infection
[20].

The up-regulated cytoskeletal proteins, including beta-
actin and Dbeta-tubulin, have been suggested to play an
important role during viral infection. Actin has been shown
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to play an active role in gene expression and maturation of
several viruses [21]. In addition, the virus can use actin po-
lymerization to facilitate its migration to neighboring cells
[21]. For tubulin, there are several reports showing that viru-
ses may require microtubule components for RNA synthesis
[22, 23].

Upregulations of proteins involved in cytoskeletal
arrangements, cell signaling, and proliferation are cellular
response reactions. An upregulation of ER-stress response
protein (PDI) was also observed in our present study. It is an
enzyme involved in protein modification and folding. The
up-regulated PDI might be related to an increase in protein
synthesis or to a mechanism to refold/renature the mis-
folded/denatured proteins, which were the results of oxida-
tive and cellular stresses [24].

Another group of the altered proteins was the antioxidant
enzymes, including catalase, carboxylesterase, and glutathi-
one transferase. Virus-induced oxidative stress is associated
with the activation of phagocytsis and the release of ROS that
can damage lipids, proteins, carbohydrates, and nucleotides
[25-28]. Catalase is a primary defense component that plays
an important role not only in the protection of cells from the
toxic effects by breaking down hydrogen peroxide, but also in
the detoxification pathway [29]. Therefore, an upregulation of
catalase is essential for shrimp survival as it can catalyze the
conversion of hydrogen peroxide into water and oxygen.
Another protein with a significant upregulation is carbox-
ylesterase. It is one of most important detoxification
enzymes involved in the hydrolysis of ester and amide bonds
of xenobiotics [30]. This enzyme has been reported to be up-
regulated in tumor cells and be involved in cell turnover rates
[31]. The hemocytic level of glutathione transferase was
markedly decreased in TSV-infected shrimp. Our data were
consistent with a recent report of WSSV-infected animals
that showed reduced activities of several antioxidant
enzymes, such as superoxide dismutase and glutathione-
associated enzymes [32]. While catalase and carboxylesterase
were up-regulated, glutathione transferase was markedly
down-regulated in TSV-infected hemocytes. The reason of
the disparate results of alterations in these antioxidant
enzymes remains unclear and deserves further investigation.

Three distinctive spots with reduced expression levels in
TSV-infected hemocytes were identified as transglutami-
nase. Transglutaminase in shrimp hemocytes is generally
known to play critical roles in blood coagulation and fibrin
crosslinking. Some of transglutaminase isoforms, such as
mammalian Type II transglutaminase, have a diverse func-
tion, including cell attachment [33], signal transduction, and
programmed cell death [34-36]. The study in P. monodon has
shown that transglutaminase is expressed at the highest
levels in hemocytes and muscles [37]. As a part of the innate
immune response of crustaceans, transglutaminase partici-
pates in coagulation of hemolymph. It prevents leakage of
hemolymph from the injected sites and also protects dis-
semination of the invaders, such as bacteria, throughout the
body.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In addition to transglutaminase, significant reduction of
tropomyosin (TM) is also observed. TM is a protein within
the troponin complex, which is associated with actin and is
responsible for mediating calcium in the contraction-gen-
erating interaction of actin and myosin [38, 39]. Down-
regulation of TM may destabilize microfilament architecture
and contribute to changes in cell shape and mobility that
usually accompany virus infection [40].

There are a number of protein spots identified as
hemocyanin. Their appearance as multiple spots in a 2-D
gel may be a result from its heterogeneity. In addition to
the main function as an oxygen transporter, hemocyanin
has been identified as a multifunctional protein involved
in several physiological processes including phenolox-
idase activation [41], antimicrobial mechanisms [42-44],
and acting as lectin in specific agglutination [45, 46]. We
have identified upregulation of several C-terminal hemo-
cyanin fragments in shrimp hemocytes during TSV
infection. It has been demonstrated that the peptides with
antibacterial and antifungal properties isolated from
shrimps are originated from the C-terminal part of
hemocyanin [42, 43]. The increased abundance of the C-
terminal hemocyanin fragments may be a result from
hemocyanin-processing system, which is crucial for anti-
viral activity.

Interestingly, mass spectrometric analysis of hemo-
cyanin spots present at the more acidic region identified
peptides covering amino acid residues only at the C-ter-
minus of hemocyanin. In contrast, the hemocyanin spots
present at the less acidic area had sequence coverage only
at the N-terminus of hemocyanin. Bioinformatic calcula-
tion clearly confirmed that theoretical pI of a C-terminal
hemocyanin fragment (spot #7) was more acidic
(pI=4.81) than that of an N-terminal hemocyanin frag-
ment (spot #15; pI=5.64) (Fig. 4). Because three-fourth
of the C-terminal fragments were up-regulated, whereas
two-third of the N-terminal hemocyanin fragments were
down-regulated, we therefore hypothesize that the C-ter-
minal and the N-terminal hemocyanin fragments may
have differential roles in hemocytes.

In summary, we have identified several proteins in
hemocytes that were modulated during TSV infection. While
roles of some of these alterations could be related to host
responses during a viral infection, functional significance of
other altered proteins remains unclear. Further investigation
of these data may lead to better understanding of the molec-
ular responses of crustacean hemocytes to TSV infection and
ultimately to a better control of virus infection in shrimp
culture.
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Center of Excellence for Shrimp Molecular Biology and Bio-
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Abstract

A comparative proteomic analysis was employed to identify altered proteins in the yellow head virus (YHV) infected lymphoid organ (LO) of
Penaeus monodon. At 24 h post-infection, the infected shrimps showed obvious signs of infection, while the control shrimps remained healthy. Two-
dimensional electrophoresis of proteins extracted from the LO revealed significant alterations in abundance of several proteins in the infected group.
Protein identification by MALDI-TOF MS and nanoLC—ESI-MS/MS revealed significant increase of transglutaminase, protein disulfide isomerase,
ATP synthase beta subunit, V-ATPase subunit A, and hemocyanin fragments. A significant decrease was also identified for Rab GDP-dissociation
inhibitor, 6-phosphogluconate dehydrogenase, actin, fast tropomyosin isoform, and hemolymph clottable protein. Some of these altered proteins were
further investigated at the mRNA level using real-time RT-PCR, which confirmed the proteomic data. Identification of these altered proteins in the YHV-

infected shrimps may provide novel insights into the molecular responses of P. monodon to YHV infection.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Penaeus monodon; Proteomics; Lymphoid organ; Yellow head virus

1. Introduction

Yellow head virus (YHV) is an enveloped viral particle, causing
a significantly high mortality rate for the penaeid shrimps. The
YHYV genome is a single-stranded RNA containing 3 major struc-
tural proteins: gpl16, gp64 and p20 [1,2]. The YHV-infected
shrimps usually exhibit a yellow color on cephalothorax and gills,
which are the clinical sign of yellow head disease (YHD) [3]. A
widespread of necrosis in lymphoid organ (LO), gills, connective
tissues, hemocytes, and hematopoietic organs can lead to death
within a few days after infection [4]. Hence, this viral disease can
cause rapid and massive loss of shrimp production. At present,
there is no effective treatment for the YHD.

The LO in penaeid shrimp is localized at an anterodorsal
surface of hepatopancreas. The structure is composed of folded

Abbreviations: ER, endoplasmic reticulum; HCP, hemolymph clottable
protein; hpi, hours post-infection; LO, lymphoid organ; PDI, protein disulfide
isomerase; TGase, transglutaminase; YHV, yellow head virus
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tubules with a central haemal lumen and cellular wall [5]. From
histopathological studies and a recent detection of YHV recep-
tor, the LO is likely to be a primary target of YHV and involved
in the defense mechanisms [6—8].

To gain more insights, this present study aimed to identify
altered proteins in the LO of YHV-infected P. monodon. LO
proteins from the experimentally infected shrimps were extracted
and analyzed by a proteomics workflow using 2-DE and mass
spectrometry. Comparative analysis of the infected versus control
samples revealed a set of altered proteins at 24 h post-infection
(hpi). The alterations of selected proteins were then investigated
further and confirmed at the transcriptional level using real-time
RT-PCR. Potential roles of some altered proteins in response to
YHYV infection are discussed.

2. Materials and methods
2.1. Animal preparation and virus injection
The juvenile P. monodon (1622 g) from local farm were acclimatized and reared

in 10-ppt artificial seawater (Mariscience) at 25-28 °C. The air was continuously
supplied using an electric pump. The YHV stock was purified and diluted (1:10,000)
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in NTE buffer (200 mM NaCl, 20 mM Tris—HCl, and 20 mM EDTA; pH 7.4).
Shrimps were injected with YHV (100 pul per 20 g of each shrimp) using 26G-gauge
needle. The control shrimps were injected with an equal volume of NTE buffer.

2.2. Protein extraction and quantitation

At 24 hpi, shrimps were chilled on ice and dissected for LO from an opened
carapace. After washing with cold anticoagulant (27 mM sodium citrate, 330 mM
NaCl, 100 mM glucose, and 10 mM EDTA; pH 6.8), the tissue was homogenized
in a lysis buffer (8 M urea, 2 M thiourea, 60 mM DTT, 0.2% Triton X-100, 2%
CHAPS, 1 mM PMSF, and 1 mM benzamidine). Protein solution was collected
after a 10 min centrifugation at 12,000 rpm, 4 °C. Protein concentration was
determined by Bradford’s assay using bovine serum albumin as the standard [9].

2.3. Two-dimensional gel electrophoresis (2-DE) and spot analysis

All materials used for 2-DE experiment were supplied by GE HealthCare
(Uppsala, Sweden). A pool of LO samples isolated from 5 animals (within the same
group) was used for resolving the LO proteins in a 2-DE gel. Three individual pools
per group were used for comparative proteomic analysis of the YHV-infected
versus control (uninfected) LO (with a sum of 15 animals per group; totally 30
animals were used in the present study). The IEF was performed at 20 °C on Ettan
TPGphor II system (Amersham Biosciences). The 13-cm IPG strip (pH 4—7) was
rehydrated for 12 h with 150-mg total protein in the lysis buffer added with 0.5%
(v/v) IPG buffer. The strip was then equilibrated in an equilibration buffer [6 M
urea, 2% SDS, 30% glycerol, 50 mM Tris—HCl (pH 8.8) and 0.002% (w/v) bromo-
phenol blue] with 10 mg/ml DTT for 15 min and then with 25 mg/ml iodoacetamide
for another 15 min. A 12.5% SDS-PAGE was performed using a SE600 Ruby
electrophoresis set with a constant current of 10 mA/gel for 30 min, and then with a
constant voltage of 100 V until the tracking dye reached the gel bottom. Gels were
then stained with Colloidal Coomassie Brilliant Blue G250 and images were
analyzed using ImageMaster 2D platinum software (Amersham Biosciences). In
order to normalize the intensity data of individual protein spots present in each gel,
intensity volumes of all protein spots were summed into a hundred percent. Then the
percent intensity volume (%vol) of each individual spot (relative to the intensity
volumes of all spots) was used for the comparative analysis with unpaired Student’s
t-test. P values less than 0.05 were considered statistically significant.

2.4. In-gel digestion, MALDI-TOF MS and nanoL C—ESI-MS/MS

Excised protein spots were chopped into pieces, and washed twice with
water. In-gel tryptic digestion was performed using 2 ng/pl of sequencing-grade
trypsin (Promega) in 100 mM ammonium bicarbonate buffer, pH 7.8, at 37 °C for
6 h. Peptides were extracted twice using ACN/water/formic acid (47.5/47.5/5%)
solution. Peptide mass fingerprinting was obtained using a Proteome Works
System M@LDI Reflectron mass spectrometer (Waters). Peptide solution was
mixed with an equal volume of alpha-cyano-4-hydroxycinnamic acid matrix
solution and applied on a target plate. After air drying and washing with water,
mass spectra were collected over the m/z range of 800—3000. Peak lists obtained
by Masslynx 4.0 software (Waters) were subjected to the database search via the
Mascot tool (www.matrixscience.com).

MS/MS sequencing on a nanoLC Micromass Qtof2 quadrupole time-of-flight
tandem mass spectrometer was performed under the control of MassLynx 4.0 Sp1
(Waters). MS/MS ion search was performed against the NCBInr and ESTothers
databases using the Mascot tool. Only matched proteins with significant ions scores
(>40; p-value <0.05) were reported. Due to a limitation in shrimp protein database,
some of the spots were de novo sequenced and searched using NCBI-BLAST or
the Marine Genomics Project stand-alone BLAST (www.marinegenomics.org/
sablast.php).

2.5. Analysis of mRNA levels by real-time RT-PCR

mRNA levels of the selected genes (Table 1) were analyzed at 0, 6, 12, 24 and
48 hpi. Total RNA was extracted from homogenized LO using 1 ml of TRI Reagent
(Molecular Research Center) and precipitated in 0.5 ml of isopropanol. After
washing with 1 ml of 75% ethanol, the pellet was dissolved in DEPC-treated water
at 55 °C for 15 min. A microgram of total RNA was reverse transcribed with 5 U of

Table 1

List of primers used for relative quantification by SYBR Green real-time RT-PCR

Target gene Primer Sequence (5'-3) Tm

(Accession number) name

Protein disulfide PmPDLF  TGGCGAGTCGTTATGGTGTA 61.20
isomerase (PDI)

(gi|113366589, PmPDLR  TGTCAGGATGGCATTGTCTG  59.50
EE663080)

Transglutaminase PmTran_.F ACGACGACTGGGACATAAGG 62.10
(TGase)

(2i[33694273, PmTran_ R CATACTCCTGGCGCATTTTT  58.80
AY074924)

Hemolymph clottable PmClot F ~ CCTATGCCGTGTCCATCATC  61.30
protein (HCP)

(£i/6601497, PmClot R GCGTGCGACCAACAGTAAG  60.47
AF089867)

Fast tropomyosin PmTropo_F TCTCTTCCTATGCCCTCAGC  59.53
isoform

(2125995156, PmTropo_R TATGGCAGACTTCACCAACG 59.72
AB270629)

Elongation factor I ~ PmEfla_F CATCTCATCTACAAATGCG 59.35
alpha (Efla)

(gi[11037863, PmEfla R ATGAAATCACGATGGCCTG  60.10
AW600734)

ImProm-II reverse transcriptase (Promega) using 500 ng of Oligo-dT as the first
strand primer in 20 pl reaction. The SYBR Green real-time RT-PCR was performed
using ABI 7500 Real-Time PCR System (Applied Biosystems). Amplification was
carried out in a 96-well plate; each 25 pl reaction volume contained 0.25 pM (each)
forward and reverse primers, 1x QuantiTect SYBR Green PCR, and 1 pl cDNA.
The final volume was then adjusted by PCR—water. The experimental cycling
profile was set as recommended in the manufacturer’s manual for QuantiTect
SYBR Green PCR kit (QTAGEN) under the control of SDS 1.3.1 software. The
cycling was as follows: PCR initial activation step (95 °C, 15 min), 40 repeated of
3-step cycling (94 °C for 15 s 55 °C for 30 s, and 72 °C for 40 s, respectively). The
targeted gene was then analyzed in three individual pools per group (each pool was
derived from 5 animals; totally 30 animals were used for PCR analysis) using £f7 o
gene of P. monodon as an internal control. Normalization of the target gene with an
endogenous standard was done via the reference gene expression, to compensate
inter-PCR variations. Control expression levels were included in the calculation
model to standardize each reaction run with respect to RNA integrity, RT efficiency
and cDNA sample loading variations based on the method described by Pfaffl [10].

3. Results
3.1. Clinical signs of the YHV-infected P. monodon

After injection with the purified YHYV, the infected shrimps
showed obvious signs of YHV infection. As early as 24 hpi, the
infected shrimps had an irregular swimming pattern, fading of
body and gills’ colors, and no feeding. Some of the infected
shrimps were found dead at 24—48 hpi, with a mortality rate of
80—100% at 48 hpi. The yellow color was found on the cepha-
lothorax in some of the moribund shrimps, while the faint body
color was found in other infected shrimps. In contrast, the
control shrimps injected with the NTE buffer were all healthy
with normal feeding and swimming activity.

3.2. 2-DE and identification of altered proteins in the infected LO

The proteomic profiles of LO from control and YH V-infected
shrimps were analyzed at 24 hpi. Approximately 370—420 spots
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Fig. 1. Representative 2-D gels of lymphoid proteins for (A) YHV-infected and (B) control samples at 24 hpi. Spots numbers are labeled corresponding to Table 2.

were visualized on each gel. The “significant changes” in protein
abundance was defined with the criteria that (i) p values must
be <0.05, (i) means of both groups using the unpaired Student’s
t-test; must be either >1.5-fold (significant increase) or <0.75-
fold (significant decrease). We observed significant changes in
abundance of totally 33 protein spots (Fig. 1). Of these, 20 were
successfully identified by peptide mass fingerprinting, MS/MS
ion search, and de novo sequencing (Table 2).

Among the annotated proteins, 8 forms of 5 unique proteins
were found to have significantly increased levels upon the YHV
infection. These proteins included transglutaminase (TGase) (spots
#1 and 2), protein disulfide isomerase (PDI) (spots # 5), ATP
synthase beta subunit (spot # 6), V-ATPase subunit A (spot #10),
and hemocyanin fragments (spots #3, 4 and 11). In contrast, other 9
proteins showed significantly decreased levels during the infection.
These included est 1 vannamei501 (spot #12), hemocyanin
fragment (spot #13), est_1_vannameil 751 (spot #14), Rab GDP-
dissociation inhibitor (spot #15), 6-phosphogluconate dehydro-
genase (spot #16), beta-actin (spots #17), actin-2 (spot #18), fast
tropomyosin isoform (spot #19), and hemolymph clottable protein
(HCP) (spot #20). Convincingly, there were 3 altered protein spots
(#7-9) observed only in the infected LO and were identified as the
p20 nucleocapsid protein of YHV. This is indicating the successful
infection of YHV in the LO of our experimental model (Fig. 1 and
Table 2). Fig. 2 illustrates the zoom-in images, in all gels, of some
of the altered protein spots with significantly increased (Fig. 2A
and B) and decreased (Fig. 2C and D) levels. These spots were
identified as PDI, TGase, HCP, and fast tropomyosin isoform,
respectively.

3.3. Quantitative analysis of changes at the mRNA levels

The mRNA expressions levels of some selected genes were
assessed by relative quantification using real-time RT-PCR. The
primer set for the selected target genes are given in Table 1.
These selected genes corresponded to two increased proteins
(PDI and TGase), and two decreased proteins (HCP and fast

tropomyosin isoform). Ef7a served as an internal control gene.
Fig. 3 shows fold-changes of mRNA levels of these genes at
various time-points in relation to the baseline levels of their
respective transcripts at 0 hpi. The results demonstrated a sub-
stantial up-regulation of PDI transcript over time of the infec-
tion (Fig. 3A). TGase was also found to have a substantial
increasing, although with a decline at 6 hpi (Fig. 3B). Focusing
at 24 hpi, the results obtained from real-time RT-PCR were
really consistent with the proteomic data, all of which showed
up-regulations of these two gene products (Fig. 3A and B). In
contrast, mRNA level of HCP was decreased from the baseline
level till 48 hpi, with a maximal decline at 6 hpi (Fig. 3C).
However, the mRNA level of fast tropomyosin isoform was
declined only at 6 hpi, returned to the baseline level at 12 hpi,
and finally increased (Fig. 3D).

4. Discussion

The YHV has been proven to be one of the most serious
pathogens for shrimps. In this study, the YHV-infected P. monodon
showed a mortality rate up to 80—100% within 48 hpi. The mori-
bund shrimps clearly demonstrated the gross signs of YHD with
yellow head and gills, fading of body colors, and defective activity
in feeding and swimming. To investigate the molecular responses
of YHV infection in the LO of P. monodon, a comparative analysis
of proteomic profiles of control and infected LO at 24 hpi was
performed. From the 2D gels, most of the protein spots were well
defined which are likely to represent a single protein in each spot.
Some of the spots were found as smears and might be suspected to
contain a mixture of proteins. However the analysis results of their
protein fingerprinting and MS/MS showed only one positive or
significant hit in every spot without a possibility of having more
than one proteins in these spots. Quantitative analyses of the
comparative gels revealed a set of 33 protein spots with sig-
nificant changes in their relative intensity volumes. However
due to the lack of a genome database of penaeid shrimp species,
very few proteins were successfully identified from peptide mass



Table 2

The altered proteins identified by peptide mass fingerprinting (PMF), MS/MS ion search, and de novo sequencing

ID Protein NCBI Method Queries and peptides® Observed Theoretical ~ Spot volume Ratio Function
Genlnfo matched pI/MW  pI/MW (%) YHV/Ctrl
(kDa) (kDa)
PMF MS/MS e-value/ Ctrl YHV
Yidentity
Up-regulated proteins
1 Transglutaminase gi33694274 MS/MS 4 103 - 5.80/90  5.51/84.60 0.09+0.03 0.24+£0.04 2.81+0.48 Catalyze Protein
cross-linking
2 Transglutaminase 2133694274  de novo LNQNVALASAQELK 0.00009/100  5.75/90  5.51/84.60 0.34+0.12 0.85+0.14  2.65+0.66 Catalyze Protein
cross-linking
PTVDALSDLANR 0.04500/91
3 Hemocyanin gi|16612121  PMF 8 - 0.00016 /— 5.45/66  5.10/51.12 0.12+0.01 0.35+£0.05 3.03+0.24 Oxygen transport
4 Hemocyanin gi|16612121  PMF 9 - 0.000016/—  5.50/66  5.10/51.12 0.06+0.02 0.21+£0.02  3.13+0.76 Oxygen transport
5 Protein disulfide 2i[91753065 MS/MS 6 59 - 4.60/60  5.11/67.44 1.07+0.34 2.77+0.17  2.70+0.60 ER stress
isomerase response, chaperone
6 ATP synthase 2i[113204646 PMF 10 - 0.000043/—  4.65/50  5.31/55.80 0.65+0.18 2.08+£0.52  3.18+0.32 Energy buffering
beta subunit
7 YHV-p20 2i[71040948 MS/MS 4 185 - 7.00/21  9.98/16.31 - 0.14+£0.05 NA YHYV nucleocapsid
protein
8 YHV-p20 2i[71040948 MS/MS 3 103 - 5.80/21  9.98/16.31 - 0.09+£0.02 NA YHYV nucleocapsid
protein
9 YHV-p20 2i[71040948 MS/MS 4 142 - 4.75/22  9.98/16.31 - 1.16+£0.62 NA YHYV nucleocapsid
protein
10 V-ATPase 2i[401323 MS/MS 2 48 5.20/68  5.14/68.00  0.011+£0.002 0.038+0.010 3.46+0.65 H(+)-transporting
subunit A ATPase
11 Hemocyanin 2i/854403 de novo NQAGGAGLSEFESATAVPNR 0.00100/80 5.70/29  5.20/67.50 0.05+0.01 0.114+0.01  2.24£0.13 Oxygen transport
Down-regulated proteins
12 Est_1_vannamei501®  gi[40956394 MS/MS 3 96 - 5.14/68 /- 0.11+0.02 0.05+0.01  0.514+0.03 Similar to V-ATPase
subunit A
13 Hemocyanin 2i|16612121  MS/MS 6 88 - 5.45/66 5.10/51.12 0.14+0.01 0.06+0.01 0.45+0.10 Oxygen transport
14 Est_l_vannameil751® gil40957271 MS/MS 2 57 - 5.80/66 —/= 0.16+0.01 0.08+0.01  0.53+0.09 Unknown
15 Rab GDP-dissociation  gi|/108870669 MS/MS 4 81 - 5.60/50  5.38/50.20 0.64+0.01 0.35+£0.09  0.55+0.14 Required for Rab
inhibitor recycle
16 6-phosphogluconate gi|118783576 MS/MS 4 57 - 5.57/46 7.60/53.40 0.27+0.03 0.13+£0.02  0.46+0.10 NADP binding,
dehydrogenase oxidoreductase
17 Beta actin gi|10304437 PMF - 0.000001/— 5.40/43 5.51/42.50 2.64+0.31 1.28£0.21  0.48+0.10 Cytoskeleton
18 Actin-2 2i543767 PMF 10 - 0.000780/—  5.30/43 5.37/41.85 432+1.04 2.00£0.21  0.47+0.06 Cytoskeleton
19 Fast tropomyosin 212660868 MS/MS 142 - 4.50/38 4.70/32.80 0.21+0.08 0.03£0.01  0.16+0.05 Cytoskeleton
isoform
20 Hemolymph clottable  gi|46396031 MS/MS 2 51 - 4.65/29 5.27/189.70  0.40+0.10 0.15+0.02  0.37+0.05 Substrate for
protein transglutaminase,
de novo LPVNLAEEVNVQR 0.00030/10
LNYGAVEETLVGR 0.00060/100

¥ Peptide queries submitted for BLAST search. Underlined indicates identical residues to the obtained protein entry.
) Name obtained from ESTothers database.
NA = not applicable (divided by zero).
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Fig. 2. Zoom-in images and quantitative intensity data of some altered proteins obtained from individual gels. (A) protein disulfide isomerase (PDI), (B)
transglutaminase (TGase), (C) hemolymph clottable protein (HCP), and (D) fast tropomyosin isoform.

fingerprinting. MS/MS ion search and extended search on EST
databases had significantly improved the identification and could
add up a considerable number of identified proteins. A list of
successfully identified proteins is compiled in Table 2, containing
20 forms of 13 unique proteins.

We have identified a marked increase of PDI upon YHV
infection (Fig. 2A). PDI is normally localized in the lumen of
endoplasmic reticulum (ER), catalyzing the formation and iso-
merization of disulfide bonds [11]. It has been also reported to
involve in folding and assembly of viral proteins in the ER [12].
The YHYV structural protein, gp116 and gp64, contain 26 and 24
cysteine residues, respectively, in their sequences. A possible
role of PDI may be connected to the formation of inter-and intra-
molecular disulfide bonds during the folding of these viral
proteins. Up-regulation of PDI at the transcriptional level was
confirmed by real-time RT-PCR using Ef7« as a reference gene
(Fig. 3A). The use of Efl/a was based on the report that con-
firmed a greater sensitivity, specificity and efficiency of ampli-
fication than a conventional actin gene in viral infected tissue of
P. monodon [13]. It was found to have low sample to sample

variation and used as a preference control for genetic studies in
shrimp aquaculture. The increased level of PDI mRNA was
correlated well with the protein expression. This could be as-
sociated with a progression of YHV infection and accumulation
of viral proteins in the ER. PDI also functions as a co-receptor to
promote disulfide bonds rearrangement of glycoprotein gp120
during the entry of HIV-1 into human CD4 lymphoid [14].
Recently, the YHV gp116 has been found to bind to a 65-kDa
surface receptor in the LO primary cell culture of P. monodon
[15]. Perhaps, PDI might also play an important role as a co-
receptor to promote gp116 mediated virus entry, the mechanism
of which deserves further investigation [14].

We have identified alterations in the defense-related proteins,
TGase and HCP. They are known to function in a clotting system,
and involved in the defense mechanisms of crustacean [16]. In
general, TGase, a Ca>"-dependent enzyme, functions in an inter-
molecular cross-linking reaction among the clotting proteins to
form a stable clot in hemolymph [17]. In this study, TGase was
found up-regulated during the YHV infection. The analysis of
its transcript showed a drop at 6 hpi, but the level was then
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Fig. 3. Fold changes in mRNA levels of (A) protein disulfide isomerase (PDI), (B) transglutaminase (TGase), (C) hemolymph clottable protein (HCP), and (D) fast

tropomyosin isoform.

progressively increased over time (Fig. 3B). This data suggested a
transcriptional triggering of the clotting system upon the YHV
infection. Another protein, HCP, was found down regulated. HCP
identified in this work (spot #20) was presented at a much lower
molecular mass than HCP reported in the database (Table 2).
However, the peptide fragments from MS/MS sequencing gave a
good alignment with the N-terminal fragment of HCP. HCP is a
secreted protein in shrimp hemolymph that functions without a
proteolytic activation. The synthesis of HCP transcript has been
reported in heart, gills, and LO of P. monodon [18]. A significant
decline of HCP suggested an involvement or usage of this protein
upon YHV infection. The mRNA data from real-time RT-PCR
also confirmed our proteomic data (Fig. 3C).

An alteration of vacuolar (H")-ATPase subunit A (V-ATPase-
A) was clearly observed during the YHV infection (Table 2). This
multimeric integral membrane enzyme catalyzes the ATP-
hydrolysis and pumping activities. The resulting acidification of
endosome can play role in a cell entry of pathogens and viruses
[19,20]. The marked increase of V-ATPase-A and a possible
association with the YHV entry should be further investigated.
Substantial decreases of beta-actin (spots #17), actin-2 (spot #18)
and fast tropomyosin (spot #19) were observed in the infected LO.

The decline of tropomyosin, however, was inconsistent with its
up-regulated mRNA (Fig. 2D and 3D). This was not surprising as
changes in protein levels are not always correlated well with
changes in mRNA levels, most likely due to post-translational
modifications. Tropomyosin in a non-muscle cell is involved in
stabilization of actin network by binding with actin filament and
controls a dynamic regulation of actin polymer [21]. The de-
creased level of tropomyosin could affect the ability of actin
polymer in maintaining the cellular structure. A decline of actin
could be related to the polymerization network. In addition, it has
been reported to bind and inhibit DNase I, a key enzyme in
apoptosis cascade [22]. According to a reported apoptosis in the
infected LO [23], a decrease of actin abundance may link to
DNase I imbalance and progressive cell death.

6-phosphogluconate dehydrogenase is a metabolic enzyme of
carbohydrate. The reduction of this protein could reflect the
effect of YHV infection on energy production pathways. How-
ever, an up-regulation of ATP synthase beta subunit was pos-
sibly an attempt to balance the energy production in the infected
cells.

Rab GDP-dissociation inhibitor is a 50-kDa protein that pre-
vents the dissociation of GDP and Rab-binding complex during
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the trafficking cycle [24]. Recently, it has been reported to block
the export of proteins from the ER using vesicular stomatitis virus
glycoprotein [25]. The decrease of this protein in the YHV-
infected LO might reflect a disturbance of protein trafficking in
the infected LO.

Among the altered proteins identified from 2-D gels, there
were several spots identified as hemocyanin fragments. At least 3
spots of hemocyanin fragments were increased and one spot was
decreased. These spots were found at various pl and molecular
weights on 2-D gels. Interestingly, peptide mass fingerprinting
and MS/MS sequencing revealed that the increased spots
were likely to match to the C-terminal fragment of hemocyanin.
The major role of hemocyanin is to serve as an oxygen trans-
port protein. The additional function is related to the defense
mechanisms via phenoloxidase activity [26] and antimicrobial
activity through its C-terminal peptide [27]. The up-regulation of
C-terminal hemocyanin observed in this work could also support
the defensive role of hemocyanin in viral infection.

The appearance of YHV nucleocapsid protein (p20) was also
clearly identified in the infected sample (spots # 7-9; Fig. 1).
This finding implies the distinctive role of the LO either in
immunity or in YHV propagation. This hypothesis is supported
by the recent findings that YHV infectious particles can be
produced from the LO primary cell culture of P. monodon [28].
The presence of YHV p20 and altered defense-related proteins
identified in this work strengthened our hypothesis that the LO
may be the target for YHV replication.

In conclusion, infection of YHV to the LO of P. monodon
was associated with replication of viral particles in the LO. The
nascent viral proteins might require host proteins for folding
and modifications. On the other hand, defense mechanisms and
physiological balance of host cells were triggered for viral
eradication. We have successfully identified the proteomic
changes in the YHV-infected LO. The proteins with increased
levels during the YHV infection were likely to play important
roles in the defense mechanisms, while the proteins with
declined levels might be involved in arrangements of cyto-
skeleton assembly, metabolism, and trafficking pathways.
These findings have provided a number of possible hypotheses,
which deserve further investigations, and may lead to novel
insights into the virus-host interactions, particularly host
defense mechanisms, in the LO of P. monodon during YHV
infection.
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Quantitative analysis of time-series fluorescence microscopy using
a spot tracking method: application to Min protein dynamics
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Abstract: The dynamics of MinD protein has been recognized as playing an important role in the accurate positioning
of the septum during cell division. In this work, spot tracking technique (STT) was applied to track the motion and
quantitatively characterize the dynamic behavior of green fluorescent protein-labeled MinD (GFP-MinD) in an Escherichia
coli system. We investigated MinD dynamics on the level of particle ensemble or cluster focusing on the position and motion
of the maximum in the spatial distribution of MinD proteins. The main results are twofold: (i) a demonstration of how STT
could be an acceptable tool for MinD dynamics studies; and (ii) quantitative findings with parametric and non-parametric
analyses. Specifically, experimental data monitored from the dividing E. coli cells (typically 4.98 £+ 0.75 um in length)
has demonstrated a fast oscillation of the MinD protein between the two poles, with an average period of 54.6 + 8.6 s.
Observations of the oscillating trajectory and velocity show a trapping or localized behavior of MinD around the polar
zone, with average localization velocity of 0.29 + 0.06 pum/s; and flight switching was observed at the pole-to-pole leading
edge, with an average switching velocity of 2.95 + 0.31 um/s. Subdiffusive motion of MinD proteins at the polar zone
was found and investigated with the dynamic exponent, o of 0.34 £ 0.16. To compare with the Gaussian-based analysis,
non-parametric statistical analysis and noise consideration were also performed.

Key words: spot tracking; E. coli; cell division; Min proteins; MinD; protein oscillation.

Abbreviations: GFP-MinD, green fluorescent protein-labeled MinD protein; MTS, membrane-targeting sequence; MSD,
mean squared displacement; PSD, power spectrum density; ROI, region of interest; SPT, single particle tracking; STT, spot
tracking technique; Z-ring, equatorial ring.

Introduction the minB operon (de Boer et al. 1989) which restricts

separation to the desired potential division site at the

In FEscherichia coli and other rod-shaped bacteria, cell
division depends on the precise placement of a divi-
sion septum in the middle of the cell, a process initi-
ated by the assembly of an equatorial ring (Z-ring) of
the tubulin-like FtsZ GTPase on the cytoplasmic mem-
brane (Lutkenhaus & Addinall 1997; Rothfield et al.
1999). The Z-ring assembly is spatially restricted to
midcell by nucleoid occlusion (Woldringh et al. 1991;
Yu & Margolin 1999) and by the dynamics of the Min
system (de Boer et al. 1989; Rothfield et al. 2001).
Nucleoid-free zones provide for the possible placement
of the Z-ring within three regions — two polar zones
and a midcell zone — while the Min system prevents
Z-ring assembly at the polar zone. The Min system
consists of the MinC, MinD, and MinE expressed from
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midcell through the oscillatory cycle from pole to pole
(reviewed in Rothfield et al. 2005). In vivo, MinC co-
localizes and co-oscillates with MinD (Hu & Lutken-
haus 1999; Raskin & de Boer 1999a) which acts to-
gether as a negative regulator of Z-ring assembly, and
oscillatory dynamics depends on MinE (Hu & Lutken-
haus 1999; Raskin & de Boer 1999a,b). MinCD complex
prevents the correct interaction of FtsA with the FtsZ
ring in vivo (Justice et al. 2000), and MinC has been
shown to inhibit FtsZ polymerization in vitro (Hu &
Lutkenhaus 1999).

With regards to Min protein dynamics both in
vitro and in silico, a considerable number of experi-
ments have been done. Computationally, several studies
have been carried out with different reaction-diffusion
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