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ABSTRACT:The geminivirus replication protein, Rep, has long been
recognized as a high-value target for control of geminivirus infections as
this protein is highly conserved and essential for viral replication and
proliferation. In addition, inhibition of viral replication has been
pursued through various antiviral strategies with varying degrees of
success, including inhibitory peptides that target Rep. While much
e� ort has centered around sequence characterization of the Rep protein
and inhibitory peptides, detailed structural analysis has been missing.
This study computationally investigated the presence of common
structural features within these inhibitory peptides and if these features
could inform if a particular peptide will bind Rep and/or interfere with
viral replication. Molecular dynamics simulations of the inhibitory
peptide library showed that simply possessing stable structural features
does not inform interference of viral replication regardless of the
binding of Rep. Additionally, nearly all known Rep inhibitory peptides sample a conserved� -sheet structural motif, possibly
informing structure� function relationships in binding Rep. In particular, two peptides (A22 and A64) characterized by this
structural motif were computationally docked against a wide variety of geminivirus Rep proteins to determine a mechanism of action.
Computational docking revealed these peptides utilize a common Rep protein sequence motif for binding, HHN-x1/2-Q. The results
identi� ed residues in both Rep and the inhibitory peptides that play a signi� cant role in the interaction, establishing the foundation
for a rational structure-based design approach for the construction of both broadly reactive and geminivirus species-speci� c
inhibitors.

CRESS viruses (circular, Rep-encoding single-stranded
DNA) are a group of single-stranded DNA viruses

whose genomes encode a highly conserved homologous
replication-associated protein (Rep).1 To date, there are 13
families of CRESS viruses, nine of which are eukaryotic viruses,
including Geminiviridae, which are some of the most
devastating viruses for agriculture, leading to signi� cant losses
in tropical, subtropical, and temperate areas of the world.1,2 The
CRESS Geminiviridae family is further subclassi� ed into nine
genera on the basis of the genome structure of the virus and
insect vector that transmit the disease. One of these nine, the
Begomovirus genus, infects dicots, is transmitted by white� ies,
and is one of the most signi� cant genera of plant viruses due to
their abundance and devastating e� ects on crop yields
worldwide.3 Phylogenetic analysis of the highly conserved Rep
protein from CRESS viruses points to multiple origins and a
complex evolutionary history.4 Rep proteins have two common
functional domains that are directly involved in the rolling circle
replication mechanism used for virus replication. Because of this
complex evolutionary history, eukaryotic CRESS viruses have an
HUH endonuclease domain and a superfamily 3 helicase
domain;1,4 however, bacterial and archaeal CRESS viruses lack a

C-terminal helicase domain and thus recruit the host’s helicases
for the same function.1,4

The CRESS Geminiviridae family achieves viral replication
through its ability to hijack the host machinery. In fact, as
geminiviruses do not encode DNA polymerases they utilize Rep
(also known as AL1, AC1, and C1) to commandeer the host
DNA replication machinery for their own bene� t.5 While not
structurally related to DNA polymerases, geminivirus Rep
proteins are functionally similar with replication initiators of
eubacterial plasmids as well as Rep proteins from mammalian
viruses, such as papillomaviruses and circoviruses.6 Geminivirus
replication mainly occurs by inducing the production of
transcripts involved in DNA replication through the removal
of retinoblastoma-related repression on E2F transcription
factors.7� 9 Rep, the only geminivirus protein required for all
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viral DNA replication steps,10� 12 induces numerous responses
during infection in the host such as modi� cations in the
metabolism of nucleotides, senescence, hormone homeostasis,
autophagy, and DNA replication, repair, and recombina-
tion.7,13,14

The N-terminus of Rep (typically residues 1� 130) has several
characteristic sequence motifs that are highly conserved among
the family and within HUH endonucleases as a whole.15Motif I
is required for double-stranded DNA binding. Motif II is
purportedly used for metal binding. Motif III is the catalytic site
for Rep’s endonuclease/ligase activity. Each is a hallmark of
CRESS viruses. A fourth conserved motif speci� c to
geminiviruses that is located between motif II and motif III
has been characterized as well, as mutations within the GRS
motif have shown reduced DNA cleavage activity.15 Beyond
these motifs,� -helices 1 and 2 are required for DNA binding and
nicking activity.15 Structural characterization of Rep proteins,
using both nuclear magnetic resonance and X-ray crystallog-
raphy, has begun in earnest with the characterization of the N-
terminus (� rst 120 residues) of the monopartite begomovirus
TYCLV, porcine circovirus PCV2, fava bean necrotic yellow
virus, and wheat dwarf virus.16� 20 These structural character-
izations demonstrate that the Rep structure is composed of a
� 1� � 1� � 2� � 3� � 4� � 2� � 5 secondary structure organization,
with the� 5� � 2� � 3� � 1� � 4 antiparallel� -sheet organization
resulting in monomeric forms of the protein,16 while the full-
length proteins are known to be hexameric.

As Rep is essential for replication and conserved across the
geminivirus family, it has been recognized as a high-value target
for resistance. Antibodies, arti� cial zinc-� nger proteins, RNA
silencing, and Rep-binding peptides have been pursued as
antiviral strategies with various degrees of success.21� 27 Yeast
two-hybrid assays have been used to identify a number of
peptides that bind to the N-terminus of Rep in which a number
of the peptides reduced the level of viral replication in cultured
cells.28 These inhibitory peptides were tested against a diverse
set of Geminiviridae members, and two peptides in particular
showed broad binding speci� city, named A22 and A64. These
two peptides were subsequently used to confer resistance to
TYLCV- and ToMoV-infected tomato plants with transgenic
constitutive aptamer expression.23,28 Subsequent nonstructural
assays also demonstrated that A22 and A64 require di� erent
regions of Rep for binding, where A22 mainly requires residues
1� 64 while A64 requires residues 36� 98. The use of Rep-
binding peptides as antiviral therapeutics can be further
empowered by structurally characterizing the Rep proteins,
peptides, and their interactions leading to a rational structure-
based design approach for the generation of broad and species-
speci� c peptides to geminivirus infections.

The experimental tasks required for structurally characteriz-
ing proteins, peptides, and their interactions can be di� cult and
time-consuming. Therefore, in this work, we usedin silico
methods to accelerate and improve the Rep inhibitory peptide
selection and design. This study used molecular dynamics (MD)
simulations of 17 Rep inhibitory peptides (known to interact
with Rep proteins from diverse geminivirus species) to reveal
conserved structural conformations and/or motifs. This study
also included a negative control peptide, originally used in thein
plantaassays and yeast-two hybrid assays,23,28to inform if simply
having a particular type of structural conformation, the stability
of a structural conformation, or the lack of structural
conformation can inform if a peptide could be identi� ed as a
potential inhibitory peptide for Rep.23,28 Two peptides that

showed broad binding speci� city to Rep, A22 and A64, were
then docked to nine N-terminal Rep proteins representing
species from the Old to New World, mastrevirus to curtovirus to
begomovirus, and monopartite to bipartite genomes. Combin-
ing these results revealed protein sequence motifs essential for
binding, a hierarchy of binding to a diverse set of Geminiviridae
members, and� nally establishing the basis for rational structure-
based design of the next generation of inhibitory peptides that
can provide both a broad-based and species-speci� c geminivirus
control. While the structural characterization of a peptide that
has broad-based geminivirus control is ideal,� nding peptides
that e� ectively control all nine genera of geminivirus to a high
and/or e� ective degree is unlikely; therefore,� nding both
broad-based and speci� c peptides for geminivirus and possibly
other CRESS virus control is ideal.

� MATERIALS AND METHODS
Peptide Model Creation. The three-dimensional struc-

tures of all peptides were predicted using the PEP-FOLD
webserver based upon sequence (Table 1).29� 31 The lowest-
energy model from eachde novopeptide structural character-
ization was capped at the N- and C-termini with ACE (acetyl)
and NME (N-methyl amide), respectively, utilizing PyMOL.32

Peptide MD Simulations. All MD simulations were
performed with the GROMACS 5.0.1 software package utilizing
six CPU cores and one NVIDIA Tesla K80 GPU to provide a
solvated representation.33 The single starting conformations
used for all MD simulations were the lowest-energy structure
generated from PEP-FOLD.29� 31 MD simulations were
performed with the AMBER 99sb-ildn force� eld (modi� ed
for the capping of the termini) using the� exible simple point
charge water model.28The initial structures were immersed in a
periodic water box with a dodecahedral shape that extended 1
nm beyond the protein in any dimension and neutralized with
counterions. Energy minimization was accomplished using the
steepest descent algorithm with a� nal maximum force of <100
kJ mol� 1 min� 1 (0.01 nm step size, cuto� of 1.0 nm for the
neighbor list, Coulomb interactions, and van der Waals
interactions). After energy minimization, the system was
subjected to equilibration at 300 K and normal pressure for 1
ns. All bonds were constrained with the LINCS algorithm, and
virtual sites were used to allow a 4 fs time step (cuto� of 1.0 nm
for the neighbor list, Coulomb interactions, and van der Waals
interactions). After temperature stabilization, pressure stabiliza-
tion was achieved by utilizing the v-rescale thermostat to hold
the temperature at 300 K and the Berendsen barostat was used
to bring the system to 1 bar pressure. Production MD
calculations (2� s) were performed under the same conditions,
except that the positional restraints were removed (cuto� of 1.0
nm for the neighbor list, Coulomb interactions, and van der
Waals interactions). GROMACS built-in and homemade scripts
were used to analyze the MD simulation results. The� -carbon
root-mean-square deviation (C� -RMSD), radius of gyration
(Rg), � -carbon root-mean-square� uctuations (C� -RMSF), and
free energy landscapes (FELs) were analyzed to con� rm the
stability and accuracy of the MD simulations. All images were
produced in part through PyMOL.32

Homology Model Creation of N-Terminal Rep Pro-
teins. Wild-type N-terminal Rep sequences for ACMV
(UniProtKB P14972), BCTV (UniProtKB P14991), EACMV
(UniProtKB Q2A8X6), CaLCuV (UniProtKB Q96704),
CLCuBV (UniProtKB A0A0A8KAA4), MSV (UniProtKB
P14978), TGMV (UniProtKB P03567), ToMoV (UniProtKB
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Q06657), and TYLCV (UniProtKB P27260) (Figure S1) were

modeled on the basis of the NMR structure of TYLCV Rep

[amino acids 4� 121, Protein Data Bank (PDB) entry 1L2M)]16

through SWISS-MODEL.34,35

N-Terminal Rep MD Simulations.All MD simulations

were performed as noted above except no capping on either

termini of the proteins and the total duration of the simulation

was 500 ns.

Figure 1.Peptide secondary structure analysis during the 2� s MD simulation. Peptides (A) A22, (B) A59, (C) A64, (D) A84, (E) A132, and (F) TRX-
GST secondary structure analysis. Structures of the peptides at 200, 600, 1000, 1400, and 1800 ns are shown and colored according to the color output
from DSSP: coil (white),� -sheet (red),� -bridge (black), bend (green), turn (yellow),� -helix (blue), 5-helix (purple), and 310-helix (gray). Under
each panel is a graph of the number of residues in the� -helix (blue) and� -strand (red) conformation during the length of the MD simulation. Raw data
are shown as gray lines, while colored lines are the running averages. (G) Examples of the� -strandn-Xn-� -strandn motif in A22, A59, A64, A132, and the
negative control TRX-GST.
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Docking of Peptides to Models of N-Terminal Rep.
Default High Ambiguity Drive Docking (HADDOCK)
parameters were used throughout the docking procedure on
the webserver with the following exceptions: auto_passive_r-
adius = 6.5, rotate180_0 = False, crossdock = True, and
calcdesolv = True.36,37 Every 100 and 25 ns frame after
equilibration from the MD simulation of the peptide and
protein, respectively, was extracted to form an ensemble of
structures prior to docking. This helps to ensure the docking
procedure examines multiple conformational states within the
potential binding site prior to each docking event and the
docked structures, providing a more accurate representation of
the docked structures and their conformational� exibility in
solution. Active residues for the N-terminal Rep models and
peptides were de� ned as residues with a� 40% solvent exposure
for no less than 75% of the MD simulation (Table S1). One
thousand structures were generated for the� rst iteration (rigid
docking), and 200 were generated for each subsequent iteration
(semi� exible docking and water re� nement). The C� -RMSD
values of the complexes were calculated using ProFit version 3.1
(SciTech Software). A cluster analysis was performed on the
� nal docking solutions using a minimum cluster size of 10 and a
C� -RMSD of 5 Å. The structures in each cluster were scored
using the FireDock scoring program and plotted in a box plot to
determine statistical outliers and median scores through R-
Studio.38,39 FireDock scoring algorithms account for van der
Waals interaction, atomic contact energy, electrostatic, and
additional binding free energy estimations between the target
and ligand. The structures that represented the median score for
the most populated cluster were then visualized with PyMOL to
ensure the integrity of the complex formed.32

� RESULTS
De NovoPeptide Structure Prediction. Speci� c peptide

sequences have been previously shown to interact with and/or
bind to Rep through yeast two-hybrid screens of a random
peptide library constrained in the active site of thioredoxin A
(TrxA). A subset of these peptides also interfere with viral
replication with varying results through viralin plantaassays.23

These peptide sequences were originally isolated from a library
with 2.9× 109 random 20-mer peptides by a dihybrid yeast
system. These peptides contain anEscherichia coliB42 activation
domain, the simian virus 40 nuclear localization signal, and the
hemagglutinin epitope tag.27 De novostructure predictions
overwhelmingly predicted peptides with� -helix and 310-helix
structural components compared to� -strand and� -bridge
(Table 1). In fact, only peptides A40, A46, A84, and A127 are
predicted to contain any� -strand character at 46%, 4%, 4%, and
38% � -strand character, respectively, while the rest of the
peptides analyzed in this work are predicted to have 9� 69%
helical (� -helix and 310-helices) content with no� -strand and� -
bridge structural elements. Peptides A22, A64, A116, A132,
A135, and A176 are predicted to contain the most helical
content (48� 69%). Additionally, peptides A59, A99, A147,
A155, A159, A160, and TRX-GST (negative control) are
predicted to have a signi� cant combination of turn, bend, and
coil secondary structures with A147 predicted to have 72% in the
coil conformation (Table 1).

The 2 � s MD Simulations of Predicted Peptides.The
MD simulation results reveal that each peptide structure
becomes equilibrated after� 100 ns as determined through the
stable C� -RMSD andRg values (Figure S2). Additionally,
analysis of the C� -RMSF, the number of hydrogen bonds, and

the overall amount of secondary structure content reveals a level
of similarity among the peptides (Figure S2). C� -RMSF values
on a per residue basis revealed a similar behavior of the N- and
C-termini of each peptide having the greatest� uctuations with a
“core” of residues with smaller values. When the termini were
excluded, the peptides with the lowest C� -RMSF values are A22,
A40, and A147 (� 0.3 Å) and the peptides with the highest C� -
RMSF values include A46, A59, A84, A99, A116, A127, A132,
A135, A155, and A160 (� 0.6 Å) (Table 1andFigure S2C). The
peptides with the highest number of average hydrogen bonds
were A40, A46, A84, A99, A135, and A147, all averaging >10
hydrogen bonds (25 for A147) (Table 1andFigure S2D). The
peptides with the fewest hydrogen bonds (fewer than seven)
were A155, A159, and A160. The average number of residues
found in secondary structure elements (de� ned by DSSP:40 � -
helix +� -sheet +� -bridge + turn) reveals a range of 4.5� 14.5
residues (23.2 for A147) with de� ned structure. All peptides are
comprised of 20 residues, except A147 (46 residues) and A159
(19 residues), and when normalized to the number of residues in
each peptide, the secondary structure is found to be in the range
of 20� 70% of the residues. The peptide with the most secondary
structure elements is A40 with 70% of the residues averaging
structure, while the peptide with the fewest is A46, which is
characterized by� 20% of the structure (Table 1andFigure
S2E). Free energy landscapes revealed compact states and/or
wells of di� ering sizes for each peptide, con� rming the MD
simulations sampled a multitude of conformational states during
the 2� s simulation and thus accurately represent the peptide’s
conformation and ability to alter its structural conformation in
solution (Figure S3).

Detailed secondary structure monitoring throughout the
simulations revealed an overestimation of helical content by the
initialde novopeptide structure prediction (Figure 1andFigure
S4). Peptides A22, A59, A64, A84, and A132 (the peptides
shown to have the strongest e� ect on N-terminal Rep binding
assays15) are overwhelmingly predicted to have� -helical
compared to� -strand content. However, these peptides lost
� 70% of their� -helical character over the course of the MD
simulation with peptides A22 and TRX-GST losing nearly all.
Regardless of the amount of starting� -helical character, all
peptides ended the simulation with less than what was originally
predicted by thede novopeptide structure prediction (Figure
S4). In particular, peptides A22, A59, A64, A132, and TRX-GST
werede novopredicted without any� -strand/� -bridge character;
however, each� nished the simulation with� -strand character
(Figure 1andFigure S4). Interestingly, peptide A84 possesses� -
bridge structural character sparsely during the simulation but
does not maintain this structural feature or� nish the simulation
in a � -strand structural conformation. The TRX-GST control
peptide was characterized by the most� -strand content over the
length of the simulation followed by A22, A59, A64, and then
A132. The A64 peptide possesses two unique states of� -strands;
however, the most stable secondary structure elements are not
observed until the last 600 ns. Additionally, the A46, A132, and
A135 peptides come into a stable complex within the last couple
of 100 ns of the simulation, and peptides A84, A116, A155, and
A160 never seem to converge into a single stable secondary
structure motif (Figure S4), suggesting less stable peptides with
higher conformational� exibility. A159 possesses� -strand
character during a signi� cant portion of the simulation;
however, this does not end in that conformational state. The
peptides with the most stable secondary structure elements were
A22, A40, A59, A99, A127, A147, A176, and TRX-GST.
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Homology Model Creation and MD Simulations of N-
Terminal Rep Sequences.Molecular models of ACMV,
BCTV, CaLCuV, CLCuBV, EACMV, MSV, TGMV, ToMoV,
and TYLCV N-terminal domain Rep sequences were relaxed
from their staticin silico-modeled forms to provide a more
accurate representation of their conformational� exibility in
solution while allowing the docking procedure to examine
multiple unique conformational states prior to each docking
event. The MD results show that the modeled N-terminal Rep
sequences become equilibrated after� 10 ns (Figure S5), as seen
by stable C� -RMSD andRg values. The area of largest
conformational� uctuation di� erence (� C� -RMSF) between
the proteins exists in residues� 45� 55, which interestingly
reside outside any of the conserved motifs but immediately
precede motif II. The solvent accessible surface area (SASA)
over the length of the simulation did not signi� cantly di� er
between the proteins except for residues 39� 41, 50� 60 (the
putative metal ion-binding site), and 75� 81 (Figure S6).

Docking of Peptides to N-Terminal Rep Models.
Peptides A22 and A64 were blindly docked to each N-terminal
Rep protein model and created a� nal cluster of 50 structures on
average (of 200 structures) based on a C� -RMSD of 5 Å and a
minimum of 10 structures to de� ne a cluster (Table 2). A22
dockings resulted in an average of 68 structures in each cluster
with MSV resulting in the largest cluster (151 structures) and
CLCuBV in the fewest structures (15), which clustered only
when the C� -RMSD increased to 5.5 Å. In contrast, A64
dockings resulted in an average of 35 structures in each cluster
(an almost 50% reduction when compared to that of A22) with

TGMV, resulting in the largest cluster (66 structures) and
ACMV and CLCuBV not clustering until the C� -RMSD was
increased to 6 and 7 Å, respectively. Due to the higher RMSD
values, dockings of ACMV and CLCuBV to A64 were excluded
from further analysis. Additionally, as previously shown, A64
does not interact with CLCuBV Rep.23

Overall, the interface C� -RMSDs between the peptides and
N-terminal Rep protein models are well de� ned and averaged
2.0± 0.3 Å, with the A22:CaLCuV docking characterized by the
largest C� -RMSD of 2.5 Å and the A64:TYCLV docking
characterized by the smallest at 1.5 Å. Docking of A22, on
average, had higher C� -RMSD (2.1± 0.3 Å) values compared to
that of the A64 dockings (1.8± 0.3 Å), although when
accounting for the standard deviation both values are within
range of one another (Table 2). A22 and A64 dockings averaged
median FireDock scores of� 29.9± 5.3 and� 28.5± 3.3 kJ/mol,
respectively, resulting in an approximate 10� M a� nity constant
between the peptide and proteins. A22:EACMCV and ToMoV
had the lowest kilojoule per mole values, while A22:CaLCuV
and MSV had the highest (Figure 2). A22 averaged SASAs of
406± 41 Å2, and A64 averaged 526± 50 Å2, with A22:MSV and
A64:ToMoV having the least accessible surface area (suggesting
a more buried peptide) and A22:CLCuBV and A64:CaLCuV
having the most accessible area (suggesting a less buried
peptide) (Table 2). A22 dockings resulted in larger numbers of
hydrogen bonds and nonbonded contacts (de� ned as two non-
hydrogen atoms within 4 Å of one another) between the peptide
and N-terminal Rep protein models. A22 averaged 9.0± 0.4
hydrogen bonds and 365± 9 nonbonded contacts, while A64

Table 2. HADDOCK Docking Resultsa

peptide organism
genome

description
# of structures

in cluster
interface

RMSD (Å)
median FireDock
scoring (kJ/mol)

no. of average
hydrogen bonds

no. of average
nonbonded contacts

average
SASA (Å2)

A22 ACMV Old World
begomovirus

37 2.2± 1.9 � 33.8 9.2 374.5 362.8

BCTV curtovirus 55 2.1± 2.1 � 29.4 9.1 364.0 422.8
CaLCuV New World

begomovirus
69 2.5± 2.3 � 20.1 9.4 370.1 407.0

CLCuBVb Old World
begomovirus

15 1.7± 1.4 � 31.1 8.8 356.7 496.5

EACMV Old World
begomovirus

56 2.1± 2.1 � 36.2 8.1 349.0 422.4

MSV mastrevirus 151 2.2± 2.2 � 23.4 8.9 363.9 359.7
TGMV New World

begomovirus
97 2.3± 2.3 � 32.2 9.0 372.9 381.0

ToMoV New World
begomovirus

43 1.7± 1.6 � 34.5 9.4 371.4 403.3

TYLCV Old World
begomovirus

88 2.2± 2.1 � 28.2 9.0 357.6 402.8

A64 ACMVc Old World
begomovirus

� � � � � �

BCTV curtovirus 29 1.7± 1.5 � 25.2 6.8 280.1 55.7
CaLCuV New World

begomovirus
48 2.3± 2.0 � 30.3 5.8 247.5 610.8

CLCuBVd Old World
begomovirus

� � � � � �

EACMV Old World
begomovirus

32 1.8± 1.6 � 25.2 4.7 227.2 537.0

MSV mastrevirus 24 1.6± 1.3 � 24.7 5.4 266.0 498.5
TGMV New World

begomovirus
66 2.0± 1.9 � 31.0 6.0 259.8 527.2

ToMoV New World
begomovirus

27 1.6± 1.5 � 32.0 6.5 278.1 526.7

TYLCV Old World
begomovirus

16 1.5± 1.2 � 31.3 6.2 262.1 470.6

aNo clusters at 5 Å.bCluster at 5.5 Å.cCluster at 6 Å.dCluster at 7 Å.
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averaged 6± 0.7 hydrogen bonds and 260± 18 nonbonded
contacts (Table 2). A22 averaged 50% more hydrogen bonds
and 40% more nonbonded contacts despite having one fewer
charged residue and being less hydrophobic than A64.

Quantitation of the average number of hydrogen bonds and
nonbonded contacts per residue in both the peptide and protein
for each peptide:protein pair resulted in a common recognition
pattern for each protein. Docking of the A22 peptide to each
protein showed a predominant reliance on motifs I� III and a
weaker reliance on the GRS for the nonbonded interactions
(Figure 3). Residue Q93 (TGMV numbering, located within the
GRS and conserved in all proteins docked) was consistently the
residue with the highest number of contacts andZ-score (Z-
score is a measure of signi� cance and simply represents the
number of standard deviations a value is from the average; in this
case, the more positive the value, the more signi� cant the
interaction). In contrast, the common recognition pattern
observed in the docking of A64 to the proteins showed a reliance
on the GRS motif over that of motif I, II, or III for the

nonbonded interactions, although interactions were observed
within these domains, as well (Figure 4). In fact, visualization of
the median structure in each cluster, as determined through their
FireDock score, showed the pattern of A22 more centrally
bound to the DNA-binding site while peptide A64 was more
removed toward the GRS and away from motif II (Figure 2A,B),
consistent with previous results.23In contrast to the nonbonded
interactions, the hydrogen bond interactions (fewer in number)
show species-speci� c patterns in binding A22 and A64 (Figures
3 and 4). A22:ACMV, BCTV, CaLCuV, EACMV, TGMV,
TYLCV, and ToMoV rely on the GRS and motif III for
hydrogen bonds, while A22:CLCuBV depends on motif I and
very minimally on motif II. A22:MSV relies equally on motif II
and the GRS/motif III. For A64 binding, BCTV, CaLCuV,
EACMV, MSV, and TGMV rely heavily on the GRS/motif III
followed by motif II and then motif I while TYLCV and ToMoV
rely equally on motif II and GRS/motif III.

The dockings also a� orded the opportunity to query which
residues within the peptides are responsible for general and

Figure 2.Visualization of median HADDOCK-docked structures and FireDock scoring of each cluster. (A) Median structure of the A22 peptide
docked to the nine protein sequences (each labeled for the sake of clarity). (B) Median structure of the A64 peptide docked to the nine geminiviral
protein sequences. N-Terminal Rep structures are shown as gray cartoons. Peptide structures are colored according to the DSSP output and consistent
with the coloring of the peptides inFigure 1. Protein residues owning interactions in the median structure are shown in line format, while those of the
peptides are shown in stick format. Interactions are shown as dashed cyan lines. (C) Results of the FireDock scoring in a box plot (red color denotes
A22 data, and black color denotes A64 data). The box represents 50% of the data. The median value is the solid line within the box. The dashed lines
represent the upper and lower 25% of the data. The ovals denote statistically irrelevant data.

Biochemistry pubs.acs.org/biochemistry Article

https://doi.org/10.1021/acs.biochem.1c00408
Biochemistry2021, 60, 2795� 2809

2801

https://pubs.acs.org/doi/10.1021/acs.biochem.1c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.1c00408?fig=fig2&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.1c00408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


speci� c interactions (Figures 3and4). A22 docking generally
relied on residues within the N-terminal domain of the peptide,
in particular R2, R4, and C6 for nonbonded contacts. Residue
R4 was the dominant residue in both nonbonded contacts and
hydrogen bond contacts (Figures 3and4) with residues R2,
R12, Q16, T18, and G20 providing signi� cant hydrogen bonds.
Docking of A64 was more evenly distributed across the peptide
with residues W4, W5, F8, and H12 dominating the signi� cance

of nonbonded interactions, and residues L3, W4, W5, A6, H12,
E14, and K17 supply signi� cant hydrogen bonding interactions.
Z-Score analysis of the A22 dockings shows a weaker reliance on
interactions with residues R4 and C6 for CaLCuV and CLCuBV
but an increase in the number of interactions with residues R12,
Q16, F17, and T18 for CaLCuV, CLCuBV, MSV, and TYLCV
for nonbonded interactions. Additionally, theZ-score analysis
shows a weaker reliance on interactions with residue R4 for

Figure 3.Visualization of the numerical signi� cance of nonbonded contacts and hydrogen bonds in the lowest cluster of docked A22 peptides in
HADDOCK. Analysis of contacts as a function ofZ-score shown on the cartoon structure of proteins (A) ACMV, (B) BCTV, (C) CaLCuV, (D)
CLCuBV, (E) EACMCV, (F) MSV, (G) TGMV, (H) ToMoV, and (I) TYLCV. TheZ-score spectrum bar is shown at the bottom of the� gure, where
residues on the structure colored red, orange, and yellow are signi� cant contacts and residues colored green, cyan, and blue are not signi� cant. Bar
graphs to the right of each structure depict the total average number of contacts (black) and hydrogen (red) bonds (per structure in each cluster) for
both the protein and the peptide. Examples of the A22 peptide structures docked against each protein are shown for the sake of clarity. The peptides are
colored like those inFigure 1.
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hydrogen bonding to CaLCuV and CLCuBV but an increase for
residue R12, including binding to MSV and TYLCV.
Interestingly, A64 is more consistent with regard to nonbonded
contacts and with only minor di� erences within residues used in
hydrogen bonding interactions among protein species.

� DISCUSSION

Peptides that bind to the geminivirus Rep protein and/or
interfere with viral replication in plant cells have been studied
extensively; however, until now, there has been no structural
characterization of the peptides or the interaction(s) between
Rep proteins and the peptides. Previously,� 107 peptides from a
peptide library of 2.9× 109 random 20-mer peptides were
screened through a yeast two-hybrid assay against the well-
characterized TGMV Rep protein to determine if a given
peptide of a particular sequence can bind and interact with
Rep.28 Eighty-eight peptides were originally identi� ed as

binding to TGMV Rep and then screened in protoplast assays
for interference with TGMV replication. From this screen, 31
showed statistical interference with replication. A further
selection based on activity reduced the set to 16 peptides.23

These 16 peptides were further screened against several other
geminivirus replication Rep proteins from various species
ranging from mastrevirus to curtovirus, and several begomovi-
ruses (Figure S1andTable 1).23 Peptides A22, A46, A59, A84,
and A147 showed interaction with full-length and/or N-
terminal Rep from all of the geminiviruses screened, while
peptides A40, A64, A99, A116, A127, A132, A135, A155, A159,
A160, and A176 showed varied interactions with Rep (e.g., not
interacting with all geminivirus Rep proteins).23 Peptides A22
and A64 were selected for further study because these two
peptides display several properties that suggest a broad-based
resistance mechanismin planta. (i) Both peptides bind to a
diverse group of geminivirus replication proteins [however, A64

Figure 4.Visualization of the signi� cance of nonbonded contacts and hydrogen bonds in the lowest cluster of docked A64 peptides in HADDOCK.
Analysis of contacts as a function ofZ-scores shown on the cartoon structure of proteins (A) BCTV, (B) CaLCuV, (C) EACMCV, (D) MSV, (E)
TGMV, (F) ToMoV, and (G) TYLCV. TheZ-score spectrum bar is shown at the bottom of the� gure, where residues on the structure colored red,
orange, and yellow are signi� cant contacts and residues colored green, cyan, and blue are not signi� cant. Bar graphs to the right of each structure depict
the total average number of contacts (black) and hydrogen (red) bonds (per structure in each cluster) for both the protein and the peptide. Examples
of the A64 peptide structures docked against each protein are shown. The peptides are colored like those inFigure 1.
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did not bind to CLCuBV Rep (Old World begomovirus)23]. (ii)
Yeast two-hybrid studies showed the two peptides bind to two
di� erent regions of TGMV Rep, suggesting a broad-based
mechanism. (iii) In addition to their ability to bind and interact
with Rep,in plantaassays show A22 and A64 with the highest
replication interference activity because both peptides were
shown to confer resistance against TYLCV (Old World
begomovirus) and ToMoV (New World begomovirus) in
transgenic tomato, allowing a testing strategy in tomato that can
be easily translated to geminivirus disease resistance in the
� eld.23

While much e� ort has been put into characterizing sequence
motifs that would suggest the ability of a peptide to bind and
interact with Rep (Table S2), this study aimed to determine a
common structural motif that would do the same (Figure 1and
Figures S2� S4). The � rst step in utilizing rational structure-
based design of peptides is structural characterization. Although
several techniques are available for the structural character-
ization of proteins and peptides, MD simulations o� er the least
labor-intensive and one of the fastest mechanisms for structural
characterization. Results from these studies indicated that each
peptide exhibited C� -RMSF values that suggest a stable core of
residues with dynamic N- and C-termini. Each peptide displayed
a stable number of hydrogen bonds throughout the MD
simulation (Figure S2A,B), leading to a high number of residues
in each peptide that remained in some secondary structural
element (Figure S2C). However, a few peptides (A116, A155,
and A160), which performed poorly in N-terminal Rep binding
assays,23 failed to reach a stable structural conformation by the
end of the simulation. In fact, those peptides that performed well
in the binding assays displayed a larger number of stable
secondary structural elements in the MD simulations, thus
possibly informing function and the ability to interact with Rep.

De novopeptide structure characterization using the PEP-
FOLD program predicted that nearly all peptides in this study
would have� -helical content while only four contained any� -
strand character, with A40 and A127 having the majority (Table
1). Despite the clear propensity for a predicted� -helical
structural content, the peptides did not retain this� -helical
content during the 2� s of MD simulation (Figure 1andFigures
S2� S4). While there is the possibility that MD force� elds can
have biases toward speci� c secondary structure elements, we do
not believe that happened in this case. Secondary structure
analysis during the simulation showed a wide variety of
secondary structure elements sampled over the peptide family
as a whole and individually for each peptide (Figure S4)
regardless of the starting conformational state. In fact, all
peptides, except A116, exhibit some level of� -strand and/or� -
bridge structural conformations for a period of time during the
MD simulations, while all peptides except A40 and TRX-GST
exhibit some level of� -helical or 310-helical secondary structure
for a period of time during the MD simulations. A84, A99, A116,
and A176 retained at least some of their initially predicted� -
helical character, and A155 and A160 sparsely sampled� -helical
or � -strand/� -bridge character at points during the MD
simulation. These peptides take longer to reach a stable
conformation, and this may inform their function and inability
to bind to Rep.23The MD results suggest thatde novostructural
characterization for this set of peptides may not be accurate, and
structural characterization (such as the analysis provided here) is
necessary to proceed to a rational structure-based design
approach for creating both broadly reactive and species-speci� c
geminivirus inhibitors.

The peptides in this study that formed the most stable
structural conformations (� -helical,� -strand, and/or� -bridge)
during the MD simulations include the negative control TRX-
GST peptide (A22, A40, A59, A64, A127, A132, A147, A159,
and TRX-GST). Therefore, a simple� -helix,� -strand, or� -
bridge structural characteristic in itself cannot be used as a
predictor of the ability of a peptide to bind to Rep. Interestingly,
one major structural element that nearly each peptide displays at
some point during the simulation is a� -sheet, in the form of� -
strandn-Xn-� -strandn(Figure 1G). In fact, the cross section of the
peptides unknown to bind and interact with Rep and those with
the most stable structural conformations (A22, A59, A64, and
A132) present a� -sheet characteristic of� -strand of two to four
residues followed by a structurally variable region of two to
seven residues and then by a� -strand of two to four residues (a
� -strand2/4-X2/7-� -strand2/4 motif).23 The negative control
peptide, TRX-GST, also exhibits the ability to form a� -sheet;
however, its intermediate residue gap between� -strands is 14
residues, double the number of residues observed in the better
performing peptides. Consequently, this study did� nd a
common structural motif of� -strand2/4-X2/7-� -strand2/4 that
can be used as a determinant for interacting with Rep and as a
foundation for rational structure-based design (Figure 1G).

Additionally, there is a distinction between peptides that
interact with Rep and those that interfere with viral replication.23

Previous studies showed that although a peptide is shown to
interact with Rep, for example, A59, its ability to interfere with
viral replication might be modest at best. Of course, the opposite
was shown, as well; peptides, for example, A116, were shown to
greatly e� ect viral replication but had little Rep binding. Peptides
A22, A64, A84, A99, A116, A147, and A160 are all shown to
have an e� ect on the ability of the virus to replicate (as described
through tobacco protoplast assays), but not all were shown to
bind Rep.23 In fact, of those seven, only two (A22 and A64) are
in the top� ve peptides shown to interact with Rep. A plausible
explanation for this phenomenon is that there are peptides that
can a� ect viral replication not through binding of Rep but
through a yet to be discovered mechanism and/or protein.
Nonetheless, of the seven peptides, all but one, A116, show the
ability to form� -strands or� -bridge structural motifs at some
point during the MD simulations, albeit for varying durations
(Figure 1andFigure S4). In fact, A116 is one of the peptides
with the least stable and amount of de� ned structural
conformations, as determined through the MD simulations,
yet has a modestly better viral interference score compared to
that of A64.23 The studies presented here show the ability to
interact with Rep and not necessarily the ability to interfere with
viral replication. Thus, structural characterization of the peptides
that are shown to both bind and interact with Rep and e� ect viral
replication represents the best rational structure-based design
approach.

A22 and A64 were selected for HADDOCK molecular
docking studies on the basis of several properties that suggest a
broad-based resistance mechanismin planta while also
representing the newly identi� ed � -strand2/4-X2/7-� -strand2/4
structural motif. Additionally, previous research has identi� ed a
shared sequence motif (MHX5G) between the two peptide
sequences despite their di� erences in tertiary and secondary
structure observed in the MD simulations. Sampling the MD
simulation of the peptides every 100 ns provided an ensemble of
peptide conformations that more accurately re� ect conforma-
tions that would be presented to the target for binding. In
addition, the molecular models of each N-terminal Rep protein
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(Figure S1) were also subjected to MD simulations prior to
docking and sampled every 25 ns to provide an ensemble of
conformations (Figures S5 and S6). The docking of A22 and
A64 to each N-terminal Rep model in the PDB was guided solely
by the solvent accessibility of residues (so-called“blind
docking”) despite the availability of the yeast-two hybrid assay
data.23 Yeast-two hybrid assays relied on truncating a protein
sequence to identify regions that bind to the peptide(s);
however, in the truncation of a protein sequence, there is no
guarantee or biophysical assay performed to ensure that the
protein in its truncated form would fold into its native protein
conformation. Therefore, the decision was made not to utilize
these data in the molecular docking of the native structure of
Rep as this could potentially give misleading results.

HADDOCK docking led to a series of structures in each
cluster that were quanti� ed to determine the importance of each
residue to the interaction in both the peptide and the protein
(Figures 3and 4). Normalizing the data within the A22
complexes shows a reliance on Rep motifs I and II, which form
the inner two� -strands of the Rep structure, with a weak reliance
on the GRS and motif III for binding. Likewise, normalizing the
data within the A64 complexes shows a reliance on motif II and
the GRS, sandwiching motif I of the Rep structure. Results from
both the molecular docking and yeast two-hybrid assays indicate
that the docking of A22 exhibited a stronger preference for
motifs I and II compared to that of A64, which was shown to rely
more heavily on the GRS motif (Figures 2� 4).23 In fact, upon
visualization of the median FireDock-scored complexes, A22
binds to the DNA-binding cleft, contacting each motif, primarily
motifs I and II. In comparison, A64 is shown to prefer the GRS
motif with signi� cantly fewer contacts to the other motifs
(Figures 2� 4). This is consistent across all of the N-terminal
Rep sequences modeled, simulated, and docked. This solidi� es
the sca� old requirements for a rational structure-based design of
a set of peptides that bind and interact with Rep and possibly
confer broad-based resistance to geminiviruses. The per-residue
peptide analysis of A22 docking appears to be less consistent
across species. CaLCuV and CLCuBV rely on residues more in
the core and C-terminus of the peptide compared to the N-
terminal residues for the other species. However, this di� erence
in docking does not appear to change the de� ned protein-
binding pocket and thus is attributed to the slight di� erences in
the N-terminal Rep protein sequences and/or the fact that
CaLCuV belongs to the divergent SQL clade and has a divergent
GRS sequence.15 Peptide residues R2, R4, and C6 of A22 were
shown to be essential to most of the docking interactions. The
FireDock scores for all A22 peptides show a potential a� nity in
the nano- to micromolar range (0.5� 300� M). A64 docking is
more consistent, except for that of ACMV and CLCuBV, which
did not cluster at su� ciently low C� -RMSDs for accurate
quantitation of results (previous data showed that ACMV,
CaLCuV, and CLCuBV Rep proteins do not bind to all 16
original peptides23). In any event, A64 binding seems to rely on
the core peptide residues of W5, F8, H12, and K17. The
FireDock scores for all A64:protein dockings show a potential
a� nity in the micromolar range (from 2.5 to� 50� M).

The Z-score analysis of residues from both Rep and the
peptides helped to identify residues that are signi� cant for
binding. Combining the per-residue data for both allows the
identi� cation of pairs of residues (one or more from the peptide
and protein) involved in both the general (interactions seen in
all or most of the species) and speci� c mechanism(s)
(interactions seen in only one or two of the species) of

interaction (Figure 5). In binding A22, residues 15� 20, residues
70� 80, and residues beyond position 115 are three potential

areas of di� erence among N-terminal Rep proteins from New
and Old World and begomovirus, curtovirus, and mastrevirus
(Figure S7). While each species utilizes nearly identical regions
of the protein (residues 10� 15, 50� 60, and 90� 110) for
binding to A22 (a general mechanism), New World viruses also
utilize residues in other regions such as residues 15� 20, 65� 70,
and 115� 120 (Figure S7). Begomoviruses and curtoviruses use
similar regions of Rep and the peptides to form signi� cant
interactions, while mastreviruses use residues in the N-terminal
end of the GRS (around residue 70) (Figure S7). Unlike the
binding of A22, the binding of A64 does not show a distinction
between N-terminal Rep proteins from New and Old World,
and begomovirus, curtovirus, and mastrevirus, thus con� rming
its potential to be used as a sca� old for the creation of a peptide
that can confer broad resistance across geminiviruses (Figure
S7). Similar to the binding of A22, A64 has interactions with

Figure 5.Three-dimensional bubble chart protein and peptideZ-score
interaction pairs. Each bubble represents an interaction between (A)
A22 or (B) A64 and the protein of interest. The larger the bubble, the
larger theZ-score and the greater the signi� cance of the interaction.
Each species is given a di� erent color. See the legend for details.
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residues 10� 20, 50� 60, and 90� 110 (Table S3); however,
these interactions are more consistent in location and number
than the A22 binding results23 (Figure 5). The 20 most
populated contacts (de� ned as any two atoms within 4 Å of one
another) between A22 and the N-terminal Rep protein models
are dominated by contacts between peptide residue R4 and Rep
N91 and/or Q93 as well as peptide residue C6 and Rep T18. In
comparison, the contacts with A64 are dominated by peptide
residue W5 and Rep residues H60, D100, and/or K107, peptide

residue W4 and Rep Q93, and peptide residue H12 and Rep
N91.

Although docking of the A22 and A64 peptides was to a set of
Rep proteins from diverse geminiviruses, the binding data reveal
a common linear protein sequence recognition motif and
demonstrate a reliance on the� -strand2/4-X2/7-� -strand2/4
structural motif of the peptide (Figure 6). The areas
immediately adjacent to the GRS and motif II di� erentiate the
binding mechanisms of the two peptides. A22 binding relies

Figure 6.Sequence and structural analysis of binding A22 and A64. (A) Depictions of the protein residues shown to interact with A22 (right) and A64
(left). The TGMV modeled structure is shown in cartoon format and colored gray with motif I (blue), motif II (orange), GRS (green), and motif III
(yellow) highlighted. Below is a sequence alignment of N-terminal Rep proteins used in this study with TYLCV secondary structure and conserved
motifs shown. Residues colored orange are speci� c to binding A22, residues colored red speci� c to binding A64, and residues colored green signi� cant
to binding both A22 and A64. (B) Weblogo plot of A22 (right) and A64 (left) based on the number of unique interactions observed in docking of
TGMV. The secondary structure of the peptides is also shown to highlight their signi� cance to the interaction.
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more heavily on motif II, by binding conserved residues E50 and
H52 as well as residues within motif I (residues T18 and P20).
Interestingly, A64 binding relies on several residues in� 2.
Despite utilizing these di� erent protein sequences and motifs,
A22 and A64 both utilize a common protein sequence for
binding, HHN-x1/2-Q. A22 binding relies on a sequence of
residues T-X-e-H-x-H-N-x-Q-x-x-D, while A64 relies on h-H-N-
x-x-Q (Figure 6A). These sequences are partially composed of
residues from the recently described“single-stranded DNA
bridging motif” (sDBM). The sDBM is a consecutive stretch of
approximately eight residues (H89� K96, TGMV sequence and
numbering)20“bridging” between the 5� and 3� ends of a single-
stranded nucleotide sequence, with the asparagine in this
sequence playing a major role bridging contacts between bases
within the single-stranded DNA (ssDNA). Additionally, motif II
has been shown to be important not only for metal ion binding
but also for the sDBM presumably forming contacts to the
phosphate backbone of the ssDNA. The peptides described
here, A22 and A64, utilize a mechanism similar to that of the
ssDNA, relying heavily on the histidine residues in motif II and
the asparagine and glutamine residues in the sDBM.

While the protein sequence motifs are utilized in a similar
manner, the� -strand2/4-X2/7-� -strand2/4 motif was not utilized
to the same extent in binding of A22 when compared to binding
of A64. A22 binding showed a strong reliance on the two� -
strands for direct binding except in CaLCuV and CLCuBV, both
of which relied heavily on only� -strand 2. The 310-helix motif of
A22 between the strands demonstrated a signi� cant number of
interactions, as well. Interestingly, a subset of the known Rep
interfering peptides was shown to have loosely conserved
sequence motifs. A22 and A64 have one such conserved motif,
the so-called“motif 4”, which is represented with a sequence of
MHX5G.23 This sequence motif in A22 presents itself as� -
strand 2 in the MD simulations and is quite signi� cant to the
interaction with Rep as characterized through the molecular
docking (Figure 6B). In contrast, A64 binding showed a reliance
on� -strand 1 and the� -helix, with almost all species utilizing the
� -helix with the greatest number of interactions. In A64 binding,
� -strand 2 showed interactions, however, to a lesser extent than
� -strand 1. The� -strand 1� 2 sequence of A64 also is
characterized by this“motif 4” sequence (Figure 6B). Thus,
while the� -strand2/4-X2/7-� -strand2/4 motif was observed in the
MD simulations as a common structural motif, this motif is
possibly used di� erently in binding of the N-terminal Rep
proteins. A plausible explanation is that the� -strand2/4-X2/7-� -
strand2/4 motif is present not only for direct binding but also for
indirectly placing other structural motifs in correct conforma-
tional orientations for binding.

� CONCLUSION
Computational molecular docking provides the opportunity to
screen a database of peptide sequences against proteins of
interest for a rational structure-based design of inhibitors. To the
best of our knowledge, this is the� rst computational screen of a
database of peptides against a series of geminivirus N-terminal
Rep proteins (Old and New World; mastrevirus, curtovirus, and
begomovirus; with monopartite and bipartite genomes) and one
that included multiple peptide and protein conformational states
prior to docking. The results presented here point to the
importance of structurally characterizing peptides afterde novo
structural predictions through MD simulations and the
identi� cation of the� -strand2/4-X2/7-� -strand2/4 structural
motif for Rep-binding peptides. These results lead to the

hypothesis that this motif could be used as a starting point in the
future to screen potential peptide sequences for interference
with geminiviruses. Additionally, docking of peptides A22 and
A64 to a diverse set of N-terminal Rep sequences reveals a
potential general binding mechanism for Rep and the peptides
by identifying residues signi� cant for the interaction, con� rming
the choice of these two peptides as sca� olds for the rational
structure-based design approach to producing a broad-based
resistance mechanismin planta. The results presented here are
now being used to design a suite of peptides with the potential to
confer broad resistance across geminiviruses and other CRESS
viruses as well as a set of virus-speci� c peptides to target
resistance to single species where necessary.
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