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manner correlated with the CDK5 activator known as p25 (2). 
A hallmark of Alzheimer’s disease is the formation of 

amyloid-beta proteins which accumulate into large structures 
that build up extracellularly between neurons, inhibiting 
neural communication and forming plaques in the brain (3). 
Alongside these amyloid-beta proteins are neurofibrillary tau 
tangles which are large aggregates of tau proteins that have 
misfolded and built up intracellularly in the brain, damaging 
core functions like memory. These proteins, specifically tau 
proteins, are in high concentration near the brain, but diminish 
in concentration in the bloodstream as the distance from the 
brain increases (4). This forms a concentration gradient of tau 
protein in the bloodstream, and most importantly, around the 
blood-brain-barrier or BBB.

We focused on CDK5’s ability to exhibit a phenomenon 
known as enzyme chemotaxis, which is the movement 
of enzymes towards their substrates through favorable 
thermodynamic conditions. Enzymes exhibit the process 
of chemotaxis, moving along a substrate concentration 
gradient as they diffuse and move towards regions of high 
substrate concentrations (5). As such, chemotaxis is a 
natural phenomenon, and its effects can be amplified or 
neutered through the modification of the substrate gradient, 
but not necessarily the protein itself. Though all enzymes 
exhibit chemotaxis, CDKs exhibit this property with a high 
affinity for their substrates (6). The use of chemotaxis is 
especially pertinent in the field of targeted drug delivery, as 
the attraction between an enzyme and its substrate can be 
used to propel nanovehicles to a certain location in the body 
(7). In the case of Alzheimer’s disease, many drugs are often 
less effective due to the fact that the liver and other parts of 
the body absorb much of the drug, and the low permeability of 
BBB leaves only a small fraction for the brain. However, using 
a targeted drug delivery system, a drug encapsulated in a 
BBB-permeable nanovehicle could use chemotaxis to move 
towards the therapeutic target, ensuring that a larger and 
more concentrated dose reaches the brain (8). Because CDK5 
moves along a tau protein gradient, it could be an optimal 
candidate to use in a chemotactic drug delivery system, as 
it can move the vesicle towards higher tau concentrations, 
allowing Alzheimer’s medication to be released and have 
the greatest effect. Ultimately, we aimed to characterize the 
chemotactic movement of CDK5 to determine its viability as a 
nanomotor for a potential drug delivery system. 

Therefore, we sought to test the hypothesis that CDK5 is 
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SUMMARY
Enzyme chemotaxis is a thermodynamic phenomenon 
in which enzymes move along a substrate 
concentration gradient towards regions with higher 
substrate concentrations. Mathematical models 
have been developed to understand and define this 
phenomenon using Michaelis-Menten kinetics and 
substrate binding coefficients. One key application 
of this phenomenon is in the field of drug delivery, 
where chemotaxis can steer nanovehicles towards 
targets along natural substrate concentrations. 
Such gradients exist throughout the body, including 
around the blood-brain barrier, and thus targeted 
nanovehicles can bring therapeutics through such a 
gradient and target themselves at a given toxic species. 
In patients with Alzheimer’s disease, a gradient of tau 
protein forms in the bloodstream, and this protein is 
a substrate of the enzyme CDK5, a tau protein kinase 
that catalyzes the phosphorylation of tau protein. 
Through chemotaxis, CDK5 can travel along the tau 
protein gradient towards increasing concentrations 
of tau tangles and amyloid-beta proteins that are the 
cause of neuronal cell death in Alzheimer’s patients. 
In order to create the momentum necessary to propel 
a nanovehicle along the substrate concentration 
gradient, an enzyme’s binding affinity towards its 
substrate must overcome obstacles such as Brownian 
motion. We hypothesized that CDK5 would be able to 
overcome these barriers and developed a quantitative 
model using Michaelis-Menten kinetics to define the 
necessary parameters to confirm and characterize 
CDK5’s chemotactic behavior to establish its utility 
in drug delivery and other applications. Our results 
found that CDK5’s movement significantly outpaced 
random motion and characterized its movement for 
usage in drug delivery system design.

INTRODUCTION
Cyclin-dependent kinase 5 (CDK5), a tau protein kinase, 

is an enzyme identified in 1992 (1). It is known as a regulator 
in a variety of processes in the brain and nervous system. As 
such, the activity of CDK5 and its corresponding activators 
have been found to be an indicator of many neuronal 
diseases, including Alzheimer’s disease and amyotrophic 
lateral sclerosis (ALS). Both of these disorders are rooted in 
amyloid fibril formation which introduces neurotoxicity in a 
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a thermodynamically viable mechanism for chemotactic drug 
delivery in the presence of tau protein buildups in patients 
with neuronal disease. In creating an in silico environment 
to test this idea, we also aimed to discover the relevant 
mathematical parameters involved in CDK5’s chemotaxis so 
that the enzyme could be utilized by future researchers to 
design drug delivery mechanisms. 

The use of nanomotors in drug delivery is often powered 
by enzyme chemotaxis, and the strength of the nanomotor 
is often determined by the kinetics of the reaction between 
the enzyme and its substrate. Fast reactions tend to have 
stronger affinities between the enzyme and its substrate, 
which results in a stronger nanomotor. As such, analyzing the 
kinetics of enzymes as a whole is critical to understanding 
how they behave as nanomotors to power the movement of 
chemotactic vesicles.

The current Michaelis-Menten model of enzyme kinetics 
describes the chemotaxis of enzymes by using their substrate-
binding affinity, catalytic turnover, and level of diffusion 
enhancement in order to quantify the movement of a given 
enzyme along a gradient based on certain constants (9). We 
designed computational simulations using equations from 
the Michaelis-Menten kinetics model. In order to determine 
CDK5’s viability as a nanomotor, we used a derivation of the 
Michaelis-Menten equation that uses several parameters to 
calculate the net chemotactic velocity. We then compared this 
velocity to another simulation that quantified the displacement 
of CDK5 particles from Brownian motion. Brownian motion is 
the random movement of particles in a system, and it is the 
main force that acts against enzyme chemotaxis (8). As such, 
we wanted to test whether CDK5 diffused at a high enough 
velocity that it was able to outpace Brownian motion and travel 
down its enzyme substrate concentration gradient. To do this 
we created a simulation based on the standard equation of 
Brownian motion and then characterized the displacement of 
CDK5 by modeling Brownian motion as a Weiner process, 
which is a stochastic mathematical process that is continuous 
and uses Gaussian increments that are normally distributed, 
based on its diffusion coefficient in the presence of a tau 
protein gradient.

Overall, our models holistically characterized the 
chemotactic movement of the enzyme CDK5 and the 
counteracting forces against its chemotaxis along a tau 
protein gradient. We established in silico that CDK5 has 
the necessary thermodynamic characteristics and enzyme-
substrate binding affinity to overcome alternative forces 
like Brownian motion, the random motion of particles in a 
fluid medium, and thus could be used for chemotactic drug 
delivery. Moreover, our model computed the characteristics 
of CDK5 that could be used in future drug delivery research, 
including its net chemotactic velocity and reaction rate so that 
future researchers can simulate and create systems that affix 
it to nanovehicles like liposomes and are able to accurately 
predict the movement of those nanovehicles along a CDK5 
substrate concentration gradient.

RESULTS
In order to complete our in silico model of CDK5’s 

kinetics, we first performed a literature review to analyze the 
various parameters of CDK5. For example, we determined 
the diffusivity of the enzyme in the absence of substrate, 
the fraction of free enzymes in the system, and the total 
chemotactic velocity of all enzymes if the system were to 
chemotax simultaneously. Utilizing these parameters, with 
the amount of substrate acting as the independent variable, 
we were able to calculate and visualize the constants of CDK5 
transportation in Figures 1-6.  

In Figure 1, through the use of the Michaelis-Menten 
equations, we graphed the rate of the phosphorylation of 
tau protein by CDK5 as the tau protein concentration (in 
micromolar) increased, using the average concentration 
ranges used in in vitro studies (6). This was 80 to 160 μM 
of tau protein. The rate of phosphorylation graph illustrated 
that the reaction velocity increased proportionally with the 
concentration of tau protein. Next, we determined the fraction 
of free enzymes using the concentration of tau protein as 
the independent variable again, as demonstrated in (Figure 
2). With this graph, we observed an inverse relationship 
between the two variables, showing lower amounts of unused 
or free enzymes as the tau concentration increased. As a 
result of the decrease in unphosphorylated tau, as well as 
fewer unbound enzymes in the system, chemotaxis slows 
down gradually. By utilizing these parameters, we were able 
to plot the net chemotactic velocity of the enzyme using 
substrate concentration as an independent variable. We 
discovered that as substrate concentration increases, the 
net chemotactic velocity decreases, approaching 3.287E5 
nm/s as the tau concentration reaches the average maximum 
of 160 μM and a velocity of 4.247E5 nm/s for free enzymes 
at the same concentration, illustrated in Figure 4. Using all 

Figure 1: Reaction rate of CDK5 to phosphorylate tau protein. As 
the reaction progresses, the concentration of unphosphorylated tau 
decreases because CDK5 is phosphorylating available tau protein. 
The rate of reaction decreases, which slows chemotaxis. Plotted the 
concentration of tau protein in micromolar against reaction velocity 
in nm/s. 
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of this, we developed a table (Table 1) to portray our data. 
Additionally, using the data displayed in Table 1, we created 
a particle diffusion model comparing mean Brownian 
displacement based on random motion with the chemotactic 
velocities of CDK5 to see if the force or Brownian motion 
could be overcome (Figure 5). We simulated 100 CDK5 
particles in a particle diffusion model using the parameters 
we had generated from Michaelis-Menten kinetics. We ran 
this model over 1000 seconds and created a visualization of 
the trajectory of each simulated particle as well as the mean 
squared displacement of the particles in the system. Because 
the diffusion coefficient is not perfectly uniform, we accounted 
for error and fitted a diffusion coefficient of 1.203E7, as 
calculated by the Stokes-Einstein Equation, into our model. 
Finally, we calculated the mean squared displacement based 

on the diffusion of CDK5, and was determined to be 8.501E3 
nm. When comparing the mean displacement with the 
theoretical diffusion coefficient of CDK5, the diffusion is 1416 
times as strong as the Brownian displacement; thus CDK5 
particles in a chemotactic system would predictably be able to 
diffuse along the concentration gradient of tau protein.

DISCUSSION
Based on our enzyme models, we were able to characterize 

the enzyme kinetics of CDK5, as well as explore its viability as 
a potential nanomotor for targeted drug delivery. The results 
of our analysis conclude that the chemotactic properties of 
the enzyme CDK5 allow its velocity to outpace Brownian 
diffusion by a factor of 1416. Moreover, the characterization of 
CDK5 provides the basis for further research on this enzyme 
to explore its interactions with its substrate. Based on our 

Figure 4: Net chemotactic velocity. The net velocity multiplies the 
free enzyme velocity by the fraction of free enzymes available in the 
system. Thus, as the concentration of tau in μM increases, the net 
velocity in mm/s decreases. 

Figure 3: Chemotactic velocity of free enzymes. The chemotactic 
velocity of free enzymes assumes all enzymes in a system chemotax 
which is then multiplied with the fraction of free enzymes to calculate 
the net chemotactic velocity. The graph shows a decrease in 
chemotactic velocity of free enzymes as tau concentrations (μM) 
increase.

Figure 2: Fraction of free enzyme remaining as substrate 
increases. Used derived Michaelis-Menten equations to plot the 
concentration of tau protein in micromolar against the fraction of 
enzyme available.

Figure 5: Distance traveled by particles and average distance 
displaced. The Wiener process and Stokes-Einstein equation were 
used in tandem to simulate particle movement depicted in Figure 
3, and it shows that CDK5 can theoretically overcome Brownian 
Displacement. 
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results, we can confirm that CDK5 is a viable chemotactic 
nanomotor that can outpace Brownian diffusion and could be 
incorporated into a targeted drug delivery system, based on 
its interactions with its substrate the tau protein. 

One missing characteristic in this model is the lack of 
pharmacokinetic parameters. There was little literature 
on CDK5 and its properties, which limited the models that 
could be used to characterize it, as many of them required 
parameters and constants that had not been experimentally 
verified. In addition, there were not many existing models that 
helped characterize enzyme chemotaxis, as the phenomenon 
has been relatively unexplored and has only recently been 
considered as a potential nanomotor. As such, it was difficult 
to provide data on all of the chemotactic aspects of CDK5. 
Another factor that could create disparities between the 
model and in vivo experiments with CDK5 is that it requires 
activator proteins to bind to allosteric sites on the enzyme 
for the substrate to bind (2). If the activator proteins are not 
bound to the enzyme, the substrate will not bind to the active 
site, and chemotaxis will not occur. As a result, different 
environments may expose the enzyme to different proteins 
which can change its binding affinity with the substrate. While 
in silico and in vitro environments can control for this, it will 
vary when this system is tested in the human body. One way 
that a drug delivery system could resolve this issue is via the 
integration of cyclin-CDK5 complexes into the drug delivery 

vesicles. 
Since we determined that CDK5 was able to overcome 

Brownian diffusion, a chemotactic drug delivery system would 
be able to travel towards the therapeutic target. Once past 
the blood-brain barrier, the vesicle could release therapeutic 
treatments to mitigate or possibly cure the effects of diseases 
like Alzheimer’s and Parkinson’s. Not only does this research 
allow for the characterization of CDK5, but it also allows the 
experiment to be applied to other concepts, furthering the 
field of controlled drug delivery systems. 

Our team didn’t have access to resources this year and 
couldn’t experiment in vitro, so we decided to model and 
design this project in silico. As such, future considerations 
for this project include in vitro, and eventually in vivo testing 
of our chemotaxis-based controlled drug delivery system. 
These experiments could help us verify the results of our 
simulations by allowing us to control for more factors and 
test our system under various conditions. For instance, we 
could verify the chemotactic properties of this enzyme and 
its interactions with tau proteins by experimenting with CDK5 
attached to a liposome. This would allow for more specific 
drug design by creating data on what enzyme levels are 
needed to consistently overcome Brownian motion. In terms 
of therapeutic development, this approach could allow for the 
creation of a nanoparticle-based system that uses PEGylated 
and glucose-coated liposomes to cross the blood-brain 
barrier while carrying a drug that can eliminate a therapeutic 
target (ex. amyloid-beta oligomers). Such a system could 
function by using active CDK5 to phosphorylate tau proteins 
as CDK5 traveled across the concentration gradient. As 
CDK5 is able to phosphorylate tau proteins regardless of their 
structure, the vesicle would be able to use the uniquely high 
concentration of substrates created by Alzheimer’s disease 
in addition to the healthy baseline.  Further in vivo research 
would need to be performed to understand the nature of 
liposomal delivery based on the CDK5-tau protein catalysis-
based positive chemotaxis and the phospholipid-based 
interactions occurring in the negative direction. While some 
health concerns with a CDK5-driven system exist, exogenous 
CDK5 should not significantly affect Alzheimer’s disease 
patients in the same way that endogenous activated CDK5 
enzymes do. 

MATERIALS AND METHODS
Michaelis-Menten

In order to assess the viability of CDK5 as a nanomotor 
for drug delivery, we used a modified version of the Michaelis 
Menten equation to plot the net chemotactic velocity over an 
interval of tau concentration. We used this equation (10):

In order to derive this equation, we started with an existing 
equation in the literature (10), shown here:

Table 1: Simulated data on chemotactic movement in relation 
to substrate concentrations of tau protein kinase. Used 
fundamental chemotaxis formulas to calculate changes in movement 
as substrate concentration increased. Includes net and free enzyme 
velocity in nm/s, reaction rate, and the fraction of free enzymes as 
graphed in the other figures. 
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This equation quantifies the chemotactic velocity if all free 
enzymes in the system were to chemotax. We multiplied this 
value by the rate of reaction, which quantifies the fraction 
of free enzymes that remain as substrate concentration 
increases. Ultimately, this resulted in the final equation for the 
net chemotactic velocity of the enzyme (U_chem^net). In this 
equation, D_E^0 represents the diffusivity of the enzyme in 
the absence of substrate. The variable K_m represents the 
Michaelis constant, which is the concentration of the substrate 
for a specific enzyme when the reaction rate for that enzyme 
is half of its maximum reaction rate. The term [S] acts as the 
independent variable in this model, and it represents substrate 
concentration. The term ∂_x [S] represents the concentration 
gradient of the substrate molecules, which can be calculated 
by dividing substrate concentration by the average capillary 
length in the body. Finally, the term K_d is the dissociation 
constant of the enzyme-substrate complex. By determining 
the values of these parameters for our specific system, we 
were able to plot the net chemotactic velocity at different 
substrate concentrations. 

The first term in this equation represents the diffusivity of 
the enzyme in the absence of substrate. In order to calculate 
the diffusivity of the enzyme, we used the Stokes-Einstein 
equation, shown here (11):

In this equation, which solves for the enzyme’s diffusivity 
(D), kb represents the Boltzmann constant, a widely known 
physical constant that equals 1.380649 x 10-23 joule per 
kelvin. T represents the temperature of the system, in kelvin. 
In addition, η is the viscosity of the medium, and r is the 
radius of the particle itself (in our case, the radius of CDK5). 
To evaluate this equation, we consulted with a professor 
who had published several papers about chemotaxis 
regarding which parameters to use for in-silico simulation. 
Ultimately, we used a temperature of 296 kelvin, a radius of 
4.5 nm, and a viscosity of .004, which gave us a diffusivity 
of 1.20448474 x 10-11 meters squared per second. When 
converted to nanometers squared per second, the diffusivity 
of CDK5 was calculated as 12,044,847. For the following 
terms in the equation, we needed the value of the Michaelis 
constant of CDK5, which we found in the existing literature to 
be 549 micromolar (12). Along with the Michaelis constant, 
we consulted past experimental literature and found the 
dissociation constant, which happened to be the same as the 
Michaelis constant in the case of CDK5, 549 micromolar. We 
used substrate concentration as our independent variable, 
and for the concentration gradient, we divided the average 
tau concentration in the brain of 874.5 ng/mg by the average 
capillary length in the human body to get 50 micromolar per 

nanometer (13). While this only makes chemotaxis viable 
when close to the BBB, the flow of blood will bring our drug 
in close proximity to the BBB, where chemotaxis can help 
it move along the gradient. This allowed us to fill in all the 
necessary constants for our equation and create a graph that 
plots the relationship between substrate concentration and 
net chemotactic velocity for CDK5.

Brownian Motion:
Brownian motion is the randomized movement of particles 

in a system and is one of the key factors in determining 
whether an enzyme can chemotax down a gradient or not, as 
it can create fluctuations that are stronger than the diffusion 
of a particle down its concentration gradient, preventing that 
particle from moving quickly in the correct direction (14). The 
mean squared displacement of particles can be calculated 
with the equation           	 w h e r e      i s 
the position of the particle at the time defined by t, N is the 
number of dimensions being modeled, D is the diffusion 
coefficient of the particle, described by Michaelis-Menten 
kinetics as diffusivity, and τ is the interval of time being 
modeled (15).  This phenomenon is oftentimes modeled by 
using a Wiener process. This process can be described with 
the equation W(t+τ)-W(t) ~ N(0,τ) where τ is the instant of time,  
t is the time delay, and N is a random, normally distributed 
variable with a variance equivalent to t and mean equal to 
zero (15). Ultimately, by substituting τ for 2DNτ in W(t+τ)-W(t) 
~ N(0,2DNτ) . Brownian motion can be described by a Wiener 
process where the displacement of particles at a given instant 
will be normally distributed. By utilizing this process alongside 
the coefficient D that we had already calculated in our original 
characterization of CDK5, we were able to design a simulation 
of CDK5 particles to find out the mean squared displacement. 

The simulation was written in Python with the physics 
library PyBroMo. Using CDK5’s parameters, 100 independent 
trajectories were introduced into the simulation and randomly 
sampled over 1000 time steps that each represented one 
second. By comparing the expected distance from the origin 
for each point with the actual distance from each point, the 
mean displacement per particle per second was found and 
then averaged across the simulation to the extent of the 
displacement induced by Brownian motion. Using the mean 
squared displacement equation, the theoretical displacement 
of each particle was also calculated and plotted. 
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