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ABSTRACT: Borrelidin has high and specific antifungal activity against Phytophthora sojae. To explore the antifungal
mechanism of borrelidin against P. sojae, the relationship between the antifungal activity of borrelidin and the concentration of
threonine was evaluated. The results demonstrated that the growth-inhibitory effect of borrelidin on the growth of P. sojae was
antagonized by threonine in a dose-dependent manner, suggesting that threonyl-tRNA synthetase (ThrRS) may be the potential
target of borrelidin. Subsequently, the inhibition of the enzymatic activity of ThrRS by borrelidin in vitro was confirmed.
Furthermore, the detailed interaction between ThrRS and borrelidin was investigated using fluorescence spectroscopy and
circular dichroism (CD), implying a tight binding of borrelidin to ThrRS. Taken together, these results suggest that the
antifungal activity of borrelidin against P. sojae was mediated by inhibition of ThrRS via the formation of the ThrRS−borrelidin
complex.
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■ INTRODUCTION
Borrelidin (Figure 1), an 18-membered macrolide polyketide
produced by Streptomyces spp., exhibits a wide spectrum of

biological activities, such as antibacterial activity,1 antiviral
activity,2 anti-angiogenesis,3,4 antimalarial activity,5,6 and
insecticidal and herbicidal activities.7 Moreover, borrelidin
also shows in vitro antifungal activity against phytopathogenic
fungi and Pythium species with low EC50 values, which were in
the range of 0.01−0.1 mg/L.8 Especially, in our attempts to
search for potent agricultural antibiotics, we found that
borrelidin has high antifungal activity against dominant race 1
of Phytophthora sojae with an EC50 value of 0.0056 mg/L, which
was at least 20-fold lower than those of the antifungal activity of
borrelidin against other phytopathogenic fungi.9 The effective
antifungal activity of borrelidin implies its potency to be
developed as a new antifungal agent against P. sojae. Therefore,
it is imperative to further understand the antifungal mechanism
of borrelidin against P. sojae. The reported biological activities
of borrelidin are mainly associated with the specific inhibition
of threonyl-tRNA synthetase (ThrRS) (EC 6.1.1.3) caused by

borrelidin, leading to the disruption of protein synthesis.10−13

However, the antifungal mechanism of borrelidin is still
ambiguous.
Because of the high antifungal activitity of borrelidin as a

potential new antifungal agent, the antifungal mechanism of
borrelidin was explored in this study. Previous reports
suggested that the involvement of ThrRS inhibition could be
established using media containing a range of threonine
concentrations.14,15 Therefore, we examined the effect of
threonine on the antifungal activity of borrelidin against P.
sojae to confirm whether ThrRS was involved in the antifungal
activity of borrelidin against P. sojae. Moreover, the ThrRS of P.
sojae was overexpressed in Escherichia coli, and its sensitivity to
borrelidin was evaluated. Furthermore, the interaction between
P. sojae ThrRS and borrelidin was investigated by fluorescence
spectroscopy. The binding properties, such as the quenching
mechanism, the number of binding sites per protein, the
binding force, and the binding distance, were obtained. The
conformational change of ThrRS in the presence of borrelidin
was also investigated by circular dichroism (CD) techniques.
These studies provide insight into the antifungal mechanism of
borrelidin and its potential for developing a novel agricultural
antifungal agent against Phytophthora species.

■ MATERIALS AND METHODS
Reagents. Borrelidin was isolated from Streptomyces sp. neau-D50

with a purity of >95%, as previously described,9 and was dissolved in
methanol or dimethyl sulfoxide. Oligonucleotide synthesis and DNA
sequencing were performed by Invitrogen. Nickel−nitrilotriacetic
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Figure 1. Structure of borrelidin.
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acid−agarose for His6-tagged protein purification was from Qiagen
(Qiagen, Inc., Valencia, CA). PrimerSTAR HS DNA polymerase, Nde
I, and Hind III were all purchased from Takara (Takara Biotechnology
Co., Ltd., Dalian, China). Threonine and o-phthaldehyde (OPA) were
purchased from Sigma (Sigma-Aldrich (Shanghai) Trading Co, Ltd.,
Shanghai, China). N-Acetyl-L-cysteine was obtained from Aladdin
(Aladdin Chemistry Co., Ltd., Shanghai, China). Other materials were
of analytical reagent grade, and distilled water was used throughout the
experiments.
Biological Material. P. sojae race 1 was kindly provided by the

Soybean Research Institute of Northeast Agricultural University
(Harbin, China) and cultured on carrot agar (CA) medium (carrot
infusion from 200 g/L and 20 g/L agar) in the dark at 28 °C. The
isolate has been deposited in the China General Microbiological
Culture Collection Center (CGMCC 3.14914).
Effect of Threonine on the Antifungal Activity of Borrelidin

against P. sojae. Petri dishes (9 cm diameter) containing 20 mL of
CA medium were used for the antifungal activity assay. Borrelidin
dissolved in methanol was serially diluted and added to CA to final
concentrations of 0.006, 0.008, and 0.04 μg/mL, respectively. Then,
threonine was added to each borrelidin containing CA to final
concentrations of 0, 0.2, 0.4, and 0.6 mM. An agar plug of each fungal
inoculum (6 mm diameter) was placed upside down in the center of
each Petri dish. Methanol was used as a negative control. Three
replicates were conducted for each treatment and incubated at 28 °C
for 6−8 days in the dark, until the growth in the control plates reached
the edges of the plates. Growth inhibition of the fungal strain was
calculated as the percentage of inhibition of radial growth relative to
the control. Inhibition (%) = {1 − [radial growth of treatment (mm)/
radial growth of control (mm)]} × 100. Other amino acids, alamine,
glutamine, tyrosine, and L-asparagine, were all tested using the same
method.
Cloning and Expression of His6-Tagged P. sojae ThrRS in E.

coli. Genomic DNA of mycelia from P. sojae was extracted from fresh
mycelia as described by Zelaya-Molina et al.16 The cytosolic ThrRS of
P. sojae was amplified by polymerase chain reaction (PCR). Two pairs
of primers P1R/P1F and PR/PF were designed to obtain the ThrRS
gene on the basis of the genome sequence of P. sojae strain P6497 and
construct expression vector, respectively.17 P1R and P1F primers were
5′-CCAGGTACACCCGCTGTGCGATCCAGTC-3′ and 5′-
CGCAAATCGAGTCAAACTCACAACACTATCCT-3′. PF and PR
primers flanking restriction sites (Nde I and Hind III) were 5′-
GGAATTCCATATGAGCAGYGARCCCGCGCG-3′ and 5′-
CCCAAGCTTCTCGTCGGCAGCCTTGGTCTC-3′. The PCR
products were purified using a QIAquick PCR purification kit
(Qiagen) according to the instructions of the manufacturer, cloned
into the pET-32a (+) expression vectors using the Nde I and Hind III
sites, and sequenced. The sequence was submitted to the National
Center for Biotechnology Information (NCBI) (accession number
JF727824). The plasmid pET32a-psThrRS-Htag, which encodes the
enzyme with a C-terminal hexahistidine tag, was transformed into E.
coli BL21 (Codonplus DE3) cells. The expression of psThrRS-Htag
was continuously induced with 1 mM 1-thio-β-D-galactopyranoside for
20 h at 16 °C. P. sojae ThrRS protein were purified by nickel−
nitrilotriacetic acid−agarose chromatography to ≥95% purity as
judged by sodium dodecyl sulfate−polyacrylamide gel electrophoresis
(SDS−PAGE) after Coomassie Brilliant Blue staining.18 Pure ThrRS
was dialyzed into 20 mM phosphate-buffered saline (PBS) or buffer A
(20 mM Tris-HCl at pH 7.5, 15 mM MgCl2, 150 mM KCl, and 1 mM
β-mercaptoethanol), and then protein concentrations were determined
by measurement at 280 nm using extinction coefficients by the method
from Gill and von Hippel of 178 540 M−1 cm−1. The enzyme was
stored at −80 °C prior to use in experiments.
Borrelidin Inhibition of P. sojae ThrRS at the Step of

Threonine Activation in Vitro. The borrelidin inhibition of P. sojae
ThrRS at the step of threonine activation was measured. Enzymatic
assay mixtures consisted of 10 mM MgCl2, 30 mM KCl, 1 mM β-
mercaptoethanol, 1 mM ATP, 0−20 μM borrelidin, and 4 μM enzyme
and dissolved in 60 mM Tris-HCl (pH 7.5) (total volume of 0.2 mL).
The enzymatic assay mixtures were preincubated for 10 min, and then

threonine was added to initiate the reaction. Reactions were carried
out in triplicate at 28 °C for 30 min. To determine the amount of free
threonine, the reaction mixtures (0.2 mL) were incubated with 50 μL
nickel−nitrilotriacetic acid−agarose for 10 min and centrifuged at 500g
for 1 min to remove the ThrRS·Thr∼AMP complex. Then, 100 μL of
supernatant was mixed with o-phthalaldehyde (OPA) standard
solution for exactly 3 min of incubation according to McKerrow et
al.,19 and 20 μL aliquots were analyzed by high-performance liquid
chromatography (HPLC). HPLC was carried out on Agilent 1100
Series (Agilent Technologies, Inc., Palo Alto, CA) at 25 °C with an
eluent of acetonitrile/phosphate buffer [15:85 (v/v), 0.05 mol/L, pH
7.2] at a flow rate of 0.4 mL/min. The column used was a 4.6 × 250
mm inner diameter, 5 μm, TC-C18(2) silica column (Agilent
Technologies, Inc., Palo Alto, CA). The detection was performed by
an Agilent G1321A fluorescence detector with 365 nm excitation and
455 nm long-pass emission filters. The percentage of inhibition was
calculated from the ratio of the initial velocity of the threonine
activation in the presence of borrelidin (Vi) to that of the threonine
activation in the absence of borrelidin (V0). Vi/V0 was plotted against
the borrelidin concentration to obtain IC50 values. The apparent
inhibition constant Ki

(app) values were calculated on the basis of the
simplified equation (Ki

(app) = IC50 − [E]/2, where [E] represents the
ThrRS concentration used in the experiment) derived for non-
competitive tight binding inhibition.20

Fluorescence Measurements. Fluorescence measurements were
performed on a model Hitachi F-7000 fluorescence spectrophotometer
(Hitachi High Technologies, Tokyo, Japan) equipped with a personal
computer (PC) and a thermostatic bath with an accuracy of ±0.1 °C.
A total of 800 μL of enzyme and borrelidin solution was added
accurately to the 5.0 mm quartz cell for fluorescence measurement.
The concentration of enzyme was fixed at 0.25 × 10−6 M, while that of
drug was varied in the range of 0−200 × 10−6 M. The solution was
first incubated at 27, 37, and 47 °C for 30 min, then the fluorescence
spectra were measured with the width of the excitation and emission
slit both adjusted at 5.0 nm. The excitation wavelength was 275 nm,
and the emission spectrum was recorded from 280 to 500 nm. The
scan speed was 2400 nm/min. The photomultiplier tube (PMT)
voltage was 450 V.

CD Measurements. CD measurements were performed at 0.2 nm
intervals with a MOS-450 spectrometer from BioLogic (BioLogic
Science Instruments, Claix, France) using a 0.1 mm quartz cell.
Acquisition duration was 5 s, with a slit of 2 nm. The readings of the
blanks, which included the appropriate solvents, were subtracted from
the readings of the sample solutions. CD spectra of protein (2 μM)
were recorded in the range of 200−250 nm in the presence and
absence of drug at 25 °C with 1 nm step size. The molar ratio of
protein/drug was 1:1 and 1:5. The secondary structure was predicted
on k2d3.21

■ RESULTS AND DISCUSSION

Effect of Threonine on Antifungal Activity of
Borrelidin against P. sojae. It has been reported that
bacterial and eukaryal ThrRS are specifically inhibited by
borrelidin.10−13 Because of the fact that the expression of
ThrRS is regulated via a feedback mechanism,22 the
involvement of ThrRS inhibition could be tested using media
containing a range of threonine concentrations.14 Therefore,
the media supplemented with threonine were employed to test
whether ThrRS is involved in the antifungal activity of
borrelidin against P. sojae and investigate the effects of
threonine on antifungal activity of borrelidin against P. sojae.
The results showed that the growth inhibition of P. sojae caused
by borrelidin could be attenuated by threonine in a dose-
dependent manner and the growth-inhibitory effect of
borrelidin (0.006 μg/mL) on P. sojae could be completely
suppressed at a concentration of 0.6 mM threonine (Figure 2).
Furthermore, the attenuation in a dose-dependent manner was
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specific for threonine, and other amino acids, such as alamine,
glutamine, tyrosine, and L-asparagine, did not influence the
inhibitory effect of borrelidin (Figure 3). These results clearly
indicated the involvement of ThrRS in the antifungal activity of
borrelidin against P. sojae.

Borrelidin Inhibits P. sojae ThrRS at the Step of
Threonine Activation. To further investigate the in vitro
inhibition of P. sojae ThrRS associated with borrelidin, the
cytosolic P. sojae ThrRS was expressed in E. coli BL21
(Codonplus DE3) at a low temperature (16 °C) and purified
from the cell supernatant using nickel−nitrilotriacetic acid−
agarose chromatography (Figure 4).

ThrRS catalyzes Thr-tRNAThr formation in two steps.23 At
the first step, it activates threonine to form the adenylate (Thr-
AMP), and then it transfers the activated amino acid onto
tRNAThr to generate Thr-tRNAThr. Borrelidin was believed to
inhibit ThrRS at the first step of Thr-tRNAThr formation in E.
coli;24 therefore, the IC50 value for borrelidin inhibition of P.
sojae ThrRS at the step of threonine activation was determined.
When the concentration of P. sojae ThrRS was fixed at 4 μM,
the IC50 value for borrelidin inhibition of P. sojae ThrRS at the
step and Ki

(app) were 8 μM (Figure 5) and 10 μM, respectively,
which were close to the enzyme concentration (4 μM). This
phenomenon was also observed in the experiment using E. coli
ThrRS with a concentration of 1−2 nM as the target of

Figure 2. Effect of threonine on the antifungal activity of borrelidin
against P. sojae.

Figure 3. Effect of amino acids, alamine (A), glutamine (Q), tyrosine
(Y), and L-asparagine (N), on the antifungal activity of borrelidin
(0.008 μg/mL) against P. sojae.

Figure 4. SDS−PAGE analysis of the recombinant P. sojae ThrRS.
Lane M, protein molecular weight marker; lane 1, crude extract of an
induced transformant harboring the empty plasmid pET-32a (+);
lanes 2−4, debris of transformant E. coli BL21/pET-32a-psThrRS cells
lysate; lanes 5−7, culture supernatant of transformant E. coli BL21/
pET-32a-psThrRS cells lysate; and lane 8, purified psThrRS after Ni-
affinity chromatography.

Figure 5. IC50 value of borrelidin inhibition on P. sojae ThrRS. Plot of
the dose−response curve showing the percentage of initial velocity
reduced by various amounts of borrelidin as measured in the first step
of threonine activation by P. sojae ThrRS. The percentage of inhibition
was calculated from the ratio of the initial velocity of the threonine
activation in the presence of borrelidin to that in the absence of
borrelidin. P. sojae ThrRS and threonine were 4 and 20 μM,
respectively.
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borrelidin.24 For the limits of detection in chromatography,
borrelidin inhibition of ThrRS at the nanomole concentration
was not measured. However, we speculated that Ki

(app) and IC50
value for borrelidin inhibition of P. sojae ThrRS at the
nanomole concentration would also be in the same order of
magnitude, because of the fact that the IC50 value for borrelidin
inhibition of ThrRS could vary remarkably depending upon the
enzyme concentration and there was a linear dose−response
curve of IC50 to the enzyme concentration at a fixed substrate
concentration for E. coli ThrRS.24 These results revealed that
borrelidin can significantly inhibit the enzymatic activity, and
therefore, the growth inhibition of P. sojae is probably caused by
the decreased enzymatic activity of ThrRS associated with
borrelidin.
Fluorescence Quenching of ThrRS by Borrelidin. The

interaction of small molecules (e.g., drugs) with biological
macromolecules is one of the most important phenomena in
biophysical research25−27 and has been studied extensively by
many techniques, including fluorescence, infrared (IR), CD
techniques, capillary electrophoresis, and molecular model-
ing.28,29 To confirm the inhibition effect of borrelidin on P.
sojae ThrRS and investigate the interaction between them,
fluorescence spectroscopy was employed to study the binding
property of borrelidin to P. sojae ThrRS.
The intrinsic fluorescence of proteins is mainly from

tryptophan residues, and tryptophan is highly sensitive to the
local environment. Each subunit of the ThrRS dimer of P. sojae
possesses 10 tryptophan units distributed among the three
principal structure domains. Fluorescence spectra depend upon
the degree of exposure of the tryptophanyl side chain to the
polar aqueous solvent and its proximity to specific quenching
groups.30 The protein concentration was fixed at 0.25 × 10−6

M, which has optical densities appropriated for the fluorescence
quenching study. The fluorescence of the protein can be
quenched in the concentration range of 20 × 10−6−200 × 10−6

M borrelidin. The fluorescence spectra of ThrRS at a series of
concentrations (0, 20 × 10−6, 40 × 10−6, 60 × 10−6, 100 ×
10−6, and 200 × 10−6 M) of borrelidin at 27 °C are shown in
Figure 6, which showed that ThrRS had a strong fluorescence
emission peak (curve 1) at 332 nm after being excited with a
wavelength of 275 nm. When borrelidin was titrated in the fixed
concentration of ThrRS, the fluorescence intensity decreased
significantly at three different temperatures. The results

indicated that the fluorescence intensity of the 10 tryptophan
residues of the protein was quenched by borrelidin and the
microenvironment was changed after the addition of borrelidin.

Mechanisms of Fluorescence Quenching of ThrRS by
Borrelidin. Quenching can occur by different mechanisms,
including dynamic quenching, static quenching, and both.
Dynamic and static quenching can be distinguished by their
different dependence upon the temperature of binding
constants and viscosity or, preferably, by lifetime measure-
ments.31 Generally, the quenching constants decrease with an
increasing temperature for static quenching, while the reverse is
true for dynamic quenching.31

To investigate the quenching mechanism in the interaction
between borrelidin and ThrRS, the fluorescence results
obtained at 27, 37, and 47 °C were subjected to the Stern−
Volmer equation

τ= + = +F F K Q k Q/ 1 [ ] 1 [ ]0 SV q 0 (1)

where F0 and F are the fluorescence intensities of ThrRS in the
absence and presence of borrelidin, respectively, KSV is the
Stern−Volmer quenching constant, kq is the quenching rate
constant of the biomolecule, τ0 is the average lifetime of the
biomolecule without the quencher (τ0 = 10−8 s−1),32 and [Q] is
the concentration of the quencher.31

The Stern−Volmer plots of F0/F versus [Q] displayed a
linear trend, which represent a single quenching mechanism,
either static or dynamic. Figure 7 shows the Stern−Volmer

plots of F0/F versus [Q] at the three temperatures, and the
calculated quenching constants at the corresponding temper-
atures are listed in Table 1. The decreasing trend of KSV with an
increase in the temperature revealed the presence of the static
quenching mechanism in the binding of borrelidin to ThrRS.
The maximum scatter collision quenching constant of various
quenchers with biopolymer is 2.0 × 1010 M−1 s−1.33 In this
study, the values of the rate constant kq (KSV/τ0) for the
quenching of ThrRS caused by borrelidin is much larger than
the maximum diffusion collision quenching rate constant for

Figure 6. Fluorescence quenching spectra of P. sojae ThrRS (0.25 ×
10−6 M) in the presence of increasing amounts of borrelidin following
the excitation at 275 nm. (1−6) Indicate the emission spectra of
protein in the presence of 0, 20 × 10−6, 40 × 10−6, 60 × 10−6, 100 ×
10−6, and 200 × 10−6 M borrelidin. All data were obtained at 27 °C.

Figure 7. Stern−Volmer plots for borrelidin−ThrRS of P. sojae at
three different temperatures. The concentration of ThrRS was 0.25 ×
10−6 M.
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the scatter mechanism. Hence, we proposed that the quenching
is not initiated by dynamic collision but originates from the
formation of a complex.30,34

Analysis of Binding Equilibria between ThrRS and
Borrelidin. For the static quenching interaction, the binding
constant, KA, and the number of binding sites, n, can be
calculated using the equation shown below35

− = +F F F K n Qlog[( )/ ] log log[ ]0 A (2)

where F0 and F are the fluorescence intensities of ThrRS
without and with borrelidin, respectively, and [Q] is the
concentration of the quencher. From the linear plot of log(F0 −
F)/F versus log[Q], the values of KA and n were obtained from
the intercept and slope, 2.552 × 105 M−1 and 1.331,
respectively. The values of n for borrelidin−ThrRS were
approximately equal to 1, indicating one independent class of
binding sites on dimeric ThrRS for borrelidin. The result is in
agreement with the previous report, which showed that
borrelidin appears to be stoichiometric with dimeric ThrRS.24

Thermodynamic Parameters and Binding Forces of
the Interaction between ThrRS and Borrelidin. The
interaction forces between borrelidin and ThrRS may be of four
kinds: hydrophobic forces, hydrogen bonds, van der Waals
forces, and electrostatic interactions.36 The thermodynamic
parameters, enthalpy change (ΔH), entropy change (ΔS), and
free energy change (ΔG), are important to propose the binding
mode.37 ΔH can be calculated by the linear fitting plot of ln K
versus 1/T based on the van’t Hoff equation given below

= −Δ + ΔK H RT S Rln / / (3)

where R is the gas constant, T is the experimental temperature,
and K is the binding constant at the corresponding T,
respectively.38

The value of ΔG was calculated using the following equation
based on the binding constants at different temperatures:

Δ = Δ − Δ = −G H T S RT Kln (4)

The values of ΔG for the interaction of borrelidin with ThrRS
at three different temperatures are all negative, and the negative
values of ΔG revealed that the interaction process of borrelidin
with ThrRS is spontaneous. According to the theory by Ross
and Subramanian,36 the positive enthalpy change (ΔH) and
entropy change (ΔS) indicate the hydrophobic interaction. The
negative values of ΔH and ΔS indicate hydrogen binding and
van der Waals interactions, whereas the very low positive or
negative enthalpy change ΔH and positive entropy change ΔS
values are associated with electrostatic interactions. The values
of ΔH (85.024 kJ/mol) and ΔS (0.372 kJ mol−1 K−1) are both
found to be positive, which indicates that the binding is mainly
entropy-derived and the hydrophobic forces play a major role
in the binding process of borrelidin to P. sojae ThrRS.
Fluorescence Resonance Energy Transfer (FRET)

between ThrRS and Borrelidin. The distance between
ThrRS and borrelidin was estimated by Förster’s non-radiative

energy transfer theory. The overlap of the fluorescence spectra
of ThrRS and the ultraviolet−visible (UV−vis) absorption
spectra of borrelidin is shown in Figure 8. The efficiency of

energy transfer, E, was calculated according to Förster’s energy-
transfer theory

= − = +E F F R R r1 / /( )0 0
6

0
6 6

(5)

where F and F0 are the fluorescence intensities of ThrRS in the
presence and absence of borrelidin, r is the distance between
the acceptor and donor, and R0 is the critical distance when the
transfer efficiency is 50%.39 The value of R0 was evaluated as
follows:

= × Φ− −R k N J8.8 100
6 25 2 4

(6)

where k2 is the spatial orientation factor of the dipole, N is the
refractive index of the medium, Φ is the fluorescence quantum
yield of the donor in the absence of the acceptor, and J
expresses the degree of spectral overlap between the donor
emission and the acceptor absorption. J is defined as

∑ ∑λ ε λ λ λ λ λ= Δ ΔJ F F( ) ( ) / ( )4
(7)

where F(λ) is the fluorescence intensity of the fluorescent
donor of wavelength λ and ε(λ) is the molar absorption
coefficient of the acceptor at wavelength λ. In the present case,
k2 = 2/3, N = 1.336, and Φ = 0.15 for ThrRS. The following
data were obtained: J = 2.14 × 10−15 cm3 L mol−1, R0 = 4.254
nm, and E = 0.079. The binding distance r between borrelidin
and P. sojae ThrRS is 6.39 nm. The donor−acceptor distance r
is less than 7 nm, which indicates that the fluorescence
quenching of ThrRS is also a non-radiation transfer process,
and reveals the presence of static quenching in the interaction.

Conformational Changes of ThrRS in the Presence of
Borrelidin. It has been ascertained that the binding of
borrelidin to ThrRS can lead to the fluorescence quenching
of ThrRS, but it is still a question as to whether the binding
affects the conformation and/or microenvironment of ThrRS.
Therefore, CD was employed to monitor the conformational
changes of ThrRS protein in the presence of borrelidin. The
CD spectra of P. sojae ThrRS exhibited two negative bands in
the UV region at 208 and 220 nm, which are characteristic of
the α-helicity of protein (Figure 9). When the ratio of
borrelidin/protein was increased from 0 to 5, the β-sheet
content was reduced from 25.6 to 21.8% and the α-helix

Table 1. Stern−Volmer Quenching Constants for
Borrelidin−ThrRS Systems at Different Temperatures

T (°C) KSV (×104, M−1) kq (×10
12, L mol−1 s−1) R2 a

27 1.542 1.542 0.9788
37 1.331 1.331 0.9201
47 1.233 1.233 0.9452

aCorrelation coefficient.

Figure 8. Spectral overlap between the fluorescence emission
spectrum of (A) ThrRS and UV−vis absorption spectrum of (B)
borrelidin at 24 °C. The concentration of ThrRS and borrelidin was
0.25 × 10−6 M.
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content was increased from 18.3 to 25.7% (Table 2). The
results demonstrated that the binding of borrelidin could

induce the conformational changes of ThrRS with an increased
content of α-helicity and a decreased content of β-sheet.
Conformational changes in ligand−receptor interactions were
proven to be important for ligand binding with the
receptor.40−43 According to the Structural Classification of
Proteins (SCOP) database, the folding of ThrRS is an α and β
protein (α + β). This folding topology includes β-sheets, which
are mostly antiparallel. The α-helices and β-sheets are
commonly segregated. The active site is surrounded on one
side by antiparallel, β-sheets and α-helices on the opposite
side.44 CD results showed that the α-helicity and β-sheet of
ThrRS both changed after the formation of the complex of
ThrRS−borrelidin. We proposed that borrelidin binds in the
catalytic region of ThrRS, which was consistent with the results
predicted by Ruan et al.24 However, we believe that the three-
dimensional structure of the ThrRS and borrelidin complex will
provide the key information for the inhibition mechanism of
borrelidin to ThrRS in detail.
Although the function of aminoacyl-tRNA synthetases was

conserved, they evolved into finely tuned structures with
significant divergence among the three domains of the tree of
life.45 Finely tuned structural differences among aminoacyl-
tRNA synthetase orthologues make the enzyme a promising
target of species-specific inhibitors. For example, mupirocin
selectively inhibits the prokaryotic isoleucyl-tRNA synthetases
but has little or no effect on the eukaryotic enzymes.46

Indolmycin inhibits only one of the two tryptophanyl-tRNA
synthetases in Streptomyces coelicolor.47 Therefore, it is possible

to find an inhibitor as an agricultural agent that can selectively
inhibit ThrRS. A unique hydrophobic cluster was predicted to
contribute to differences in borrelidin inhibition among ThrRS,
and this cluster is conserved in most organisms, except for
archaea Archaeoglobus fulgidus and Methanocaldococcus jannaschi
and pathogen Helicobacter pylori. We also performed the
alignment of P. sojae ThrRS, archaeal, and eukaryotic ThrRS
protein sequences to reveal the sequence conservation of the P.
sojae ThrRS. The corresponding hydrophobic region (Ser-410,
His-412, Cys-437, Pro-438, Leu-593, and Phe-597) was found
with two conserved amino acid replacements compared to that
in E. coli, which may explain why borrelidin possesses the high
and selective antifungal activity against P. sojae. However, the
influence of these conserved amino acid replacements in P.
sojae ThrRS on the high antifungal activity of borrelidin against
P. sojae remains to be investigated.
In conclusion, the mechanism of antifungal activity of

borrelidin against P. sojae was investigated in this work. The
effect of threonine on the antifungal activity of borrelidin
against P. sojae and borrelidin inhibition of P. sojae ThrRS
enzyme activity in vitro proved that borrelidin is an inhibitor of
ThrRS. This work also reported the detailed interaction of
borrelidin with ThrRS, indicating that the antifungal activity of
borrelidin against P. sojae was mediated through the formation
of the ThrRS−borrelidin complex. These results may be
important for developing borrelidin as an effective antifungal
agent.
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