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Previously, we established for the first time an in vivo monitoring assay system conju-
gated with random mutagenesis in order to study the structure—function relationship of
the antimicrobial peptide, apidaecin [Taguchi et al. (1996) Appl. Environ. Microbiol. 62,
4652-4655]. In the present study, this methodology was used to carry out the functional
mapping of a second target, thanatin, a 21-residue peptide that exhibits the broadest
antimicrobial spectrum so far observed among insect defense peptides [Fehlbaum et al.
(1996) Proc. Natl. Acad. Sci. USA 93, 1221-1225]. First, a synthetic gene encoding thana-
tin was expressed in a fused form with Streptomyces protease inhibitor protein, SSI,
under the control of tac promoter in Escherichia coli JM109. Expression of the thanatin-
fused protein was found to depend on the concentration of the transcriptional inducer,
isopropyl-p-D-thio-galactopyranoside (IPTG), and to parallel the degree of growth inhibi-
tion of the transformant cells. When a PCR random mutation was introduced into the
structural gene for thanatin, diminished growth inhibition of the IPTG-induced trans-
formed cells was mostly observed in variants as measured by colony size (plate assay) or
optical density (liquid assay) in comparison with the wild-type peptide, possibly depend-
ing on the decreased antimicrobial activity of each variant. Next, wild-type thanatin and
three variants screened by the in vivo assay, two singly mutated proteins (C11Y and
M21R) and one doubly mutated protein (K17R/R20G), were stably overproduced with a
fusion partner protein resulting in the efficient formation of inclusion bodies in E. coli
BL21(DE3). The products were isolated in large amounts (yield 30%) from the fused pro-
tein by successive chemical and enzymatic digestions at the protein fusion linker site.
Anti-E. coli JM109 activities, judged by minimum inhibitory concentration, of the puri-
fied peptides were in good agreement with those estimated semi-quantitatively by the in
vivo assay. Based on the NMR solution structure and molecular dynamics, the structure-
function relationship of thanatin is discussed by comparing the functional mapping
data obtained here with the previous biochemical data. The functional mapping newly
suggests the importance of a hydrogen bonding network formed within the C-terminal
loop joining the B-strands arranged antiparallel to one another that are supposed to be
crutial for exhibiting anti-E. coli activity.

Key words: antimicrobial peptide, molecular dynamics simulation, NMR solution
structure, PCR random mutagenesis, structure-function relationship, thanatin.

Insects have been remarkably successful in evolution. Their
host-defense systems rely on several innate reactions upon
injury by an extremely large variety of potentially harmful
microorganisms. Rapid and transient synthesis of secretory
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antimicrobial peptides is a very effective defense strategy
exhibiting a broad spectrum of activity directed against
bacteria and/or fungi (1).

For the study of antimicrobial peptides, chemical synthe-
sis is a very useful approach for establishing the structure
and composition of natural products, for making hybrid or
chimeric peptides, for defining details of precursor process-
ings, and for studies on the mechanisms of action of the
peptides. However, this approach has some limiting factors,
for instance, the high cost and difficulties in designing vari-
ants at the level of single amino acid without detailed infor-
mation concerning the structure—function relationship or
molecular phylogenetic data. We have already developed an
in vivo system for monitoring antimicrobial activity tightly

2102 ‘T $0g0100 Uo A1seniun Bupped e /Bio'sfeuinolpioxorql//:dny wouy pspeojumoq


http://jb.oxfordjournals.org/

746

correlated to changes in the growth inhibition (suicide
effect by antimicrobial action) of host cells expressing wild-
type or variants of apidaecin (2, 3). This system is charac-
terized by the use of Escherichia coli which are intrinsically
sensitive to apidaecin, as the recipient host. This is a sui-
cide system carrying a toxic molecule whose production can
be stringently controlled by transcriptional regulation.

In this study, we selected a second target, thanatin, as a
model antimicrobial peptide to elucidate the versatility of
our in vivo functional mapping methodology. Thanatin is a
21-residue inducible defense peptide found in the hemi-
pteran insect Podisus maculiventris. Thanatin exhibits the
broadest range of antimicrobial activity (bactericidal and
fungicidal) so far characterized (4). Biochemical and struc-
tural studies of thanatin were carried out by synthesizing
truncated isoforms (4) and by using two-dimentional (2D)
'H-NMR and a molecular modeling method (5). Here we
describe the recombinant overproduction, purification and
characterization of wild-type thanatin together with its
variants screened through the in vivo functional mapping
approach. The structure—function relationship of thanatin
is deduced by comparing the data with those reported pre-
viously ¢4, 5).

MATERIALS AND METHODS

Materials—All restriction enzymes and modifying en-
zymes for genetic engineering were purchased from TaKa-
Ra Shuzo (Kyoto). Crystallographic grade proline iminopep-
tidase was kindly supplied by Dr. T. Yoshimoto, Nagasaki
University. The polyclonal antibody against Streptomyces
subtilisin inhibitor (SSI) was raised in rabbits and its reac-
tivity with the antigen was checked in our laboratory. All
other chemicals were of analytical grade for biochemical
use and were used without further purification.

Expression Systems—The preparation of plasmid DNA
from Escherichia coli and the transformation of E. coli were
carried out according to standard procedures (6). The four
individual single-stranded oligomers encoding thanatin
with the 70% formic acid selective cleavage site (Asp-Pro)
and two restriction cleavage sites (EcoRI and BamHI) to be
assembled (Fig. 1), were synthesized by the solid phase
phosphoamidite method with an Applied Biosystems 381A
DNA synthesizer. The resulting DNA was cloned into
pUC18 using the EcoRUBamHI sites, and the resultant
was termed pU-tan. To construct an in vivo monitoring
assay system for thanatin, two plasmid vectors, pOSBA-
AP1 (2, 3) and pMKSI161-9 (7), were used as illustrated in
Fig. 1. The former vector allows the functional expression
for antimicrobial peptide, apidaecin, by efficient control of
lac promoter-operator and OmpA signal sequence (8). The
latter is a secretory expression vector for the stable pro-
tease inhibitor, SSI, using tac promoter and lac operator.
Both vectors allow gene expression that can be controlled
by induction with isopropyl-1-thio-3-D-galactopyranoside
(IPTQG). These vectors were prepared to achieve the produc-
tion in E. coli of small-sized peptides of interest as fused
forms with SSI. The former vector is an improved version
of the latter in the production level of SSI (roughly esti-
mated to be 200 to 1). The thanatin encoding region on pU-
tan was transferred to the same EcoRI/BamHI sites of
pOSAB-AP1 and pMKSI161-9 to generate pOS-tan and
pMKSI-tan, respectively. For cultivation, minimum medi-
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um supplemented with casamino acid (DM-CA medium)
was used to perform the stringent expression of the thana-
tin gene without the leaking at the transcription level that
often occurs due to an unkown inducer-like compound in
rich media such as LB. DM-CA medium (adjusted to pH
7.0) comprises 0.7% Na,HPO,, 0.2% KH,PO,, 0.05% sodium
citrate—2H,0, 0.1% (NH,),SO,, 0.01% MgSO,~7H,0,
0.0005% thiamine-HCI, and 0.2% casamino acid. The ex-
pression and localization (cytoplasm, periplasm, extracellu-
lar culture medium) of the SSI-tanantin (tan) fused protein
were checked by electrophoretic and immunological analy-
ses as described previously (2, 3). Transformants of E. coli
JM109 producing thanatin variants with varying activities
were screened for colony size or optical density related to
the degree of antimicrobial activity of each thanatin vari-
ant on agar plates (primary screening) or in liquid medium
(secondary screening), respectively. Both screenings were
conducted under conditions similar to those described pre-
viously (2, 3).

In Vitro Random Mutagenesis—The plasmid vector con-
taining the thanatin gene, pU-tan, was used as a template
for PCR mutagenesis with two universal sequepcing prim-
ers (TaKaRa Shuzo), M4 (near the BamHI sife) and RV
(near the EcoRI site). The target region, includghg the tha-
natin gene, was amplified with the two pﬁ%ers under
error-prone conditions: addition of 1% B-mercaptoethanol,
0.25 mM MnCl,, and 10% dimethyl sulfoxide t&the 100 pl
reaction buffer containing 2.5 nM pU-tan, 0.0% U of Taq
polymerase, 1 pM primers, 0.2 mM each deo§gnucleotide
triphosphate, 10 mM Tris-HCI (pH 8.3), 50 mf§l KCl, and
1.5 mM MgCL,. PCR was carried out using a prggram of 35
cycles of 93°C for 90 s, 43°C for 30 s, and 72°@ for 3 min
with a Program Temp Control System PC-780 (ASTEC
Co.). The mutation points were analyzed by d@eoxynucle-
otide chain—termination sequencing using a BeaBEST kit
(TaKaRa Shuzo). A list of mutations is presentgd in Fig. 2.
One single-mutation—carrying thanatin, M21Rg (abbrevia-
tion for amino acid substitution at position 2%, Met21 to
Arg) was newly generated by separation frofff the triple
mutant, S2P/Y10F/M21R, using a unique SplE restriction
site in the thanatin gene (Fig. 1). Sp/I is useful §>r checking
the presence and mutation of the thanatin geéne during
subcloning and PCR mutagenesis. Thanatin va$iants were
produced by recombination for the purpose of irfbivo (small
scale) and in vitro (large scale) assays by the &me proce-
dures employed for the wild-type thanatin. ~

Peptide Purification and Isolation—For bioch@nical char-
acterization of the thanatin peptide, the genks encoding
wild-type and variants were inserted into the plasmid vec-
tor, pMTAKHV1 (Fig. 1). Overproduction of wild-type and
variant thanatins was achieved in E. coli BL21(DE3) using
a high-level expression plasmid vector, pMTAKHV1 (9),
leading to the formation of inclusion bodies. This vector was
developed for the high-level production of a human throm-
bin inhibitor protein, hirudin, as a fused form with porcine
muscle adenylate kinase. The resultant plasmids, pAHS-
tan and its derivatives, were introduced into E. coli BL21-
(DE3). A transformant harboring pAHS-tan or a derivative
was cultivated in 100 ml of M9 medium (6) containing 0.2%
glucose, 0.2% casamino acid, 1 mM thiamine-HCl, 1 mM
MgSO0,~7H,0, 0.1 mM CaCl,, and ampicillin (100 pg/ml) in
each batch (total 10 Sakaguchi’s flasks) at 37°C. Induction
with indoleacetic acid (IAA), a tryptophan derivative, was
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done at a final concentration of 0.05 mM when optical den-
sity at 610 nm of the culture reached 0.5. This was followed
by additional cultivation for 5 h at 37°C. Cells were col-
lected by centrifugation, sonicated and centrifuged to ob-
tain the inscluble fraction containing inclusion bodies, as
described previously (9). The aimed fraction of the fused-
protein was checked by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and Western blot-
ting. The insoluble fraction was washed twice with 5 ml of
buffer solution [10 mM KH,PO, (pH 7.0), 1 mM EDTA, 4%
Triton X-100]. The Triton X-100 was removed with 25 ml of
distilled water, and the fraction was subjected to 2,500-xg
centrifugation. The protein precipitate was solubilized in 30
ml of 8 M urea solution containing 0.1 M B-mercaptoetha-
nol and 50 mM Tris-HCI (pH 8.5), and concentrated by 10%
trichloroacetic acid (TCA) precipitation. The fused protein
sample was dissolved in 70% formic acid and a chemical
reaction was done to isolate the Pro-joined thanatin peptide
at 37°C for about 72 h, referring to the previous report (10).
The recovery of Pro-joined thanatin was monitored by SDS-
PAGE and liquid bioassay. Complete purification of the
Pro-joined form was carried out by reversed-phase high-
performance liquid chromatography (RP-HPLC) on a
Nakarai Cg column (250 X 4.6 mm; Nakaraitesk) at a flow
rate of 0.7 ml/min using adaptive linear gradients of aceto-
nitrile in 0.1% trifluoroacetic acid (TFA) over 85 min: (i) 0
to 3 min, 0%; (ii) 3 to 15 min, 0 to 16%; (iii) 15 to 75 min, 16
to 24%; (iv) 75 to 80 min, 24 to 80%; (v) 80 to 85 min, 80 to
0%. UV absorption at 225 nm and antimicrobial activity
were routinely monitored. The recovered Pro-joined thana-
tin sample was evaporated once and subjected to enzymatic
digestion with proline iminopeptidase. Removal of the Pro
residue was done in 300 pl of Tris-HCI (pH 8.0) buffer solu-
tion containing 4,700 pmol of peptide by the addition of 4 U
of proline iminopeptidase (11) at 37°C overnight. The enzy-
matic digest was again applied to RP-HPLC performed
under the same condition as above to isolate the native tha-
natin. As for peptide concentration, the absorbance at 214
nm for 10 pg of pure thanatin is 192 mOD using a narrow
column (2.1 mm of internal diameter) with an acetonitrile
gradient from 2 to 19% in 10 min plus an additional step
from 19 to 29% in 50 min. When the column work is done
at 225 nm under the same conditions, mOD of 98 corre-
sponds to 10 pg. The precise determination of the peptide
concentration of thanatin derivatives can also be done by
amino acid analysis using an protein sequence analyzer.

Bioassay—Antimicrobial activity was monitored during
the purification process by a liquid-growth inhibition assay
using E. coli JM109 according to the previous procedure (4)
with slight modification. Briefly, the assay was performed
by adding 20 pl of prefiltered peptide sample, at various
concentrations, to 80 pl of PB medium (1% Bacto tryptone
and 0.9% NaCl) including 300 cells of the test strain, fol-
lowed by 12-h incubation at 25°C with gentle shaking in a
96-well micro-titer plate. To check for bacterial contamina-
tion in the peptide samples, PB medium alone was used as
a negative control. Experimental reproducibility was con-
firmed by two trials.

Analytical Procedures—SDS-PAGE was carried out ac-
cording to the method of Laemmli (12) with a polyacryl-
amide concentration of 18.8%. The protein samples were
precipitated with TCA at a final concentration of 8%. Pro-
teins in the gel were stained with 2% (w/v) Coomassie Bril-
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liant Blue R250. The prepared anti-SSI polyclonal antibody
was used for Western blot analysis of thanatin-fused pro-
tein with SSI as described previously (7). The amino acid
sequences of the purified thanatin and its variants were
analyzed using a protein sequencer (model 477A, Perkin-
Elmer, USA). Sequencing was carried out according to the
sequencer manual, and phenylthiohydantoin (PTH)-amino
acids were identified with an on-line HPLC system (model
120A, Perkin-Elmer). Amino acid analysis was performed
with an amino acid analyzer model A8700 (Irica Instru-
ment, Kyoto) at a sensitivity setting of 2.5 nmol full scale.
The analyzer was equipped with a cation-exchange chro-
matographic column and a standard ninhydrin detection
system. Samples for analysis were hydrolyzed in vacuo at
110°C for 24 h in 6 N HCI. Fast atom bombardment mass
spectrometry (FAB-MS) was performed on an HX-110 mass
spectrometer (JEOL, Tokyo), equipped with a DA5000 data
system, employing an accelerating voltage of 10 kV and
xenon as an ionizing gas. The reaction mixture was dis-
solved in 2 ul of 67% acetic acid and mixed with 1 pl of
matrix consisting of glycerol, thioglycerol, and m-nitroben-
zylaleohol (1:1:1, by volume).

Molecular Dynamics Simulation—The NMR solution
structure of thanatin [PDB code; 8tfv (5)] was used as the
initial structure for molecular dynamics (MD) simulation.
To prepare the C11Y and K17R/R20G variants of thanatin,
Cys11 was replaced by Tyr, and Lys17/Arg20 were replaced
by Arg and Gly, respectively. To neutralize the systems,
counter ions (Na* or Cl) were placed near the charged resi-
dues. The initial structures including variants (C11Y and
K17R/R20G) were placed in boxes filled with a TIP3P
water model (13). The size of the boxes, 56 X 39 X 36, was
chosen so that the distance of the atoms in the protein from
the wall was greater than 10.0 A. The total number of
atoms for the simulations was as large as approximately
7,500. We adopted the force field of Cornell et al. (14), and
imposed the periodic boundary condition. All calculations
were performed on a Fujitsu VPP700E supercomputer with
an Amber 5.0 simulation package (I5). The temperature
and pressure were kept constant (at 300 K and 1 atm,
respectively) by the method of Berendsen et al. (16), and
the solute and solvent were coupled separately to a temper-
ature bath with coupling constants of 0.2 ps and a pressure
relaxation time of 1.9 ps in all simulations. The particle-
mesh Ewald was used to calculate the long-range Coulomb
force. Only bonds involving hydrogen atoms were con-
strained by the SHAKE method (17), and the time step was
set at 0.5 fs.

RESULTS AND DISCUSSION

Randomly Mutagenized Variants of Thanatin Screened
by an In Vivo Monitoring Assay System—In the initial step,
for the construction of in vivo assay system, we attempted
to achieve the functional expression of a synthetic thanatin
gene as a fused form with the gene for a stable partner pro-
tein SSI using the vector pOS-tan (Fig. 1), a derivative of
pOSAB-AP1 that had given the successful secretory expres-
sion of an antimicrobial peptide, apidaecin (2, 3). However,
no transformant cells harboring pOS-tan appeared on a
selective plate. This suggested that even slight leakiness of
the expression of a thanatin gene product with a strong
bactericidal activity would lead to the death -of the host
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EcoRI & BamHI
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Y

EcoRIl & BamH!
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EcoRl & BamHl
tigation

Fig. 1. Expression vector constructs. Primary structure of the
chemically synthesized thanatin gene shown with restriction enzyme
sites EcoRI and BamHI. The thanatin gene contains a unique Spil
site. A full explanation of the construction of three expression plas-
mid vectors of thanatin-fused proteins, pOSAB-tan (for in vivo assay),

cells, as compared to apidaecin, which has a weak bactrio-
static activity (2, 3). To prevent the lethal expression of the
thanatin gene, the synthetic gene was displaced in frame to
the end of the structural gene for SSI (SSI-tan) on a low-
level expression plasmid vector, pMKSI161-9 (7), to gener-
ate pMKSI-tan, as shown in Fig. 1. This alteration allowed
us to carry out functional mapping in terms of colony size,
that is, growth inhibition was clearly observed only when
the transcriptional inducer IPTG for the SSI-tan fused
gene was added to the transformant cells harboring
pMKSI-tan. The degree of growth inhibition was, as ex-
pected, dependent on the concentration of IPTG (data not
shown). On the other hand, the control strain producing
SSI alone showed almost no growth inhibition. Therefore,
in establishing the in vivo assay system, attention should
be paid to fine-tuning the expression level in the host strain
tested of the antimicrobial peptide of interest according to
its activity.

We next introduced in vitro random mutations via an
error-prone PCR into the EcoRI-BamHI DNA fragment
containing the entire thanatin gene on pU-tan (Fig. 1). The
mutagenized DNA fragments, including a mixture of mu-
tated thanatin genes, were ligated into pMKSI161-9 using

e

jm}
pMKSI-tan (for in vivo assay) and pAHS-tan (for overpro%uction and
in vitro assay), is given in “MATERIALS AND METHC&)S.” A mix-
ture of variants with heterogeneous mutations was int@duced into
the pMKSI-161-9 to generate derivatives of pMKSI-tan.

N Buppd
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the EcoRI and BamHI sites, and then introduded into E.
coli JM109. The resulting ampicillin-resistan§ transfor-
mant colonies formed on the plates containing BPTG (at a
rather stringent concentration of 0.05 mM). ugh PCR
random mutagenesis, thirty candidates with gassibly re-
duced activities were obtained from primaryf_‘{ screening
based on the plate assay system. The frequency of the
appearance of colonies on plates containing 0.05;%nM IPTG
relative to that on plates without IPTG was calculated to
be approximately 0.2%. Nucleotide sequence analysis re-
vealed that 16 single-mutation—carrying variants, 3 double-
mutation—carrying variants, and 3 triple-mutation—carry-
ing variants were included, as summarized in Fig. 2. Of the
16 variants with single mutations, 4 had in multiple the
identical single mutations as follows, I9N: 4, R13H: 2,
G16C: 3, and G16V: 3.

Figure 3 shows the growth curves of transformant cells
harboring plasmid vectors carrying the wild-type thanatin
gene and 23 mutated variants, including a genetically gen-
erated M21R, together with pMKSI161-9 (SSI gene alone)
as a control, grown in a liquid medium. The growth inhibi-
tion patterns observed were categorized into three groups,
strong inhibition: wild-type, intermediate inhibition: K17R/
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12 13 14 1516 17 18 19 20 21

Gly Ser Lys Lys Pro Val Pro Ile lle Tyr Cys Asn Arg Arg Thr Gly Lys Cys Gln Arg Met
GGC TCC AAG AAG CCG GIC CCC ATC ATC TAC TGC AAC CGC CGT ACG GGC AAG TGC CAG CGC ATG

yr Cys Asn Arg Arg Thr Gly Lys Cys Gln Arg Met

GGC 'I'CC AAG AAG CCG GIC CCC ATCA ACFAC TGC AAC CGC CGT ACG GGC AAG TGC CAG CGC ATG

Gly Ser Lys Lys Pro Val Pro lle lle Cys Asn Arg Arg Thr Gly Lys Cys Gln ArgMet

GGC TCC AAG AAG CCG GTC CCC ATC ATC § GCJ'GC AAC CGC CGT ACG GGC AAG TGC CAG CGC ATG

123 4 5 6 7 8 9 1011
Wild-type
I9N Gly Ser Lys Lys Pro Val Pro lle

Y10C
CllY GGC 1CC AAG AAG CCG GI'C CCC ATC ATCTAC
C11S :

GGCFCC AAC AAG CCG GIC CCC ATC ATC TAC
N12Y : & O

GGC ICC AAG AAG CCG GIC CCC ATC ATC TACTGC
R13C GGC TCC AAG AAG CCG GIC CCC ATC ATC TAC TGC AAC
R13H : e ATC A T

GGCICC AAG AAG CCG CI'C CCC ATC ATC TACTGC AAC [CAC
R14C Gly Ser Lys Lys Pro Val Pro lle Ile Tyr Cys Asn Arg
Y15P GGC TCC AAGC AAG CCG GI'C CCC ATC ATC TAC 1TGC AAC CGC CGY
G16D
G16R
G1l6V
G16C
K17M
c18Y GGC ITCC AAC AAG CCG GI'C CCC ATC ATC TACTGC AACCCC CCT ACG GGC AAC
Q19H

Gly Ser Lys Lys Pro Val Pro lle Ile Tyr Cys Asn Arg Arg Thr Gly Lys

Gly Ser Lys Lys Pro Val Pro lle Ile Tyr sn Arg Arg Thr Gly Lys Cys Gln Arg Met
i

'ACJAAC CCC CCT ACG GGC AAG ITGC CAG CGC ATC

Gly Ser Lys Lys Pro Val Pro lle lle Tyrsn Arg Arg Thr Gly Lys Cys GIn Arg Met

AC CGC CGT ACG GGC AAG TGC CAG CGC ATG

GC CGT ACG GGC AAG IGC CAG CGC ATG

Gly Ser Lys Lys Pro Val Pro Ile Ile Tyr Cys rg Arg Thr Gly Lys Cys Gln Arg Met
AC

Gly Ser Lys Lys Pro Val Pro lle lle Tyr Cys Asn rg Thr Gly Lys Cys GIn Arg Met
GC

GT' ACG GCC AAGTCC CAGCGC ATC

Gly Ser Lys Lys Pro Val Pro lle Ile Tyr Cys Asn Arg Thr Gly Lys Cys Gln Arg Met

GT ACG GGC AAG TGC CAG CGC ATG
hr Gly Lys Cys GIn Arg Met

ys

CCC TCCAAG AAG CCG GIC CCC ATC ATC TAC TGC AAC CGC CG GCCAAGITGC CAGCGC ATC

Gly Ser Lys Lys Pro Val Pro Ile lle Tyr Cys Asn Arg Argly Lys Cys GIn Arg Met
CG

JGCAAG ITGC CAG CGCATG

Gly Ser Lys Lys Pro Val Pro Ile Ile Tyr Cys Asn Arg Arg Thr|Asp|Lys Cys GIn Arg Met
GGC TCC AAG AAG CCG GI'C CCC ATC ATC TAC 'TGC AAC CGC CGT ACGIGACAAG 1CC CAGCGC ATIG

Gly Ser Lys Lys Pro Val Pro lle lle Tyr Cys Asn Arg Arg Th{ Arg]Lys Cys GIn Arg Met
GGC I'CC AAG AAG CCG GIC CCC ATC ATC TAC 'IGC AAC CCC CGT ACGICCCRAG TGC CAG CGC ATG

Gly Ser Lys Lys Pro Val Pro Ile lle Tyr Cys Asn Arg Arg Thi ys Cys Gln Arg Met
GGC T'CC AAG AAG CCG GIC CCC ATC ATC TAC I'GC AAC CCGC CCT ACGICTC AAG TGC CAG CGC ATG

Gly Ser Lys Lys Pro Val Pro Ile Ile Tyr Cys Asn Arg Arg Thr ys Cys Gin Arg Met
GGCICC AAGC AAG CCG CIC CCC ATC ATC TAC 'I'GC AAC CGC CCT ACGITGC RAG TCGC CAG CCGC ATG

Gly Ser Lys Lys Pro Val Pro Ile Ile Tyr Cys Asn Arg Arg Thr Gly ys GIn ArgMet
GGCICCAAG AAG CCG GIC CCC ATC ATC TACTGC AAC CGC CGT ACG GGC |ATG 'GC CAG CGC ATTG

In Arg Met
TACJIAG CGC ATG

Gly Ser Lys Lys Pro Val Pro Ile Ile Tyr Cys Asn Arg Arg Thr Gly Lys Cys Arg Met
GGCITCC AAG AAG CCG GFC CCC AYC ATCTAC TGC AAC CGC CCT ACG GGCAAG IGCIC ACICGC ATG

Gly| Pro [Lys Lys Pra Val Pro lle lleCys Asn Arg Arg Thr Gly Lys Cys Gln Arg
S2P/Y10F/M21R CCAC AAG CCC GIC CCC AT A ATC[ITC| TEC AAC CGE CGT ACG GGC AAG TGC CAG CGE|AG

KAE/ISF/C11Y S Set bys[Clu]Pro val Fro
R13H/K17E
K17R/R20G
Y10F/K17STOP

Phe |Ile Tyr Tyr|Asn Arg Arg Thr Gly Lys Cys Gln Arg Met

I'C fTC TAQTACJAAC CGC CCT ACG GGC AAA I'GC CAG CGC ATG
Gly Ser Lys Lys Pro Val Pro lle lle Tyr Cys Asrg Thr GIyCysGIn Arg Met
GGC TCC AAG AAG CCG GIIC CCC AT A ATC TAC TGC AACICAC FGT ACG CGCIGAC P'GC CAG CGC ATG

Gly Ser Lys Lys Pro Val Pro Ile lle Tyr Cys Asn Arg Arg Thr Gly ys Gln E}L\l]vlet
GGCICC AAG AAG CCG GIIC CCC ATC ATC TACTGC AAC CGC CGHACG GGC [AGGII'GC CAG G

Gly Ser Lys Lys Pro Val Pro Ile lie [Phe]Cys Asn Arg Arg Thr Gly|STOP
CGCICC AAC AAG CCG GTC CCC AT A ATC|ITC[IGC AAC CCC CGT ACG GGCITAC

Gly Ser Lys Lys Pro Val Pro lle lle Tyr Cys Asn Arg[Cys]Pro Gly
R14C/T15P/K17STOP (¢ 1cC AAG AAG CCG GIC CCC ATC ATC TACTGC AAC CGC G
Fig. 2. List of thanatin variants screened by the in vivo monitoring assay system. Mutations in genes encoding thanatin variants
were identified by nucleotide sequencing. Mutated nucleotides (mutated codons) are indicated by bold letters and consequently altered amino
acid residues are boxed. Silent mutations were found at positions, Ile-8 (ATC—ATA) and Lys-17 (AAG—AAA).

R20G, and weak or nearly no inhibition: I9N, G16C, and
G16D (slight activity detectable), and others, in good accor-
dance with the results obtained in the primary plate assay.
Thus, the spectrophotometric estimation of growth inhibi-
tion closely related to antimicrobial activity is considered to
be useful as a secondary screening method for the precise
confirmation of the primary screening. No significant varia-
tion in the amounts of SSI-tan fusions was observed among
the variants tested, as judged by Western blot analysis
using anti-SSI polyclonal antibody (data not shown).
Recombinant Querproduction of Thanatin—In order to
evaluate whether the reduction in growth inhibition ob-
served in many variants of thanatin was indeed due to
mutation effects in the thanatin gene, we next attempted to

Vol. 128, No. 5, 2000

isolate and characterize the variant peptides. Among the
variants, three representative variants, K17R/R20G (inter-
mediate activity), C11Y (remarkable activity loss), and
M21R (remarkable activity loss), were chosen to study the
structure—function relationship. C11Y and M21R are con-
sidered to be useful for understanding the role of disulfide
bridge formation (C11Y) and the significance of C-terminal
Met (M21R), which is known to be responsible for the anti-
microbial activity. In establishing the production-purifica-
tion system for the recombinant thanatin peptide, there are
two conflicting problems; one is the need for overproduction
for the detailed characterization of the thanatin peptide,
and the other is the difficulty in obtaining a thanatin-pro-
ducing E. coli transformant due to the high toxicity of the
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Fig. 3. Growth curves of transformants producing thanatin variants fused with SSI. Growth inhibition caused by induction (aidition

of 0.01 mM IPTG at ODy,, = 0.1) was monitored spectrophotometrically for transformants harboring 23 plasmids with SSI-mutated tRanatin
fused genes, along with the SSI-wild-type thanatin fused gene, and the SSI gene alone. OD,,, optical density at 610 nm.

thanatin gene product, as experienced using the secretory
expression plasmid vector pOS-tan, which led to lethal ex-
pression. Recombinant production as an inclusion body pro-
tein including thanatin was considered to a satisfactory
solution to both problems. We constructed an overproduc-
tion system using pMTAKHV1 (9) for thanatin production
by fusing the thanatin gene with the gene for a protein
moiety (porcine adenylate kinase), thus causing the forma-
tion of inclusion bodies with large amounts of the fused
protein, as shown in Fig. 1. In our previous study, the use of
a Met-linker that would be cleaved with cyanogen bromide
was very effective for the release of small-sized peptides
such as apidaecin from the fused protein with SSI (2, 3, 18-
20). However, this chemical reaction disrupts the anti-E.
coli activity of thanatin by converting the essential C-ter-
minal Met in thanatin to homoserine or homoserine lactone
(4). As an alternative cleavage design, Asp and Pro codons
were added as linker sites in front of the thanatin gene,
making a cleavage site for 70% formic acid in the fused pro-
tein to be produced (Fig. 1). This cleavage strategy consists
of sequential chemical and enzymatic digestions by 70%
formic acid (10) and proline iminopeptidase (11), respec-
tively. The electrophoretic pattern in Fig. 4 shows the time
course for the production and accumulation of the wild-type
thanatin-fused protein, corresponding to 36 kDa, in the
insoluble fraction of transformant cells of a cytoplasmic Lon
protease-defective strain, E. coli 21(DE3), harboring pAHS-
tan. This indicates the successful high-level production of
the thanatin-fused protein as stable inclusion bodies.
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Fig. 4. SDS-PAGE analysis of recombinant thanatin-fused
protein. An E. coli BL21(DE3) transformant harboring pAHS-tan
was cultivated in 100 ml of M9 medium containing 0.2% glucose,
0.2% casamino acid, 1 mM thiamine-HCl, 1 mM MgSO,-7H,0, 0.1
mM CaCl,, and ampicillin (100 pg/ml) at 37°C and induced with JAA
at ODg,, = 0.5, as described in “MATERIALS AND METHODS” Af-
ter induction, 1 ml culture of E. coli BL21(DE3) transformant har-
boring pAHS-tan was harvested every 1 h (from 1 to 10 h). After
measuring the cell number of the transformant, the harvested cells
were sonicated to isolate the insoluble fraction induding inclusion
bodies containing mainly thanatin-fused protein, as described in
“MATERIALS AND METHODS.” Fractionated protein samples
were precipitated by 8% TCA. Precipitates were resuspended in an
adequate volume of TE buffer (10 mM Tris-HC], pH 8.0) by adjust-
ing to the same cell number (9.0 X 107 cells per 1 pl of TE buffer).
Sample solutions (5 pl) were subjected to SDS-PAGE with SSI pro-
tein (2 pg).
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Fig. 5. RP-HPLC profile and FAB mass spectrum. (A) Pro-joined form of thanatin. (B) Native form of thanatin. Experimental condi

are described in detail in “MATERIALS AND METHODS.”
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Purification and Characterization of Wild-Type and Vari-
ant Thanatins—The insoluble fraction (approximately 30
mg) including the thanatin-fused protein was concentrated
by precipitation with 10% TCA and subjected to the reduc-
tive solution system, 8 M urea containing B-mercaptoetha-
nol, and to 70% formic acid, in this order, with the aim of
solubilizing the insoluble protein material and chemically
releasing the Pro-joined thanatin portion from the fused
protein. Formic acid catalyzed specifically at the site be-
tween the Asp and Pro preceeding the thanatin molecule,
with total cleavage achieved in 12 h, as judged by SDS-
PAGE using a tricine buffer system.

Figure 5A shows the RP-HPLC profile of the active frac-
tion that exhibited strong antimicrobial activity against E.
coli JM109. The bioactive peptide sample was subjected
first to mass spectrometry and then to Edman degradation.
FAB-MS yielded a mass of 2,533.3 Da (Fig. 5A). The first 17
amino acid residues of the isolated peptide were deter-
mined by Edman degradation, confirming the connection of
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Fig. 6. Antimicrobial activity aéay.
Growth inhibition of E. coli 09
was assayed by adding 20 ul of s&rial
b dilutes (concentrations indicated] in
the figure) of peptide samples intg 80
wl of PB containing 300 cells of8log-
phase bacterial cells. From this li@id
in vitro assay, the minimum inhibitory
concentration (MIC) was dete ed
for wild-type thanatin and its @ri-
ants, K17R/R20G, C11Y, and M218&

7.

T 180100 uo A1

a Pro residue to the thanatin peptide and the identicalgse-
quence (Gly1 to Gly16) to that predicted from the designed
thanatin gene. The Pro-joined form was also used as one of
the thanatin variants for the following in vitro bioassay.
Removal of the Pro residue to gain the native form of tha-
natin was achieved by adding proline iminopeptidase to the
Pro-joined thanatin peptide sample. The native thanatin
had a slightly shorter retention time than the Pro-joined
form due to the removal of hydrophobic Pro residue (Fig.
5B). The complete removal of the Pro residue was con-
firmed by protein sequence analysis. The molecular mass of
the peptide (2,434.63 Da) was in good agreement with the
calculated mass (2,436.2 Da), assuming that the two cys-
teine residues are engaged in an intramolecular disulfide
bridge. The final yield of the thanatin peptide was calcu-
lated to be approximately 700 pg from 1 liter of culture.
Throughout the purification process, a constant supply of
argon gas into the reaction sample was very effective for
avoiding undesired oxidation of the C-terminal Met residue
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that has been reported to be important in antimicrobial
action (4). In addition, three representative variants, C11Y,
M21R (genetically generated) and K17R/R20G, were puri-
fied by the same method employed for the wild-type thana-
tin. All of the amino acid substitutions in these variants
were confirmed by amino acid sequence and composition
analysis.

The purified recombinant wild-type and variant than-
atins were examined for their antimicrobial activity against
E. coli JIM109, which was also used as the host cell for the
in vivo assay. The results are shown in Fig. 6, in which bac-
terial growth can be observed at various concentrations (0—
40 pM) of recombinant thanatin. The minimum inhibitory
concentration (MIC) of wild-type thanatin lies between 0.6
and 1.2 pM, almost equal to the values obtained for other
strains of E. coli used by Fehlbaum et al. (4). From these
MIC values, the three representative thanatin variants
were found to have reduced antimicrobial activities, K17R/
R20G (20 pM), C11Y (40 uM), and M21R (40 pM). There-
fore, it was concluded that the antimicrobial activity of each
variant can be estimated conveniently on the basis of the
growth curves.

Structure-Function Relationship of Thanatin—From the
in vivo and in vitro assays (Figs. 3 and 6), the following dis-
cussion on structure—function relationship of thanatin can
be presented, including the results of activity test experi-
ments on several truncated isoforms of thanatin (¢) and the
NMR solution structure of thanatin (5). A schematic draw-
ing of the thanatin structure (Fig. 7) based on the estab-
lished tertiary architecture (5) is available for this discus-
sion. Simply, thanatin comprises three structural portions,
(i) a stretch of seven N-terminal mostly hydrophobic resi-
dues from G1 to P7, (ii) a cationic C-terminal loop engaged
by a disufide bridge between C11 and C18, and (iii) C-ter-
minal three-residue extension from Q19 to M21.

(a) Overall features: As for single mutations, it is notable
that many anti—E. coli-activity-lowering mutations concen-
trate in the C-terminal half (Ile9 to Met21) of the peptide.
In two variants, S2P/Y10F/M21R and KA4E/I8F/C11Y, the
reduced activities may be attributed at least to mutations
at functionally important positions (¢, 5), M21R and C11Y,
respectively, as discussed below. These results coincide well
with the fact that truncations in the N-terminal region of
the peptide are rather benign compared to those in the C-
terminal region in keeping anti—E. coli activity with activ-
ity remaining in the case of deletions of three residues,
Lys3 (100%), Pro5 (50%), and Pro7 (15%) (4). Such func-
tional flexibility in the N-terminal region is also supported
by our result that the Pro-joined form exhibits full activity
(data not shown) and the NMR-based structural implica-
tion of a large structural variability of the N-terminus.

(b) M21R mutation: This mutation led to a remarkable
reduction in activity, but slight activity against E. coli
remained. The MIC value (40 pM) for the M21R variant
was comparable to that (2040 pM) for a variant lacking
the last Met residue synthesized by Fehlbaum et al. (4).
Cyanogen bromide treatment in 70% formic acid converted
the C-terminal Met to homoserine or homoserine lactone,
leading to drastically reduced activity (data not shown). It
can be concluded unambiguously that the C-terminal Met
is crucial for the antimicrobial action of thanatin against E.
coli.

(c) C11Y mautation: Unexpectedly, this mutation did not
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tion structure established for thanatin (5} is simplified
of the structure-function relationship.

o
result in a complete loss of activity. The disufide bridge
(Cysll and Cysl8) was postulated to stabilize a well-
defined B-sheet structure formed as the core of tBanatin (5).
However, the number of possible conformat®ns is re-
stricted to produce a slightly twisted formatiorsby the di-
sulfide bridging across anti-parallel -strands. § might be
argued whether a disufide bridge can be trulyéindispens—
able for the antimicrobial action, especially against E. coli,
although its structural importance in maintaiging the B-
sheet structure is recognizable (5). Unfortunatelg, no amino
acid replacement was performed within the C-teﬁminal loop
in previous truncation experiments (4). In our random
mutagenesis experiment, all of the 14 single%nutations
within this structure resulted in drastically reduced activ-
ity. This strongly suggests the importance of a hydrogen
bonding network holding the C-terminal loop together with
a disufide bridge. Next, we attempted a molecular dynam-
ics simulation under nearly natural conditions to explore
the structural significance of the disufide bridge in the anti-
bacterial action. As a result of MD for 1 ns, the B-sheet was
relatively stable (Fig. 8A). The structures of the hydropho-
bic core and the side-chain of Arg20 were also stably main-
tained (5) (Fig. 8B). A large difference between the simu-
lated and solution structure was seen in the N-terminal
segment. It is not surprising to consider the fact that a
large structural variability (18 models present) has been
observed in the N-terminal region of the NMR structure
(PDB; 8tfv) of thanatin (5). Because the B-sheet was de-
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formed and formed repeatedly during 1 ns (data not
shown), the disulfide bridge may contribute greatly to the
formation and stabilization of the B-sheet in the peptide
folding process. However, the S-S bond was found not to be
indispensable for the functional expression since C11Y
retains slight activity. In MD simulation, partial formation
of the B-sheet structure occurred in this variant.

(d) KI7R/R20G mutation: This variant with double
mutations was selected because of its activity retention.
Comparing both mutations, K17R and R20G, R20G would
have a greater influence than K17R on thanatin activity,
judging from the findings that the deletion of the C-termi-
nal three residues including Arg20 leads to inactivation (4)
and also from the importance of Arg20 in the tertiary struc-
ture of thanatin (5). In contrast, Argl7 can be speculated to
be an alternate for Lys at this position, where a hydrogen

bonding network is formed within the C-terminal loop.

Each mutational contribution should be clarified by gener-

Vol. 128, No. 5, 2000

753

Fig. 8. Molecular dynamics. Rep-
:ation of simulated structures.
structures are averaged over
st 0.5 ns period. Ribbon repre-
idon of (A); solution structure
wild-type thanatin, (B); that
1Y, (C); that of K17R/R20G,
PK representation of (D); solu-
tructure of the wild-type tha-
(E); C11Y, (F); K17R/R20G. In
)), and (C), B-sheet is in yellow.
), (E), and (F), hydrophobic
les are in green, positively
ad residues are in blue, Arg20
)) is in red and Met21 is in yel-

ating single mutants. Next, MD simulation was carried out
on the K17R/R20G variant. MD for 1 ns showed that the B-
sheet became shorter than in the solution structure (5)
(Fig. 8, A and C). In the native state, Arg20 is involved in
the hydrogen bonding network forming the pB-sheet in the
solution structure. However, the mutation of Arg20 to Gly
gives rise to free rotation of the main-chain and conse-
quently forces two C-terminal residues, Gly20 and Met21,
to be separated from the hydrophobic core (Fig. 8, D and F).
In such a situation, no significant mutational influence is
detected in the N-terminal part of the hydrophobic core of
the simulated structure of Met21. From the experimental
evidence that the activity remains in this variant and
MZ21R, it has been proven that the amino acid alteration of
two residues at the C-terminal does not greatly affect the
antimicrobial action. However, deletion of the three resi-
dues results in the loss of activity (4).

In conclusion, the structure—function relationship analy-
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sis of thanatin based on the functional mapping gives data
in good agreement with those obtained from deletion analy-
sis with synthetic peptides performed by Fehlbaum et al.
(4). This strategy provides useful detailed insights in
understanding, in particular, the roles of amino acid resi-
dues involved in the hydrogen bonding network formed
within the C-terminal loop. For further study on the molec-
ular physiology of the antimicrobial peptide, it is necessary
to consider the structural conformation related to activity
under physiological conditions, where the antimicrobial
peptide thanatin interacts with an unknown target mole-
cule. Many variants isolated here would be useful for inves-
tigating the mode of antimicrobial action of thanatin not
only against E. coli but also against gram-positive bacteria
or fungi. Furthermore, a similar functional mapping tech-
nique should be established as a universal methodology
that is widely applicable to expression systems using other
microorganisms of interest.

We are very indebted to Dr. A. Tsugita and his coworkers, Science
University of Tokyo, for their useful discussion and excellent per-
formance of the FAB-MS and amino acid sequencing experiments.
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