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The prevalence of fungal pathogenicity in the agricultural industry poses enormous hazards toward the world population. 
Preventative measures have thus far been unsuccessful, underscoring the need for new fungicide research. Cdc14 is a protein 
tyrosine phosphatase (PTP) that is critical for cell cycle regulation and virulence in a variety of fungal species. In this study, we 
investigate the enzymatic properties of Cdc14 in Fusarium oxysporum, a soilborne plant pathogen that causes a pernicious vascular 
wilt disease called Fusarium Wilt. By analyzing the catalytic mechanisms of FoCdc14, we identified optimal characteristics for 
targeted inhibitor development. Our enzyme underwent multiple stages of biochemical and computational analyses to extract data 
on its specificity, including inhibitor screenings both In vitro and In silico. IC50 values and reversibility mechanisms were also tested 
using para-nitrophenyl phosphate (pNPP) to determine optimal binding properties for multiple peptide substrates. The integration 
of data from all tested parameters was then used to identify a baseline inhibitor for further optimization. By applying modifications, 
we were able to create an optimized inhibitor with a binding affinity increase of nearly 150%. These modifications included the 
addition of functional groups that maximized intermolecular interactions at the FoCdc14 binding site around residues Cys337 and 
Arg343. Throughout this process, we confirmed the conservation of FoCdc14’s enzyme kinetics and catalytic specificity to other 
Cdc14 orthologs. Because of such conservation, this novel inhibitor holds great potential to counteract virulence in F. oxysporum and 
other fungi, possibly paving the path for potent new fungicides. 

Introduction
Every year, fungi-induced losses amount to over 22% of the 

total production of the five most important staple crops (wheat, 
rice, potatoes, maize, soybean) [1]. To put this to scale, this amount 
is enough to feed over 700 million people, which comprises 90% 
of the world’s malnourished population [2]. Although a variety of 
fungicides and other preventative methods have been implement-
ed thus far to combat this issue, the constant evolution of fungal 
resistances render these chemicals ineffective [3]. New research 

in the field of fungal inhibition is therefore critical to restore drug 
efficacy and promote the containment of pathogenic damage in 
modern society. 

F. oxysporum is a soilborne plant pathogen that causes vascu-
lar wilt diseases in a multitude of economically important crops 
[4]. Although the fungi propagates through asexual reproduction, 
horizontal gene transfer causes increased variation in pathogenic 
strains. The genetic diversity of F. oxysporum, combined with its 
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lack of host-specificity, contributes to the high virulence of these 
pathogens in plants [4]. The development of disease leading up 
to systemic infection in a crop initially begins with spore germi-
nation. Following root colonization, the infection travels via the 
plant’s xylem, producing microconidia and taking over the entire 
vascular system. In this process, the fungus exploits nutrients that 
are essential to plant growth by restricting the water supply of its 
host, effectively impeding fruit creation [5]. Fusarium wilt symp-
toms, such as discoloration, drooping, and stunted growth, imme-
diately precede the death of all host cells. Once the fungus success-
fully begins its invasive life cycle, it can remain dormant in infested 
soils for up to ten years [6]. This lethal and fast-moving disease 
can thus pose dangers to the agricultural economy if left untreated. 

While numerous control methods have been attempted for Fu-
sarium Wilt, hundreds of millions of dollars of agricultural revenue 
are lost each year [6]. The non-discriminating fungus is most po-
tent in the banana and tomato crop, with epidemics in their lim-
ited gene pool causing up to 100% crop loss on a particular farm 
[7]. Intracellular growth of the fungal pathogen in plants may also 
become a prelude to diseases such as crown rot, head blight, and 
scab on cereal grain [8]. In addition to killing plants, F. oxysporum 
can also produce mycotoxins that are detrimental to both humans 
and animals. These toxic secondary metabolites can cause diseases 
such as Fungal Keratitis, Onychomycosis, and Hyalohyphomycosis, 
demonstrating the enormous extent of this fungus’s destructive 
reach [9]. The widespread impact of F. oxysporum thus demon-
strates the urgent need for targeted inhibitor development to yield 
immeasurable economic and humanitarian benefits. 

In this study, we investigate the enzymatic properties of the 
target protein Cdc14 in F. oxysporum to direct optimal inhibitor 
design. Although the specific role of Cdc14 protein phosphatase in 
F. oxysporum is unknown, previous research has demonstrated its 
importance in pathogenic virulence. Primary functions of Cdc14 
include the deactivation of cyclin-dependent kinases, indicating 
a critical role in mitotic growth and septum formation of plants. 
Studies have also found that normal cell cycle progression and vi-
ability rely on Cdc14, with organisms containing a mutated version 
of this protein being unable to complete cytokinesis or exit from 
mitosis [10]. As such, using a fungicide that inhibits Cdc14 would 
disrupt normal cell replication.

The advantages of Cdc14 as a target for fungicide development 
against F. oxysporum is not only limited to its vital role in signal 

transduction pathways. For instance, orthologs of Cdc14 have been 
found to be highly conserved among different fungal species, with 
those of diverse species sharing a conserved core of 350 amino 
acids at the N-terminus [10]. Such conservation suggests that pre-
vious research on Cdc14 will remain valid for F. oxysporum, facili-
tating the wide application of a fungal inhibitor design across an 
expansive kingdom of life. In addition, studies have found that this 
conservation of Cdc14 does not continue into other kingdoms of 
life such as plantae or animalia, suggesting that it does not play as 
critical a role in the cell cycle of these organisms. This decreased 
importance indicates that a Cdc14 inhibitor may have little to no 
effect on organisms outside of the fungal kingdom of life [11].

To analyze the catalytic mechanisms of FoCdc14, we isolated 
and purified the protein through induced expression and chroma-
tography. After successful elution, we used comparative model-
ling and docking algorithms to evaluate the binding properties of 
our enzyme. Through experimental screening of potential inhibi-
tors and substrates, we then identified optimal characteristics for 
targeted inhibitor development. By integrating data from all the 
tested parameters above, we ultimately applied modifications to a 
lead compound to design an optimized inhibitor. This paper will 
describe the development process of our target-based competitive 
inhibitor, which may be employed as an active ingredient in future 
fungicides to effectively combat Fusarium Wilt in the agricultural 
industry. 

Methods
FoCdc14 sequence and homology structure

We began our research by performing a homology search on the 
FoCdc14 gene sequence using BLAST, a bioinformatics algorithm 
that identified regions of local similarity between known gene 
sequences. This program enabled us to make inferences upon ex-
isting evolutionary relationships between our enzyme and other 
similar species. 

In order to further our understanding of FoCdc14, a 3-dimen-
sional atomic structure was created through the Molecular Operat-
ing Environment (MOE) software. The homology model of FoCdc14 
was based on the known atomic structure of the Cdc14 ortholog 
template from Saccharomyces cerevisiae, or budding yeast with a 
crystal structure of 5XW5 on the Protein Data Bank (PDB). It is also 
important to note that the protein sequence used for the creation 
of this model excluded the cleaved Histidine tag.
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Expression and purification of FoCdc14

Due to the potential of this solved structure, an engineered 
pET15b plasmid was obtained from Gen Script to conduct our 
tests. The FoCdc14 DNA encoding sequence was inserted into this 
plasmid between the Bam HI and NdeI restriction sites. A 6x His-

Supplementary Figure 1A: FoCdc14 DNA Sequence.

tidine tag was fused to the 5’ end of the FoCdc14 directly before 
the thrombin cleavage site to facilitate protein purification through 
affinity chromatography (Supp Figure 1). In addition, the recombi-
nant pET15b plasmid also contained an ampicillin resistance gene 
to select for genetically modified E. coli. 
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Once the pET15b plasmid was obtained, bacterial transfor-
mation was performed through the insertion of the recombinant 
DNA into chemically competent E. coli BL21 AI cells. Two falcon 
tubes containing 100 µL of competent bacteria were labeled “+Fo” 
and “-Fo”, with the intention of producing transformation results 
in “+Fo” and maintaining a control group in “-Fo”. Heat shock was 
conducted on both tubes, but only the “+Fo” tube contained 1 µL 
of the recombinant plasmid that coded for ampicillin resistance. 
During this process, both tubes were placed in a 42 °C water bath 
for a minute, iced for two minutes and then incubated at 37 °C for 
30 minutes after the addition of 450 µL Luria Broth (LB). Follow-
ing the outgrowth period, 100 µL of the cells from each tube was 
isolated onto LB-ampicillin plates to undergo amplification into 
bacterial colonies overnight. 

To prepare for large scale protein expression, a starter culture 
was inoculated from a single colony and grown to saturation in 
2xyT media treated with ampicillin. This colony was incubated 
at 37 °C with shaking at 170 rpm during this process. Due to the 
arabinose promoter in our pET15b plasmid, we were then able to 
induce protein production in our E. coli cells once mid-log popula-
tion was reached. Bacterial growth was monitored by measuring 
the optical density (OD) at 600 nm, with an approximate absor-
bance of 0.73 indicating the onset of the mid-log phase. In this pro-
cess, 3 mL of the culture was extracted to measure the initial A600 
value and was followed by additional measurements at intervals of 
30 minutes after four hours. Once the mid-log phase was attained, 
a stock of 20% filter-sterilized L-arabinose was added into the cul-
ture to a final concentration of 0.1%. The culture was allowed to 
incubate with shaking overnight. 

The final A600 value was measured after the overnight induction 
was completed. After transferring the culture into a 1 L centrifuge 
bottle, cells were harvested by centrifugation (30 minutes at 5000 
rpm). The supernatant was then discarded, and the cell pellet was 
transferred to a 50 mL conical tube and stored at -80 °C.

Cells were lysed in a lysis buffer mixture (25 mM HEPES pH 7.5, 
500 mM NaCl, 0.1% (v/v) Triton x-100, 10 mM imidazole, 10% 
(v/v) glycerol, 50 mg/ml Lysozyme, ½ protease inhibitor pellet, 
4 μL Universal nuclease). Phenylmethylsulphonyl fluoride (PMSF) 
was added to a final concentration of 0.5 mM, and the cleared ly-
sate was transferred to a 40mL Oak Ridge centrifuge tube. Cell 
debris was removed by centrifugation at 20,000 x g and 4°C for 
45 minutes. All the supernatant was removed and additional ly-

sis buffer was added to ensure that there were 32 mL of soluble 
protein extract left. The mixture was then filtered through a 0.20 
mm syringe filter into a 50 mL conical tube, and 100 uL of the pro-
tein soluble extract was removed. 75µL of this mixture was stored 
for SDS-PAGE gel electrophoresis, and 25µL was extracted for a 
Bradford Assay to determine protein concentration in future ex-
periments. The remaining sample of soluble protein extract in the 
conical tube was removed for nickel affinity chromatography using 
the AKTA Start machine, which isolated the FoCdc14 enzyme from 
other miscellaneous proteins in the mixture. Prepared solutions for 
this technique included Nickel Buffer A (25 mM HEPES pH7.5, 500 
mM NaCl, 10% (v/v) glycerol) and Nickel Buffer B (25 mM HEPES 
pH7.5, 500 mM NaCl, 250 mM imidazole, 10% (v/v) glycerol). Pro-
tein elution was performed by trapping His-tagged proteins on the 
nickel column, which were washed out with imidazole and dialyzed 
overnight for the final purified product. 

The protein concentration was determined by a Bradford Assay 
standard curve using triplicate serial dilutions of 10 mg/ml bovine 
serum albumin (BSA) stock and 30x and 35x enzyme dilutions. 
These measurements were averaged to produce a final undiluted 
concentration. The data were also verified through comparison 
with UV absorbance readings of the protein solution on a Thermo 
Fisher Nanodrop at 280 nm. Protein purity was then further as-
sessed through SDS PAGE gel electrophoresis, in which five samples 
(flow through, post-dialysis purified protein, pre-dialysis purified 
protein, pre-column, and pre-induced) were loaded onto running 
gel (8.2 mL water, 5 mL resolving gel buffer (1.5 M Tris-HCl pH8.8), 
6.5 mL 30% acrylamide: bis-acrylamide solution (29:1), 200 µL 
10% SDS) with a voltage of 180 V for an hour. The gel was then 
stained with Coomassie blue dye and imaged with the Bio-Rad Gel 
Doc EZ system.

Enzyme kinetics assays

In order to monitor phosphatase activity, para-nitrophenyl 
phosphate (pNPP) assays were conducted using enzyme reaction 
buffer (25 mM Hepes pH 7.5, 1 mM DTT, 1 mM EDTA, 150 mM NaCl), 
40 mM pNPP solution, 50 mM p-nitrophenol standard solution, and 
0.5 M sodium hydroxide to quench the reaction in the well-plate. 
First, a p-nitrophenol standard curve was constructed with known 
pNP concentrations in order to allow for the conversion of absor-
bance to concentration. These data were collected with a Synergy 
plate reader at a wavelength of 405 nm, and the created curve was 
used to determine our p-Nitrophenol linear range. From these data, 
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we then performed a six-well pNPP assay that contained 0.3 μM 
enzyme, 40 mM pNPP, and enzyme reaction buffer. 0.5 mM sodium 
orthovanadate was then added to only three of these wells. 

To assess steady-state conditions, another pNPP assay was per-
formed. A Synergy plate reader was used to measure the kinetic 
absorbance of the dephosphorylated pNP for the diluted enzyme 
samples of 0.3, 0.1, 0.03, and 0.01 µM for 20 minutes at 405 nm. 
Linear regression was then conducted for a plot of product ver-
sus time using data from the Gen5 software. A pNPP assay at 0.3 
µM enzyme concentration was assessed in order to determine the 
specific activity of FoCdc14. This reaction was run in triplicate and 
absorbance at 405 nm was measured after 15 minutes. The data 
were converted to concentration values via the standard curve and 
averaged to produce the final result. The specific activity was then 
calculated by converting this value into pmol product/min per 
pmol enzyme or min-1. 

A Michaelis-Menten pNPP assay was also conducted in order to 
determine the average initial velocity of our enzyme reactions and 
the kinetic parameters of FoCdc14. The experiment also ensured 
that steady-state conditions were maintained at various substrate 
concentrations. This assay was executed with enzyme concentra-
tions of 0.3 and 1 µM and pNPP concentrations of 2.5, 5, 10, 20, 
40, 60, 80, and 100 µM. These reactions were measured at 405 
nm after 15 minutes in order to remain below 10% product yield, 
minimizing the possibility of product reversibility. Nonlinear re-
gression was then conducted on a plot of velocity versus substrate 
concentration using the following formula: 

 

Substrate specificity of FoCdc14

To test substrate recognition for FoCdc14, the binding affinity 
values of 24 different phosphopeptide substrates were compared. 
First, a Biomol Green standard curve was generated with the aim 
of producing a conversion between absorbance measurements 
and product formation. Sodium phosphate (Na3PO4) concentra-
tions of 25, 50, 100, 200, 400, 600, and 800 µM were inserted into 
each microtiter well along with 100 µL of Biomol Green and 45µL 

of enzyme reaction buffer. The wells were incubated for 20 minutes 
and the absorbance was measured at a wavelength of 640 nm on a 
Synergy plate reader. 

An enzyme assay was then constructed with 5 μL of 0.6 μM Fo-
Cdc14, 5 μL of each 1 mM substrate, and 40 μL of enzyme reaction 
buffer for 20 minutes of incubation. Additionally, blanks were also 
created with 45 μL of enzyme reaction buffer and 5 μL of each 1 mM 
substrate. In all trials, 100 μL of Biomol Green reagent was added 
to quench each reaction and another 20 minutes of incubation fol-
lowed at 30 °C. Color was allowed to develop throughout this du-
ration of time, and absorbance was measured at a wavelength of 
640 nm on a Synergy plate reader. The Malachite green dye was 
able to detect inorganic phosphate (Pi) that was released from the 
phosphatase-substrate reaction, allowing for the calculation of the 
reaction rate and kcat/Km specificity constant.

In silico inhibition of FoCdc14

In order to find an effective inhibitor for FoCdc14, the binding 
affinity and efficiency values of various inhibitors were tested us-
ing the Molecular Operating Environment (MOE) software. 11 in-
hibitors were selected based on the known specificity of Cdc14 or-
thologs. To locate the active site of FoCdc14, the previously created 
homology model was aligned and superimposed over the Cdc14 
1OHE structure. This polypeptide was found on the PDB database 
as a structural ortholog of FoCdc14. The ligand and binding pocket 
of the 1OHE receptor were then selected and compared between 
the two structures to identify the active site of FoCdc14. The 11 
inhibitors were then docked into the FoCdc14 model and docking 
scores (S values) were computed for both the rigid receptor setting 
and induced fit. The absolute value of these S values represented 
the inhibitor’s binding affinity to the model. These data points were 
then plotted onto a bar graph to predict the future results of In vitro 
inhibition. The top three inhibitors of these results were then test-
ed again with more poses to ensure accuracy. These results were 
filtered with pharmacophore identification to yield the top inhibi-
tor that replicated the interactions of the original phosphopeptide 
in 1OHE.

In vitro Inhibition of FoCdc14

The previously tested inhibitors were screened again In vitro to 
confirm the accuracy of both our homology model and our docking 
screenings. To run this experiment, pNPP assays were conducted 
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with 1 µM enzyme, 60 mM pNPP, and 11 100 µM inhibitors. Each 
assay contained 65 µL of enzyme reaction buffer, 20 µL of pNPP, 10 
µL of FoCdc14 enzyme, and 5 µL of each specific inhibitor. In addi-
tion, blanks were also run at 75 µL of enzyme reaction buffer, 20 µL 
of pNPP, and 5 µL of each specific inhibitor. These reactions were 
quenched by 5M NaOH and read at a wavelength of 405 nm after 
15 minutes of incubation. After subtracting the blanks, percent in-
hibition was calculated by the following formula:

From this information, the top three inhibitors for FoCdc14 
were able to be determined.

In order to calculate the IC50 values of FoCdc14’s top three in-
hibitors, pNPP assays were undertaken with 60 mM pNPP, 1 µM 
FoCdc14, and 11 different inhibitor concentrations ranging from 0 
to 600 µM. Each assay and its blank were added with the same ra-
tio of reagents as the previous inhibitor screening. These reactions 
were read after 15 minutes of incubation at a wavelength of 405 
nm. Nonlinear regression was then conducted for a plot of percent 
activity versus log of inhibitor concentration using the following 
formula:

 

The reversibility of the top inhibitors was then determined 

through the use of pNPP assays containing 1 μM FoCdc14, 60 mM 
pNPP, and an inhibitor concentration that produced 20 - 30% in-
hibition. For our purposes, we used a concentration of 700 μM for 
Inhibitor D7 and 600 μM for Inhibitor I1. The inhibitors were di-
luted in dimethyl sulfoxide (DMSO) and pNPP in 25 mM diethanol-
amine (DEA) before being inserted into microtiter wells. Positive 
and negative control wells were also created to determine the dy-
namic range of FoCdc14 enzyme when interacting with potential 
inhibitors. Positive control assays included 75 μL of enzyme reac-
tion buffer, 10 μL of FoCdc14 enzyme, 10 μL of pNPP, and 5 μL of 
DMSO. However, negative control wells consisted of identical re-
agents except for 85 μL of enzyme reaction buffer and the absence 
of FoCdc14 enzyme. In each well, 75 μL of enzyme reaction buffer 
and 10 μL of FoCdc14 were added, while 5 μL of inhibitor and 5 μL 

of DMSO were alternatively added. Blank wells also contained the 
same ingredients as the negative control wells. The mixtures were 
pre-incubated at 25ºC for time intervals of 0, 15, 30, and 60 min-
utes before 10 μL of pNPP was added. These reactions were then 
quenched with 25 μL of NaOH after 15 minutes of incubation and 
measured at a wavelength of 405 nm. The resulting data were fit to 
a graph of percent inhibition versus pre-incubation time, produc-
ing a conclusion on the reversibility of the reaction.

In silico inhibitor optimization 

The data from previous screenings were analyzed to determine 
the top inhibitor, with criteria including binding affinity, inhibition 
properties, and active site interactions. After selection, the previ-
ously saved optimal inhibitor pose was docked into the FoCdc14 
homology model using the Molecular Operating Environment 
(MOE) software. Once the molecule was docked, the baseline bind-
ing properties were calculated in order for them to be compared to 
future optimizations. Modifications were then made to the inhibi-
tor based on functional group characteristics. Furthermore, ligand 
r-vectors and surface electrostatics were also taken into account in 
order to increase binding affinity and inhibitor efficiency. Finally, 
we took advantage of the existing substrate recognition features 
of Cdc14 orthologs in order to ensure proper binding. With each 
modification, protonation and minimization algorithms were sys-
tematically applied to maximize the inhibitior’s binding affinity. 
Once the top binding score was reached, the optimized molecule 
was completed as our final inhibitor design.

 Results
Fo Cdc14 sequence and homology structure

Before beginning empirical experimentation, our group em-
ployed comparative algorithms on the FoCdc14 amino acid se-
quence (Supp Figure 2). From our BLAST sequence comparison, 
we were able to identify FoCdc14 as a tyrosine-protein phospha-
tase ortholog. Similar homologs were found in a wide variety of 
organisms, as indicated by multiple sequences with high alignment 
scores and minimal E-values (Supp Figure 3). Conserved functional 
domains included Cdc14, protein tyrosine phosphatases, and dual 
specificity phosphatases. These results suggest that this protein is 
the FoCdc14 analog. In addition, the search also showed high simi-
larity between FoCdc14 and the Cdc14 orthologs of other fungal 
pathogens, enabling the creation of a broad spectrum fungicide.
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Supplementary Figure 2: Recombinant pET15b Plasmid Map: 
The recombinant pET15b plasmid shows an FoCdc14 DNA encod-

ing sequence inserted between the BamHI and NdeI restriction 
sites. This vector was created and edited using the SnapGene 

viewer program. 

Supplementary Figure 3: BLAST Homology Algorithms: 
The search query provides results for a comparative sequence 

analysis of FoCdc14. Top hits for sequence similarity are ranked 
using alignment scores and E-values, and the list of domain hits 

identifying conserved protein functions is also shown. 

After determining related orthologs, a comparative model was 
created using the Molecular Operating Environment (MOE) (Fig-
ure 1A). In the model based on the Cdc14 ortholog of Saccharo-
myces cerevisiae (budding yeast), the sequence identity and simi-
larity were found to be 41.1% and 53.9%. Because of this strong 
sequence symmetry, the modeling algorithm was able to develop 
a structure that accurately resembled the original yeast template, 
confirming the conservation of FoCdc14 with other orthologs.

Figure 1: FoCdc14 Homology Structure and Plasmid: A. The 
homology model of FoCdc14 is based upon the known atomic 
structure of a budding yeast Cdc14 ortholog (ScCdc14). This 

model was created using the Molecular Operating Environment 
(MOE) software, with the active site of the enzyme highlighted in 
cyan at the center. B. The recombinant pET15b plasmid shows an 

FoCdc14 DNA encoding sequence inserted between the BamHI 
and NdeI restriction sites. This vector was created and edited us-

ing the SnapGene viewer program.

The root-mean-square deviation (RMSD), unfavorable phi/psi 
angles, rotamer energies and outlying bonds/energies were then 
analyzed and noted. From these calculations, we discovered that 
residues His231→Ala232, Leu260→Val267, Pro38→Pro43, and 
Pro233→Lys259 contained the most outliers. Such results sug-
gested that there were some limitations in the estimated structure 
of FoCdc14, including the absence of large-scale protein binding 
changes, polypeptide mobility at the active site, and drug interac-
tions. In addition, the homology model was not able to account for 
other possible locations for inhibitor binding outside of the active 
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site. These areas were visualized through a FT map of the homol-
ogy model (Supp Figure 4). Despite these flaws, the model still pro-
vided a structural basis for substrate and inhibitor recognition and 
specificity. Furthermore, because the unaligned sequences were 
outside of the active site, it is likely its structure was successfully 
identified in the homology model. We were thus able to establish 
initial screening conditions for later inhibition testing such as li-
gand docking and fungicide optimization.

Expression and purification of FoCdc14

After performing In silico analyses, empirical experimentation 
of FoCdc14 began with bacterial transformation. An expression 
vector coding for FoCdc14 was transformed into E. coli BL21-AI 
cells. Bacterial transformation was successful as evidenced by the 
growth of transformed colonies on the ampicillin treated plate. 
Because the pET15 plasmid (Figure 1B) contained an ampicillin 
resistance gene, the bacteria was able to resist the effects of the 
antibiotic. In contrast, the blank with no plasmid was observed to 
have no bacterial growth. These results show that the plasmid was 
successfully transformed into the E. coli.

Supplementary Figure 4: FoCdc14 FT Map: The FT map of the 
homology model shows alternative binding hotspots for small 

biomolecules. These areas are located outside of the active site of 
FoCdc14 and are highlighted in cyan above.

Transformed E. coli cells were grown to mid-log phase and 
induced with arabinose. Nanodrop absorbance readings at a 
wavelength of 600 nm indicated that this phase was successfully 
reached, with the E. coli culture achieving an optical density of 0.71 
approximately 7 hours after the 2xYT media was treated with am-
picillin. FoCdc14 was purified from cell lysates using nickel affinity 
chromatography. The first peak of the graph showed AKTA absor-
bance readings of the flow through, which contained extraneous 
non-binding protein impurities (Figure 2A). The second peak cor-
responded to high imidazole concentrations in tubes 5 - 15, indicat-
ing the presence of the target protein. These high UV absorbance 
readings were a result of the concentrated imidazole in Nickel Buf-
fer B directly competing with histidine to bind to the nickel column. 
As the Histidine tagged protein was removed from the column, we 
conclude that FoCdc14 was successfully isolated from the E. coli 
cells. 

To confirm the purity of the FoCdc14, gel electrophoresis was 
performed with the purified protein and sample from varying 
phases of protein purification (Figure 2B). The thick visible bands 
on lanes 3 and 4 indicate the successful isolation and purification of 
FoCdc14. The absence of such protein bands from the flow through 
and pre-induced samples on lanes 2 and 6 confirmed that the tar-
get protein was not present until induction and later excluded from 
the removal of non-binding proteins in the chromatography pro-
cedure. From the molecular weight ladder in lane 1, we found that 
FoCdc14’s molecular weight was approximately 57 kDa in excellent 
agreement with the calculated molecular weight of 56.54 kDA (Ex-
PASy).

To conduct further experiments, protein concentration was de-
termined by two methods: a Bradford Assay and Nanodrop read-
ing. We initially performed a Bradford assay at a dilution of 35x in 
order to determine the concentration of FoCdc14 (Supp Figure 5A). 
As the A595 value was within our linear range, we were able to pro-
ceed with the calculations using the previously solved molecular 
weight. From these data points, we found that the FoCdc14 protein 
concentration was approximately 12.0 ± 0.4 mg/ml or 211 ± 7.3 
µM. To confirm these results, a spectroscopy reading was taken at a 
wavelength of 280 nm. Beer’s law was then used with the received 
A280 value to calculate a similar concentration of 13.93 ± 0.60 mg/
ml.
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Supplementary Figure 5A: Bradford Assay: The Bradford 
Assay standard curve plots absorbance values for diluted stocks 
of bovine serum albumin (BSA) measured at 595 nm. The graph 

defines the linear range for this technique, allowing for the calcu-
lation of FoCdc14 protein concentration.

Figure 2: Purification and Analysis of FoCdc14: A. The Nickel-
affinity chromatography results from the AKTA purification run 

show measurement of UV absorbance as our protein was run 
through the Nickel column with nickel buffers A (no imidazole) 
and B (containing imidazole). These UV readings indicate suc-
cessful protein elution, with the peaks in absorbance showing 
samples that contained the highest protein concentration. B. A 
digital image of the SDS-PAGE gel stained with Coomassie blue 

dye shows a single clear band of FoCdc14 at 57 kDa on lane 3. Gel 
lanes from #1 to #6 are as followed: Molecular Weight Marker, 
Flowthrough, Purified Protein (Post-Dialysis), Purified Protein 

(Pre-Dialysis), Pre-Column, Pre-Induced. C. The Michaelis-
Menten curve plots the average velocity of product formation 

for each substrate concentration using the equation: velocity = 
(Vmax*[S])/(Km+[S]). After 20 minutes of incubation and Biomol 

staining, the absorbance values of the reaction were used to 
calculate the rate of phosphate production. The error bars on the 

graph represent the standard error values for the three trials. 

Supplementary Figure 5B: pNPP Standard Curve: The pNPP 
standard curve plots absorbance values for diluted stocks of 

p-nitrophenol measured at 405 nm. The graph defines the linear 
range for this technique, allowing for the calculation of specific 

activity and enzyme kinetics.

Enzyme kinetics assays

Previous research indicated that FoCdc14 functioned as a phos-
phatase. To confirm such predicted enzyme activity, we tested the 
ability of FoCdc14 to catalyze hydrolysis of p-nitrophenyl phos-
phate. In this experiment, sodium orthovanadate acted as a control 
to confirm that the PNP production was caused by FoCdc14. As 
orthovanadate is known to inhibit protein tyrosine phosphatase 
activity, the purity and identity of FoCdc14 would be able to be 

determined reliably if inhibition occurred. Without the presence 
of sodium orthovanadate, we received an average absorbance of 
1.852 OD with 0.3 µM FoCdc14 and 40 mM pNPP. However, this av-
erage dropped to 0.753 OD after the addition of 0.5 mM sodium 
orthovanadate, resulting in a total inhibition of 60%. Thus, we con-
clude that FoCdc14 is a member of the protein tyrosine phospha-
tase family.
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After confirming that FoCdc14 was a phosphatase, we were 
able to move on to measuring its kinetic parameters. One essential 
criterion that we tested for was enzyme stability, in which product 
formation was monitored for linearity over time. After generating 
a pNP standard curve (Supp Figure 5B), we performed steady state 
kinetic arrays at a variety of enzyme concentrations. Both lower 
concentrations (0.01, 0.03, 0.1 μM) and higher concentrations (0.3, 

Supplementary Figure 6: pNPP Assays: The pNPP assays were run for diluted enzyme samples of 10 uM, 3 uM, 1 uM, 0.3 uM, 0.1 uM, 
and along with a blank to test for steady state reaction conditions. The linear increase of each product versus time plot indicates that 

the reaction rate and stability of the enzyme were maintained. 

1 μM) yielded strong linearity between pNP production and time, 
with high enzymatic activity and regression values above 0.99. In 
addition, a control trial indicated relatively stable data, minimizing 
the possibility of external factors. Since the graphs remained linear 
for 25 minutes between 0.03 and 1 µM enzyme concentrations, we 
determined that all future experiments should be undertaken with 
these conditions (Supp Figure 6).
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In order to further analyze the steady state conditions of Fo-
Cdc14, we decided to solve for its specific activity, the rate of 
substrate consumption per amount of enzyme. After conducting 
triplicate trials with pNPP, we determined that our specific activity 
was 3.2 ± 0.2 min-1. Due to this low specific activity, we concluded 
that pNPP is an inadequate substrate for FoCdc14. This result con-
firmed the related substrate specificity of Cdc14 orthologs, as their 
specificity characteristics favor other substrates. To determine 
the kinetic parameters of FoCdc14, initial rate was plotted against 
substrate concentrations ranging from 2 to 200 µM on a Michaelis-
Menten curve. After fitting this graph with nonlinear regression, 
we calculated a vmax of 0.33 ± 0.01 μM/s and a Km value of 60.7 ± 
8.9 mM (Figure 2C). This information was then used to calculate a 
kcat of 0.33 s-1. The vmax indicated the point where the enzyme was 
saturated with substrate, thereby reaching the maximum rate. Be-
cause our vmax was high, we were able to determine that it took a 
large amount of pNPP to saturate our enzyme. In addition, Km was 
the substrate concentration at which the enzyme achieved half of 
its vmax. Our high Km

 value once again indicated that pNPP was a 
poor substrate for FoCdc14, with it taking a large concentration 
to reach this point relative to the enzyme concentration. Finally, 
kcat was the amount of substrate molecules that were converted 
to product per unit of time. This value was used to determine our 
specificity constant, which was essential for substrate comparison 
in future trials.

Figure 3: Substrate Specificity of FoCdc14: A. The bar graph 
shows average kcat/Km values for each substrate, with the error 
bars representing the standard error values for the three trials. 
These values compare the binding affinity of the substrates and 

the catalytic specificity of FoCdc14. B. The table shows the 24 
corresponding substrates for the specificity graph in Figure A.

Substrate Specificity of FoCdc14

Following the analysis of FoCdc14’s enzymatic properties, we 
decided to test for a more efficient substrate. Our goal was to iden-
tify a substrate with high binding affinity to serve as a potential 
model for future inhibitor design. In this test, the specificity con-
stants (kcat/Km) of 24 different substrates were compared using the 
Biomol standard curve (Supp Figure 7). In these results, a higher 
quotient indicated a higher binding affinity and specific activity. 
The testing revealed that substrates #1, #7, and #24 were by far the 
most effective (Figure 3A), with them turning over the most prod-
uct in the shortest amount of time. Upon analyzing their protein 
sequences, it was found that they share a phosphorylated serine 
group with a proline in the +1 position and a lysine in the +3 posi-
tion (Figure 3B). They also contained basic amino acids adjacent 
to the +3 position and a double aromatic ring within their whole 
sequence. On the other hand, substrates without these traits had a 
much lower product turnover rate, suggesting that they were im-
perative to a high specificity constant. No observed preference was 
noted for positions preceding the phosphorylated group or after 
the +4 position. These traits matched the conserved substrate spec-
ificity of other Cdc14 orthologs found in previous research [14,15].

Supplementary Figure 7: Biomol Standard Curve: The Biomol 
standard curve plots absorbance values for diluted stocks of 

sodium phosphate measured at 640 nm. The graph defines the 
linear range for this technique, allowing for the conversion of 

absorbance measurements to product formation.
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Figure 4: Inhibitor Docking on FoCdc14: A. The bar graph shows 
the docking scores for the 11 inhibitors generated through both 

rigid receptor and induced fit docking. These values compare 
the binding affinity of the 11 inhibitors, which correspond to 

the structures shown in Figure 4A. B. The best inhibitor, D7, is 
shown in cyan docked to the active site of the FoCdc14 homol-

ogy model. Ligand properties are also displayed in the upper left 
corner relative to the docked inhibitor. C. The ligand interaction 
map shows the interactions between the docked inhibitor and 

the receptor prior to optimization.

In silico Inhibition of FoCdc14

After the substrate specificity of FoCdc14 was discovered, we 
decided to test for its most efficient inhibitors. To dock these mol-
ecules, we first determined the location of the active site on Fo-
Cdc14. By comparing our target protein to the Cdc14 1OHE struc-
ture, the active site was identified around the residues Cysteine 
337 and Arginine 343. The binding affinity of 11 inhibitors (pre-
screened from compound libraries) were then calculated using the 
Molecular Operating Environment (MOE) software. It should be 
noted that three inhibitors were not able to be docked by MOE and 
were thus eliminated from this experiment: G6, H7, and I2. This 
exclusion occurred due to limitations in the MOE software, causing 
it to exclude noncompetitive inhibitors. The data from both the rig-
id receptor and induced fit settings showed that inhibitors E1, I1, 
and D7 produced the highest binding affinities (Figure 4A). In the 
rigid receptor mode, the enzyme remained in its original structure. 
In contrast, the induced fit setting allowed for some binding site 
flexibility, which in turn maximized binding potential. Averaging 
both of these tests provided top docking scores of 6.08, 6.05, 6.03, 
respectively. These top three results were then analyzed again 
with the pharmacophore setting, which filtered our results based 
on pre-selected structures in our humanoid 1OHE model ligand. 
In addition to its docking score, the binding properties and ligand 
interactions were also taken into account during this test. After 
analyzing these data, it was determined that D7 was our top inhibi-
tor (Figure 4B), which generated a docking score of 6.83 with four 
conserved binding site interactions (Figure 4C). 

In vitro Inhibition of FoCdc14

In order to verify the predictions made by the Molecular Op-

Figure 5: In vitro Inhibition Screening of FoCdc14: A. The 11 
inhibitor compounds that were tested during the screening are 

shown. B. The bar graph shows the percent inhibition of each in-
hibitor compound, with the error bars representing the standard 
error values for the three trials. The asterisk next to the inhibitor 
on the x-axis indicates that the compound is 10 times more con-
centrated than the other compounds. These inhibitor screening 
results were used to determine the best inhibitors for FoCdc14. 

C/D/E. The IC50 curves for inhibitors G7, I1, and D7 were graphed 
using the equation: % enzyme activity = 100/[1+10^{slope(log[I]-
logIC50)}]. These curves were then used to determine the IC50 for 
each inhibitor, resulting in 13.0, 250.0, and 180.0 µM, respectively.

erating Environment (MOE) software, a rapid inhibitor screening 
assay was conducted using the previous 11 inhibitors (Fig 5A). 
Prior to this test, however, positive and negative controls were run 
in order to determine the Z-factor for our trials. After performing 
the calculations, a Z-factor of 0.981 was achieved with a dynamic 
range of 0.515. This value indicated that our results would be sta-
tistically significant, allowing us to continue the experiment. The 
results from the inhibitor screening showed that molecules G7, I5, 
and I1 provided the most inhibition for FoCdc14, with inhibition 
percentages of 86.91%, 80.36%, and 61.96%, respectively (Fig 5B). 
Although the data indicated that inhibitors I9 and H7 had higher 
inhibition, they were assayed at a 10x concentration (1 mM instead 
of 100 µM), leading to inflated values. Such dilutions were made 
because they were smaller, less complex inhibitors, thus requiring 
more concentrated volumes to inhibit the same amount of enzyme. 
Due to this discrepancy in the concentration of the stock solutions, 
we eliminated I9 and H7 as viable candidates for effective inhibi-
tion. 

Using the data from our optimal substrate screening, we gener-
ated IC50 curves for inhibitors G7, I1, and D7. We used inhibitor D7 
instead of I5 in order to receive more data on our top inhibitor from 
the In silico screening. The IC50 value provided information on the 
concentration in which the inhibitor provided 50% inhibition of the 
enzyme. From these results, we found that the inhibitors’ IC50 val-
ues were 13.0, 250.0, and 180.0 µM, respectively (Figure 5C/D/E). 
As such, these data showed that inhibitor G7 provided larger inhi-
bition at low concentrations. In contrast, inhibitors I1 and D7 had 
a larger dynamic range, with higher inhibitor concentrations being 
required to reach the same percent inhibition.
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After determining the IC50 values of our top three inhibitors, 
we decided to determine their reversibility. This is because an ir-
reversible inhibitor can still provide strong inhibition with low In 
silico binding affinity. As such, this experiment could explain dis-
crepancies between our In silico and In vitro results. Reversible 
inhibition occurs when a competitive inhibitor is competing with 
the substrate to bind. This type of inhibition results in a horizon-
tal time vs percent inhibition graph, as inhibitor is at equilibrium 
with the substrate. In contrast, an irreversible inhibitor forms an 
unbreakable covalent bond with the receptor, stopping substrate 
molecules from binding and plotting a rising slope for a time vs 
percent inhibition graph. This slope occurs due to the continuous 
formation of covalent bonds. From our experiment, we found that 
the percent inhibition of D7 and I1 increased over time, indicating 
that they were irreversible inhibitors (Supp Figure 8). In addition, 
a few of our colleagues tested the reversibility of G7 and found that 
it was also an irreversible inhibitor. This group then went on to 
confirm our previous findings for the irreversibility of D7 and I1. 
These conclusions were supported by the inhibitor structure, with 
all three of these molecules containing a carbonyl group within a 
conjugated system. Because of this repeating motif, a 1,4-conju-
gate addition was able to occur at the active-site Cys nucleophile to 
create an irreversible, covalent inhibitor. 

Supplementary Figure 8: Inhibitor Mechanism: The percent 
inhibition versus time graphs for inhibitors D7 and I1 are shown. 

These graphs were used to determine the reversibility of each 
inhibitor based on the linearity of the curve.

In silico Optimization of Inhibitor D7

After developing an array of potential inhibitors through previ-
ous results, we selected inhibitor D7 as our top candidate for fur-
ther optimization. This decision was based off of its high In vitro 
percent inhibition and In silico docking score, as well as its overall 
similarity to the binding properties of the model 1OHE phospho-
peptide ligand. After being docked, this molecule received an initial 
binding affinity score of -5.94 kcal/mol. 

Figure 6: Inhibitor Docking on FoCdc14: A. The 3D structure 
of the final inhibitor design following the optimization of D7 
is shown in MOE. The ligand properties on the top left corner 

display an improved binding affinity (absolute S value) of 14.51, 
compared to the original value of 5.94. B. The 2D diagram of our 
optimized drug shows the addition of three benzene rings, a car-
bonyl group, a sulfonyl group, and a guanidinium group. C. The 
ligand interaction graph shows various ligand-receptor interac-
tions, including hydrogen bonding, hydrophobicity, and charge.

In addition, it achieved a logP value of 3.38, a molecular weight 
of 354.29 g/mol, and an efficiency value of -0.228 (Figure 4A). In 
order to optimize this molecule, we decided to add three benzene 
rings, a sulfonyl group, a guanidinium group, and a carbonyl group 
(Figure 6A). Benzene, a hydrophobic nucleophile, induced intermo-
lecular interactions between the ligand and the receptor. Despite 
not being a hydrogen bond donor or acceptor by itself, its size facili-
tated the creation of hydrogen bonds in distant residues through 
other functional groups (Figure 6B). For the sulfonyl group, an 
electrostatic map was used to determine viable placement, with 
its two hydrogen bond accepting sites forming hydrogen bonds 
between critical residues. The guanidinium group, a strong polar 
hydrogen bond donor with a central location, also formed bonds 
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between a variety of important amino acids. Finally, the carbonyl 
group, a polar and hydrophilic molecule, facilitated charge-based 
interactions in the active site and lowered the logP to more suit-
able levels (Figure 6C). Through all of these changes, the absolute 
value of the binding affinity rose to 14.51 kcal/mol, an increase of 
nearly 150%. In addition, it achieved a logP value of 1.96, a mo-
lecular weight of 740.75 g/mol, and an efficiency value of -.269. As 
such, this modified inhibitor successfully followed Lipinski’s Rule 
of 5 while significantly raising the efficiency and binding affinity.

Discussion and Conclusion
Although previous research on the protein phosphatase Cdc14 

has revealed its critical function in the regulation of the cell cycle 
in Aspergillus flavus and Magnaporthe oryzae, its specific role in 
fungal infectivity has not been extensively studied in other species. 
However, the devastating impacts of Fusarium wilt and other forms 
of pathogenic diseases have revitalized attempts to pursue fungi-
cide research. In this study, we analyzed the enzymatic properties 
of FoCdc14 and incorporated computational modelling to develop 
an optimal inhibitor design for F. oxysporum. 

Prior to conducting catalytic analysis of FoCdc14, we isolated 
the protein through induced expression. As previously noted, Fo-
Cdc14 was easily expressed in E. coli, producing 5.5 mL of purified 
protein from 1 L of culture. This data suggests that FoCdc14 con-
tains a high biomass yield when transformed with 2xYT media. As 
such, using this method of bacterial expression would be favorable 
to other scientists conducting future experiments on this enzyme, 
enabling mass production of protein in low volumes of culture. 

In order to confirm the purity of our FoCdc14 solution after af-
finity chromatography, an SDS-Page gel was run. We noticed huge 
similarity between the mass value shown on the gel and the num-
ber produced by the computational algorithm on Ex PASy. This 
alignment once again suggests that the FoCdc14 gene sequence 
was successfully transformed into the E. coli, as losses of the gene 
sequence or other sources of error would have been detected 
when comparing the predicted masses. 

Before our team could proceed with other experiments, the 
concentration of our protein had to be accurately measured. We 
evaluated these data through both a Bradford assay and a Nano-
drop reading, resulting in highly similar concentration measure-
ments. However, it is important to note that both of these numbers 
were based off of known measurements of absorbance through a 

standard curve. As such, the possibility of fluctuation in this value 
from experimental error should be considered. 

After determining concentration, pNPP assays were run in or-
der to evaluate previously studied enzymatic properties. The low 
specific activity was indicative of pNPP’s poor substrate properties 
in FoCdc14. Although data from comparative algorithms suggested 
that FoCdc14 was a protein tyrosine phosphatase, our experiments 
showed that FoCdc14 preferentially dephosphorylates serine. We 
thus hypothesized that pNPP’s structural similarity with phospho-
tyrosine, an amino acid that is not preferred, resulted in the calcu-
lated low activity. This hypothesis fits with the previously solved 
phosphoserine preference of Cdc14 orthologs [12], with them con-
taining a low specific activity for substrates such as pNPP.

Once specific activity was established, we evaluated the enzyme 
kinetics of FoCdc14 through a Michaelis-Menten curve. This curve 
predicted a Km value of 60.65 mM from the reaction of Cdc14 with 
substrate pNPP. However, previous research in the literature sug-
gests the Km value of ScCdc14 to be 10.6 mM [13]. These discrepan-
cies continued with our Vmax and kcat values, both resulting in higher 
measurements than expected findings. These experimental values 
suggest that our enzyme has significantly lower activity when com-
pared to ScCdc14. We hypothesize that these differences could be 
explained by impurities in the protein purification procedure, ex-
perimental error, or unstable enzyme activity. In addition, differ-
ences in Cdc14 function and activity across diverse species may 
also further impact enzyme kinetics. 

After analyzing the kinetic parameters of FoCdc14, we moved on 
to studying its catalytic specificity. Before the experiment, we hy-
pothesized that the substrate specificity would match that of other 
Cdc14 orthologs, as residue sequences and catalytic characteris-
tics tend to be conserved across the fungal kingdom. Through this 
experiment, we determined that substrates containing a shared 
phosphorylated serine group with a proline residue in the +1 posi-
tion and a lysine residue in the +3 position contained high cata-
lytic activity. Other favorable characteristics included basic amino 
acids adjacent to the +3 position and two aromatic rings within the 
sequence. After analyzing the literature, we determined that these 
characteristics are consistent to the substrate specificity of other 
Cdc14 orthologs [14,15]. As such, we hypothesize that an inhibitor 
based on FoCdc14’s substrate specificity would most likely inhibit 
Cdc14 orthologs in other fungal pathogens, greatly increasing the 
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potential for a novel Cdc14 inhibitor to become a commercial fun-
gicide. 

Following the establishment of FoCdc14’s substrate specific-
ity, we sought to identify a baseline inhibitor for future optimiza-
tion through both In silico and In vitro testing. During our In silico 
screening, we identified inhibitors E1, I1, and D7 as our top inhibi-
tors. However, during the In vitro experiment, we evaluated inhibi-
tors G7, I5, and I1 to be our best inhibitors. Although experimental 
errors may have occurred, we hypothesize that the Molecular Op-
erating Environment (MOE) software calculates all docking affinity 
scores based on those of competitive inhibitors. As such, its cal-
culated scores would be influenced by intermolecular interactions 
and hydrogen bonds at the binding site rather than covalent in-
teractions. Because irreversible inhibitors can cause covalent bond 
inhibition without a strong binding affinity, they would produce 
more favorable results when tested in vitro than in silico. We thus 
evaluated a multitude of factors when determining which inhibitor 
would be chosen for optimization. 

Through advanced computational modeling, we designed an 
optimized inhibitor with an increased docking affinity of nearly 
150%. This novel inhibitor was developed to inhibit the Cdc14 
enzyme in F. oxysporum, effectively disrupting its cell cycle and 
stopping infectivity. However, before this model can be released 
for commercial integration, other independent factors must be 
considered. To begin with, research must be conducted on the 
potential hazards of Cdc14 inhibitors on humans. These studies 
would ensure the prevention of fungicide absorption by treated 
agricultural products and further investigate all adverse effects of 
drug consumption. While research shows that the human Cdc14 
sequence is not conserved in fungal species, it is critical to evaluate 
its effects on world health before direct application. In addition, a 
plant infection assay should be performed to test this inhibitor on 
a variety of different fungi. As all of this research was performed ei-
ther In silico or In vitro, further studies are needed to evaluate how 
this inhibitor would react In vivo. The addition of such empirical 
data would directly validate the effectiveness of our drug against 
F. oxysporum and other Cdc14 orthologs. Finally, future research 
teams should further assess the conserved characteristics of the 
FoCdc14 active site and its binding regions. As the broad applica-
tion of a fungicide relies on the hypothesis of conservation across 
Cdc14 orthologs, it is imperative that future research explore more 
effective methods of inactivating this critical enzyme. Overall, by 

combining our research with that of future scientists, a solution to 
the perpetual problem of Fusarium Wilt could finally be reached.
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