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ABSTRACT There is a significant need for developing compounds that killCryptococcus neoformans, the fungal pathogen that
causes meningoencephalitis in immunocompromised individuals. Here, we report the mode of action of a designed antifungal
peptide, VG16KRKP (VARGWKRKCPLFGKGG) against C. neoformans. It is shown that VG16KRKP kills fungal cells mainly
through membrane compromise leading to efflux of ions and cell metabolites. Intracellular localization, inhibition of in vitro tran-
scription, and DNA binding suggest a secondary mode of action for the peptide, hinting at possible intracellular targets. Atomistic
structure of the peptide determined by NMR experiments on live C. neoformans cells reveals an amphipathic arrangement sta-
bilized by hydrophobic interactions among A2, W5, and F12, a conventional folding pattern also known to play a major role in
peptide-mediated Gram-negative bacterial killing, revealing the importance of this motif. These structural details in the context of
live cell provide valuable insights into the design of potent peptides for effective treatment of human and plant fungal infections.
INTRODUCTION
Opportunistic fungal infections are on the rise, exhibiting
very high morbidity and mortality rates in immunocompro-
mised individuals including HIV patients, cancer patients
receiving chemotherapy, and individuals who have under-
gone solid organ transplantations (1–3). Cryptococcus neo-
formans is a major opportunistic fungal pathogen, linked to
cryptococcosis, which may cause infection in cutaneous,
pulmonary regions or even in the brain meninges (4,5).
Cryptococcal meningitis is a fatal disease especially seen
in HIV patients, affecting >1,000,000 people annually and
leading to a death toll of ~70,000 worldwide (2–4). Hence,
cryptococcosis among other invasive fungal infections, is
a challenging problem that requires concentrated efforts
toward development of new antifungal agents. The current
therapeutics approaches mainly include the azole group of
drugs (amphotericin B, 5-fluorocytosine, and echinocan-
dins, among others). Most of these are limited by their cyto-
toxic effects on the host, limited efficacy, or development of
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resistance in the pathogen upon long-term usage (4–7). In
addition, sessile biofilms act as a store house for antibiotic
tolerant fungal cells that can lead to persistent systemic
infections (8,9). The lack of antifungal agents active against
biofilm-forming varieties increases the urgent need for
novel agents in the drug pipeline (5,10).

Cationic antimicrobial peptides (AMPs), present in all
forms of life, are the first line of host defense. They are small
molecules of 12–50 amino acid residues with diverse struc-
tural attributes, and display a broad spectrum of antimicro-
bial activities with unconventional targets and modes of
action (11–13). They kill microorganisms using various
strategies that include membrane disruption as the chief
mechanism, apart from having downstream intracellular
targets (14). They offer themselves as attractive substitutes
for conventional small molecule drugs in view of their
membrane disruption properties that allow them to circum-
vent the development of resistance in microbial targets
(3,15–18). A number of these naturally occurring molecules
are endowed with antimicrobial activities; however, their
use is restricted to topical applications owing to their cyto-
toxicity (19). Extensive research in this field has led to the
development of synthetically designed AMPs and peptido-
mimetics having in vitro antimicrobial activity and reduced
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cytotoxicity making them suitable candidates for anti-
microbial drug design (20–22). Synthetically designed
peptides have opened up immense opportunities in the
field of drug design allowing modification to obtain
optimal potency and selectivity. In an earlier report a
nontoxic and nonhemolytic 16-residue AMP, VG16KRKP
(VARGWKRKCPLFGKGG) was designed using first prin-
ciples; the peptide showed potential activity against Gram-
negative plant pathogenic bacteria as well as opportunistic
fungal pathogens such as Candida albicans and Crypto-
coccus neoformans. Mode of action of the peptide against
Gram-negative bacteria was elucidated from a structural
aspect based on solution NMR structure of the peptide in
lipopolysaccharide (LPS), a chief component of the outer
membrane of Gram-negative bacteria (23). However, its
mode of antifungal action remained unexplored. It is worth
mentioning that the membrane architectures of Gram-nega-
tive bacteria and fungi are different. Therefore, in this study,
we aimed to provide a comprehensive investigation of the
anticryptococcal activity of VG16KRKP from both func-
tional and structural aspects. Most of the AMP structures
reported till date have been described in the context of mem-
brane mimicking environments. However, these mimics
may not account for the exact interactions of the peptide
with live cells, which in turn might have important implica-
tions. Thus, our focus is to provide mechanistic insight at
atomic resolution in the context of live cells, enabling a cor-
relation between structure and function. Our study reveals
that VG16KRKP exhibits its antifungal effects primarily
through membrane compromise, depolarization, and efflux
of cell metabolites and ions. It is also seen to be localized
inside the cell at sublethal doses and is thought to have intra-
cellular targets, displaying DNA binding abilities and
transcription inhibition in vitro. Thus, we propose a dual
mode of action for the designed peptide and firmly believe
that such studies will be instructive in determining rules
for the design of potent antifungal peptides whose folded
structures can be stabilized on the fungal cell surface, aiding
in enhanced membrane disruption.
MATERIALS AND METHODS

Peptide synthesis

The peptides VG16KRKP and FITC-VG16KRKP with 95% purity were

purchased from GL Biochem (Shanghai, China). The purity was further

confirmed by HPLC, mass spectrometry, and NMR spectroscopy. One-

millimolar stock solutions of peptide in sterile water were used for all as-

says except NMR. The stock solutions were kept at 4�C for storage. Peptide

in its powder form was kept at �20�C for long-term storage.
Antimicrobial activity assay

Dose response assays were performed with C. neoformans at two different

cell concentrations (105 and 106 cells/mL) in a 96-well plate format where

midlog phase cells were washed three times with 10 mM phosphate buffer

of pH 7.4 and resuspended in the same buffer to obtain required cell
numbers considering 1 OD correspond to ~107 cells. Fifty microliters of

cell suspension was incubated with 50 mL of phosphate buffer containing

peptide in varying concentrations (0, 1, 2.5, 5, 10, 15, 25, 50, and 100 mM)

and incubated at 30�C for 6 h. One-hundred-ninety microliters of YPD

was added to eachwell and incubated for 36 h and read at 630 nm. The exper-

iment was conducted three times, and average values were reported.
Time kill experiments

Overnight grown cultures of C. neoformans in YPD broth were washed

twice and diluted to 105 cells/mL in 10 mM phosphate buffer (pH 7.4). A

reaction in a final volume of 1 mL containing 100 mL of above cell suspen-

sion, 10 mL of the peptide, and buffer was set. At each time interval of

15 min for a period of 6 h, 100 mL of the above reaction mixture was taken

out and serially diluted (10-fold dilution) twice. Approximately 100 mL of

the least diluted culture was spread on YPD plates in triplicate, which was

then incubated overnight at 30�C. The total number of colony-forming units

on the plates was counted. Percentage viability of C. neoformans was

plotted against time. The experiment was conducted independently three

times, and the average values were reported.
Live-dead staining assay

The C. neoformans cells were grown overnight in YPD medium, harvested,

and resuspended in buffer to get a cell density of 105 cells/mL or 106 cells/

mL as described above. These cells were then treated with peptide at a con-

centration of 10 mM for 6 h. A control set of cells without peptide treatment

was also used for analysis. After 6 h of treatment, the cells were stained to

determine live-dead cell populations (24) as described in the Supporting

Material.
Scanning electron microscopy

Overnight-grown C. neoformans culture was washed twice and resus-

pended at 105 cells/mL in 10 mM phosphate buffer, pH 7.4, and incubated

with the peptide at its MIC100% value (10 mM) in a final volume of 1 mL,

at 30�C. After every 15 min (until 1.5 h), 100 mL of the fungal suspension

was aliquoted and incubated with 2.5% glutaraldehyde for 1 h. After fix-

ation, the suspension was centrifuged at 5000 rpm for 2 min. The super-

natant was discarded and the pellet was washed and resuspended in 10 mL

of buffer and placed on poly-L-lysine coated slides. The slides were air-

dried for 30 min followed by dehydration with graded series of ethanol.

Controls were run in the absence of peptide using the same protocol.

Samples were gold-coated and observed under the scanning electron

microscope.
Zeta-potential measurements

For zeta-potential measurements of C. neoformans upon treatment with

VG16KRKP a Nano S ZEN3690 (Malvern Instruments, Westborough,

MA) was employed using a method described in Arakha et al. (25). The

details of the method can be found in the Supporting Material.
Fluorescence spectroscopy

All fluorescence spectroscopic experiments were carried out in a model No.

F-700 FL spectrometer (Hitachi, Tokyo, Japan) in a quartz cuvette with a

path length of 0.1 cm. To elucidate the binding interactions of the peptide

with the fungus, the intrinsic Trp fluorescence of peptide was monitored

upon addition of increasing volumes of 1 OD C. neoformans cell suspension

to 5 mM of peptide solution. All stocks and solutions were prepared in

10 mM phosphate buffer of pH 7.2. The sample was excited at 280 nm
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and the emission spectrum was measured at a range of 300–400 nm at a

temperature of 25�C. Both excitation and emission slits were set at 5 nm.

DAPI fluorescence experiments were also performed to study minor

groove binding of VG16KRKP to DNA (GG28). One micromolar DAPI

in 10 mM phosphate buffer at pH 7.4 alone and in the presence of 2 mM

GG28 was excited at 372 nm and its emission scanned from 400 to

520 nm. Increasing concentrations of VG16KRKP ranging from 2 to

24 mM was added and its emission spectrum was monitored at 25�C.
1-N-phenylnaphthylamine dye uptake assay

C. neoformans was grown overnight in YPD broth. Cells were centrifuged

at 5000 rpm for 3 min. Cell pellet was washed with 10 mM phosphate buffer

of pH 7.4 three times and resuspended to an OD600 of 0.5. 1-N-phenylnaph-

thylamine (NPN), a hydrophobic dye, was added to the cells at a concentra-

tion of 10 mM from stock solutions made in acetone and left to stabilize

for 30 min. Increasing concentrations of peptide, ranging between 5 and

20 mM, were added to the cells, and the subsequent enhancement in NPN

fluorescence, owing to a disruption in the outer membrane, was measured

on a model No. F-7000FL spectrophotometer (Hitachi). A quantity of

0.1% Triton X-100 served as a positive control. Excitation and emission

was carried out at 350 and 410 nm, respectively, with a bandwidth of

5 nm. The percentage increase in NPN fluorescence was calculated using:

Percentage increase in fluorescence ¼ ðF� F0Þ=ðFT � F0Þ
� 100;

(1)

where F is fluorescence intensity after addition of peptide, F0 is basal fluo-

rescence intensity, and FT is maximum fluorescence intensity after addition
of 0.1% Triton X 100.
Calcein leakage assay

Approximately 2 mg each of POPE, POPC, cholesterol (Chl), and ergosterol

(ERG)wereweighed and dissolved in chloroform (CHCl3) to obtain stock so-

lutions. Required amounts of suspended lipid stocks were mixed to obtain

POPC/POPE/ERG in a molar ratio of 5:4:3, with POPC and 40% cholesterol,

followed by drying in a nitrogen stream and overnight lyophilization to forma

lipid film. The filmwas resuspended in buffer containing 10mMTris, pH 7.4,

and 70 mM calcein, by vortexing vigorously for 30 min followed by five

freeze-thaw cycles in liquid nitrogen to obtain calcein-entrapped vesicles.

The suspension was passed through a mini extruder (Avanti Polar Lipids,

Alabaster, AL) using two-stacked 100-nm pore-size polycarbonate mem-

brane filters to obtain unilamellar vesicles. Samples were typically subjected

to 23passes throughfilter. Anodd number of passageswas performed to avoid

contamination of the sample by vesicles that have not passed through the first

filter. Next, to eliminate free calcein, it was loaded on to a gel filtration-based

hydrated Centrisep-Spin Column (Thermo Fisher Scientific, Waltham, MA)

and centrifuged at 3000 rpm for 2 min to obtain a light orange iridescent sus-

pension. Six-hundred microliters of extravesicular buffer (10 mM Tris,

100 mM NaCl, pH 7.4) containing calcein entrapped lipid vesicles was read

in a fluorimeter using excitation at 490 nm and emission at 520 nm with a

slit of 2.5 nm.After stabilization of calcein fluorescence, peptide in increasing

concentrations was added and fluorescence enhancement was measured after

5 min of each addition. A quantity of 0.1% Triton X100 was used to obtain

maximum fluorescence intensity. Percent leakage was calculated using:

Percentage leakage ¼ ðF� F0Þ=ðFT � F0Þ � 100; (2)

where F is the fluorescence intensity after addition of peptide, F0 is the

basal fluorescence intensity, and FT is the maximum fluorescence intensity

after addition of Triton X100.
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Flow cytometry analysis

C. neoformans cells were grown and diluted to 106 cells/mL, as described

earlier. A set of cells (1 mL) was then treated with a sublethal dose (10 mM)

of peptide for 6 h at 30�C whereas another set was kept untreated with pep-

tide. After 6 h of the peptide-treated cells, 2 mL of YPD was added in these

tubes and further incubated at 30�C for 4 h. The cells were then harvested

from both treated and untreated samples and processed for flow cytometry

analysis. One set of cells was harvested at the beginning of the experiment

and processed for analysis to determine the profile of starting culture. The

harvested cells (all three samples) were fixed in 70% ethanol for 14–16 h,

washed with 1 mL of NS buffer, and finally resuspended in 200 mL of NS

buffer. These cells were then treated with RNase at a concentration of 100

mg/mL for 4 h. Following this, the cells were stained with propidium iodide

(PI) for 30 min and analyzed using the FACSCalibur system (30,000 events;

BD Biosciences, San Jose, CA).
Confocal laser-scanning microscopy

Overnight cultures of wild-type C. neoformans or a histone H4-mCherry

tagged strain of C. neoformans were harvested by centrifugation, washed

twice with 10 mM phosphate buffer, pH 7.4, and resuspended to obtain a

suspension of 106 cells/mL. One-hundred microliters of this suspension

were incubated with a sublethal dose (10 mM) of FITC-VG16KRKP at

37�C for 8 h. At different time points, 20 mL of the treated cells were ali-

quoted, centrifuged, washed with buffer, loaded on a glass slide, and

mounted with DPX (Sigma-Aldrich, St. Louis, MO). A sample containing

only fungal suspension was also processed as above, to serve as the control.

Fluorescent and differential interference contrast images were captured

with a 488-nm band-pass filter for excitation of FITC and a 587 nm

band-pass filter for excitation of mCherry using a No. TCS SP8 confocal

microscope (Leica, Wetzlar, Germany) at a magnification of 63� (oil im-

mersion) having a numerical aperture of 1.4. Acquisition Suite X software

(Leica) was used for capturing images.
Fluorescence-based in vitro transcription assay

E. coli RNA polymerase and s70 were purified as previously described in

Mukhopadhyay et al. (26). Four-hundred nanomolar of E. coli RNAP core

and 800 nM of s70 were incubated in 4 mL Transcription buffer (50 mM

Tris-HCl (pH 8), 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 50 nM BSA,

and 5% glycerol) at 25�C for 20 min to form holo enzyme. A quantity of

500 ng of pUC19-lacCONS plasmid DNA samples (27) along with 0, 1,

10, 20, 30, 40, and 50 mM of VG16KRKP in 6 mL transcription buffer

were added to the RNAP holo enzyme and incubated at 25�C for 20 min.

The samples were further incubated at 37�C for 15 min to form an open

complex. Transcription reactions were initiated by addition of 250 mM

of NTP and were incubated at 37�C for 30 min. The reaction was stopped

by adding 0.5 U of RNase-free DNase, followed by incubation for 30 min at

37�C. After DNase digestion, the samples were diluted to 10-fold with TE

buffer (10 mMTris-HCl, pH 7.5, 1 mM EDTA). One-hundred microliters of

RiboGreen dye (Invitrogen, Carlsbad, CA) (diluted to 20,000 folds in TE

buffer) were added to samples and incubated for 5 min at 25�C. Fluores-
cence intensities of the samples were monitored using a spectrofluorometer

(Photon Technology International, HORIBA Scientific, Edison, NJ) at exci-

tation and emission wavelengths of 495 and 535 nm, respectively.
Circular dichroism spectroscopy

A model No. J-815 spectrometer (JASCO, Tokyo, Japan) equipped with a

Peltier cell holder and temperature controller CDF-426 L was used for

the circular dichroism (CD) experiments. Twenty micromolar of either

GG28 or GC28 DNA alone in 10 mM phosphate buffer, pH 7.2 was scanned

from a range of 320–210 nm at a scanning speed of 100 nm/min with data
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points collected at every nanometer, and for four repetitive scans that were

finally averaged out. Titrations were carried out at 25�C with increasing

concentrations of VG16KRKP starting from 20 to 100 mM. CD melting

experiments were also carried out with DNA alone and in presence of

VG16KRKP in a DNA/peptide ratio of 1:5 for both GG28 and GC28 se-

quences. The samples were heated from 5 to 95�C using a heating rate of

2.5�C/min. At each temperature, the sample cell was equilibrated for

5 min before data acquisition. A stream of dry nitrogen gas was used to

flush the cuvette chamber to avoid water vapor condensation at low temper-

atures. All experiments were performed in a quartz cuvette of 2-mm path

length. The data was converted to molar ellipticity (deg.cm2.dmol�1) for

data analysis. The fractions of GG28 and GC28 in their duplex state were

calculated using Eq. 3 and plotted against temperature (28). A sigmoidal

curve fitting assuming two-state models was carried out to obtain the

melting temperature (Tm) using the equation

a ¼ qt � qs=qd � qs; (3)

where qt¼ observed CD value in millidegrees (mdeg) at temperature T. The

values qd and qs are the observed CD values in mdeg when DNA is in fully

double- and single-stranded conformation, respectively. The resultant

duplex fraction a was fitted equation against different temperatures T to

obtain the melting temperature (Tm) using Eq. 4 to fit. In Eq. 4, a and b

correspond to adjustable fitting constraints.

a ¼ a=ð1þ expð � ðT � Tm=bÞÞ (4)

The thermodynamic parameters, i.e., DH, DG, and DS, were calculated for

the DNA alone and then in the presence of peptide, using the van ’t Hoff

equation given in Mergny and Lacroix (29) and Breslauer (30).
NMR spectroscopy

The NMR samples were prepared in 90% 10 mM phosphate buffer of pH

5.5 or pH 7.2 containing 10% D2O, or in 100% deuterated 10 mM phos-

phate buffer of pH 7.2. 2,2-dimethyl-2-silapentane-5-sulfonate sodium

salt was used as an internal chemical shift standard. NMR spectra used in

this study were collected at 25�C using either a Bruker Avance III 500

MHz or Bruker Avance III 700 MHz NMR spectrometer equipped with a

5-mm cryo-probe. A series of one-dimensional (1D) 1H proton NMR

spectra for both the free DNA duplex GG28 as well as the VG16KRKP-

bound DNA at a molar ratio of DNA/VG16KRKP ¼ 1:1, were recorded

using a Bruker Avance III 700 MHz spectrometer equipped with a 5 mm

cryo-probe. The 1D spectrum was acquired using excitation-sculpting

scheme for water suppression. The acquisition parameters were, 20 ppm

for spectral width and 128 transients, a relaxation delay of 2 s, and an acqui-

sition delay of 1.7 s. The spectra were processed and plotted with Topspin

software suite (Bruker) using a line-broadening factor of 1.0 Hz.

One-dimensional proton NMR spectra of 1 mM VG16KRKP, dissolved

in 10 mM phosphate buffer of pH 5.5 and 10% D2O at 25�C, was carried
out using a Bruker Avance III 700 MHz NMR spectrometer equipped

with a 5 mm cryo-probe. A series of titrations was carried out with living

C. neoformans cells suspended in phosphate buffer of similar pH, until

broadening of the 1D 1H spectra of VG16KRKP was observed. Two-dimen-

sional (2D) homonuclear total correlation spectroscopy (TOCSY) and

transferred nuclear Overhauser effect spectroscopy (tr-NOESY) experi-

ments with mixing times of 80 and 150 ms, respectively, were set up

with a spectral width of 12 ppm in both dimensions. Number of scans for

tr-NOESY and TOCSY were 24 and 16, respectively, per t1 increment

with 16 dummy scans. The experiments were performed with 456 incre-

ments in t1 and 2048 data points in t2 dimension, States TPPI (31) for quad-

rature detection in t1 dimension and WATERGATE for water suppression

(32). For processing the TOCSY and tr-NOESY spectra 4 K (t2) and 1 K

(t1) data matrices were used after zero filling. Details of the calculation

of solution NMR structures can be found in the Supporting Material.
For live cell NMR experiments, 1 mM VG16KRKP solution, made with

90% of 10 mM phosphate buffer of pH 7.2 and 10% D2O were prepared.

One-dimensional proton NMR spectra of VG16KRKP at 25�C was carried

out on a Bruker Avance III 500 MHz NMR spectrometer (equipped with

smart probe), followed by a series of 1D titrations using C. neoformans

cell suspensions (OD600 ¼ 1.0) in same buffer amounting to a final range

of ~107 cells.

For live cell STD experiments, a 1 mM VG16KRKP solution was pre-

pared in 10 mM deuterated phosphate buffer of pH 7.2 to rule out the pos-

sibility of peptide resonance suppression by water (33,34). Similarly, a live

C. neoformans cell suspension of OD600 ¼ 1.0 was prepared in the same

buffer. A standard STD pulse program was used to run the experiment at

25�C (34,35). A selective saturation frequency of �1 ppm and an off-reso-

nance frequency of 40 ppm for the reference spectrum were used. The

saturation frequency was used to selectively saturate the cells whereas

the off-resonance corresponded to such a resonance where neither the

cell nor the peptide spectrum saw any resonances. An STD experiment

was run in three sets for (1) peptide alone, (2) cells alone, and (3) peptide

in the presence of cells. A cycle of 40 Gaussian-shaped pulses (49 ms,

1 ms delay between pulses), with a total saturation time of 2 s was used as

in Bhunia and Bhattacharjya (36). A spectral width of 12 ppm, with 512

and 1024 scans, was maintained for reference and STD spectra, respectively.

A relaxation delay of 1 s and16 dummyscanswas kept constant for both STD

and reference spectra. An exponential line broadening function of 5 Hz was

multiplied with all STD 1D spectra before Fourier transformation.
Docking and molecular dynamics simulation
studies

Docking of VG16KRKP and GG28 was performed using the Z-Dock server

(37). The coordinates for peptide were derived from NMR spectroscopy and

that for duplex DNA was retrieved from the Protein Data Bank (PDB:

2M2C) (38). Residue-specific interaction was based on the finding of

NMR relaxation study, which was used as input for iterative docking calcu-

lations. With the energy-minimization process, the complex was subjected

to NPT simulation with gradual increase of system temperature in a gradual

increment order. The protocol for temperature increments is 0–150 K (5 ps),

150–250 K (5 ps), 250–325 K (5 ps), and 325–300 K (5 ps), with integration

steps of 0.5 fs at a temperature-coupling constant of 1.0 ps. In addition to

this, a constant temperature timescale was also employed such that the tem-

perature distribution across the system can be uniform. The retrieved com-

plex was energy minimized using the AMBER ff99SB-ildn force field (39).

Molecular dynamics (MD) simulation was further carried out with same

force field using the dipole-effect of water (implicit simulation conditions).

Final MD production run was processed for a timescale of 15 ns, which was

analyzed for the secondary structure of peptide in bound condition to

the duplex DNA. The trajectory was saved at the 5 ps mark, which was

analyzed using VMD (40).

A detailed description of the dynamic behavior for VG16KRKP bound to

GG28 (duplex DNA) can be found in Movie S1.
Solid-state NMR spectroscopy

Details of solid-state NMR sample preparation can be found in the Support-

ing Material. NMR experiments were performed on a 600 NMR spectrom-

eter (Agilent Technologies, Santa Clara, CA) operating at the resonance

frequency of 599.88 MHz for 1H and 283.31 MHz for 31P nuclei using a

4 mm MAS HXY Probe (Agilent Technologies). 31P NMR experiments

were performed using a 90� pulse (6.8 ms duration) and 24 kHz TPPM pro-

ton decoupling. In all cases, a total of 3000 scans were acquired for each

sample with a relaxation delay time of 3 s. LUVs were put in a 4 mm Pyrex

glass tube (Corning, Corning, NY), which was cut to fit into the MAS probe.

A temperature control unit (Agilent Technologies) was used to maintain the

sample temperature at 30 or 45�C. 31P NMR spectra of LUVs without
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peptide were first collected and an appropriate amount of peptide (2 and

4 mol %) from a stock solution in buffer was then added; the mixture

was gently shaken before the sample was placed back into the magnet for
31P NMR experiments. All 31P NMR spectra were processed using

300 Hz line broadening referenced externally to 85% phosphoric acid

(0 ppm).
RESULTS AND DISCUSSION

VG16KRKP kills C. neoformans primarily through
membrane compromise and cell content leakage

From the dose response assay (Fig. S1 in the Sup-
porting Material) it was found that VG16KRKP
(VARGWKRKCPLFGKGG) killed C. neoformans cells
(105 cells/mL) completely at 10 mM concentrations
(Fig. S1 A, left panel) while 106 cells/mL required much
higher concentrations (100 mM) of peptide (Fig. S1 A,
FIGURE 1 Killing kinetics of Cryptococcus upon treatment with VG16KRKP.

Fluorescence-based live-dead staining to show the differentially stained cells afte

and PI whereas untreated cells are only stained with SYTO9 but not with PI. (C)

addition of C. neoformans cells at different time points (b, c, and e) and C. n

VG16KRKP in the presence of cell shows line-broadening effects, without cha

In contrast, appearance of new peaks in the spectrum in either the presence o

cell. (C) (ii) Plot showing the decrease in peptide resonance intensities (CbH pro

intensities indicating binding and membrane disruption, respectively. To see thi

1728 Biophysical Journal 111, 1724–1737, October 18, 2016
right panel). The time-dependent killing of fungal cells
(105 cells/mL) was detected as early as 15 min after treat-
ment with the peptide at its MIC, and it killed almost 50%
of cells within 90 min (Fig. 1 A). A staining assay that dif-
ferentiates live and dead cells also showed almost 100%
killing of cells within 6 h when 105 cells/mL concentration
was used (Fig. 1 B). When a higher concentration of cells
(106/mL) was treated with 10 mM peptide, only 70–80%
of cells showed staining after 6 h of treatment (Fig. S1 B).
The efflux of metabolites from cells upon treatment with
the peptide was also clearly demonstrated by live cell
NMR experiments where new peaks appearing over time
corresponded to metabolites from C. neoformans cells.
These new peaks were observed almost immediately after
addition of cells to the peptide (Fig. 1 C i b), and showed
a time-dependent increase in intensity (highlighted with
arrows and dotted lines) in the 1D 1H NMR spectra of the
(A) Time kill curve of C. neoformans upon treatment with VG16KRKP. (B)

r treatment with the peptide. The treated cells are stained with both SYTO9

(i) 1D 1H proton NMR spectra of VG16KRKP alone (a); VG16KRKP upon

eoformans cell alone incubated for 12 h (as control) (d). The spectrum of

nging the chemical shift, indicating the binding of the peptide to the cells.

r absence of peptide corresponds to release of cell metabolites from the

tons of VG16KRKP) and at the same time increase in metabolite resonance

s figure in color, go online.
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peptide (Fig. 1 C, i c and e and ii). In addition, an interaction
of the peptide with the cell surface was also observed, which
is reflected by the broadening of the peptide signal asso-
ciated with a gradual reduction in 1H signal intensities
with time (Figs. 1 C ii and S1, C and D). In addition, cell
surface binding of VG16KRKP with live C. neoformans
cells was also studied using the intrinsic Trp fluorescence
of VG16KRKP. Upon addition of live cells to VG16KRKP
showed a significant 14 nm blue shift in its emission
maxima, indicating binding of the peptide to live cells
(Fig. S1 E).

Further studies employing scanning electron microscopy
of the C. neoformans cells treated with peptide at its
MIC100% for similar time periods showed a shrinkage in
cell volume within 15 min (Fig. S1 F i) and it continued
to increase with time of incubation (Fig. S1 F ii). The cell
morphology of peptide-treated cells indicated a morbid ef-
fect of the peptide on cell wall/cell membrane. The mem-
brane integrity of the cell was visibly shrunken at ~45 min
(Fig. 2 A ii) and cells adopted crescent or bowl-shaped forms
FIGURE 2 Membrane compromise and depolarization upon treatment with V

and peptide-treated (ii) C. neoformans cells, 45 min posttreatment that indicat

of C. neoformans cells in the absence and upon treatment with VG16KRKP, indi

percentage of calcein leakage from POPC/POPE/ERG (5:4:3) LUVs and POPC/

membrane-perturbing abilities of the peptide and cell selectivity. (D) 31P solid s

(left) and 5:4:3 POPC/POPE/ERG LUVs (right). Both samples were treated with

For the latter case, pictures (inset) showed the LUV samples after the addition of

changes upon addition of peptide to the POPC/POPE/ERG LUV. To see this fig
at 90 min posttreatment (Fig. S1 F iii). These data could be
correlated with Fig. 1 C that a peptide-mediated osmolytic
shock leads to an efflux of cell contents eventually causing
cell death. Similar observation was also obtained previously
for killing of C. neoformans by dendritic cell lysosomal
enzyme cathepsin B (41). Because osmolytic shock and
membrane depolarization are interlinked, and act as a com-
mon mode of action of antimicrobial peptides (42), zeta-po-
tential measurements of the C. neoformans cell surface were
carried out after peptide treatment. Zeta-potential of the
cells in the absence of peptide was –10 mV (Fig. 2 B),
whereas it reached nearly to zero in the presence of peptide,
indicating depolarization and an efflux of ions across the
cell surface (Fig. 2 B).

The membrane disruption of C. neoformans cells by
VG16KRKP was also supported by NPN dye uptake assay.
NPN, a hydrophobic dye, is unable to penetrate the cell
membrane, but we observed a 35% dye uptake upon addi-
tion of 5 mM of VG16KRKP, demonstrating the insertion
of the dye into the hydrophobic environment owing to
G16KRKP. (A) Scanning electron microscopy images showing control (i)

e cell shrinkage due to osmolytic shock. (B) Bar plot showing z-potential

cating depolarization of the membrane posttreatment. (C) Bar plot showing

40% Cholesterol (Chl) vesicles upon treatment with VG16KRKP indicating

tate NMR spectra of POPC LUVs incorporated with 40% Cholesterol (Chl)

0 mol % (black), 2 mol % (red), and 4 mol % (blue) VG16KRKP peptides.

the peptide and aggregation of the LUVs is clearly seen. Arrows indicate the

ure in color, go online.

Biophysical Journal 111, 1724–1737, October 18, 2016 1729



Datta et al.
perturbation of the membrane integrity (Fig. S1 G). Addi-
tionally, a calcein leakage assay using lipid vesicles of
POPC/POPE/Ergosterol (POPC/POPE/ERG) with a molar
ratio of 5:4:3, mimicking the fungal membrane (43), was
performed and revealed a 60% leakage upon addition of
VG16KRKP, confirming membranolytic capabilities of the
peptide (Fig. 2 C). However, vesicles composed of POPC
with 40% cholesterol, that mimic the mammalian cell mem-
brane, demonstrated a negligible amount (~9%) of leakage
at the same concentration of peptide. These results further
support the fact that the VG16KRKP peptide is highly selec-
tive and is nontoxic toward mammalian membranes, which
is consistent with our previous study (23). Further, 31P solid-
state NMR spectra of POPC LUVs in the presence of
physiological cholesterol concentration (~40%) showed no
distortion of the lamellar phase line shape and absence of
isotropic peak at 0 ppm even in the presence of VG16KRKP
upto 4 mol % concentration. By contrast, POPC/POPE/ERG
with a molar ratio of 5:4:3 LUVs showed a typical 31P pow-
der pattern spectra of POPC and POPE in the absence of
VG16KRKP, confirmed by spectral simulation with perpen-
dicular edge of –12 and –15 ppm for POPE and POPC,
respectively (Fig. S1 H). Upon addition of the VG16KRKP
peptide into the POPC/POPE/ERG (5:4:3) LUVs, the
perpendicular edges of the POPC and POPE were not distin-
guishable and the relative intensity of the parallel edges
increased (Fig. 2 D). These data suggest that the spherical
shape of the LUVs is deformed/aggregated in the presence
of peptide, as seen in the picture in inset. An almost negli-
gible intense isotropic peak at ~0 ppm was observed at 2
and 4 mol% of the peptide (Fig. 2 D), indicating that the
peptide interacts selectively with lipids and does not frag-
ment the lipid bilayer to give an isotropic peak like that
observed for MSI-78, which is known to support a carpeting
mechanism (17). Therefore, it may be possible that the pep-
tide acts by causing transient membrane permeation/pore
formation without causing fragmentation that cannot be
detected by 31P NMR. Taken together, the peptide is selec-
tive having the ability to discriminate between fungal and
mammalian cell membrane. This is mainly due to the
well-known fact that the presence of cholesterol in
mammalian membrane has a major contribution toward
the observed inhibitory effects on cationic AMPs. However,
it is interesting to note that ergosterol, present in the fungal
membrane has a similar inhibitory effect to that of choles-
terol toward AMPs but to a much lesser extent. In addition,
quite a few AMPs having antifungal activity do not seem to
cause membrane disruption, instead undergo cellular uptake
via receptors or through transient pores (44).
The peptide, VG16KRKP, can be nuclear-localized
to inhibit transcription

Creation of transient pores may not be able to kill all cells
within 3 h of treatment. Hence, to understand possible intra-
1730 Biophysical Journal 111, 1724–1737, October 18, 2016
cellular interactions of the peptide, we used FITC tagged
peptide to determine its intracellular localization within
the cells. C. neoformans cells expressing mCherry-tagged
histone H4 (Figs. 3 A i and S2 A i) were used as a marker
for chromatin to probe its possible interaction with DNA.
It should be noted that histone H4 is one of the major con-
stituents of chromatin in eukaryotic cells. We observed the
peptide to be localized mostly at the cell membrane 2 h post-
treatment (Fig. S2 A, ii, iii, and iv), with a minority of cell
population showing some amount of peptide inside the
cell (marked by an arrow). At 4 h posttreatment, the peptide
was found to be located at the membrane as well as at the
nucleus in some of the cells (Fig. S2 A, v, vi, and vii) as
evident from colocalization of green (FITC-peptide) and
red fluorescence (H4-mCherry). At 8 h posttreatment, a
complete colocalization of red and green fluorescence was
observed in most cells indicating localization of the peptide
in the nucleus in addition to other cellular compartments
including the cell membrane (Figs. 3 A ii, iii, and iv and
S2 A viii, ix, and x). Moreover, the nucleus also seemed to
be visibly enlarged and dispersed in some cells (marked
by arrows), hinting at nuclear fragmentation. To validate
further the intracellular localization of the peptide, we pre-
pared spheroplasts of C. neoformans by removing the cell
wall using enzymatic digestion (45). When this spheroplast
preparation was treated with 1 mM concentration of the
FITC-peptide, the peptide showed a similar localization
pattern as seen in intact cells 8 h posttreatment (Fig. S2, B
and C). Therefore, we hypothesized that the peptide can
interact with DNA if entry into the cells is facilitated.
This interaction can cause interference in vital processes
such as replication or transcription that can eventually
lead to cell death. To support this hypothesis, we also per-
formed an in vitro transcription assay using bacterial model
of transcription. The assay with E. coli RNAP-sigma70 ho-
loenzyme and VG16KRKP or a control peptide VG16A
(VARGWGNGCGLFGKGG) showed that VG16KRKP
was able to inhibit transcription with an IC50 value of
~20 mM, while the control peptide VG16A showed no
apparent inhibition (Fig. 3 B). We also carried out flow cy-
tometry analysis of C. neoformans cells in presence or
absence of sublethal doses of the peptide. As expected,
the starting cell culture contained a mixed population
of cells in G1, S, or G2/M phases of the cell cycle
(Fig. 3 C). Surprisingly, after peptide treatment, the mitotic
cell population was found to be significantly reduced to
~7%. Moreover, in the peptide-treated cell profile, an addi-
tional sub-G1 peak, which probably corresponds to the dead
cells (~45%), was seen. The control peptide-untreated cells,
on the other hand, did not show any significant difference
in distribution of cells in various stages of the cell cycle
as compared to the starting culture (Fig. 3 C, right panel).
Accumulation of cells at interphase (G1 and S phases)
suggests that the peptide could be inhibiting some vital pro-
cesses such as DNA replication or transcription by binding



FIGURE 3 VG16KRKP-mediated interference of the DNA-related processes in C. neoformans. (A) Confocal images of C. neoformans H4-mCherry incu-

bated either without peptide (i) or with FITC-tagged VG16KRKP incubated for 8 h (ii, iii, iv) with ii showing the image through FITC channel; iii showing the

image through mCherry channel; i, and iv showing the FITC/mCherry superimposed/merged images. ii, iii, and iv show the peptide to be membrane bound as

well as localized in the nucleus with an observable enlargement of the nucleus in few cases, marked by the arrow, depicting nuclear fragmentation. (B) Plot of

fluorescence intensity of ribo-green bound to RNAversus VG16KRKP concentration showing complete transcriptional inhibition in vitro, at 40 mM concen-

tration. (C) Flow cytometry analysis showing the effect of peptide on the nuclear mass in C. neoformans. As shown, before treatment (left panel), cells are

present in both interphase (G1 peak) and mitotic phase (G2/M peak). Peptide untreated cells also show the similar profile (central panel) while peptide treated

cells (right panel) show a reduction in mitotic cell population and an emergence of dead cell peak (Sub G1). The cell populations from the same experiment

were quantified and are shown in the table. To see this figure in color, go online.
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directly to DNA. However, it may also cause fragmentation
of nuclear material by DNA damage mechanisms that can
lead to cell death.
VG16KRKP is capable of binding to DNA, leading
to its stabilization in vitro

Because we saw peptide localization in the nuclear region
of the cells, we also tested its direct DNA binding proper-
ties. Thermal melting studies of DNA were carried out
using CD spectroscopy in the absence and presence of
VG16KRKP to understand the direct interaction of peptide
and DNA. Interestingly, both DNA sequences, GC-rich
GG28 and AT-rich GC28 (Fig. S3 A), represented an
intrinsic CD pattern for native B type DNA duplex
(38,46) both in the absence and presence of VG16KRKP
(Fig. S3 B). However, melting temperatures (Tm) of control
DNA sequences, GG28 and GC28 in the absence of
VG16KRKP, were 52.2�C and 40.1�C, respectively
(Fig. 4 A), and they increased to 63.2 and 48.4�C in the pres-
ence of VG16KRKP (Fig. 4 A), ~10�C and 8�C higher,
respectively. This motivated us to calculate the ther-
modynamical parameters from CD melting data using
van’t Hoff isotherm equation. Interestingly, the DDH
(DHGG28-VG16KRKP-DHGG28) and DDS (DSGG28-VG16KRKP-
DSGG28) values for the GG28-VG16KRKP complex
increased to –17.35 kcal.mol�1 and –50.75 cal.mol�1.K�1,
respectively. Additionally, the overall Gibbs free energy
change (DG ¼ –11.30 kcal.mol�1) favored complex forma-
tion thermodynamically. Similar results were also obtained
for GC28-VG16KRKP binding (data not shown), suggest-
ing the peptide did not show much preferential binding to
any specific DNA sequence.

The 1H NMR spectra of GG28 showed line broadening
(data not shown) as well as reduction in intensity of the
imino proton resonances (Fig. S3 C) upon addition of
increasing concentrations of VG16KRKP. The DNA bind-
ing affinity of VG16KRKP was probed by titrating FITC-
tagged VG16KRKP with increasing concentration of duplex
DNA (GG28) and the dissociation constant (KD) for the
binding process was found to be in the micromolar range
(KD ¼ 21.8 5 6.2 mM) (Fig. 4 B, inset). The stabilization
of DNA-peptide complex was further supported by the
difference in transverse relaxation rate (DR2) profiles for
imino protons of GG28 in the absence and presence of
VG16KRKP (Fig. 4 B). As evident from Fig. 4 B, the overall
R2 values for each of the residues of GG28 increased by a
factor of ~1.4 upon complexation with the peptide. The
most prominent increments of R2 values were found for
the dG27, dG16, dT19, and dT9 residues. Note that dG27
and dG16 residues are the terminal residues of the duplex,
whereas dT9 and dT19 are in the central region of the
duplex. Therefore, it can be concluded that due to complex-
ation with VG16KRKP, the overall correlation time
Biophysical Journal 111, 1724–1737, October 18, 2016 1731



FIGURE 4 DNA binding abilities of VG16KRKP in vitro. (A) Bar plot of the melting temperatures (Tm) of the two DNA sequences in the absence and in

the presence of VG16KRKP, indicating an increase in Tm values that supports binding. (B) Bar diagrams summarizing differential transverse relaxation rates

(DR2) for imino protons of GG28 in the presence of VG16KRKP at a 1:1 molar ratio. The dotted line indicates the average change of DR2 values for the imino

protons. The experiments were performed in 20 mM sodium phosphate buffer, containing 1 mM EDTA and 50 mM NaCl (pH 7.2) at 25�C using a Bruker

Avance III 500 MHz NMR spectrometer. (Inset) Plot of percentage increase in the fluorescence intensity of FITC-tagged VG16KRKP as a function of DNA

(GG28) concentration. The dissociation constant (KD) for the binding is ~22 mM.
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increased due to decreased mobility in the system, reflected
in the DR2 plot. In contrast, the longitudinal relaxation rates
(R1) for the similar imino proton residues of GG28 in the
absence as well as in the presence of VG16KRKP did not
show significant variation, suggesting that motional prefer-
ences cannot be determined using this parameter (data not
shown).

Docking of VG16KRKP into GG28 showed that the pep-
tide binds to the minor groove of GG28 (Fig. 5 A) with
three hydrogen bonds, mediated by R3, K6, and R7 of
VG16KRKP and backbone phosphate groups of GG28.
DAPI fluorescence studies showed a concentration-depen-
dent quenching upon addition of increasing concentrations
of peptide to DNA, which confirms the minor groove bind-
ing of VG16KRKP (Fig. 5 A, inset). In contrast, there was
no contact found between amino acids and imino group of
nucleobases, which is in agreement with the experimental
R1 results. This correlates well with the fact that the
decreased relaxation rate for these nucleobases can be ac-
counted for binding of peptide with DNA, which protects
the imino group’s chemical exchange with bulk water. How-
ever, MD simulation (Movie S1; Fig. 5 B) of the initial
docking structure was further stabilized by two additional
hydrogen bonds, formed by V1, K8, and K14 of the peptide
and the phosphate groups of GG28 that accounts for a total
Coulombic energy contribution (DE) of ~10 kcal.mol�1

(assuming ~2 kcal.mol�1 for each hydrogen bond (47)).
A similar correlation of dynamicity was also observed in
the MD simulation studies for VG16KRKP-GG28 (Movie
S1), where the positively charged amino acid residues
(R3, K6, R7, K8, and K14) were found to make polar con-
tacts with negatively charged phosphate backbone (dG7,
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dT7, dC11, and dC17) of GG28. A detailed view of confor-
mational deviations can be accounted in Fig. S3 D, showing
that VG16KRKP is bound to GG28 at the minor groove. In
summary, VG16KRKP is proposed to compact the DNA
duplex and thereby inhibit the transcription pathway to
kill the cell.
Structure of VG16KRKP when bound to live
C. neoformans cells

We carried out live-cell NMR experiments to better under-
stand its mechanism of action at atomic resolution. It would
also aid in identifying a structural motif, if any, responsible
for dictating its biological properties as described in Mal-
gieri et al. (48). One-dimensional titration of VG16KRKP
in the presence of increasing numbers of C. neoformans
cells showed significant line broadening in all regions of
1H NMR spectrum of the peptide. A gradual reduction in in-
tensity indicated binding of VG16KRKP to the cell surface
(Fig. 6 A). Surprisingly, there was also a dramatic change
in the aromatic resonances of indole (NεH) ring protons of
W5 (resonating at ~10.2 ppm) (Fig. 6 A d), with an appear-
ance of a small subpeak of Trp indole ring protons, which
increased with time, along with a time-dependent decrease
in the main peak intensity (Fig. S4 A). This probably corre-
sponds to the emergence of a second conformational species
(Fig. 6 A d). The tr-NOESY (23,49) spectra of VG16KRKP
also revealed two conformations of the peptide: conforma-
tion 1 shows a single long-range NOE contact between
F12CaH and G4NH (Fig. S4 B). In contrast, conformation
2 (Fig. 6 B) shows medium and long-range NOE cross peaks
(marked in black) between A2/W5 and between W5/F12



FIGURE 5 Insights into interaction of VG16KRKP with DNA and

associated structural changes. (A) VG16KRKP binding to duplex DNA,

showing the key polar interaction taking place in the minor groove. The res-

idues forming hydrogen bonds with phosphate backbone of DNA is high-

lighted in the figure. (Inset) Scatter plot presenting a reduction in the

emission intensity of DAPI bound to GG28, as a function of increasing pep-

tide concentration indicating minor groove binding of VG16KRKP. (B)

Secondary structure information for VG16KRKP bound to the minor

groove of DNA, determined from MD simulation. The color code for sec-

ondary structure representation (T-turn, H-Helix, G-310 helix, and C-coil).

To see this figure in color, go online.
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(Figs. 6, B andD, and S4 B) in addition to i to iþ1NOE con-
tacts (Fig. 6, C and D). Both conformations were considered
to be loosely bound to the cells, as reflected by the low
number of NOEs that are further reduced in case of confor-
mation 1 (Table 1).

The 20 ensemble structures of conformation 2 of
VG16KRKP show a satisfactory superimposition (Fig. 7 A)
with a root mean-square deviation (RMSD) value of 1.3 Å
(Table 1). The three-dimensional (3D) structure of conforma-
tion 2 (Fig. 7 B, right) in live C. neoformans cell shows an
amphipathic arrangement with a clear segregation of the
polar face composed of all positively chargedArg andLys res-
idues (R3, K6, R7, and K8) from the hydrophobic face. Inter-
estingly, K14 is seen to be involved in a cation p stabilizing
interaction with F12 (Figs. 6 B and 7 B, right). Conformation
1, however, has the L11 residue oriented toward the polar face
(Fig. 7 B, left). The overlay of conformations, conformation 1
with conformation 2 ofVG16KRKPclearly reflects increased
stabilization of conformation 2 contributed by the hydropho-
bic interaction between W5/F12 (Fig. 7 C). The reduced sta-
bility of conformation 1 is also evident from a dispersed
ensemble structure (data not shown)with a high RMSD value
of 2.4 Å (Table 1), reflecting its dynamic nature.

Comparison of the C. neoformans-bound structure of
VG16KRKP with the LPS-bound structure shows that the
hydrophobic triad composed of W5, L11, and F12 in the
LPS-bound conformation is partially lost in the case of
C. neoformans-bound conformation, although the interac-
tion between W5 and F12 is still retained (Fig. 7 D). A2,
however, still contributes to the hydrophobic interactions
as seen in the LPS bound structure (23). Taken together,
the hydrophobic hub of VG16KRKP formed in the presence
of LPS or C. neoformans cells consisted of A2-W5-L11-F12
or A2-W5-F12, respectively. This data suggests that the pep-
tide has similar structural arrangement in both environments
where the hydrophobic interaction between W5 and F12
seems to be the driving force, playing a major role in stabi-
lization of the peptides on the membrane interface. How-
ever, a marked difference in the orientation of the L11
side chain in the two environments might have an implica-
tion in preferential stabilization of the folded conformation
in LPS, thus leading to an increase in membrane disruption
abilities, as seen in the case of Gram-negative bacteria (23).
A lack of stable hydrophobic triad composed of W5-L11-
F12 in live C. neoformans cell indicated that the peptide
is less stable in the C. neoformans environment that sup-
ports a lower efficiency in mediating membrane disruption,
possibly due to the presence of a polysaccharide capsule
and cell wall in C. neoformans (50). Therefore, it may be
proposed that the observed cell death in C. neoformans
occurred due to both membrane permeabilization and
an alternate secondary mechanism of killing, involving
traversal of the peptide inside the cell through transient
membrane damage and subsequent interference and/or inhi-
bition of the DNA related processes by binding to DNA
leading to the death of C. neoformans cells (Fig. 8).

Next, we carried out live cell saturation transfer double
difference (STDD) 1H NMR experiments to identify resi-
due-specific interactions of VG16KRKP upon binding to
C. neoformans cells (Fig. 7 E). STDD experiments can
also help to distinguish between the two conformations
(conformations 1 and 2) observed in the presence of live
cells (33–35). A difference of the 1D STD spectra of
the peptide VG16KRKP in the presence of live cells
Biophysical Journal 111, 1724–1737, October 18, 2016 1733



FIGURE 6 1D and 2D NMR analysis of

VG16KRKP interaction with C. neoformans and

its structure calculation. (A) 1D proton NMR

spectra of VG16KRKP alone (a) and upon titration

with increasing concentrations of C. neoformans

cells (b–d) showing line broadening of the proton

resonances and reduction in intensity indicating

binding along with the emergence of a small peak

in the Trp indole region (d) indicating the presence

of another conformation. (B) Different regions of

the tr-NOESY spectra showing the important me-

dium- and long-range NOE connectivities along

with presence of two different conformations (red

labels indicate conformation 1 and black labels

indicate conformation 2). The experiment was per-

formed at 25�C and pH 5.5 using a 700 MHz

Bruker Avance III NMR spectrometer, equipped

with a cryoprobe. (C) Bar plot showing NOE

connectivities of the bound conformation 2 of

VG16KRKP with the thickness of the lines corre-

sponding to the number of NOEs; (D) histogram

showing the short-, medium-, and long-range

NOEs of VG16KRKP conformation 2 when bound

to C. neoformans. To see this figure in color, go

online.
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(Fig. S4 C a) and the spectra of live cells only (Fig. S4 C b),
yielded the STDD spectra of the peptide in the presence of
live cells. Surprisingly, the 1D STDD spectra of
VG16KRKP in live cell had many similarities with its refer-
ence 1H NMR spectra (Fig. 7 E), attributable to close asso-
ciation of the peptide with the cell surface. VG16KRKP
alone did not show any STDD signal (data not shown),
revealing effective magnetization transfer from cells to
VG16KRKP when present together. Severe signal overlap
prevented the group epitope mapping of the peptide in the
presence of live cells. However, strong STDD effects were
observed for the aromatic ring protons of F12 and W5,
showing their close proximity to the cell surface (Fig. 7
E). Additionally, the aliphatic region (between 1.3 and 2
ppm), corresponding to the b, g, and d-protons of the posi-
tively charged R3, R7, K6, K8, and K14, showed intermedi-
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ate STDD effects, indicating their participation in the
binding interaction (Fig. 7 E). The upfield region (0.7–1
ppm), which corresponds to the g- and d-protons of V1
and L11, also showed very strong STDD effects. In contrast,
a weak STDD effect was obtained for P10, A2, and the b-
protons of W5, F11, and C9, resonating between 2.8 and
3.2 ppm. STDD results yet again reveal the importance of
the aromatic W5 and F12 residues, and the positively
charged Arg and Lys residues in interacting with the cell
surface, as observed in the 3D structure of VG16KRKP. In
addition, the Val, Leu, Cys, and Pro residues, although not
directly involved in the formation of hydrophobic hub of
the peptide, possibly play a role in stabilizing the peptide
on the cell surface as evident from STDD results. This
data corroborated well with the mutational analysis of
VG16KRKP using single Ala mutations at Cys (C9A) or



TABLE 1 Summary of Structural Statistics for the 20 Lowest

Energy Ensemble Structures of VG16KRKP in C. neoformans

Cell Suspension

Distance Restraints Conformation 1 Conformation 2

Intraresidue (i–j ¼ 0) 29 29

Sequential (ji–jj ¼ 1) 53 54

Medium-range (2 % ji–jj % 4) 02 03

Long-range (ji–jj R 5) 01 02

Total 85 88

Angular restraints 40 40

V 13 13

J 13 13

Distance restraints from violations

(R0.4 Å)

0 0

Deviation from mean structure (Å)

Average back bone to mean structure 2.4 5 0.4 1.3 5 0.3

Average heavy atom to mean structure 3.2 5 0.4 2.0 5 0.4

Ramachandran plot for mean structurea

% Residues in the most favorable and

additionally allowed regions

100 100

% Residues in the generously allowed

region

0 0

% Residues in the disallowed region 0 0

aBased on Procheck NMR.

Membrane Disruption and DNA Binding
Pro (P10A), giving rise to much reduced antimicrobial ac-
tivity of the mutants compared to the wild-type (unpub-
lished data).

Collectively, we propose that conformation 1 is short
lived, representing an intermediate in the interaction process
that includes the initial interaction of the peptide with the
cell surface. In other words, conformation 1 represents the
initial attachment of the peptide to the cell surface, mediated
primarily by strong electrostatic interactions between posi-
tive residues R3, K6, R7, K8, and K14 of VG16KRKP
and the negatively charged phosphate groups of the cell
membrane, as indicated by the high RMSD values and
dispersed ensemble structure for conformation 1 (Fig. 8).
This in turn initiates the binding of the peptide to the cell,
where conformation 1 inserts itself into the membrane and
adopts conformation 2, a more stable structure. This is
also supported by the STDD data, where high STD effects
are seen for W5 and F12 with moderate STD effects for
L11. These are more probable in conformation 2 than in
conformation 1, as seen from the orientation of W5, L11,
and F12 in both conformations (Fig. 7 B).
CONCLUSIONS

In conclusion, the designed peptide presents itself as an
antifungal drug molecule exerting its antifungal activity
primarily via cell membrane penetration, possibly causing
transient damage on the cell surface leading to efflux of
ions and metabolites. This allows entry of the peptide into
the cells, where it may have secondary targets such as
DNA. It has been reported that antifungal peptides of animal
as well as plant origin, such as the cysteine-rich family of
AMPs, have intracellular targets and usually enter inside a
cell either through receptor-mediated uptake or membrane
FIGURE 7 Folded conformation of VG16KRKP

upon binding to C. neoformans giving insights

into its residue-specific contacts. (A) 20 ensemble

structures of conformation 2 of VG16KRKP in the

presence of C. neoformans showing a fair conver-

gence among the structures. (B) Cartoon represen-

tation of a single structure of conformation 1 (left

panel) and conformation 2 (right panel) of

VG16KRKP bound to C. neoformans labeled in

red and black, respectively showing interaction

between G4 and F12 for conformation 1 and hydro-

phobic triad between A2,W5 and F12 in conforma-

tion 2. (C) Overlay of the cartoon representations

of the single structures of conformation 1 (gray

cartoon and labeled in red) and conformation 2

(cyan cartoon and labeled in black) of VG16KRKP

bound to C. neoformans showing the differences in

the hydrophobic stabilization. (D) Overlay of the

cartoon representation of the single structures of

VG16KRKP bound to C. neoformans (magenta)

and LPS (gray). (E) Probing the residue-spe-

cific contacts of VG16KRKP when bound to

C. neoformans using STDD. (a) Reference spectra

of VG16KRKP alone. (b) STDD spectra of

VG16KRKP and C. neoformans showing the bind-

ing of VG16KRKP to the C. neoformans cells at an

atomic resolution. The experiment was performed

at 25�C in 99% D2O phosphate buffer using a

Bruker Avance III 500 MHz NMR spectrometer.

To see this figure in color, go online.
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FIGURE 8 A schematic representation of the mode of action of

VG16KRKP against C. neoformans. VG16KRKP is thought to initially

interact with the cell surface (conformation 1) through electrostatic interac-

tion, followed by structural stabilization (conformation 2) and hence inser-

tion into the membrane via transient membrane damage. It thereby gets

access inside the cell and hinders the DNA-related processes eventually

leading to cell death. To see this figure in color, go online.
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permeabilization (5). In addition, proline-rich antifungal
peptides have also been reported to translocate across the
fungal membrane and interact with intracellular targets
(51). In another report, a histone H2A-derived antimicrobial
peptide Buforin II was shown to penetrate cells via a proline
hinge, the removal of which abrogates its penetration into
the cell. Proline is also known to play a crucial role in
inducing peptide structures that enhance the antimicrobial
activity of peptides (52). Both cysteine and proline in our
peptide are probably involved in mediating an interaction
with the cell surface and are thought to play a role in its
activity. This mechanism of action is further supported by
our live cell STDD experiments and preliminary mutational
analysis (C9A and P10A). However, detailed structural
analysis based on mutational studies is further required to
establish such claims. Altogether, structural analysis of the
designed peptide in the context of live C. neoformans cells
provides direct evidence for its mode of action and lays the
foundation for the design of more potent antifungal drug
candidates that can replace the conventional drugs and
alleviate this scarcity in the drug pipeline.
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