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An estimated 8.5 billion tons of poultry feathers are produced from farms globally
every year, in addition to the tons of human hair that is extracted from wastewater
il treatment facilities worldwide. Keratinase is a serine protease that primarily attacks
-_ the disulfide bonds in keratin waste—such as feathers and hair. The expression of
bacterial keratinase provides an opportunity to manage this degradation-resistant
keratin waste. This study aims to provide a foundation for future management of hair
and feather waste by reducing the negative effects that the current treatment meth-
ods have on the environment and by producing a useful amino acid protein product

0 of high quality, such as animal feed and fertilizers. This is done through a semi-quan-
AN titative analysis of keratinase A (kerA) and keratinase US (kerUS) activity and ex-
‘: pression of these genes in Escherichia coli. The genes for production of kerA and

kerUS originate from Bacillus licheniformis and Bacillus brevis, respectively. These
genes were optimized for expression in E. coli JM109 and DH5a. The kerA enzyme is
most active in degrading keratin in feathers, while KerUS is most active in degrading
keratin in hair. The production and effectiveness of keratinase was tested on human

hair over five days at a temperature of 37°C. Observations from this semi-quanti-
AV tative assay, combined with results from a skim milk plate assay suggest that some
protease is being expressed and secreted.
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Background

Each year, an estimated 8.5 billion tons of
poultry feathers are produced from farms
globally (New Solution Found to Dispos-
al of Feathers 2009), in addition to the
human hair that is extracted from waste
treatment facilities worldwide. In the
Canadian town of Canmore, the accumu-
lation of hair in wastewater treatment
plants’ machinery has formed hard-to-re-
move tangles and has resulted in the
blockage of pumps and pipes. Both
waste products are made of a very
strong protein called keratin. Keratin
is difficult to degrade due to its low
chemical reactivity and resistance to
common proteases (Gupta 2014).

There are currently three methods for
dealing with keratin waste: incin-
eration, dumping in landfills, and
transforming the keratin into a useful
protein product. However, none of
these solutions are ethically responsi-
ble. The first method of keratin waste
management is incineration. Incinera-
tion leads to the release of pollutants
into the atmosphere, causing foul
odours and contributing to harmful
runoff, which negatively impacts the
surrounding and downstream areas
including harming livestock and

nearby ecosystems (Gupta 2014). The
industrial method to address keratin
waste involves discarding and burying

it in landfills. The resulting leachate
increases the nitrogen concentration

in surrounding areas, leading to algal
blooms and harming the ecosystem
(Gupta 2014). The third method to
dispose of keratin waste is mechan-
ically breaking it down into useful
products. This process dries the waste
and crushes it for later processing

into useful products (Jaouadi et al.
2013). The technology for processing
keratin into useful products (e.g., animal
feed, fertilizer) is currently underdevel-
oped (Jaouadi et al. 2013). The current
processes used are time consuming,
harmful to the environment, and create
only low quality and ineffective products
through mechanical degradation of the
protein. The keratin-processing byprod-
ucts are under investigation and largely
unknown. Research suggests they contain
a high concentration of amino acids. Thus,
keratin degradation into amino acids via
keratinases can possibly yield high quality
products, while having negligible
environmental impact

(Satyanarayana et al. 2013).

Keratinases are serine proteases that
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break down keratin waste by degrading
hydrogen disulfide bonds (Radha and
Gunasekaran 2007). Some species of
Bacillus, actinomycetes, and fungi have
been reported as keratinolytic; and while
frequently studied in Bacillus, heterolo-
gous expression of keratinase in E. coli is
limited (Radha and Gunasekaran 2007).

Several species of Bacillus produce kera-
tinases suitable for industrial applications
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Figure 1. The ladder is seen in the leftmost lane;
the band for the pGEX positive appears at around
5,000 bp; the supercoiled conformation of the
plasmid is shown in the blue box, and the open
circular conformation of the plasmid is shown in
the green box.

in managing keratin waste, though this
option is not industrially viable because
of the low level of expression (Hu et al.
2013). Therefore, researchers such as
Hu et al. (2013) chose to express kerA
into two different conventional vectors—

pET300 and pET320—in E. coli, resulting
in two different recombinant keratinases.
Another study, by Liu et al. (2013) cloned
the ker gene using the expression vector
pET-22b into E. coli BL21. This study
focused on the expression and charac-
terization of keratinase in E. coli, and the
determination of optimal pH and tempera-
ture for the recombinant keratinase. In
contrast to the positive results reported
by the previous two reports, Satyanaraya-
na et al. (2013) report that keratinase
expression using the kerA gene resulted

in low expression, and high expression
became lethal for E. coli or accumulated
in inactive keratinase as insoluble inclu-
sion bodies. Therefore, in most cases,
expression of keratinase in E. coli finds its
use in being better industrially suited for
degradation of keratin waste than Bacillus.

For this study, two keratinase genes,
kerA and kerUS, were used. KerA is more
suited to the stacked beta pleated sheets
of beta-keratin that are found in
feathers. KerUS, on the other hand,
is more suited to the alpha-kera-

tin found in hair (Cai et al. 2008).
Though they both have a wide range
of substrate specificity, they would
both be suited to degrade beta-ker-
atin or alpha-keratin, but a differ-
ence in efficiency might be expected
(Satyanarayana et al. 2013).

This study aims to semi-quantitative-
ly observe the degradation of keratin
in the form of human hair due to
KerA and KerUS production. Also
included is an analysis of the ability
of E. coli to express and secrete

both keratinases (KerA and KerUS)
through the cloning of the plasmids
and subsequent transformation into
E. coli for expression.

Materials and Methods

Gene Design. Keratinase gene se-
quences (kerA from Bacillus licheni-
formis, and kerUS from Bacillus bre-
vis) were obtained from the National
Center for Biotechnology Information
(NCBI) gene database. The native
signal sequences were removed from
both proteins and replaced with pelB
signal sequence (BBa_]32015). The
gene sequences were placed down-
stream of an isopropyl B-D-1-thioga-
lactopyranoside (IPTG) inducible promot-
er. This was done to create two separate
plasmids: one for the kerA gene and one
for the kerUS gene. (BBa_R0010), and

a ribosome binding site (BBa_J04500).
Lastly, the genes were codon optimized
for expression in E. coli and synthesized
and cloned into a pUC57 plasmid back-
bone by BIOBASIC Inc.

Transformation of E. coli IM109 and

DH5A. E. coli IM109 and DH5Q was
made chemically competent according to
previously published methods (Alberta In-
novates 2014). kerA and kerUS plasmids
were added to cells. Cells were incubated
on ice for 30 min., followed by heat shock
at 42°C for 60 s, and a second incuba-
tion on ice for 5 min. Luria-Bertani (LB)
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Table 1. OD_, of the six differ-
ent overnight cultures?

Culture 0D,
KerUS- Colony 1 0.929
KerUs- Colony 2 0.567

KerA- Colony 2 0.001
KerA- Colony 3 0.033
JM109- Colony 7 0.843
JM109- Colony 8 0.016

aTwo different plated colonies were used in
growing to cultures of each.

broth was added to the cells, which were
incubated at 37°C for 1 h before plating

on LB agar plates containing 100 pg/mL

ampicillin (amp).

Gel Electrophoresis. E. coli JM109
containing the kerUS plasmid was mini-
prepped according to methods previ-
ously published using an Omega bio-tek
E.Z.N.A. Plasmid DNA Mini Kit (Alberta
Innovates 2014). With four kerUS mini-
prepped samples, a linearized pGEX
vector as positive control, and an AMRES-
CO DNA ladder, a gel electrophoresis was
run according to methods published by
Alberta Innovates (2014).

Cell Lysis. For lysing the cells, two
overnight colonies of KerUS and a control

of two DH50Q colonies were grown in LB
broth. These cultures were diluted 100x
in 5 mL LB broth for all eight tubes. 5 pL
amp was added to each tube, and half
of the tubes received 50 pL IPTG (100
mM), whereas the other half received 50
uL distilled water. The cultures were then

incubated for 3.5 h at 37°C. Neither DH50
cultures grew because of an error in add-
ing amp. After incubation, 1.5 mL of each

of the kerUS cultures and DH50 undiluted
overnight cultures were centrifuged for 2
min. at 7,000 RPM. This last step was re-
peated twice, for a bigger pellet. To make
the lysis buffer, 3.03 g Tris was added

and stirred in 500 mL demineralized and
deionized water. This was refrigerated for
1 h, and then 0.077 g dithiothreitol (DTT),
a reducing agent, was added, as well

0.5 g lysozyme. After adding 60 pL lysis
buffer to each cell pellet, the tubes were
shaken in the fridge for 30 min. The tubes
were frozen in liquid nitrogen and thawed
in a 40-42°C water bath two times. They
were then centrifuged at 7,000 RPM for

2 min. twice. The pellet had not formed
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correctly, so 60 pL lysis buffer was added

and they were spun again for 2 min. at
7,000 RPM. The supernatants were taken
off of the pellets for use in the skim milk
plate assay.

Skim Milk Plate Assay. The skim milk

plates are used to show enzyme activity.
As keratinase is an enzyme with a broad
substrate specificity, zones of clearing
should be seen around cultures grown or
supernatant poured on skim milk plates
due to keratinase degrading the protein in
the skim milk.

To make skim milk plates, 125 mL of
agar was prepared according to methods
published by Alberta Innovates (2014).
While autoclaving the 125 mL LB agar
for 25 min., 5 g of skim milk powder was
dissolved into 125 mL distilled water. As
the LB agar cooled, the dissolved milk

was placed in the incubator at 37°C and
observed over four days for any zones of
clearing in the skim milk.

Semiquantitative Hair Degradation
Assay. Using 10 mL of sterile LB-broth,
two cultures of each E. coli IM109 with
the kerA plasmid, with the kerUS plasmid,
and without any plasmid, were grown
overnight at 37°C. The cultures containing
the kerA and kerUS plasmids contained
100 pg/mL of amp; while the cultures
without any plasmid, used as a negative
control, contained no antibiotics. After 12
h of incubation, the OD,, of each culture
was measured before adding IPTG to the
media with a final concentration of 1 mM.

Human hair was dried at 64°C for 15 min.
until very dry. The hair was then weighed
and distributed in 0.05 g aliquots of loose

Table 2. Mass of petri dish
used to weigh the hair, mass of petri dish with the dried hair,
and the calculated mass of hair from these values.

Culture Mass of Petri Dish

KerUs- Colony 1 17.54 g
KerUs- Colony 2 17.85¢g
JM109- Colony 7 17.92 g

negative control

solution was autoclaved for 10 min. 2.5
pL of amp was added to the LB-agar, then
the skim milk solution was poured in and
mixed. Plates were poured and should
look opaque with no solids.

The supernatant from the centrifugation
in the cell lysis was saved. The superna-
tant came from lysing four samples of E.

coli DH50 containing the kerUS gene: two
that had been induced with IPTG and two
that had not. 10 pL of each sample su-
pernatant was pipetted onto a skim milk
plate in four separate corners. The plate

Mass of Petri Dish with

Mass of Hair

Hair Calculated
17.58 g 0.04 49
17.90 g 0.05¢
17.97 g 0.05 g

hair to each of the cultures. The cultures
were then placed in the incubator at 37°C
with gentle shaking.

After 120 h incubation, all tubes were
centrifuged at 3,000 RPM for 5 min. to
cause hair to pellet, and the supernatant
was discarded. After rinsing the remaining
hair pellet in 10% bleach, they were dried
overnight at 37°C. The very dry hair was
then weighed to determine the final mass.

Table 3. Calculated difference
between initial and final mass of hair.

Difference
Culture Initial HairMass Final Hair Mass between Initial & Final
Hair Mass
KerUS- Colony 1 0.05¢g 0.04 g 0.01g
KerUs- Colony 2 0.05g 0.05¢ 0.00g
JM109- Colony 7
negative control 0.05¢ 0.05¢ 0.00g
3 November 2016 | Volume 1 | Issue 1 | e201616



Figure 2. Small clearing zone seen on
the second day of incubation.

Results

Gel Electrophoresis. Shown in Figure 1,
bands for the ladder, positive control pGEX
vector, and plasmids for all kerUS mini-
preps could be seen. As the pGEX vector
was linearized, the band was expected to
be seen around 5,000 bp, and in the gel it
was seen at 5,000 bp. The kerUS plasmids
were not linearized, thus there was no ex-
pected size at which the bands should

be present. Two slightly different bands

of DNA can be seen in the wells for

kerUS, and they have run the same
distance in all four wells.

Skim Milk Plate Assay. Zones of
clearing in the skim milk plate assay
indicate protein degradation, suggest-
ing the presence of keratinase. After

two days of incubation, some zones of
clearing could be seen around colonies
growing from the KerUS Colony 4 IPTG
and KerUS Colony 5 Water. This can be
seen in Figure 2. After three days of
incubation, the zones of clearing were
much bigger around the two bacteri-

al cultures that had grown from the
supernatant plated. Some contamina-
tion was visible after three days, and
this, as well as the zones of clearing, can
be seen in Figure 3. Over the five days,
zones of clearing had grown in the super-
natant from kerUS C4 induced with IPTG,
and kerUS C3 not-induced.

Semiquantitative Hair Degradation

Assay. After culturing E. coli containing
the kerA, kerUS, and no keratinase plas-
mid overnight, the OD,,, was measured.

Negligible bacterial growth occurred in
either of the cultures containing the KerA
expressing bacteria. This suggest KerA is
toxic to E. coli. Little growth was observed
in one of the cultures lacking the kerati-
nase plasmid. Therefore, the subsequent
parts of the assay were conducted using
only cultures named: KerUS-colony 1,
KerUS-colony 2, and JM109-colony 7.
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After five days of incubation, the hair
was removed from the cultures and
weighed again. The mass of hair is
recorded in Table 2, and the difference
in hair mass is calculated in Table 3.

There was no visible hair degrada-
tion—which would appear in the form

of sludge. However, some very small
black fragments were visible in all
culture tubes (see Figure 4). A second
observation, this time only from the
tubes containing the cultures of E.

coli IM109 with the kerUS plasmids,

is a colour change. After removing the
LB broth and hair, there was a clear pink
and slightly purple colour to what was
previously clear plastic (see Figure 5). The
colour seemed very similar to the colour
of the cap on the tube.

Discussions

Gene Optimization and Transforma-
tion. Miniprep and ael electrophoresis

Figure 3. Larger zones of clearing
seen on the fourth day of incubation,
as well as some contamination seen
close to the colonies.

confirms the transformation of the kerUS
plasmid. This step was not done to con-
firm the transformation of kerA plasmids
as no culture containing the kerA gene
has grown properly (which is elaborated
on in the kerA section of the discussion).
Therefore, there were not enough cells
to miniprep and retrieve plasmid DNA
from.

As seen in the results, two bands
separated by a small distance were
seen in each of the gel wells loaded
with mini-prepped kerUS plasmids
(Figure 1). The two bands represent
the open circular conformation of the
plasmid and the supercoiled conforma-
tion of the plasmid. This confirms the
presence of plasmids within the E. coli

Figure 4. Example of black fragments
seen at the bottom of all culture tubes
at the end of the assay.

cells, indicating that the transformation
was successful.

kerUS Gene. To test the production of
the kerUS enzyme, two experiments
were conducted. The first test used a
semi-quantitative assay to determine if
the construct would break down hair. The
second test employed a skim milk plate
assay designed to show protein degrada-
tion by kerUS.

In the first test KerUS was applied to
casein protein. Clear patches in skim milk
(i.e., clearing) indicate protein degrada-
tion. This clearing would demonstrate the
efficiency of kerUS as a protease with
broad applications to many proteins.

The plate containing kerUS C3 with water
(non-induced) showed some clearing.
More clearing was visible in the section

of the plate that contained kerUS C4 (in-
duced) plate. The reason for the clearing
from the non-induced supernatant is that
the promoter used is not strictly controlled
and instead is “leaky.” A second possibility
is that the skim milk in the plate could
have induced the promoter, because it is
a lactose-inducible promoter. However,

as a whole, the zones of clearing seen on
the plate support that the kerUS gene is
being expressed, and kerUS is effective in
degrading protein.

The reported contamination on the plate
appears to be fungus. Though, there is no

Figure 5. Picture of the coloured cul-
ture tubes compared with the unco-
loured negative control culture tube.
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clearing around the growth and it could
be ruled out as a possible reason for the
clearing observed around the growing
colonies.

The second test exposed hair to the ker-
atinase enzyme for an extended period

of time. Three of the overnight cultures
created were used: KerUS C1, KerUS C2,
and JM109 C7. Small black specks, similar
in colour to the hair used in the assay,
were found at the bottom of all the tubes.
The identity of this material is unknown.
It may be dirt or a small amount of de-
graded hair.

The colour of both KerUS tubes changed
from clear plastics to pink/slightly purple.
This colour was similar to the tube’s cap,
indicating possible leaching of the cap’s
dye into the tube. This could be a result of
potential kerUS enzyme activity on a pro-
tein-based dye in the plastic, or a poten-
tial reaction between kerUS and another
agent already in the culture. The JM109
showed negligible colour change in the
tube. This indicates the colour change is
likely due to keratinase as JM109 served
as a negative control and should not be
producing any form of Keratinase as it
does not contain any kerUS or kerA gene.

Some quantitative results were also
observed from measuring the before and
the after effects of keratinase exposure.
A change in hair mass of 0.01 g in KerUS
C1 was recorded. However, because of
the resolution on the scale, the change in
mass is negligible.

The literature suggests that maximum ke-
ratinolytic activity occurs at around 30 h,
and by then, a majority of the hair would
be broken down. However, this was not
what was observed in this experiment for
these strains. Despite this, no difference
in hair mass does not necessarily mean
that no KerUS is being produced. Reasons
for this include insufficient IPTG induc-
tion, the formation of inclusion bodies of
inactive keratinase. The enzyme activity
on the skim milk plate was also quite de-
layed, taking two days to show any clear-
ing. This suggests that a longer incubation
period might be needed to observe hair
degradation. Thus, a future improvement
to this experiment would be to inoculate
cultures, induce them, and grow them

for two weeks before weighing the hair.
Future experiments should also include
consideration of the following factors: of
the concentration of kerUS, concentration
of hair, mixing, and temperature.
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kerA Gene. A second keratinase enzyme,
KerA, was also tested in this study. But
with the same testing, very few results
have been observed. Extensive brain-
storming, troubleshooting, and hypoth-
esizing has been done to determine why
the kerA has been unsuccessful in a lab
setting. It is possible that kerA was not
expressed due to improper translation. If
the gene was improperly translated, then
either kerA mutants would be expressed
or expression would not occur. Proposed
solutions to this problem were the re-
synthesizing of the plasmid ring with a
promoter. A suggested gene to use would
be Red Fluorescent Protein (RFP). If the
newly synthesized plasmid had an RFP
coding region downstream of Ker, fluores-
cence would provide visible confirmation
of Ker expression. Another hypothesis

or source of error in the lack of protein
expression could be that the amp in the
plates and cultures was either not present
or the antibiotic that was added had been
rendered ineffective, possibly due to heat
inactivation. If there was no amp in the
plates, then the bacteria that was cultured
would not contain the plasmid. There
would only be growth shown if there was
an amp resistance in the bacteria, found
in the keratinase plasmid; and if no amp
was present, the bacteria grown does not
have the desired expression cassette,
which could lead to the lack of hair deg-
radation observed. To address this error,
fresh antibiotic stocks and fresh plates
would need to be made. The next step
would be to reculture and regrow the bac-
teria with a positive and negative control
on the new plates. The positive control
would use a gene like RFP, with an amp
resistance, to make sure that the bacteria
being grown has taken in the plasmids
that were intended.

Another hypothesis on why the keratinase
gene was not being expressed proper-

ly is due to problems with the secretion
tag. Because the keratinase expression
genes come from Bacillus, which are gram
positive, and have one cell membrane,
expressing the gene in E. coli, a gram
negative bacteria requires optimization.
Although the plasmids were optimized

by changing the codons to those most
frequently used in E. coli, adding a pelB
export signal sequence to replace the
native Bacillus signal sequence, there
may have been errors in the optimiza-
tion, so the E. coli cannot express it and
secrete it properly. The keratinase gene
may be expressed properly within the cell,
but without it being secreted out of the
membrane, no protein is exposed to the

enzyme. In order to allow the keratinase
to be taken out of the cells, one step to
take would be lysing the cells to allow for
the keratinases to be free floating in the
culture and degrade the protein. KerA has
also been reported as lethal to E. coli if
expressed at a high rate (Satyanarayana
et al. 2013). This might account for the
low OD,, of the kerA cultures in the hair
degradation assay, as the background
expression of kerA before IPTG induction
could be killing the cells, thus prohibiting
cultures to grow. Another promoter that
is less “leaky” than the current one would
have to be used to solve this problem.

The lack of visible hair degradation could
be caused by a variety of other factors as
well. The most likely explanations would
include insufficient IPTG induction or for-
mation of inclusion bodies of inactive ker-
atinase. After further analysis of the lack
of protein expression, it was realized that
there may be an issue with the promoter.
The promoter being used in the research
is IPTG inducible, and a different con-
centration may be required to induce the
expression of the keratinase. The concen-
tration of IPTG used to trigger expression
of the genes could be too low or too high.
If the concentration were too low, then it
would not be registered by the promoter
region of the plasmid and the gene would
not be able to induce expression. On the
other hand, if the concentration of IPTG
were too high, the toxicity, without the
neutralization agent of lactose, would

kill the cells anyway. In order to combat
these miscalculations, further research
must be completed in order to ensure that
the concentration of IPTG is correct to
express the enzymes.

Another potential issue identified was
that the conditions in which the bacteria
was being stored were not optimal for
the growth or survival of the cells or the
expression of the keratinase enzyme.
This could be due to a number of factors,
including the temperature at which they
were being stored at or degraded in. If
the temperature was too high or too low,
not optimal, then this would lead to the
denaturation of the enzyme, or a failure
of the cells to grow and produce protein
optimally. By going through the proto-
cols with different conditions, this would
allow for new parameters to be set and
different factors to be eliminated through
the process of trial and error. However,
as no cells are growing, it is not possible
to miniprep and run a gel with the kerA
plasmid to confirm the transformation.
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Bioreactor. In order to test the con-
structs on a larger scale, replicating use in
industry, the current plan for implementa-
tion is the use of a bioreactor. The design
currently is for the use of a constantly
aerated bubble design, because it is
commonly used in wastewater treatment
plants and could easily be integrated with-
in the poultry industry on a large scale.
The bioreactor is in the early development
stages, as a design has been sketched out
and the plan for upcoming months is to
construct a fully functional bioreactor. The
current design consists of usinga 1-3 L
Spinner-flask connecting two intra-
venous (IV) bags, each of which
will be filled with growth media
attached to the first of the three
arms. One of the IV bags will be
an acidic pH, and one will have a
basic pH to ensure that the bacte-
ria cannot grow back up the tube
into the media stocks, clogging

it up. When the acidic media and
basic media mix in the bioreactor,
however, the pH will adjust to al-
low for cell growth. The top lid will
be used as a hatch to let the hair
and feathers in, and the third lid
will be used as a pressure gauge,
with a 0.2 pL filter to ensure that
no unwanted materials enter or
exit, while still allowing for gas to
exit, in order to prevent unwant-
ed pressure build up. Wrapped
around the Spinner-flask will be

a heating blanket with an exact
temperature to keep the biore-
actor at a constant temperature

of 37°C. It will also have three
aerators powered by a water
pump outside the Spinner-flask
(Figure 6). These aerators will
both constantly mix the culture
and the waste products as well as
introduce air into the bioreactor.
At the bottom, there will be an
effluent pipe controlled by a tank
connector to allow for water to
exit, and a filter of sorts for keeping the
sludge inside to be cleaned out when the
tank is at capacity (Figure 6). A bioreactor
would be a good final system for a variety
of reasons. As previously mentioned, it
would be easy to implement as many
wastewater treatment facilities currently
use them and they would be easy to instal
in the poultry industry. However, there
are many other positives to the use of a
bioreactor, one of which is the fact that a
bioreactor will keep constant conditions to
implement the optimized characteristics
into the bioreactor. Furthermore, a biore-
actor is a relatively safe system for us to
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use, as it is a sealed containment system
that will allow for the keratin waste to
enter and the useful keratin protein to
exist without contamination taking place
and E. coli leaving the system. In the
future, to make the safety system more
redundant, a safety control at the genetic
level in the form of a kill switch would be
implemented.

Future Goals. Future goals include
finding the true cause and solution to the
kerA problem, running further assays to
get more quantitative data, optimization,

Hatch To Insert
Feathers or Hair

Heating Pad

Air Pump

Original Sketch By: Rosie Wilson

Figure 6. First draft bioreactor schematic for the im-
plementation of the project. Some of the design may
be altered slightly when built. Original sketch created
by Rosie Wilson.

testing for safety of the construct, learn-
ing how to deal with the protein product,
perfecting the design of the bioreactor,
and working on a business plan for the
construct as well as the bioreactor sys-
tem.

Through this study, among others, it has
been hypothesized that KerA is toxic to

E. coli cells in high expression. However,
at this point this is no conclusive data to
why KerA has been unsuccessful. In the
future, there will be troubleshooting for

ideas to come to a conclusion as to why
the KerA has been unsuccessful and how

Air Filter
(2pL pore size)

to fix the problem. One current hypothesis
that could prevent the protein killing the
cells when transcribed would be to use a
different promoter within the construct.
Using an inducible promoter that is tightly
regulated, where expression can be com-
pletely induced or turned off, would allow
for the expression to only occur after the
cells have grown, limiting the time that
the protein has to kill the cell. One specific
promoter that could be used would be an
arabinose promoter (http://parts.igem.
org/PBAD_Promoter Family). This would
allow the expression to only be induced
when the cells have grown, limiting the
time that the protein can kill the
cells before expression. The next
process would be lysing the cell to
remove the protein expressed.

The next steps to be taken include
running further semi-quantita-

tive hair degradation assays and
gathering more quantitative data
to gather more results about the
rate and the effectiveness of the
keratinase enzymes. By performing
the assays, more information will
be gathered to learn whether the
lack of expression is due to toxicity
of the protein or from other errors
that could occur. Once the con-
struct has been proven successful
through assays, more tests will be
performed to determine the optimal
conditions for enzyme productivi-
ty, such as pH, temperature, and
amount of air needed. Another
important part of the research to
be done is looking into how well the
byproduct from the degradation can
be used as useful product in animal
feeds and fertilizers. This research
would largely help in the implemen-
tation of the construct within the
bioreactor, because the bioreactor
would contain the construct and
maintain all of the optimal condi-
tions, allowing for the correct rates
of growth and expression, as well
as ways to dispose of the byproducts. In
a few years time, once the construct has
been successfully created, characterized,
and tested for safety, the final develop-
ment for real world implementation will
begin. This process will include making it
so that the implementation within indus-
tries is both accessible and functional, by
developing a sustainable business plan
that can be used to distribute the product
to make it readily available in both in-
dustries. The future plans for this project
are broad and cover a variety of research
plans and ideas. This future planning is
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important for achieving the end goal of
developing a successful enzyme product.

Conclusion. Keratinase enzymes can be
used to break down keratin—a very strong
protein found in the waste products of
both hair and feathers—into its basic ami-
no acids, which can be used to create a
useful protein produce that can be utilized
in products such as fertilizer or animal
feed (Satyanarayana et al. 2013). This
study attempted to express two kerati-
nase enzymes; KerA and KerUS in E. coli.
The constructs were tested using two ex-
periments. The first was the use of a skim
milk plate test to see if the keratinase
enzymes are being actively expressed

and breaking down protein. This test was
set up by making skim milk agar plates
and then pipetting the supernatant from
KerUS directly onto the plate. The test
demonstrated the presence of the KerUS
enzyme, as there was visible clearing
within the protein on the skim milk plates.
This confirmed that the KerUS enzyme
was successfully breaking down protein.
The second test was a semi-quantitative
assay that was used to observe the deg-
radation of hair under what was predicted
to be the optimal conditions for enzymatic
expression. This test was performed by
placing hair in two falcon tubes with the
KerUS enzyme present, which had been
induced with IPTG to make it produce the
keratinase enzyme. It was then left in an
incubator for five days. Some observa-
tions that were made included the darken-
ing in colour of the LB broth, the settling
of black particles in the tubes, and the ob-
servable change in the colour of the falcon
tube itself from a clear plastic colour to

a somewhat purple colour. The cause for
this change in colour has yet to be inves-
tigated at length. Some hypotheses have
been developed, the main hypothesis is
concerning the so-called “bleeding” of

the lid colour into the clear plastic of the
falcon tube. The prediction made was that
the enzyme affected the plastic and start-
ed to degrade the colour of the lid. This
“bleeding” in colour would have lead to a
change in the colour of the falcon tube.
With both experiments, the KerA enzyme
was not tested, as there was no substan-
tial growth in the KerA cultures so no test
could be successfully performed. Through
the experiments conducted, the results
demonstrate that though kerUS appears
to be breaking down proteins, there is no
growth of the KerA transformed cultures.

The lack of results observed for the kerA
assays could be due to a multitude of rea-
sons, which have been hypothesized but
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not proven. The first hypothesis is that
the KerA was not being expressed due

to improper translation in the gene. The
second hypothesis is that the amp in the
plates and cultures was either not present
or the antibiotic that was added had been
rendered ineffective. The third hypothe-
sis has to do with the secretion tag. An
explanation for why the semi-quantitative
assay was unsuccessful could have to do
with the fact that a longer incubation time
was required for degradation to occur.
Though, some other reasons why the

test was unsuccessful have been hypoth-
esized. The most likely explanations for
this lack of positive results could include
insufficient IPTG induction, formation of
inclusion bodies of inactive keratinase, an
issue with the protein expression linked to
the optimization of the gene from Bacillus,
or an issue with the promoter. Another
potential issue identified was the condi-
tions in which the bacteria is being stored,
as they were not optimal for the growth or
survival of the cells and the expression of
the keratinase enzyme.

In summary, this research is centered
around the development of two keratinase
enzymes that can be used to break down
keratin waste into a useful protein product
in both an environmentally and ethically
responsible way. By developing this proj-
ect, it is possible to engineer bacteria to
degrade hair and feathers, solving the 8.5
billion ton problem that is keratin waste,
as well as degrading the keratin protein
more efficiently and finding an efficient
use for the waste created.
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