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ETHICS AND THE NEUROLOGICAL EFFECTS OF

WATER CONTAMINATION BY METHYLMERCURY

Ida Mattsson, Dr. Judy Illes

National Core for Neuroethics, University of British Columbia, Vancouver

ABSTRACT

What ethics-related discussion is present in jour-
nal articles on brain damage due to water contamination
by methylmercury? As a neurotoxin, increased bioavail-
ability of methylmercury driven by human activities
can have a significant adverse impact on future gener-
ations. We categorized ethics-related content according
to a framework for Environmental Neuroethics (Cabrera
et al., 2016). The framework provides a systematic way
of examining phenomena at the intersection of ethics,
brain, and environmental change. Measures of the rel-
ative quantity of ethics-related content and sources of
academic discourse were also made. The most extensive
ethical discussion concerned implications for social pol-
icy and regulation. We also noted a lack of ethics-related
content with regard to cross-cultural perspectives.

INTRODUCTION

Methylmercury (MeHg) is a potent neurotoxin,
especially for a fetus exposed in utero. Research into its
effects in brain health evolved after the fall-out of ma-
jor anthropogenic mercury pollution incidents in Japan
(1956, 1965) and Iraq (1971) (Harada, 1995; Amin-Za-
ki et al., 1974). MeHg is mercury (Hg) in its fat soluble
organic form, which readily passes through the blood
brain barrier (Jarup, 2003). Brain damage resulting from
exposure in adulthood is focal, and primarily causes im-
pairment of movement, vision and audition as well as
cognitive impairments (Castoldi et al., 2001). Prenatal
exposure impairs normal neurodevelopment and leads
to widespread neuronal degradation. Expressions of such
MeHg-induced neurotoxicity can take a variety of forms,
including cerebral palsy and autism spectrum disorder.

MeHg is produced through methylation of inor-
ganic Hg by aquatic micro-organisms (Clarkson, 1995).
Increasing anthropogenic emissions of mercury through

industrial practices have increased the environmental
availability of Hg as well as rates of conversion to its
neurotoxic form MeHg (Booth and Zeller, 2005). This
conversion of Hg to MeHg poses the greatest threat to
brain health, because MeHg bio-accumulates through
the food chain (Wang et al. 2004). This may render lo-
cal waters safe to drink, while fish and marine mam-
mals contain toxic concentrations. The size and age
of the fish also contributes to its relative MeHg con-
centration. For example, king mackerel is significantly
more toxic than smaller species of mackerel (Silberna-
gel et al., 2011). Increased environmental availability
of MeHg and subsequent low dose exposure by human
populations is implicated in what has been considered
as the silent pandemic of neurodevelopmental dis-
orders arising from subclinical neurotoxicity (Labie,
2007; Grandjean and Landrigan, 2006).

Contradictory findings from two major lon-
gitudinal studies on the neurological effects of MeHg
have sparked debate concerning policy regulation for
restricting the consumption of certain foods. One
such ongoing study is based in a cohort of children in
the Republic of Seychelles, whose pre- and postnatal
MeHg exposure results primarily from consumption of
ocean fish. This cohort has almost no reported adverse
effects on neurodevelopment with increased MeHg
exposure; and even show slight improvements on tests
of cognitive ability (Davidson et al., 2011). These find-
ings are commonly attributed to the paired increased
intake of nutrients beneficial for neurological function
that occur naturally in the same fish. In stark contrast,
a cohort of children on the Faroe Islands exposed to
MeHg primarily through consumption of both fish
and whale products have reported significant and last-
ing cognitive deficits (Debes et al., 2016).

A major motivator for the present study was
the Calder et al’s (2016) report that 11 of 22 planned
hydroelectric facilities in Canada will increase MeHg
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concentrations in surrounding areas sufficiently to pro-
duce an adverse effect in local communities. Many of
these are First Nations settlements. Even active efforts
to reduce anthropogenic effects on the natural environ-
ment lack consideration of potential adverse effects on
brain health. No review of the extent or themes present
in the ethical discussion has been carried out with regard
to methylmercury. To address this knowledge gap, the
framework for Environmental Neuroethics (Cabrera et
al., 2016) (Fig. 1) was used to investigate the ethical con-
siderations reflected in the academic literature on brain
damage due to environmental water contamination by
methylmercury. Such an investigation has the potential
to address directions for further academic discourse and
impact policy decisions.

Framework Environmental Neuroethics

Brain science and Neuroscience discovery that is aligned with the measurement and

the environment  evaluation of factors that affect the way individuals, communities and
society adapt and cope with real or perceived environmental threats to
well-being.

The relational The interface between the environment and brain, and the

self and the mechanisms by which exposures at key points in life may mediate

environment different brain and mental effects; relationships with different
environmental stressors, individual susceptibility and resilience.

Cross-cultural Exploration of the role of culture in the relationship between

factors and the environment and brain and mental health; interactions between

environment Traditional Ecological Knowledge and neuroscience evidence.

Social policy and  Priorities and allocation of resources of local social organizations to

the environment  deal with environmental impacts on brain and mental health.

Public discourse  The engagement of professional disciplines and communities in
and the multidirectional communication and discourse about neurological,
environment psychological, sociological and ethical dimensions of environmental

change; facilitation of international, cross-disciplinary, transdisciplinary
collaborations.

Figure 1. Framework for Environmental Neuroethics (Cabre-
ra et al., 2016). Reprinted with permission.

Methods
MeSH search terms and PubMed search

As a first step in this scoping review, the research ques-
tion was formulated into a PubMed search query based
on Medical Subject Headings (MeSH). A MeSH search
includes both articles indexed according to this system,
and other papers under the same keywords in the larger
PubMed database. Prior to finalizing the query, different
search terms were tested to ensure that the result reflect-
ed the research question.

Search terms were extracted from three categor-

ies; terms relating to environmental sources of pol-
lution in water environments, terms relating to brain
health, and terms relating to methylmercury. The
MeSH terms used under the umbrella of environment
were: ‘environment,, ‘industry’, ‘water, ‘chemical water
pollution’ and ‘environmental pollution. Terms related
to brain health were; ‘neurology’, ‘neurotoxins, ‘chron-
ic brain damage’ and ‘neurodevelopmental disorders.
The only relevant search term for the compound name
was ‘methylmercury compounds’ (Fig. 2). Terms un-
der an umbrella category were joined by disjunction,
and these content categories were then joined by con-
junction. This enforced that some subset of terms from
each of the three umbrella categories had to appear as
search terms for every query return.

ENVIRONMENT BRAIN COMPOUND

Environment Neurology Methylmercury Compounds

Industry Neurotoxins
Water Chronic Brain Damage
Chemical Water Pollution Neurodevelopmental Disorders

Environmental Pollution

Figure 2: MeSH search terms for the PubMed query. Column
terms were joined by disjunction; and rows by conjunction
such that at least one element from each column category
must have been a search term used to index a given article.

The search was conducted in March 2017. All returns
were manually curated and reviewed by the first author.
Articles were excluded if they did not concern impacts
on human health (e.g., focused on another species), or
were written in a language other than English or French.
There was a sharp decline in the indexed coverage of the
debate published prior to 1995, so articles prior to Jan-
uary 1995 were also excluded. An additional five arti-
cles were excluded because they could not be accessed.

Framework Operationalization

In order to categorize articles consistently according
to the framework, each category was operationalized
as follows:

- Brain science and the Environment
(BSE): Discussion relating to measurements of neu-
rotoxicity, prevention methods, physical and/or psy-
chological methodology for detecting, evaluating, pre-
venting, and/or treating neurotoxic effects.
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- Relational Self and the Environment
(RSE): Discussion concerning mental health and the
vulnerability to MeHg neurotoxicity at different life stag-
es, comparing pre-/peri- and postnatal effect sizes to that
of adult populations, as well as the long-term effects of
exposure during neurodevelopment.

- Cross-Cultural Factors and the Environ-
ment (CCFE): Discussion on how exposure to MeHg
differ in populations resulting from a community’s cul-
tural practices, such as traditional sources of food and
ways of living, as well as differing approaches to neuro-
toxicity and the knowledge thereof. An article containing
mention of differential exposure due to location rather
than culture would not fall under this category.

- Public Discourse and the Environment
(PDE): Discussion of the spread of knowledge and com-
munication concerning neurotoxicity and environmen-
tal sources of methylmercury, as well as the effectiveness
and implementation of intervention methods. Strongly
ties in with education.

- Social Policy and the Environment (SPE):
Discussion of regulation, legislation and policy-making,
and utility calculations that often are based in economic
considerations.

Additional Categorizations

In addition to categorizations according to the frame-
work, the extent of ethical discussion was recorded in
three broad categories; none, minimal/some, and exten-
sive. An article would fall under ‘extensive’ if the main
purpose of the paper was related to ethics-based discus-
sion; under ‘minimal/some’ if some content was related
to ethics but not the main aim of the paper. While many
articles contained ethics-related words such as vulnera-
bility, a quantitative measure of the number of such words
did not necessarily correspond to the extent of the ethi-
cal discussion. An article would fall under ‘none, there-
fore, if no ethics-related implications were discussed, or
an ethics-related content word (such as vulnerable) ap-
peared without more elaborate discussion.

The type of literary source was also recorded; pri-
mary research, reviews and other types of sources such
as letters were represented in the sample.

Controls

As a measure of consistency, 20% randomly chosen
articles were double-coded by an independent re-
searcher in the same lab. The reviewer was supplied
with categories and corresponding operationaliza-
tions, exclusion criteria, and the code for evaluating
the extent of the ethical discussion. After a first pass,
the results and implications on the broader search
were discussed, and categorizations were re-evaluated
until consensus was reached. The remaining articles
were subject to a second pass after this review.

RESULTS

The search returned 108 papers, of which 91 met
inclusion criteria. Among the 91 articles, 44 (48%)
had no ethics-related content, 27 (30%) had minimal/
some discussion, and 20 (22%) contained extensive
ethical discussion (Fig. 3). Among the 47 articles
with ethics-related content, 19 (40.5%) originated in
primary research and 25 (53%) in reviews. Three arti-
cles (6.5%) were letters and elaborations on previous
research.

EXTENT OF ETHICS CONTENT

Extensive
22%

None
48%

Minimal/Some
0%

Figure 3. Proportion of articles containing extensive, mini-
mal/some, and no ethical discussion (N=91).

Among articles with ethics-related discussion,
15 were categorized under BSE, 6 under RSE, 2 under
CCFE, 8 under PDE and 16 under SPE (Fig. 4). Cat-
egorizations reflect the primary theme in the article’s
ethics-related content. Articles with no ethical con-
tent were not categorized.

The extent of ethics-related discourse in the
analyzed papers varied significantly across framework
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categories. The highest proportion of extensive discus-
sion (10 extensive, 6 minimal/some) was found in SPE,
while the highest proportion of minimal/some ethical
discussion (12 minimal/some, 3 extensive) was found in
BSE. Both PDE and CCFE had an equal split, while RSE
had extensive ethical discussion in 2 among its total of 6

papers.

CONTENT CATEGORIES AND EXTENT OF ETHICS-RELATED CONTENT

& Minimal/Some

C Factorsand  Public Discourse and the Sockal Policy and the
o rronment (PO Eavromment ($91

Extensive

]
Q
=
a
2
a

Relational Self and the
L RSE

Figure 4. Number of articles among those with ethics-related
content separated according to framework category and ex-
tent of discussion.

In terms of category distribution between types
of literature, there was a roughly equal split between
primary research and reviews overall. The most signif-
icant difference was under PDE, were a majority of ar-
ticles were reviews. The distribution of primary among
the total number of articles (primary / total), were; BSE:
7/15, RSE: 3/6, CCFE: 1/2, PDE: 2/8 (one letter includ-
ed in total), and SPE: 6/16 total (two letters included in
total) (Fig. 5). Among review articles containing some
ethics-based discourse, 14 out of 25 discussed the topic
extensively. In papers originating from the primary liter-
ature, this proportion shifted dramatically to 3 out of the
total 19. Two out of the three letters and elaborations to
previous research contained extensive ethics-based dis-
cussion.

DISCUSSION

The categorizations offered by the framework
for Environmental Neuroethics provided insight into
ethics-related contributions to the academic discussion
about brain and methylmercury (MeHg). The category
Social Policy and the Environment (SPE) contained the
greatest proportion of articles with any ethics content

7

overall. These articles were also the most likely to
contain extensive ethical discussion. SPE and Public
Discourse and the Environment (PDE) included the
greatest proportion of review articles relative to pri-
mary research articles. Since methylmercury has long
been known for its neurotoxic effects, the results seen
for SPE and PDE reflect the contemporary debate
concerning evaluation of reference dosages, sugges-
tions for health and safety policies, and the impact
on society from education and implementation of

regulatory practices.
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Figure 5. Number of articles among those with ethics-re-
lated content according to category and type of literary
source.

The longitudinal studies in the Republic of
Seychelles and Faroe Islands highlight the importance
in making policy decisions and public advisories
that both reduce the risk of MeHg neurotoxicity and
maintain intake of beneficial nutrients from seafood.
This is an especially important issue among vulner-
able populations such as women of childbearing age
and young children, as well as within indigenous
communities where alternative sources of food may
be neither readily accessible nor desired. Attempts
to achieve a balanced advisory for fish consumption
are reflected in articles categorized under SPE. These
articles contained evidence of economic estimates as
a proxy for neurological damage, through for example
a drop in IQ, resulting from adherence to different
regulatory practices. (See for example Bartlett and
Trasande, 2014). The focus in Relational Self and the
Environment (RSE) on consequences of exposure
during different stages of neurodevelopment suggest a
strong link to RSE and how regulation influence these
effects.

It is perhaps not surprising that the greatest
proportion of primary studies as well as articles cont-
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aining only minimal/some ethics-related content were
reported in the category Brain Science and Environment
(BSE). Even though ethical considerations fell outside
the primary focus of these papers, they were often pres-
ent to warrant the relevance of presented research, or to
stress the importance of findings. Many articles in this
category focused on the neurological basis for neurotox-
icity due to methylmercury exposure, as well as deter-
minations of the effect size of confounding variables in
epidemiological studies.

Given the characteristics of the neurotoxic effects
from methylmercury exposure, it was not uncommon
for articles to contain ethics-related discussion suitable
for coding into multiple categories. In such cases, the
ethics-related content was categorized according to the
primary theme in the discussion. This may however have
contributed to what appears to be a restricted discussion
in the categories Relational Self (RSE), Public Discourse
(PDE) and Crosscultural Factors (CCFE). An example of
such a paper is “Maternal Fish Consumption and Prena-
tal Methylmercury Exposure: A Review” (Al-Ardhi and
Al-Ani, 2008). This paper was categorized under BSE,
owing to a focus on how properties of fish and consump-
tion patterns contribute to producing neurotoxic effects
of MeHg. However, the same paper also uses its findings
to extensively engage in discussion concerning policy
and regulation for public advisories, especially with re-
gards to the unique vulnerability of the child in-utero.
The relevance to themes in PDE, SPE and RSE ought
also to be reflected in the classification of such articles.
For future studies using the same framework, adding the
dimension of relative content between categories would
enrich the findings and possible conclusions.

Categorizing articles according to the framework
permitted an insight into where contribution to the de-
bate is lacking. In this study, this was most evident with
regards to crosscultural perspectives. Only two out of 47
papers contained ethical discussion focused on themes
under CCFE: both case studies of populations highly
exposed to methylmercury through traditional ways of
living. Communities that rely predominantly on wild
caught fish as a source of dietary protein are especially
vulnerable to methylmercury exposure. Such communi-
ties, like the Canadian First Nations, often differ in their
cultural practices compared to the country’s mainstream
culture, and live in areas with high risk of undergoing
changes due to industrial expansion. These topics are
present in the academic literature, as exemplified by the

debate surrounding Canadian prospective hydroelec-
tric power plants, but are underrepresented in this
search.

PubMed provides access to the extensive
MEDLINE database of biomedical research. We care-
tully curated returns to provide precise search results.
PubMed is, however, limited papers published in life
science journals. In the future, extended analyses
that include papers from other search engines such
as Google Scholar will provide further foundational
content for related academic and regulatory pursuits
in environmental neuroethics.
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EXPLORING SYSTEMS OF REPRODUTION THROUGH MODIFI-

CATION OF A GENETIC ALGORITHM AIMED AT OPTIMIZING

MOoLECULAR GEOMETRY
Madeline W. Elder & Anna A. Zhitnitsky

University of British Columbia, Vancouver, British Columbia, Canada

ABSTRACT

The main objective of this study was to compare
the efficiency of various evolutionary systems in max-
imizing the fitness of the population upon which they
act. This was accomplished through the development of
a genetic algorithm to optimize the chemical structure
of carbon dioxide (CO2), which has a precisely known
solution. This allowed for the comparison of efficacy of
different versions of the algorithm, each based on a dif-
ferent evolutionary strategy. Each breeding system rep-
resents a distinct approach to reproduction, generating
unique evolutionary curves; however, the population
fitnesses converge toward the optimized solution at ap-
proximately the same time. It is concluded that for the
given problem all versions are practical, but for more
complex problems the path taken to optimization might
make one method preferable.

INTRODUCTION

Genetic algorithms (GAs) provide a means of
solving complex optimization problems. The process is
analogous to natural selection acting on a population
to induce evolution, including concepts such as fitness,
mutation, and crossover (Mitchell, 1998). GAs are used
across industries to solve optimization problems in ev-
erything from shipping routes and gene expression anal-
ysis to investment strategies and chemical reaction path-
ways (Ross & Corne, 1994). When the algorithm is first
initiated, a population of candidate solutions is random-
ly generated, each with their own genome, which con-
tains all parameters necessary to describe the phenotype.
These individuals are then reproduced in an iterative
process, producing generations of solutions, with each
individual assigned a fitness score. The score is indicative

of how close an individual is to the ultimate solution
relative to other candidates, and depends on what
problem the population is meant to solve (Whitley,
1994). Mutations in the genome may also occur, con-
trolled by a fixed mutation rate. This allows successive
generations to score progressively higher in the fitness
module, and thus evolve the population towards max-
imum fitness. The fundamental premise of genetic al-
gorithms is that biological evolution provides a highly
effective mode of optimization. This paper aims to ex-
tend this analysis beyond random mating, introducing
explicit systems of reproduction in order to quantita-
tively investigate their efficiency outside of their in-
tended biological context.

In this work, a genetic algorithm was written
with the aim of optimizing molecular geometry by
minimizing the energy of interaction between each of
the molecule’s constituents. CO2 was used as an exem-
plar, as it can be modeled with a relatively low num-
ber of parameters, which translates into a genome of
a manageable size. This project could have been con-
ducted on any optimization problem, but this one was
chosen because its precise solution is known. Similar
molecular geometry optimization problems have been
solved with genetic algorithms, particularly those
involving organic molecules. One notable example
comes from a 1995 paper by Deaven & Ho, wherein
the structure of fullerenes is predicted from an initial
set of random coordinates, up to the buckyball sphere
structure of C_.

Our experiment investigates the evolutionary
role of various reproductive strategies observed in the
natural world, as well as how they affect the fitness of
the populations upon which they act. We aim to pro-
vide a quantitative foundation from which to approach
these biological questions through the disciplines of
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chemistry, mathematics, physics, and computer pro-
gramming.

METHODS
PROGRAM DEVELOPMENT

Figure 1 illustrates the structure of the genetic algo-
rithm. Because many generations are often needed to
find an optimal solution, maximizing efficiency in ge-

netic algorithms is key. We found that the most efficient

way to encode information in our program was to rep-
resent the population of molecules in a 2D array, each
row of which contains sufficient parameters to describe
one candidate:

o 1 2 3
0 [P1], [P2], [Ps], [Ed, M

1 [P1], [P2], [P3], [E4,

Randomize intal
populaton

Evaluate he ftness of
caon canddate

T S—

Son canddanes by
ness

e T—

KN off loant %2 50-T9% of
o populaon

-

|
Y
Nare remanng
CANSAMEs BOOONSNQ 10
SaRred model

v

Deired normber of
PITMeatong met?

Select canddane with
reghast faness

Figure 1. This flowchart shows the general structure of the GA

used. The full code can be found
in the appendix of this paper.
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Parameters 1 and 2 (P1 and P2) represent the C-O
bond lengths of the molecule, and were randomly and
uniformly drawn from the range 1.0-2.0 A, a reason-
able interval given that the observed bond length is
1.16 A (Phan et al., 2003). The third parameter rep-
resents the bond angle between the two C-O bonds,
in the range of 0° to 180°. Finally, the fitness of each
candidate was calculated using these same three pa-
rameters. The fitness function is based on the electro-
static potential between each charge pair permutation
and follows the equation:

F = _k(Q;:'Qc + Q::ch + Ql:?Qt) )

!
r, = (P + P, — 2xP,xP,Xxcos(P,))?

Where k=9x10° N (Coulomb’s constant), Q1, Q2,

and Qc are the partial charges (d+ and d-) on the

two oxygen atoms and the carbon atom. The aim is

to minimize the net energy of interaction and thus
maximize the fitness score. The negative sign ensures
the function is strictly non-negative. The combination
of the fitness and sort functions inherently eliminates
physically impossible phenotypes produced by not
assigning them a fitness score. An example of such

a structure is when Parameter 3, the O-C-O bond
angle, is zero, such that the oxygen atoms lie on top of
one another. This renders the third term of the fitness
function undefined, represented in Python as NaN
(not a number).

We wrote a mutation function into each mat-
ing function to maintain genetic diversity. If a muta-
tion is unfavourable, natural selection will prevent its
widespread uptake; otherwise, mutations accelerate
the process of evolution. In the absence of mutations,
a population risks stagnation - where the population
converges on the same non-optimal solution (John-
ston, 2003). We used a method analogous to a rou-
lette wheel to incorporate static mutations into our
algorithm. Static mutations result in the replacement
of a gene with a random new allele (Johnston, 2003).
In the mutation roulette, a random number between
0 and 1 is generated for each gene of each candidate.
If this number is below the predefined mutation rate,
the gene is randomly mutated. For instance, if the
mutation rate were set to 0.01, probabilistically, 1% of
all genes of all candidates would be mutated per
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generation.

Upon the creation of a new generation, the can-
didates are sorted in decreasing order of fitness using
an external NumPy sort function. This allows for the
straightforward removal of the bottom-most portion of
the population, to be replaced with offspring of the fitter
candidates.

METHODS
SIMULATION OF BIOLOGICAL SYSTEMS

In this section, we will compare each biological system
modeled: Alpha, League Monogamy, and Polygamy. In
the Alpha model, the top candidate of each generation
(index 0) mates with each of the other surviving individ-
uals. This is analogous to breeding systems in wolves and
lions (Mech, 1999). The rationale behind this system of
evolution is that the alpha individual has the best genes.
Thus, the quickest way to improve the fitness of the pop-
ulation as a whole is to spread these genes across the en-
tire subsequent generation.

In the League Monogamy model, the bottom
50% of candidates are removed per generation. Then, po-
tential candidates pair with candidates of similar fitness,
producing two offspring. This simulates standard human
mating, where status often determines reproductive pat-
terns, and the number of children produced is tending
towards replacement (Schmitt, 2005).

To model r-selected polygamy, candidates pair
several times per generation, producing one offspring
per pairing. Additionally, 75% of each generation is re-
moved to allow for more offspring. As in the real world,
the evolutionary benefit of polygamy is that it increases
the diversity in the next generation, as each individual
can potentially have a unique set of parents (Nutting
1891). Such methods of evolution are often found in
r-selected species, such as plants and insects, which must
be capable of adapting to drastic environmental changes
by reproducing at high rates.

RESULTS

Each evolutionary model was run for 100 genera-
tions, after which the highest fitness score was recorded.
This was considered to be the optimized solution.

The fitness score to which each final solution was
compared was calculated using the same function with
experimentally determined data: P =P =1.16A, P,=180°
(Phan et al., 2003). Table 1 summarizes the solution

given by each model, as well as relative fitness scores.
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Figure 2. Graph of the highest scoring individual of each
generation following the three simulated evolutionary
models. The algorithm was run for 100 generations with a
fixed mutation rate of 0.1. Standard deviation for each data
point is not shown for the sake of visibility; however, the
standard deviation obtained for the final fitness scores of

the top candidate of each model can be found in Table 1.

TABLE 1. Optimized data describing the geometry
of a CO2 molecule after 100 generations. The relative
fitness is the ratio between the calculated fitness score
of the ideal known solution and the fitness of the top
optimized solution for each breeding system mod-
elled. Therefore, the most accurate model is the one
with a relative fitness closest to 1. All values are aver-
ages taken from 10 trials. The highest fitness score of
each generation is plotted in Figure 2.

Model Bond Bond 0-C-0 Final Relative o in Final
Length | Length Angle (°) Fitness Fitness Fitness
1(A) 2(A) Score Score (%)
Alpha 1.1630 1.163 179.071 1.0841E+11 1.0153 0.12
Male
League 1.1608 1.160 179.048 1.0844E+11 1.0155 0.15
Monogamy
Polygamy | 1.1636 1.162 179.073 1.0845E+11 1.0156 0.18

Figures 2 and 3 summarize the successive evolution
of the highest fitness score of each reproductive mod-
el.

DiscussIiON
Figure 2 illustrates the evolutionary pathway followed
by each of the three reproductive methods. After 100

generations the curves converge on the same opti-
mized solution, indicating a similar overall efficiency.
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However, as highlighted in Figure 3, differences between
fitness in earlier generations shows that each breeding
system has distinct characteristics. For example, r-se-
lected polygamy appears to be initially the most efficient,
due to the rapid initial improvement in population fit-
ness. This correlates to the biological rationale for polyg-
amy, that it allows the population to adapt very quickly
to drastic changes in the environment, such as starting
from an entirely random molecular geometry (Gould &
Lewontin, 1979). However, because the ‘best’ genes do
not dominate the gene pool, the polygamy model experi-
ences the longest plateau before reaching the optimized
solution. This suggests that it may not be necessary for an
r-selected species to reach an idealized genome. By defi-
nition, r-selected species thrive in environments of con-
stant changing pressures, where the requirements for the
‘perfect’ genome can change regularly. This highlights an
inherent limitation of this system, one that makes it un-
favourable for species in more stable environments, such
as humans (Gould & Lewontin, 1979). It is also worth
noting that the results of the polygamy model showed
the greatest standard deviation; 0.18%, suggesting a gen-
eral instability in this evolutionary system.

Alpha ==League Monogamy Polygamy
& & ) JE 7

Fitness Score/10°

Generations

Figure 3. Graph of the highest scoring individual of each gen-
eration following the three evolutionary models simulated, for
the first 14 generations. As in Figure 2, the standard deviation
for each data point is not shown for the sake of visibility.

Similarly, the Alpha Male model displays a sharp
initial increase in fitness, as the genes of the top candi-
date flood the gene pool. However, this results in very
low genetic diversity in subsequent generations, risking
stagnation. This can be prevented with a sufficiently high
mutation rate; however, of the three models, the Alpha
model is still most susceptible to achieving false or local
maxima, as illustrated in Figure 4. Nevertheles, because

13

of the low genetic diversity, the uncertainty associated
with the results of this model is lowest: £0.12%. In
sum, the Alpha model will give the most precise solu-
tion, but is best used when an approximate solution

is already known. It is important to note that such

a method for reproduction is generally only seen in
k-selected species, such as lions and wolves, whose
environmental pressures remain comparatively stable,
meaning they can afford to have relatively low genetic
diversity (Huston, 1979).
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Figure 4. This generalized fitness landscape demonstrates
the concept of a local maximum in comparison to a global
one. The z-axis represents fitness, while the xy plane rep-
resents two parameters. Getting “stuck” at a local maxi-
mum is one of the biggest dangers for genetic algorithms,
as it can lead to very imprecise and inaccurate results. One
of the best defenses against this is high rates of mutation.
Adapted from the work by Clegg (2008) without permis-
sion (13).

League monogamy is interesting in that it
most closely approximates human mating systems.
Because it has the most moderate rate of evolution,
we posit that it is the most widely applicable mod-
el. It is worth noting that this model contains the
technically simplest code, which can be useful when
approaching a problem that is otherwise complex.
However, because of the gradual rate of evolution, it
may be inefficient when considering a problem for
which the candidate solutions are described by a large
number of parameters.

LIMITATIONS

We did not design our genetic algorithm to compre-
hensively simulate biological systems, meaning there
are limits to the generalizability of its results. For in-
stance, there was no regulation of successful offspring
breeding with their parents. For our purposes, this
may be beneficial to the evolution of the population,
as both the offspring and parent may be leading
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candidates in the race to optimization. However, in bio-
logical systems, inbreeding can introduce unfavourable
mutations, causing offspring to have lowered fitness or
even to die.

Furthermore, in the algorithm proposed here, there was
no maximum lifespan, meaning that a high-scoring can-
didate could maintain its position in the population for
many generations, something that is not possible in the
biological world.

One of the main limitations of our fitness function was in
its physical accuracy. For example, the function did not
account for the screening effects of carbon on oxygen,
which would have made the 180° structure vastly more
favourable. In order to eliminate this effect, a specific if
loop was written for candidates with P3=180°, such that
their fitness was evaluated according to the following
equation:

F = _k(Q!:!Qc + Qz:’Qc) (3)

This function assumes no oxygen-oxygen interaction
due to the screening effects of carbon. Even so, partial
screening is not accounted for.

Finally, we note that the final fitness score does
not change dramatically in response to large changes
in bond angle, which is untrue in experimental settings
(Wu & Chern, 1997). This is likely because the derivative
of cos(x) is -sin(x), which approaches 0 as x nears the ob-
served bond angle of 180°. This means that with an angle
close to 180°, the rate of change of the cos(x) term is very
small, even for large changes in x.

CONCLUSION

This experiment is important not only in the pursuit of
the most efficient genetic algorithm, but also to further
our understanding of why different species and popula-
tions have developed such a diverse range of reproduc-
tive strategies: how does each mode affect evolutionary
speed? In what ways does this serve the population?

As might be expected, each system of evolution
confers advantages and disadvantages to the population
upon which it acts. Models reliant on extreme genetic
diversity and rapid reproduction, such as the polygamy
model, are best suited for determining an approximate
solution, as it retains the greatest uncertainty, but takes

the least amount of time to run, and explores the
largest number of candidate solutions. Conversely,
problems that require high precision, and for which
the solution is already approximately known, would
best be solved by a lower diversity model such as
Alpha. We posit that League Monogamy is the most
generally applicable model, as it is both relatively
efficient and accurate. Furthermore, because it is the
simplest to program, the model would be particularly
efficient to use on highly complex problems involving
many parameters and a sophisticated fitness function.
For this particular optimization problem, any evolu-
tionary system could be used to solve the problem in
under 100 generations.

Future work could explore the trends dis-
cussed above in a more complex optimization prob-
lem. This would allow us to see how significant the
differences in global maximum uncertainty and
fitness function dynamics can be, and whether they
might give rise to a preference for one system over the
others.
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ABSTRACT

Barriers to conventional treatments for mental health
concerns in Canada posit the emergence of information
and communications technology (ICT) as a means of
providing mental health care; this is widely referred to as
e-mental health care. Such platforms currently provide
a myriad of mental health services in four broad cate-
gories: information dissemination, screening and assess-
ment, intervention and peer support. Coupled with fur-
ther research, careful consideration of e-mental health
models in other countries and current barriers can be
used to refine pre-existing e-therapy approaches.

INTRODUCTION

An emerging body of evidence implicates the
use of digitized and Internet-based interfaces to address
mental health concerns. In recent years, e-mental health
services have garnered increased speculation to meet
the escalating onset of mental health issues, in addi-
tion to the increasing demands for localized and easily
accessible interventions (Reynolds, Griffiths, Cunning-
ham, Bennett & Bennett, 2015). Although a uniform
and unanimous definition does not yet exist, e-mental
health can be most accurately described as a broad, um-
brella term encompassing a range of information and
communication technology (ICT) based interventions
(Mental Health Commission of Canada, 2014). ICT re-
fers to media that enable communication and informa-
tion exchange; it includes the Internet, wireless networks
and mobile devices, among others (Mental Health Com-
mission of Canada, 2014). Specifically, e-mental health
services can be delivered through a large array of tech-
nologies such as e-mails, web-platform, websites, social
media, instant messaging, cell phones, virtual realities,

video-conferencing, and games (Wozney et al., 2017).
It is estimated that mood disorders, anxiety
disorders, schizophrenia, attention deficit/hyperactive
disorder (ADHD), conduct disorders, oppositional
defiant disorders (ODD), substance use disorders, or
dementia will impact 20% of Canadians every year
(Hind, Sibbald, 2015). However, only 33% of these in-
dividuals receive appropriate treatment (Hind & Sib-
bald, 2015). In fact, in 2013, Statistics Canada report-
ed that 500,000 Canadians miss work due to a mental
health concern (Bradeley & Wang, 2017). It is also im-
portant to note that this figure does not encompass the
individuals who are unemployed due to their mental
health, and others who simply call in sick because they
do not feel comfortable explaining the real mental
health concern (Bradeley & Wang, 2017). By the year
2041, mental health issues are predicted to negatively
impact the quality of lives for over 8.9 million Cana-
dians (Hind & Sibbald, 2015). Moreover, many studies
have established several barriers associated with face-
to-face treatment for certain geographic, ethnic and
low socioeconomic populations. Advancements in
technology have opened doors to e-mental health care,
allowing effective interaction and engagement be-
tween individuals deprived of such services and their
health care providers (Mental Health Commission of
Canada, 2014). Examples of technologies that permit
such accessible mental health interactions include
e-health records, telemedicine, web based screening,
videoconferencing and online training (Mental Health
Commission of Canada, 2014). The increasing role of
technology in the lives of Canadians further validates
the use of information and communication technol-
ogy (ICT) to facilitate e-mental health care delivery
(Mental Health Commission of Canada, 2014). Today,
of the 22 million Canadians that use mobile devices,
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62% are smartphone users (Mental Health Commission
of Canada, 2014); this further validates the use of infor-
mation and ICT as a viable and effective medium to fa-
cilitate e-mental health care delivery.

Currently, e-mental health models are mainly
used for adult populations suffering from depression and
anxiety. Such services facilitate knowledge dissemina-
tion, assessment and screening, interventions and peer
support (Las & Adair, 2014). Countries such as Norway
and Sweden have already implemented Internet-based
mental health services through websites created by the
general public, professionals, or voluntary organizations
for issues ranging from emotional, cognitive, and/or
relational problems to addiction and abuse (Andersen
& Svensson, 2013). Other countries such as Australia
have also utilized e-mental health services as an inter-
vention strategy for Australians experiencing mental
illness (Australian Government, 2012). One of its most
prominent e-mental services includes “eheadspace,” a
youth-focused telephone and online counselling service
for individuals between the ages of 12 to 25 (Australian
Government, 2012). Australia also piloted “Virtual Clin-
ic”, an online national counselling service offering phy-
sician prescribed self-help courses to alleviate mild to
moderate symptoms of anxiety and depression (Austra-
lian Government, 2012). Additionally, Australia recently
established an e-mental health portal that acts as a search
tool to provide users with a plethora of information and
resources regarding various conditions, as well as online
and crisis support services (Australian Government,
2012). Moreover, the National Institute for Health and
Care Excellence (NICE) guidelines at the United King-
dom have recently commended the use of computerized
cognitive behaviour therapy (CBT) as a first-line treat-
ment for individuals afflicted with mild to moderate de-
pression (National Institute for Health and Clinical Ex-
cellence, 2005). Furthermore, a study was conducted in
Spain to evaluate an ecological momentary assessment
web application known as MEmind (Bonal, Barrigon,
Carballo & Baca-Garcia, 2016). The application was pre-
sented to 13883 patients, however, it was actually uti-
lized by 2842 patients (Bonal, Barrigon, Carballo & Ba-
ca-Garcia, 2016). Women, young individuals, and those
with neurotic disorders are the main populations that
used MEmind (Bonal, Barrigon, Carballo & Baca-Gar-
cia, 2016). Strategic planning for the implementation
of e-Mental Health has also commenced in the United
States as a means of providing e-therapy for substance
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abuse (Mental Health Commission of Canada,
2014). The success of e-mental platforms in Norway,
Sweden, Australia, and the United Kingdom serves
provides compelling evidence for the provision of
e-mental health services in developed countries such
as Canada; both as an alternate mode of therapy and
as an adjuvant to pre-existing treatment regimes.

TYPES/OVERALL STRUCTURE

Delivery of e-mental health care can be clas-
sified into one of two broad categories: knowledge
dissemination and the use of specific technologies to
augment or better facilitate interventions, diagnosis
and monitor prognosis (Las & Adair, 2014). Provision
of mental health information allows for empower-
ment via better articulation of one’s needs, as health
care providers are no longer perceived as the sole
resource for acquiring a comprehensive understand-
ing of one’s conditions (Mental Health Commission
of Canada, 2014). For instance, online platforms such
as www.whatworks4u.org allow users to share per-
sonal thoughts and experiences regarding the efficacy
of specific treatment options (Mental Health Com-
mission of Canada, 2014). Such platforms allow for
individuals to play an active role in determining their
treatment regimes, and thus serve a crucial step to-
wards patient centered and culturally contextualized
care (Mental Health Commission of Canada, 2014).

Specific technologies refer to a broad group of
services and applications that directly provide e-men-
tal health care (Mental Health Commission of Cana-
da, 2014). Smartphone applications are emerging as
a novel means of e-mental health care due to positive
experiences by patients and doctors and willingness
to use (Hind & Sibbald, 2015). Coupled with the
increasing accessibility of mobile devices by younger
generations, such interventions are especially effective
for youth populations, as they have an increased like-
lihood of being affected by mental health concerns
(Hind & Sibbald, 2015). Examples of mental health
applications include PTSD Coach, which allows users
to access information about PTSD, coping mecha-
nisms, or track their symptoms (Anthes, 2016). Other
apps include FOCUS for assessing the moods of
schizophrenic individuals, ClinTouch for informing
a clinical care team if an individual is experiencing
relapse, and Ginger.io, which connects users with
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a mental-health coach and monitors their regular activi-
ty, notifying them if there is an alarming change in their
patterns (Anthes, 2016).

Computerized interventions consist of text based
and video modules to deliver cognitive behaviour ther-
apy sessions (Mental Health Commission of Canada,
2014). MoodGym and Beating the Blues are two web
based platforms that deliver such e-mental health care
(Mental Health Commission of Canada, 2014). Websites
are also another medium that effectively addresses men-
tal healthcare needs. One example is a Canadian website,
eMentalHealth.ca, which provides information about
mental health services such as nearby organizations
catering to the individual’s needs, information sheets,
screening tools, mental health events, latest mental
health news, as well as ongoing research studies on men-
tal health (eMentalHealth.ca). Wearable gadgets that de-
tect fluctuations in baseline physiological measurements
and lifestyle trends are also increasingly being used to
ensure recovery symptoms and report relapse signa-
tures.2 Quantitative data conveying electrocardiograms,
sleep patterns, diet and exercise patterns as well as light
sensitivity as a predictor of mood is currently used with-
in the geriatric population (Mental Health Commission
of Canada, 2014). Virtual reality e-mental health care in-
terventions consist of 3D online environments that allow
users to navigate real life scenarios and situations (Men-
tal Health Commission of Canada, 2014). Additionally,
such models are useful in stimulating environments that
may be difficult to replicate in real life; for instance, war
field environments for the treatment of soldiers afflict-
ed with PTSD (Mental Health Commission of Canada,
2014). Peer support e-mental networks utilize crowd-
sourcing to allow for anonymous, peer to peer support
(Mental Health Commission of Canada, 2014). For ex-
ample, Big White Wall specifically addresses individuals
afflicted with psychological distress by allowing for peer-
to-peer interactions via webcam, audio and instant mes-
saging (Mental Health Commission of Canada, 2014).
This allows individuals going through similar condi-
tions to engage in mutual support and share experiences
(Mental Health Commission of Canada, 2014).

Robots that mimic animal behaviour and ‘health
bots’ are the two types of robots used as therapeutics for
mental health concerns (Mental Health Commission of
Canada, 2014). The former plays a large role in palliation
and facilitating relaxation, as such technologies incorpo-
rate/administer the documented therapeutic effects of

animal therapy (Filan & Llewellyn, 2006). Health Bots
refer to a larger class of robots that perform pre-pro-
grammed structured tasks such as delivery of speech
therapies, reminding patients to take medications, as
well as assisting individuals with memory and speech
impairments (Mental Health Commission of Cana-
da, 2014). Gaming, as a mental health intervention,
prompts the development of cognitive behavioral
skills, self-awareness and ability to address undesired
thoughts and situations (Mental Health Commission
of Canada, 2014). The widely popular, Sparx (www.
sparx.org.nz), provides such therapeutic potential

by prompting users to combat negative automatic
thoughts (NAT) and overcome problematic situa-
tions, as part of their quest on an imaginary island
(Mental Health Commission of Canada, 2014).

ADVANTAGES AND DISADVANTAGES

Overall, e-mental health services offer many
advantages to individuals seeking treatment; both in
comparison to conventional face-to-face treatment
and as an adjuvant to pre-existing regimes. The anon-
ymous nature of such therapies allows individuals
who fear social interaction to seek support without
judgement (Chan, Farrer, Gulliver, Bennett & Grit-
fiths, 2016). Anonymity may also allow individuals
otherwise hindered by cultural beliefs to receive
support (Chan et al., 2016). Moreover, the form of
therapy curtails the temporal and geographic barriers
such as meeting specific business hours and travelling
large distances to receive treatment (Chan et al., 2016;
Choi, Sharpe, Lee & Hunt, 2013). Furthermore, this
allows individuals to overcome financial barriers, due
to a reduction in transportation costs and the sig-
nificantly lower costs associated with online therapy
(Chan et al., 2016). Additionally, on a macroscopic
scale, e-mental health services are cost effective and
feasible in terms of delivery to a large population
(Chan et al., 2016; The Royal Australian College of
General Practitioners, 2015). Furthermore, in com-
parison to the average waiting time of 20 weeks to see
a psychiatrist upon referral, the low waiting times of
e-mental health services address mental health con-
cerns in an efficient and timely manner (The Royal
Australian College of General Practitioners, 2015;
Barua & Ren, 2016). This also allows professionals to
allocate their time and resources to individuals with a
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severe mental illness, for whom e-mental health care
is not a viable option (The Royal Australian College of
General Practitioners, 2015; Barua & Ren, 2016). Con-
sequently, this may also be advantageous to individuals
suffering from physical incapacity or anxiety (The Royal
Australian College of General Practitioners, 2015).

However, e-mental health services also pose
many barriers to effectively meet the mental health care
needs of its designated population. For instance, individ-
uals with brain injuries and loss of motor control may
lack the ability to use such services (The Royal Australian
College of General Practitioners, 2015). In fact, a study
revealed that adults with a chronic mental illness were
less likely to have access to an Internet connection (The
Royal Australian College of General Practitioners, 2015).
The lack of confidentiality and privacy that may be asso-
ciated with computerized health records is also a com-
mon concern (Chan et al,, 2016). Difficulty in accessing
the large amounts of information available online, as well
as ensuring its quality and accuracy is a valid concern
regarding e-mental health services that facilitate knowl-
edge dissemination (Chan et al., 2016). Furthermore,
current e-mental interventions do not address attrition
related to such services, as a result of drop-outs and lack
of follow-ups (Chan et al., 2016). Moreover, an online
medium of expression may not allow individuals to re-
veal underlying emotions in a wholesome manner (Chan
et al., 2016). Acceptability of e-mental health interven-
tions is also a major barrier, as several studies reveal that
many individuals prefer in-person mental health care
(Chan et al., 2016). This may be due to the novelty of
e-mental health care models, and the lack of knowledge
regarding the effectiveness of such services (Chan et al.,
2016).

FUTURE DIRECTIONS

As evident, e-mental health care has vast implications
for transforming mental health care delivery in Cana-
da. Future research should be targeted towards develop-
ing methods to integrate e-mental health care into the
pre-existing therapies (Mental Health Commission of
Canada, 2014). Additional randomized controlled tri-
als and comparison trials with face-to-face therapeutics
should be conducted to further validate its therapeutic
potential, as the current evidence is sparse. These trials
will also serve as further evaluations to confirm whether
or not the benefits outweigh the disadvantages of e-men-
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tal health care. Novel lines of investigation should
also explore its effectiveness within various demo-
graphics, delivering culturally contextualized care,
and its ability to prevent attrition rates. Furthermore,
studies should be directed towards catering e-mental
health care approaches towards individuals lacking
accessibility to required technology and further ex-
panding this model to third-world countries. Ad-
ditionally, strict guidelines should be established to
prevent concerns relating to ethics, patient confiden-
tiality, and legal issues (Mental Health Commission
of Canada, 2014). Lastly, because e-mental health is
one branch of e-health services, future studies should
evaluate the use of technology in specialties outside
mental well-being such as physical and social well-be-
ing (Mental Health Commission of Canada, 2014).
Examples of such services can include the introduc-
tion of e-fitness to promote a healthy lifestyle, and
e-care, which would provide individuals with online
access to medical professionals for health assessment
and information about their medications. Given

the fast-paced rise in technology and the number of
Canadians that are utilizing such technologies, the re-
viewed advantages of e-therapy support the develop-
ment of a novel nationwide strategy to address mental
health care, as well as other categories of e-health.
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ABSTRACT

Since its development in 2013, Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)
Cas9 gene-editing technologies have dramatically im-
pacted the field of genetics research. CRISPR/Cas9 has
received a lot of attention in the news in recent years,
and accurate portrayal of this technology by the main-
stream media has the potential to shape its perception
by the public in a way that is conducive to its possible
implementation as a viable tool for genetic engineering.
Our aim was to evaluate how the discussion of CRISPR/
Cas9 in the mainstream media reflects and compares to
that of the academic literature. We surveyed mainstream
news articles (n=60) and scientific review articles (n=30)
that discussed CRISPR/Cas9. Using an a priori coding
scheme, we found that while the news does not accurate-
ly reflect the current state of CRISPR/Cas9 research and
development, it provides more perspectives and consid-
ers broader social implications compared to the academ-
ic literature. Therefore, both news media and academic
papers provide valuable contributions to the conversa-
tion but news articles in particular have the opportunity
to improve the accuracy or thoroughness of their cover-
age on the topic.

INTRODUCTION

The ethical responsibility of public communica-
tors of science has come under increasing scrutiny over
the past years. Previous studies by Kamenova (2015) and
Racine (2010) have shown that the media provides over-
ly optimistic depictions of developing biotechnologies,
emphasizing benefits over risks and fostering unrealistic
expectations for the speed of application. We sought to
analyze this type of reporting in the case of CRISPR/

21

Cas9, a gene-editing technique that has had a profound
impact on the field of genetic research in recent years.
Compared to its alternatives, such as TALENs (Tran-
scription Activator-Like Nucleases) and ZFNs (Zinc
Finger Nucleases), and Meganuclease, CRISPR offers
clear cost advantages, being three to six fold cheaper
per reaction (Samy, 2017). It has therefore provided a
more accessible and efficient method of editing DNA.

While CRISPR/Cas9 has gained increasing at-
tention both in mainstream media and in academic
literature, to our knowledge, little research has been
done that compares and analyzes the discussion on
different platforms. Given CRISPR/Cas9’s potential to
impact both genetics research and society as a whole,
we believe it is important that there is transparency
among scientists, the mainstream media, and the gen-
eral public regarding its major developments. Our aim
was to evaluate how the discussion of CRISPR/Cas9 in
the mainstream media reflects and compares to that
of the academic literature. Results from our study can
give us an understanding of the similarities and dif-
ferences between expert and public discussion on the
topic of CRISPR/Cas9 and gene editing more broadly.

METHOD

To compare the discussion of CRISPR/Cas9 in
academic and non-academic sources, we conducted a
scoping review consisting of the keywords, “CRISPR
Cas9 human review”, within the time frame of 2005 to
2017. We used PubMed as the search database for our
academic sample and Google News for our non-aca-
demic sample. Despite the substantial amount of work
that is currently being done with CRISPR/Cas9 in
both human and non-human models, we focused on
human applications of the technology due to its relev-
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ance to the public. From our search, we retrieved 280
unique peer-reviewed articles from PubMed and 215
media articles from Google News. For the academic
sample, we included only peer-reviewed articles that
primarily focused on human applications of CRISPR (n
= 187). From the 187 articles for the academic sample
and 160 articles from the non-academic sample remain-
ing, we randomly selected 30 academic articles and 60
non-academic articles. We ensured that each article was
reviewed in its entirety, and not just specific sections of
it.

We generated a coding frame informed by Benja-
miny, Lo, and Illes (2016) based on categorical variables
representing tone, portrayal of the technology’s salience,
and discussion of the following elements: controversies,
societal risks, applications, future projections, and engi-
neered humans (Table 1). For tone, we considered the
author’s stance on the topic, which was coded as nega-
tive, neutral, or positive. For salience, we considered
how strongly the author suggests the importance of the
technology, which was coded as unimportant, expected,
important, or revolutionary. In particular, “expected”
indicates that the technology is portrayed as along the
expected pace of scientific advancement, and “revolu-
tionary” indicates that it is portrayed as a complete or
dramatic change. Next, we considered whether contro-
versies were discussed, whether societal risks were dis-
cussed, whether applications were discussed mainly in
research or clinical contexts, whether future projections
were the main focus of the article, and whether there was
mention of engineered humans. We consider research
applications to include the study of molecular genetics
and human diseases, whereas clinical applications in-
clude germline editing, treating and curing diseases, and
improving medical technology.

Coding of the articles was done by all three re-
searchers, who were trained by coding a few articles sep-
arately, then discussing and resolving any disagreement.
After training, the academic and non-academic samples
were each split into three subsets, and each researcher
coded one subset.

Finally, after quantitatively assessing each sam-
ple, we performed a Chi-Square test for independence
to determine whether there was a significant association
(p<0.05) between each variable and either the academic
or non-academic sample (Table 1).

Academi

Coding variables articles articles p-value
(n=30) (n=4060)
Tone of articles 0.000484
Negative %% 7%
Neutral 0% 68%
Pusilive 0% 5%
Discussion of social risks 0.000314
Yes 10% 40%
Ne 90% 60%
Discussion of applications 0
Mainly mesearch 8% 3%
Mainly clinical 20% 92%
Nene % 5%
Mentlon of cnginecered 0.002060
humans
Yes 10% 350%
Ne 9% 50%
Discussion of cuntroversies 0.00000003
Yes 23% 83%
Ne T7% 17%
Facus of article: Future projections 0.00000052
Yes % 58%
Ne 97% 42%
Salience 0.42
Unimpartant % 3%
Expected S0% IRY,
[mportan: 43% 48%,
Revolutionary 7% 0%

Table | Summary of main coding variables and p-values yielded fom Chi-Square tosts

Table 1 Summary of main coding variables and
p-values yielded from Chi-Square tests

RESULTS

Six of the seven variables assessed showed
a significant association between the variable and
the type of source they were represented in: tone,
discussion of controversies, discussion of societal
risks, discussion of applications, discussion of future
projections, and mention of engineered humans. In
our news media sample, the majority of the articles
(68.3%) depicted human applications of CRISPR/
Cas9 in a neutral tone while only a small portion used
negative (16.7%) or positive tones (15%). In contrast,
the tone of the academic articles had an even divide
between neutral (50%) and positive (50%) tones.

Societal risks were discussed more often in
news articles (40%) than in academic articles (10%).
Similarly, a higher percentage of non-academic sourc-
es (83%) discussed controversies of CRISPR/Cas9 in
human applications compared to academic articles
(23%).

There was also a significant difference in how
academic and non-academic articles portrayed appli-
cations of the technology—while most non-academic
articles (92%) focused on clinical applications, most
academic articles (80%) focused on research applica-
tions. We also observed a significant difference in the
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mention of engineered humans between the two types of
sources with half of the news articles (50%) mentioning
engineered humans whereas far fewer academic articles
(10%) did the same.

In terms of the future projections of the technol-
ogy, the vast majority (96.7%) of the academic articles
provided no claims for the future of CRISPR/Cas9, while
they were brought up in more than half (58.3%) of the
non-academic articles.

CONCLUSION AND DISCUSSION

In our research, we found statistically significant
differences between article sources in six of the seven
topics that we investigated. Overall, the news media’s
discussion of applications and future projections was not
reflective of the discussion in the academic literature. As
we expected, in academic articles, CRISPR/Cas?9 is still
being discussed almost exclusively in the research con-
text. On the other hand, the media focuses largely on
usually futuristic applications to humans. More specifi-
cally, academic papers often discuss CRISPR/Cas9’s ap-
plication to the study of human diseases and molecular
genetics, while news articles discuss the possibility and
implications of using CRISPR/Cas9 for germline editing,
treating and curing diseases, and “engineering” humans.
Similarly, the majority of media articles discuss future
projections of CRISPR/Cas9 as its main subject, while
academic articles rarely do, focusing on present work in-
stead.

Furthermore, we found that the news media is
more attentive to the societal risks and controversies in-
volved with this technology, including policy guidelines
for CRISPR/Cas9’s continued development and ethical
controversies surrounding germline editing. Since it is
not necessarily the responsibility of researchers to an-
swer this question, it is valuable that the news media cre-
ates a forum for this discussion. In general, the greater
distribution of tone in news media indicates that it may
offer more perspectives.

Future studies could determine what factors
cause the differences found in the discourse surround-
ing CRISPR/Cas9 in the academic literature and news
media. A better understanding of these factors would
provide insight into how scientific research on CRISPR/
Cas9 is translated by the mainstream media. Learning to
reduce or control these factors could promote more sci-
entifically and socially responsible communications
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about the promises and limitations of CRISPR/Cas9.
This has the potential to shape the understanding of
the public, which could then aid the successful imple-
mentation of CRISPR-based technologies.

News media and academic articles have dif-
fering perspectives and information to offer. As we
expected, academic literature provides a thorough
account of CRISPR/Cas9 research and development
that is being done. While the news does not accurate-
ly reflect the current state of this research, it brings
in more perspectives and considers broader social
implications. Therefore, it is important for expert and
non-expert perspectives alike to be involved in the
conversation. At the same time, news articles in par-
ticular have the opportunity to improve the accuracy
or thoroughness of their coverage on the topic. Accu-
rate portrayal of this technology by the mainstream
media has the potential to shape its perception by the
public in a way that is conducive to its possible imple-
mentation as a viable tool for genetic engineering.
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Fig. 1 Tone of discussion represented in non-academ-
ic (n = 60) and academic (n = 30) articles
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ABSTRACT

Proximity-dependent biotin identification (Bi-
oID) is a novel approach to identify protein-protein
interactions (PPIs) in a natural cellular environment.
BioID exploits a mutant form of a biotin protein ligase
found in Escherichia coli, BirA*, that promiscuously
catalyzes biotinylation of proteins in close-proximity of
the enzyme. Biotinylated proteins are then purified with
conventional methods. BioID has been shown to over-
come many of the limitations faced by traditional PPI
techniques, such as co-immunoprecipitation, proximity
ligation assays and yeast two-hybrid systems. The main
advantages of BiolD as compared to these methods in-
clude high sensitivity and spatial resolution, preservation
of physiologically- relevant conditions, and detection of
weak or transient interactions. Despite some inherent
limitations, BioID remains a promising PPI technique
and has led to more advanced methods, such as BioID2
and split-BiolD.

INTRODUCTION

For decades, the genome revolution has contrib-
uted to our understanding of human disease, however
proteomics has contributed greatly to the field as it allows
for large-scale analysis of proteins in order to understand
functions of genes implicated in disease. In addition to
their complexity, proteins rarely exist in simple complex-
es and often form interconnected networks in order to
exhibit important functions as part of a larger mecha-
nistic pathway. Therefore, understanding their function
in the context of protein-protein interactions (PPIs) can
provide great insight into the numerous mechanisms un-
derlying disease. Many of the approaches currently used
to assess PPIs are done so in an environment different
to that in which they naturally occur and often lack the
ability to detect weak or transient interactions.
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Therefore, many proteins remain unrepresented by
these conventional methods of screening for PPIs.
Here, we discuss an innovative approach for PPI
screening called BioID, and highlight the key reasons
for its superiority to these conventional methods.

LIMITATIONS OF COMMON PPI TECHNIQUES

One of the most widely used techniques for de-
tecting PPIs is co-immunoprecipitation (co-IP), which
is often used to test whether two known proteins in-
teract, or to screen for novel protein interactors of a
protein of interest (Golemis, 2002). Co-IP harnesses
the principle of a specific protein-antibody reaction, in
which an antibody against the protein of interest, con-
jugated to beads, is used to precipitate the protein of
interest and its interactor proteins. Subsequent west-
ern blotting or mass spectrometry analysis can be per-
formed to blot for a known protein, or to identify nov-
el interactors, respectively. Although this technique
allows protein interactions to occur in non-denatur-
ing conditions, if the protein interaction or antibody is
weak, certain interactions are often not detected (Go-
lemis, 2002).

Another common PPI screening technique is
called a proximity ligation assay (PLA), which uses two
primary antibodies raised in different species for two
specific proteins of interest (Lin et al., 2015). Second-
ary antibodies, each conjugated to an oligonucleotide
(PLA probe) bind to the primary antibodies and a li-
gation solution containing two oligonucelotides and a
ligase is added. If the proteins are in close proximity,
the oligonucleotides in the solution will hybridize to
2 the PLA probes to form a closed circle. Subsequent
addition of an amplification solution allows for circu-
lar polymerase chain reaction amplification, resulting
in a fluorescent signal (Lin et al., 2015). Although this
technique allows for visualization of PPIs in
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physiologically-relevant conditions, it is not appropriate
for large-scale interaction screens (Lin et al., 2015).

The last commonly used technique for PPI
screening is the yeast two-hybrid (Y2H) system, in which
the interaction between two proteins, the bait and prey,
activates a reporter gene that allows for growth of cells
harbouring this gene, on specific media (Briickner et al.,
2009). A major drawback for this technique includes its
inability to detect indirect PPIs, unless a yeast ortholog
to the protein exists to mediate the interaction. Addi-
tionally, it harnesses an artificial system in which the bait
and prey fused to DNA-binding and activation domains
are exogenously introduced into cells and therefore does
not allow for analysis of endogenous protein interactions
under physiological conditions (Briickner et al., 2009).

BIRA* AS A PROMISCUOUS BIOTIN LIGASE

Upon discovery of a promiscuous biotin ligase,
a novel approach for detecting PPIs was established,
termed BioID. Originally, BiolD was derived from a
DNA-protein interaction screening technique, devel-
oped by van Steensel and Henikoff, called DamlID.
DamlID uses the fusion of a prokaryotic Dam methylase
to a DNA-binding protein, which when expressed in eu-
karyotic cells will methylate DNA sequences that are in
close proximity. This methylated DNA acts as a marker
of the interaction that can be subsequently analyzed (van
Steensel and Hanikoft, 2000). BiolID, similar to the prin-
ciple of DamID, uses a biotin ligase, called BirA, fused to
a protein of interest, that upon expression in mammalian
cells will biotinylate any close- proximity proteins. The
biotinylated proteins can then be isolated and identified
by traditional methods such as mass spectrometry (Roux
etal., 2012).

BirA is a 35-kDa DNA-binding, biotin holo-
enzyme synthetase ligase originally found in Esche-
richia coli. In the bacterial system, BirA catalyzes the
post-translational modifications of transferring biotin to
specific lysine residues of the biotin carboxyl carrier pro-
tein (BCCP) subunit of acetyl-coA carboxylase (Beckett
et al., 1999). This specific class of enzymes, called bio-
tin-dependent carboxylases, undergo post-translational
modification in which biotin is covalently linked to a
single lysine residue via an amide bond (Beckett et al.,
1999). The biotinylation of these lysine-bearing carboxy-
lases occurs in two steps: (1) BirA catalyzes the conjuga-
tion of biotin and adenosine triphosphate (ATP) to form

a highly reactive intermediate, biotinyl-5’-adenylate
(bio-5’-AMP or biotinoyl-5’-AMP). (2) This activated
biotin is retained in the BirA active site until it inter-
acts with a specific lysine residue within a target pro-
tein, in which an amide bond is formed between the
biotin moiety and the lysine residue (Beckett et al.,
1999; Roux et al., 2012). This biotinylation reaction,
as shown in Figure 1, is highly specific to biotin-de-
pendent carboxylases, however Roux et al. wanted to
obtain a more promiscuous biotin ligase as a tool for
detecting PPIs. This led to the discovery of a specific
BirA mutant (R118G), called BirA*, which is defec-
tive in the self-association and DNA-binding, and
displays two- orders of magnitude lower affinity for
biotinoyl-5’AMP than the wild-type BirA, therefore
resulting in premature release of the highly reactive
intermediate (Kwon and Beckett, 2000; Streaker and
Beckett, 2006). Furthermore, it has been shown that
BirA* expression in E. coli results in promiscuous
biotinylation of proteins in close proximity - this
was further validated in vitro. This led Roux et al.

to further study the potential of BirA* to biotinylate
proteins in mammalian cells, which eventually led to
its use as a tool for PPIs.
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Fig. 1. Biotinylation reaction (Henke and Cronan, 2014).
The attachment of biotin to proteins is a two-step process:
(1) the biotin ligase, BirA, conjugates biotin and ATP to
form a reactive biotinoyl-5-AMP intermediate, and (2)
conserved lysine residues of acceptor proteins, which are
nucleophilic, attack the anhydride bond to produce the
biotinylated protein.
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BIRA* FUNCTION IN MAMMALIAN SYSTEMS

To test whether BirA* functions as a promiscu-
ous ligase in a mammalian system, Roux et al (2012)
generated myc-epitope tagged BirA-WT (wild type) and
BirA*, which they then expressed in HeLa cells. Sub-
sequently, they used streptavidin — which forms an ex-
tremely strong non-covalent bond to biotin — conjugated
to horseradish peroxidase (HRP), in order to visualize
biotinylated proteins via western blot analysis (Roux et
al., 2012). This experiment showed that BirA* biotinylat-
ed modest levels of proteins as compared with BirA-W'T.
However, in the presence of 50um biotin within the HeLa
cell tissue culture medium, it was shown that the BirA*
promiscuously biotinylated proteins in these mammali-
an cells (Roux et al., 2012). Therefore, the limiting factor
of the level of biotinylation is the concentration of avail-
able free biotin, and this biotin must be added in excess
to the already present biotin within the fetal calf serum
of conventional tissue culture media (Roux et al., 2012).
The results of this experiment can be seen in Figure 2.

S m{c-BirAiNT rlyc-Bin:'

biotin
45kD -

* - —
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-
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!
iy

streptavidin-HRP

Fig. 2. BirA* enhances biotinylation of proteins in mammali-
an cells (Roux et al., 2012). HeLa cells were transiently trans-
fected with myc-BirA-W'T (wild type) or myc-BirA* (R118G),
cultured with or without supplemental biotin (50 uM) and an-
alyzed after 24 hours. Top panel: western blot analysis shows
similar levels of the exogenous BirA (asterisk) in samples with
anti-myc. Bottom panel: biotinylated exogenous BirA (aster-
isk) proteins and endogenous proteins were detected with
HRP-streptavidin. The myc-BirA* samples showed increased
protein biotinylation as compared with the WT isoform (con-
trol). This difference is dramatically enhanced by the presence
of excess biotin.
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In addition to testing the function of BirA* in the
mammalian system, Roux et al. (2012) wanted to
determine whether BirA* could be used as an exper-
imental tool for identifying close-proximity proteins
in vivo. To do this, they generated human kidney
fibroblasts (HEK)-293 cells that inducibly express
LaA (a constituent of nuclear lamina) N-terminally
tagged with myc-BirA*. The cells were subsequently
cultured either in the presence (50uM) or absence of
exogenous biotin and the biotinylation of endogenous
proteins was analyzed via western blot probing with
streptavidin-HRP antibody. It was shown, as seen in
Figure 3, that the presence of 50uM of exogenous bio-
tin, a large number of nuclear envelope proteins were
biotinylated, therefore confirming the biotinylation of
close-proximity proteins (Roux et al., 2012).

50uM control myc-BirA*LaA
biotin — + - +

117kD -
- w—

97kD -
67kD -
anti-myc

200kD -

117kD =
97KD =4
67kD -

45kD -

31kD -

streptavadin-HRP

Fig. 3. Proximity-dependent promiscuous biotinylation by
BirA*-LaA (Roux et al., 2012). HEK293 cells that induc-
ibly express myc-BirA*LaA or wild-type LaA (controls)
were examined after 24 hours of incubation with or
without biotin. Western blot analysis of the LaA fusion
protein (asterisk) shows detection with anti-myc. The
presence of supplemental biotin does not affect the levels
of endogenously biotinylated proteins within the control
cells. However, this excess biotin significantly increases the
biotinylation of endogenous proteins by myc-BirA*LaA.

B1O0ID:NOVELAPPROACHFORSCREENINGPPI

BirA* is a key player in BiolD, a PPI screening
technique (Roux et al., 2012). The principle of this
system is to fuse a protein of interest to BirA* and
subsequently introduce this fusion protein into cells,
which are then incubated in excess biotin
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(Roux et al., 2013). During this incubation, the BirA*
will continuously release the highly reactive molecules
of biotinoyl-5’-AMP, leading to biotinylation of any pro-
teins that are in close vicinity of the fusion protein. The
biotinylated proteins — direct binding partners and oth-
er proteins in close proximity — can then be purified us-
ing streptavidin-coated beads (Roux et al., 2013). These
beads have a qualitatively high affinity for biotin, form-
ing a non-covalent bond strong enough to withstand
extremely harsh lysis conditions. This enables certain
proteins (i.e. cytoskeletal proteins) that normally remain
insoluble in weaker detergents, to efficiently become
soluble and captured (Roux et al. 2013). Therefore, one
of the major strengths of BiolD is the capacity to main-
tain important information about PPIs, while utilizing
extremely stringent detergents for cell lysis in order to
capture proteins such as cytoskeletal proteins (Roux et
al., 2013). Upon purification of biotinylated proteins via
streptavidin-coated beads, these proteins can be identi-
fied by conventional methods such as mass spectrome-
try, as seen in Figure 4.
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Fig. 4. Model for application of BioID (Roux et al., 2012). (a)
Interacting or proximal proteins are tagged and subsequent-
ly undergo biotinylation via the promiscuous biotin-ligase,
BirA*. Following stringent cell lysis and protein denaturation,
affinity purification occurs involving streptavidin beads to

pull down the biotinylated proteins. Candidate proteins are
often determined by mass spectrometry. (b) Application of
BioID to LaA involved the use of HEK293 cells expressing
inducible myc-BirA*LaA to test the functionality of BirA*
in the mammalian system. Cells were cultured with (50pM)
or without exogenous biotin 24 hours before lysis and sub-
sequently lysed under harsh conditions. Streptavidin-con-
jugated beads allowed for the collection of the biotinylated
proteins for later analysis and identification.

ADVANTAGES OF B1oID

Techniques for PPIs, such as PLAs and Y2H
systems often face limitations, such that they cannot
detect interactions of proteins that contain post-trans-
lational modifications or require them for their inter-
actions (Mehus et al., 2015). However, BiolD is distinct
from these conventional techniques primarily with its
ability to detect weak or transient interactions, pre-
serve physiologically-relevant conditions, and identify
interactors with high sensitivity (Mehus et al., 2015;
Kim, 2016).

Firat-Karalar and Stearns (2015) used BioID to
study the protein interactions at the centrosome, trans-
lating this work to other researchers who validated the
techniques efficacy in screening proximity interac-
tions within mammalian centrosomes. This was due to
the strong affinity of biotin for streptavidin, which in-
evitably allowed for protein purification to occur un-
der stringent denaturing conditions and subsequently
preserving the proximal interaction, while solubilizing
the centrosome (Firat-Karalar and Stearns, 2015). The
direct correlation of conditions promoting protein
solubilization and preservation is specific to BiolD;
often absent in former methods (Roux et al., 2012).
Biotinylation precedes solubilization, which allows for
weaker and transient interactions to be identified, as
outlined by successful detection of BioID-LaA soluble
and membrane proteins (Roux et al., 2012).

In non-native environments, which are typi-
cally required for PPI techniques such as Y2H systems,
proteins and protein fragments are more susceptible
to misfolding, relative to their normal cellular context
(Roux et al., 2012). However, BioID screens potential
vicinal proteins under relatively natural cellular condi-
tions and therefore provides physiologically-relevant
information regarding PPIs (Mehus et al., 2015; Kim
and Roux, 2016). Although BiolD is contingent on ex-
ogenous biotin in order for biotinylation to take place
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it allows for temporal inducibility of labelling, in exper-
iments where biotinylation process may exhibit a toxic
effect.

In addition to its ability to preserve physiological
conditions during the point of interaction, BiolD allows
for detection of biotinylated proteins through the use of
streptavidin-coated beads that form strong bonds with
the biotin of the modified proteins (Kim, 2016). As such,
biotinylation enables the BioID system to reach a maxi-
mal level of isolated protein purification. Consequently,
this results in greater sensitivity and spatial resolution,
as well as low background resolution (Kim, 2016). Ad-
ditionally, BioID enables detection of low abundance
proteins, being a technique that can successfully identify
novel PPIs and insoluble constituents that often evade
traditional methods (Roux et al., 2012).

Other proximity-labeling techniques, such as
selective proteomic proximity labeling assay using tyr-
amide (SPPLAT) and proximity labeling with ascorbate
peroxidase (APEX) utilize tyramide-based reagents that
covalently attach to aromatic amino acid side chains,
such as tyrosine, and hydrogen peroxidase to initiate la-
beling of neighbouring proteins (Rees, 2015). Sufficient
labeling of the protein target is often prevented by forma-
tion of constituent aggregation and further impeded by
the reagents’ properties, as they cannot easily detect in-
dividually modified proteins (Rees, 2015). BioID’s ability
to label lysine residues, which are not only more abun-
dant than tyrosines but also more structurally exposed,
circumvents this problem. Furthermore, the labelling
frequency when using these tyramide-based reagents is
likely to be lower due to its dependency on covalently
coupling to aromatic groups, and thus the exposure of
these residues. However, tyramide-based proximity la-
belling techniques perhaps provide even further advan-
tages due to the shorter half life of the tyramide-based
reagents as compared to biotin-adenylate ester that are
essential for BioID labelling, and thus requires shorter
incubation periods (Li et al., 2017). Despite these advan-
tages, BiolD is deemed for its simplicity and lack of toxic
labeling conditions, as it does not require hydrogen per-
oxidase to initiate labelling, universal to tyramide-based
methods (Branon et al., 2017).

CAVEATS OF B1oID

As with any novel technique, comes a number of
inherent drawbacks. In any proximity-dependent
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labeling system, one must consider the accessibility
for protein interactions to occur, as the number of
proteins, structure and orientation play a vital role in
successfully screening these neighbouring proteins
(Kim and Roux, 2016). In addition to the inability for
BioID to assess the strength of PPIs, the amount of
biotinylated proteins is also not a valid means to iden-
tify true protein association, as low amounts may be
more biologically relevant than those of higher quan-
tities (Mehus et al., 2015; Kim and Roux, 2016; Roux
et al., 2012). Furthermore, the protein of interest can
also be structurally changed by fusion to BirA*. In-
dependent of the proteins size, the fusion of a tag can
affect the protein’s structure and stability, alternating
its interactions and ultimately its function (Mehus et
al., 2015). Additionally, during the irreversible cova-
lent modification of biotinylation of primary amines,
site-specific charge loss and alterations of the labeled
proteins can arise, which can impair localization and
function of the fusion protein as well as vicinal pro-
teins (Kim and Roux, 2016; Roux et al., 2012). This
can therefore result in an inaccurate representation of
potential interactors. However, this limitation can be
overcome by first avoiding alteration of the protein of
interest’s function by targeting the C or N-terminal
regions and subsequently testing the functionality of
the final BirA*-fused protein of interest, if the func-
tion is known (Roux, 2013).

In addition to the technical limitations of
BiolD, validation is required to determine whether
the protein of interest is directly interacting with
the biotinylated proteins or if the detected proteins
are merely in the vicinity of the protein of interest.
Due to this, there are also several caveats within the
interpretation of BiolD results. For example, posi-
tive interactors that result from the BioID screen do
not prove that there is a direct interaction, as labeled
candidates may reside in close proximity of the
BirA*-fused to the protein of interest, but not physi-
cally interact with it (Roux, 2013). Furthermore, false
negatives can also arise as a result of true interactors
that lack the proximate primary amines required for
the biotinylation process (Kim and Roux, 2016).

Finally, biotin is transported into mammalian
cell cytoplasms and depends on diffusion into the nu-
cleus (Zempleni, 2005). Despite biotin being non-tox-
ic, the addition of excess biotin as seen in normal
conditions, can influence protein function when
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incubated for an extended labelling time (Kim and Roux,
2016).

APPLICATIONSOFBIOIDINOTHERBIOCHEMISTRY
TECHNIQUES

Although the original purpose for developing
BioID was to utilize it as a tool for identifying PPIs, its
capacity for detecting close-proximity proteins allows
for elucidation of meaningful information about protein
dynamics and can be combined with other biochemis-
try tools such as crosslinking and immunoprecipitation
followed by high-throughput sequencing (CLIP-seq) in
order to unveil different proteomic networks.

In addition, the BirA*-fused proteins of inter-
est can be integrated into the genome of the cell line of
interest through homologous recombination via CRIS-
PR-Cas9 genome editing (Ran et al., 2013). By designing
homologous arms on either end of the BirA*-protein of
interest fusion repair template, the tagged protein of in-
terest can be inserted into the genome of the cells in or-
der to endogenously express these BirA* tagged proteins.
The combination of BioIlD with CRISPR-Cas9 systems
provides a mechanism for detecting PPI in physiologi-
cally-relevant conditions and thus overcomes this chal-
lenge that limits many other PPI techniques.

FUTURE DIRECTIONS OF B1olID
BiolD2

Kim et al. (2016) recently discovered a more
efficient method, termed BioID2. It elaborates on the
former system by employing a significantly smaller
promiscuous biotin ligase, and in turn efficiently labels
close-proximity proteins. Sun2, a type II nuclear enve-
lope (NE) protein, is susceptible to endoplasmic reticu-
lum (ER) mislocalization, like other NE proteins. It does
so particularly when its N-terminus is fused to structur-
ally large elements. As depicted in Figure 5a, functional
validation of both enzymes showed that BioID2 facili-
tated appropriate expression of Sun2 at the NE, relative
to the ER, at a magnitude of two-fold, in comparison to
BioID. This confirms that the reduction in tag size al-
lows for improved functionality. Aside from this, BioID2
possesses a lower optimal temperature and remarkably
requires over 15 times less biotin than BioID for promis-
cuous biotinylation. The introduction of flexible linkers
increased the labeling radius of BioID2 to thereby

improve identification of proteins, initially refractory
to the former BioID system (Kim et al., 2016).

P<0.0001

BiolD-Sun2

BiolD2-Sun2

—

Ratio of mean intensity of NE/ER T

BiolD-Sun2 BiolD2-Sun2

Fig. 5. BioID2 enhances fusion protein localization (Kim et
al., 2016). (a) Mouse fibroblast NIH3T3 cells were used to
transient express NE protein, Sun2 with BioID or BiolD2,
marked as BioID-human Sun2 and BioID2-human Sun2,
respectively. More appropriate localization was facilitated
by BioID2-human Sun2. Scale bar: 10uM. (b) The NE/ER
ratio is based on the men intensity detected with anti-hu-
man Sun2. 48 nuclei/condition were measured and values
represent the mean + SEM.

Split BioID

In addition to improving the efficacy of BioID,
a modification on the original system has also been
developed as a way to detect PPIs between two known
proteins of interest. More specifically, De Munter and
colleagues (2017) experimented with fusing half of
BirA* to one protein and the other with a different
protein. They found that when these proteins are in
close proximity to one another, the BirA* halves fuse
to form a functional BirA*, in which subsequent bioti-
nylation reveal both proteins as potential interactors.
The only caveat of this modified BioIlD system is its
similarity to complementation assays, such as bimolec-
ular fluorescence complementation, which introduces
tagged proteins exogenously, and therefore prevents
analysis of protein dynamics in physiologically-rele-
vant conditions. However, use of CRISPR-Cas9 system
can resolve this issue by integrating the BirA*-protein
of interest fusions into the genome for endogenous ex-
pression.

CONCLUSION

BioID has laid the foundation for novel prox-
imity-dependent identification techniques, paving the
way for further improvements and future discoveries.
The ability to endogenously tag a protein of interest
with BirA¥*, or the smaller biotin ligase employed by
BioID2, via CRISPR-Cas9 systems, provides a natural
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model for studying PPIs. Additionally, the ability for Bi-
oID to maintain physiologically-relevant conditions and
detect weak or transient interactions, while still utiliz-
ing harsh lysis conditions to capture proteins that would
otherwise be insoluble, presents a powerful advantage
over other conventional PPI techniques.
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