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ABSTRACT
Teaching practical chemistry skills remotely is not a task that would have been high on the agenda

only a few months ago. However, in light of the COVID-19 pandemic, students around the world are
having to work from home, and the chemistry education community forced to adapt to the new
circumstances. In response, we discuss the use of simulations in place of practical laboratory work,
with emphasis on the development of students’ experimental design skills. The simulation of
Michaelis-Menten enzyme kinetics is given as an example exercise, which other instructors could

implement with immediate effect.
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INTRODUCTION
Towards the end of March 2020 our university went into “lockdown”, prompted by the UK

Government’s attempts to control the spread of COVID-19. It soon became clear that the disruption
would significantly impact the delivery of a traditional wet-lab chemistry course for the foreseeable
future, and computer-based exercises would be needed to substitute. In response, regular meetings
were set up for the practical chemistry community to discuss the challenges faced, and to share ideas
for suitable remote exercises.! These DryLabs20 meetings also raised a number of concerns among the
community. One concern in particular was that a lot of the exercises being carried out were grounded
in computational or physical chemistry, as these most readily lend themselves to remote work. As a
result, a disproportionate amount of time would be spent by students on these exercises and not on
other important topics, such as synthetic chemistry, which are undoubtedly more difficult to
implement as computer-based exercises.

One approach to the provision of practical chemistry work has been to remove the practical
element from existing experiments, give students the data, and have them analyze it as they normally
would. This, however, does not increase the variety of activities that students are carrying out
remotely, and even decreases the number of experiments available to students once they are back in
the lab.

We feel simulations are an excellent way to best tackle the problem of remote work as they allow
students to collect and analyze their own data. They can also have more relevance to the work that
students have done previously in the lab, building on core skills and knowledge. The benefits of
simulations in teaching chemistry are nothing new, and have been reported on as complementary to
practical chemistry exercises.2:3 To be of most use during the COVID-19 pandemic, good simulations
should:

e Build upon the theory introduced in a wet-lab session.

e Encourage students to plan their experiments in order to best make use of available resources,

and maximize data quality.

e Be capable of being run remotely by all students.

¢ Hinder student collusion by providing different parameters to each student.
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A further requirement in this time of need is that exercises need to be deployable on a short
timescale. Simulations that address all of the key points above can take years of development, which
does not lend itself to the rapidly changing situation we find ourselves in. As such, it is important for
the community to identify suitable resources that may be shared among institutions to benefit as
many students as possible while they are away from the laboratory. Here we present a case study on
one such resource, an enzyme kinetics simulation that we have employed to build on students’

previous experience of working with enzymes in the laboratory.

ENZYME KINETICS SIMULATION CASE STUDY

Background
In normal times, we offer a standard, wet-lab exploration of the kinetics of an enzymatic reaction,

which takes place in the second year of a four-year, undergraduate M.Chem. degree program. The
session introduces the students to a coupled assay, in which they indirectly observe the oxidation of
D-glucose by glucose oxidase (GOx) through a subsequent reaction catalyzed by horseradish
peroxidase, based on previously reported procedures.*7 The students follow precise instructions to
reproduce predetermined data, allowing them to determine the K and Vmax parameters for the GOx
enzyme. In this way they are introduced to the basics of Michaelis-Menten kinetics and gain
experience of working with enzymes.

By its very nature, and because of the previous lack of biochemical experience of the students, this
procedure has a large “cookbook” component to it. The parameters of the exercise, pH, temperature,
enzyme concentration, etc., are pre-set to ensure the students obtain interpretable results within the
six-hour laboratory session. This approach also cuts down on the inevitable waste that occurs when
relatively expensive enzymes are placed into the hands of inexperienced experimenters. We wanted to
find a follow-up exercise that allowed the students to concentrate on how to plan the determination of
Michaelis-Menten kinetic parameters, while removing the cognitive load of dealing with an unfamiliar

experimental procedure. To this end, a flexible, well-programed, virtual simulation was sought.

The enzlab Simulation
There are a number of resources online that simulate the determination of kinetic parameters for

enzymes through a process of experimental design, and generally adhere to the requirements outlined
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above. However, some are restricted to a single enzyme with pre-determined kinetic parameters,® while
others explore numerous enzymes but do not provide enough variety to avoid collusion.® Two of the
authors (Damion Young and Mark Wormald) had previously developed an enzyme kinetics simulation,
enzlab, that actively addresses the issue of student collusion.!° This freely accessible, web-based
package was based on a version of enzymeLAB created by John Garratt and colleagues at the
University of York.2:1! The demise of MS DOS support in modern versions of Windows required a
complete rewrite of enzymeLAB. This gave the authors an opportunity to create a web-based
(Javascript - AngularJS) application that was not only more user-friendly, but also more accurate and
realistic than the original.

The enzlab simulation generates a virtual enzyme that is unique to the student undertaking the
task: it has the capacity to generate 1.2 x 106 different enzymes, such that the chances of any two
students being set the same task is remote. The student is provided with a code by the simulation
that, when submitted with the report for assessment, allows the assessor to see what values of K, and
specific activity should have been measured. In this way, students may collaborate on the best method
of approach but must obtain and interpret their own data. Each enzyme is also designed to display
activity that depends upon two amino acid side chains. The pK, values of these sidechains can be
determined by the student, together with the effect that they have on Kn and/or Vmax (or indeed,
neither). This gives the students a range of enzymes that have activity versus pH profiles that are
classic, bell-curves or show dependence on one pK, only.

The experimental design aspects are at the heart of the simulation. Figure 1 shows the enzlab
interface and the range of functionality available. In this virtual space, the student is given a fixed
quantity of enzyme, frozen in six vials of 500 ul, and six virtual days within which to carry out their
experiments. The student has to plan their working day, setting up the experiment, taking breaks, and
running assays. The whole simulation runs in a day and each activity takes up a certain amount of
time, neither of which is real time. There is experimental error built into the results that the
simulation generates, and this increases if the student has to work “late” to finish the experiments.

The objectives of the virtual lab are:

Journal of Chemical Education 8/10/20 Page 4 of 11



e To determine the optimum pH for the enzyme — this will involve deciding how much enzyme to

110 use in each assay and what range of pH to investigate.

e To determine Kn and the specific activity at the optimal pH - this will involve deciding what

range of substrate concentrations to use. Students also are required to investigate the error in

these values by doing repeat assays.

e To determine the pH dependence of K and Vmax.

115 There is also the facility for students to be given an inhibitor and investigate the type of inhibitory

behavior that is demonstrated. We decided not to pursue this aspect of the simulation with our

second-year chemists, although it would make an excellent addition for further investigation, or if

delivering an exercise for biochemistry students.

Michaelis-Menten Enzyme Kinetics

Control Panel

Enzyme vol. (ul) 10
[Substrate] (mM) 20
[Inhibitor] (mM) 0

pH 9

Home Eat Setup

About your enzyme

Ref: DC/74-7301-5
Spec. activity: 0.200 mmol min'mg"
(Est: [S]=20mM; pH=7)

Enzyme conc: 1.028 mg mi!

@ status
Samples: Working Time: 12:30  Hints
v r - vol: Lunchtime -
..... take an hour to
450 pl eat
Output
60
= =
— p—
40 V‘/r/
. ‘.////
Quantity o
30 ~
(pmol) "
.
20 _—
r
//
10 p—
|~
///
0
0 3 6 9 12 15 18 21 24 27 30
Time (min)
Initial rate: 1.61 umol min-’!
Results Precision pH Profile Kinetics | Selectall Deselect all

No. Time ofday Enz.Vol. (ul) [S](mM) [I] (mM) pH Init. rate (umol/min)
5 12:00 10 20 0 9 1.61
4 11:30 10 20 0 8 2.05
3 11:00 10 20 0 7 1.99
2 10:30 10 20 0 6 0.38
1 10:00 10 20 0 5 0.51

Total Items: 5

CSV Export
Selected Items: 0

Precision pH Profile Kinetics
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Figure 1. An example of the enzlab interface. Here, five measurements have been performed and the user must use up an hour for lunch
before continuing with the experiments. The most recent rate measurement is displayed both as a graph and a numerical value. Each result
line may be selected for plotting using the Precision, pH Profile, and Kinetics preset buttons as required.

Students are given an approximate specific activity of their enzyme sample in mmol min-! mg! for
a given substrate concentration and pH 7. They are also given the concentration of the enzyme in
mg mL-!, and are told that the assay that has been developed gives useful results in the range
0.2-10 umol min-!. From this information alone, they are expected to plan and experiment to achieve
their objectives. If they run out of enzyme, they need to start again but this will generate a whole new
enzyme — previous data is lost but the experience of experimental design is retained. In this way, they
soon learn which decisions are key in planning the experiments.

The simulation generates lines of data that show Time of Day, Enzyme Volume, Substrate
Concentration, pH, and Initial Rate of reaction. This data can be processed in different ways, as
required by the student. It can be exported as a comma separated values (.csv) list for manipulation in
spreadsheet software, or handled directly in the simulation. Our second-year students are familiar
with the linearizing plots of Eadie-Hofstee and Hanes-Woolf from the earlier laboratory session,
however, in that lab, they are also introduced to the merits of non-linear curve fitting. The simulation
has a built-in curve-fitting tool, developed from original code by John C. Pezzullo,!? that they can use
to generate values for Km and Vmax (Figure 2). Having produced and analyzed their data, the students
are asked to produce a full written report on their endeavors, which is submitted for assessment via
Canvas, the university Virtual Learning Environment. From their data, they should be able to suggest
which amino acid side chain(s) are responsible for the activity/pH profile they have determined and,

further, should be able to suggest whether the side chain is involved in catalysis, substrate binding or

both.

Journal of Chemical Education 8/10/20 Page 6 of 11



145

150

155

160

Output

Initial rate
(umol/min)
4

2

0
0.00000 0.02000 0.04000 0.06000 0.08000 0.10000 0.12000 0.14000 0.16000 0.18000

[Substrate]/mM

Estimate of Viyax 8.90932265314905 s
Estimate of Ki, 0.0208582960475237 s
Relaxation Factor 0.05 h

Correlation coefficient: 0.9917; r2: 0.9835; RMS Error: 0.2522; d.f.:13

lterate

Figure 2. An example of the built-in curve fitting tool used to extract values of Vmax and Km from a data set of three repeat measurements of the
initial rate, at five different substrate concentrations.

Online Interaction with Students
While undertaking the exercise, students are able to email an advisor who can answer any queries

that might arise. The simple, web-based nature of the simulation has meant that these questions
have, so far, never been technological in nature: it appears to run without issue on a variety of
platforms, including tablets and mobile phones. Development of a similar simulation using a
proprietary e-learning platform was reported with a number of technological problems.13 These ranged
from slow loading times and software bugs, to incompatible browsers and devices, particularly iPads
and iPhones. The work highlights the problem with paid or proprietary simulations that often hinder
accessibility. It is our experience that while they might offer enhanced functionality, this is often at the
expense of support on all relevant platforms. Importantly, the enzlab exercise does not require
students to download any software, which has proved somewhat of an impediment to the smooth
running of other remote exercises that we have implemented. To consider the needs of students who
might be restricted to incompatible devices when they are away from university, the option to use a
university computer via remote access was established, although this has not yet been necessary for

the enzlab simulation.
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The issues that have cropped up have been linked to the students’ chemistry-based understanding
of enzymes and how they work. In particular, at the time of writing and having run the lab for four
weeks, the most common misconception was linked to students interpreting a bell-shaped activity
versus pH plot as being linked to the need for amino acids to be in their zwitterionic form. They had
forgotten that the acid /base properties of an enzyme are linked to the nature of amino acid side chains
and cannot involve the -NH> or -COOH groups in the free amino acid. This was linked to their lack of
understanding of polypeptide structure and it is clear we need to update the laboratory manual to

reflect this.

Student Feedback
Participating students were asked for feedback on the delivery on of the exercise, the success of the

intended aims, and its usefulness as a follow-up to the previous wet-lab activity. The questionnaire is
included for reference as part of the Supporting Information. On the whole, students indicated that the
exercise was a welcome change to other remote activities as it was the one that most related to a “real-
world experiment”. Students agreed that the simulation had achieved its intended aims of developing
experimental design skills:

Overall I found the practical very enjoyable and rewarding. I think having to plan an experiment
can be quite a daunting task and I definitely feel this practical has improved my confidence
towards doing so in the future.

Removal of the cognitive load associated with carrying out precise measurements in a laboratory
setting resonated with the students, allowing them to focus on the experimental design aspects and
build on their confidence in this area.

I attained a fuller understanding of what I was doing and what I was looking for in my results as I

wasn't just following a lab manual.

It was also good to get a feel of how to plan an experiment where there were no real-world
consequences when mistakes were made — [the simulation] really helped to refine experimental
plan and technique.

The in-built error in the measurements also proved to be a useful learning experience. The tendency of
students to leave the consideration of error analysis until after they have completed a practical is a
habit that needs to be discouraged if the students are to go on to successfully plan their own

experiments.14
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Observing that the standard deviation of such experiments is surprisingly large helped me to
appreciate the importance of parallel measurements, and the statistical analysis of your data. It
was a very useful experiment regarding the guided self-teaching of the data analysis by trial and

error.

DISCUSSION
The simulation has so far proved to be a successful addition to the exercises available to students

to work on at home. Student feedback has been encouraging, suggesting that the simulation both
aided in students’ understanding of the importance of experimental design, and provided a refreshing
change to the coding-based exercises they have otherwise been undertaking. Having completed the
previous enzyme kinetics wet-lab, the students’ have a framework on which they can base their
approach to the simulation, avoiding the problems of overwhelming cognitive load that can otherwise
hinder unguided experimental design tasks.!5 A similar approach to the teaching of experimental
design through integration with a practical exercise has also recently reported success.!6 As testament
to the simulation’s efficacy, it is our intention to keep the exercise as part of our practical chemistry
course, once the need for remote work has passed.

An important aspect of the exercise was the avoidance of student collusion — an ever-present
concern that has only become more prevalent with the increase in computer-based activities carried
out away from the university.1” The ease of online communication and the unsupervised nature of
remote work requires that exercises must be designed to effectively minimize the chances of students
sharing answers to virtual laboratory tasks. Primarily, the aim was to encourage students to engage
with the exercises as they would if they were present in a physical laboratory, which can be severely
undermined if the answers are readily available. This is particularly problematic in STEM subjects
where there is often a single correct answer, making collusion more difficult to detect.1® As such,
having such a large number of possible enzymes available in the enzlab simulation ensures that
students engage with the exercise and contact staff when they are stuck, rather than sourcing
answers from their peers.

In summary, we were looking for an activity that would teach aspects of experimental design, to
follow on from a traditional, recipe-lead lab session exploring enzyme kinetics. This had to be easy

enough for a cohort of 180, second-year chemistry undergraduates to run remotely due to a pre-
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planned building closure and the emergence of COVID-19. It had to be scientifically sound, sufficiently
flexible for all students to carry out a different iteration of the task, and generate data that could be
easily manipulated. We have found that enzlab fulfils these requirements and has provided our
students with the opportunity to investigate aspects of experimental design when they are away from
the lab. Crucially, the resource was readily available for use and could be implemented at short notice
to ensure students remained engaged with aspects of practical chemistry during the pandemic.
Furthermore, we feel the enzlab simulation should serve as a template for the continued development
of robust and widely accessible virtual laboratory exercises while the disruption from the COVID-19

pandemic continues.
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