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Letter From the Editors

A

Rishad Khan
Life Science 2015

Daniel Meyers
Life Science 2015

s undergraduate science students, many of us hope to
one-day integrate into the greater scientific community. Part of this integration process involves conducting
and publishing our own research under the guidance of
an established scientist. Through these experiences, we
may come to realize how difficult it is to learn qualitative or
quantitative research techniques, apply them to a well-designed and thoughtful hypothesis, and subsequently write
a convincing piece of literature. Once a manuscript is finalized, we face other problems: where will this work be
shared and will it make a difference? Through this process
of inquiry we may ultimately succeed, although at times,
we may not. Despite the difficulties in the journey, participating in the scientific process of research allows us to
become more holistic students, professionals, and people.
Through research we may learn about the intricacies of
science, but of equal magnitude are the lessons learned in
collaboration, teamwork and perseverance – highlighting,
in our opinion, why research is of the utmost importance.
The first issue of the Queen’s Science Undergraduate
Research Journal (QSURJ) represents a major success in
attempting to uncover the tremendous research efforts of
undergraduate students at Queen’s University. We started
QSURJ two years ago along with a colleague, Ankit Garg,
in the hopes that hardworking students at Queen’s would
be able to publish their work in a formal academic platform, specific to our institution. This journal hopes to raise
the research profile of both the student population as well
as Queen’s University, as a whole. Many other institutions
across North America have benefited from operating an
undergraduate science journal and we sincerely hope our
initiative will have the same effect.
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In this first issue, you will find three primary research articles written by Queen’s
undergraduate students, some of whom have already moved beyond Queen’s to
pursue further studies. We would like to thank all authors for their submissions and
for giving us the chance to review and publish their work. In addition, we would
like to express our sincere gratitude and appreciation for our student and faculty
review boards, composed of undergraduate students and professors at Queen’s
University. These individuals devoted their time to review several manuscripts for
us. A special thank you is in order for our two greatest mentors, Dr. Michael Kawaja
and Dr. Ken Rose, who have provided invaluable advice, resources and support
throughout the past two years. Finally, we would like to thank the Arts and Sciences
Undergraduate Society and our QSURJ executive team members, without whom
we could not have completed this task. We hope that you enjoy reading this literature and that it may serve as an inspiration for any research endeavors you may
undertake in the future.
Sincerely,

Rishad Khan and Daniel Meyers
Co-Founders & Co-Editors-in-Chief
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Comparison of the inhibition of recombinant and native
heme oxygenase-1 (HO-1) activity by the imidazoledioxolane compound QC-15
Nick Stone

Supervised by: Brian McLaughlin and Kanji Nakatsu, Department of Biomedical and Molecular Sciences
Botterell Hall, Queen’s University, Kingston, ON, Canada

Recombinant full-length and truncated forms of human heme oxygenase-1 (hHO-1) were compared with their native, microsomal HO-1 counterpart from rat spleen tissue, with respect to their inhibition by the imidazole-dioxolane HO inhibitor
QC-15. Rat native HO-1 was maximally inhibited to the greatest extent (7.53 ± 1.51% of control activity), as compared to
recombinant, full-length hHO-1 (55.55 ± 6.08%), and also truncated hHO-1 (72.17 ± 5.94%). The greater susceptibility of
native HO-1 to QC-15 inhibition may be attributed to the presence of its C-terminal transmembrane domain (CTD) and its
anchoring into the endoplasmic reticulum (ER). If so, membrane-anchored, recombinant, full-length hHO-1 may replace
the current HO-1 microsomal model derived from rat spleen, in future in vitro inhibition studies. A better understanding
of HO-1 inhibitors like QC-15 may lead to chemotherapeutics that prevent tumour cells from taking advantage of the cytoprotective nature of the HO system.
Key words: recombinant, microsomal, human/rat heme oxygenase, transmembrane domain, selectivity, inhibitor, chromatography and circular dichroism (CD) spectroscopy.

Introduction

Heme oxygenase (HO) is an enzyme responsible for
maintaining heme and iron homeostasis (Tenhunen et al.
1969; Huber et al. 2009b). HO is closely associated with
NADPH-cytochrome P450 reductase (CPR), and both are
embedded in the endoplamic reticulum (ER) membrane.
CPR supplies HO with the electrons necessary to catalyze
the oxidation of heme. Free, unbound heme must be removed from the body’s tissues, due to its pro-inflammatory and pro-oxidant characteristics, which are linked with
pathological fibrosis systemically, such as in the heart, liver
and lungs (Lundvig et al. 2012). Heme degradation yields
three metabolites: carbon monoxide (CO), ferrous iron
(Fe2+), and biliverdin (Lundvig et al. 2012), and the latter is
reduced to bilirubin in the cytosol by biliverdin reductase.
(Fig. 1; Tenhunen et al. 1969; Huber 2009a). While CO has
long been acknowledged for its toxicity, in 1991, Marks et

al. suggested that CO may have a physiological role in the
body similar to that of nitric oxide. It is now known that
CO is a gasotransmitter with vasodilatory, anti-inflammatory, anti-apoptotic and anti-proliferative effects (Huber
2009a; Vukomanovic 2010; Rahman et al. 2012), and that
HO is responsible for producing approximately 85% of endogenous CO (Ryter et al. 2006). Biliverdin and bilirubin are
both potent antioxidants that combat oxidative stress caused
by reactive oxygen species (ROS), reactive nitrogen species
(RNS) and free radicals (Rahman et al. 2012). While Fe2+ is
technically a pro-oxidant metabolite of the HO system, it
does not necessarily interfere with the cytoprotective nature
of the HO system because it is either sequestered by ferritin,
used to synthesize other hemoproteins, or because it causes the redox-sensitive activation of cytoprotective pathways
that combat inflammation (Huber et al. 2009a; Rahman et
al. 2012).
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Figure 1. HO system. Cytochrome P450 reductase (CPR) supplies electrons from NADPH to heme oxygenase (HO) to facilitate the
oxidative cleavage of heme into the direct metabolites biliverdin, CO and ferrous iron (Fe2+) on the cytosolic side of the endoplasmic
reticulum (ER). Biliverdin is subsequently reduced to bilirubin by biliverdin reductase (BVR) in the cytosol. Figure layout adapted from
Huber et al. 2009a.

HO exists as two distinct and well-characterized isozymes: an HO-1, inducible, 32 kDa, isozyme and an HO-2,
constitutive, 36 kDa isozyme (Ryter et al. 2006). The isozyme HO-3 does not exist, though there is a pseudogene
HMOX3, which has poorly understood function (Hayashi
et al. 2004). HO-1 is primarily located in reticuloendothelial
tissues such as the spleen and liver, while HO-2 has a broader tissue distribution and is most concentrated in the brain
and the testes (Ryter et al. 2006). While HO-1 and HO-2
have similar enzymatic cores, they demonstrate significant
sequence divergence in their C-terminal transmembrane
domain (CTD), which is a lipophilic domain that anchors
the isozyme into the ER membrane (Rahman et al. 2012;
Fig. 1). The CTD is also thought to enhance complex formation between HO and CPR and improve HO enzymatic
activity (Huber et al. 2009b). Most pharmacological studies
have focused on HO-1, due to its inducible nature when exposed in vivo to stresses such as heat shock, heavy metals,
heme and ROS (Rahman et al. 2012).

Initially, HO pharmacological inhibition studies were
conducted using metalloporphyrins, which are a potent
group of competitive HO inhibitors that strongly resemble
heme, but typically refer to protoporphyrin rings that coordinate metal ions such as zinc, chromium, and tin, as compared to iron (Vreman et al. 1993). A liability of metalloporphyrins is their lack of selectivity for HO; they are known to
inhibit hemoproteins such as nitric oxide synthase (NOS),
the cytochrome P450 (CYP) superfamily, and soluble guanylyl cyclase (sGC), by competing with the heme necessary
for their proper functioning (Wong et al. 2011). A second
generation of HO inhibitors were synthesized based on the
lead compound azalanstat ((2S,4S)-2-[2-(4-chlorophenyl)
ethyl]- 2-[(1H-imidazol-1-yl)methyl]-4-[{(4-aminophenyl)
thio}methyl]- 1,3-dioxolane dihydrochloride), which is also
called QC-1 (Fig. 2; Kinobe et al. 2006). QC-1 showed selectivity for HO in that it did not inhibit the aforementioned
hemoproteins (i.e. NOS, CYPs, sGC), which was likely due
to its structure being quite distinct from the heme-like
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Figure 2. Chemical structures of HO-1 selective inhibitors.
a) QC-1: (2S,4S)-2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]4-[{(4-aminophenyl)thio}methyl]-1,3-dioxolane dihydrochloride
b) QC-15: 2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]-1,3dioxolane hydrochloride.

metalloporphyrins (Kinobe et al. 2006). 2-[2-(4-chlorophenyl)ethyl]-2-[(1H-imidazol-1-yl)methyl]-1,3dioxolane
hydrochloride (QC-15; Fig. 2), is an imidazole-dioxolane
analogue of QC-1, which demonstrated even greater HO-1
selectivity than QC-1 and a non-competitive mode of action
(Fig. 2; Kinobe et al. 2006). QC-15 also lacks stereogenic
centres, unlike QC-1, which eliminates the concern for stereoisomer impurites during synthesis.
The HO-1 selectivity of QC-15 was demonstrated using
native HO-1 (human and rat spleen) and native HO-2 (rat
brain) microsomal fractions (Kinobe et al. 2006). However,
there was an unexpected loss of HO-1 selectivity when the
HO-1 and HO-2 isozymes were assayed in their truncated
forms (i.e. without their CTD). Recombinant, truncated,
rat HO-1 and HO-2 isozymes were assayed for QC-15 inhibition and it was found that both were equally inhibited
(Sugishima et al. 2007). There was also little difference in
QC-15 inhibition when recombinant, truncated human
HO-1 (hHO-1) and hHO-2 were compared (Vukomanovic
et al. 2010). The loss of HO-1 selectivity was clear when
comparing truncated hHO-1 and hHO-2, to rat native HO-1
and HO-2, as the % HO inhibition difference between the
two HO-1 sources was 40%, compared to only 7% between

the two HO-2 sources (Vukomanovic et al. 2010). This prior
inhibition study suggests that the decrease in HO-1 selective
inhibition by QC-15 for the recombinant, truncated form of
hHO-1 may be associated with the absence of its CTD.
Full-length, recombinant hHO-1 has long been unavailable for inhibition studies, because its lipophilic CTD is
unstable when in its “free-floating” state (i.e. not embedded
in a lipid membrane), and is also susceptible to proteolytic cleavage (Huber and Backes 2007). However, our group
has recently learnt techniques to purify full-length, recombinant hHO-1, expressed from a plasmid designed by Huber and Backes in 2007. The objective of the present study
is to assay the recently acquired recombinant, full-length
hHO-1 and determine if there is a differential sensitivity to
QC-15 inhibition, with respect to recombinant, truncated
hHO-1 and rat native HO-1 (Fig. 3). Therefore, this study
aims to elucidate the importance of protein complexity (i.e.
presence or absence of the CTD) with respect to facilitating
maximal inhibition. While this change in protein complexity (i.e. length) does not directly involve the HO-1 catalytic
core, it has been shown that the enzymatic activity of hHO-1
can increase by 2 to 3 fold when it is in its full-length state
(Huber and Backes 2007).
The hypothesis tested by this study is that full-length,
recombinant hHO-1 will have a similar inhibition profile
as native HO-1, because both have their CTD intact. The
hypothesis will be tested using a CO formation assay as a
measure of enzymatic activity in each of the HO-1 preparations, with and without the addition of QC-15. If the hypothesis is supported, then full-length, recombinant hHO-1
may be used as an effective human HO-1 model in future in
vitro inhibition studies, without the need for native HO-1
from spleen-derived microsomes. Therefore, this substitution would provide practical and ethical benefit for the short
term, because spleen tissue would no longer be needed to
make microsomal preparations containing native HO-1. As
for the long-term implications of this study, learning how to
modulate HO-1-mediated cytoprotection may one day lead
to treatments for inflammatory diseases and even cancer
(Rahman et al. 2012). Although inhibiting the HO-1 system
and its cytoprotective potential may seem counterproductive for healthy tissues, it could be useful for combating tumours that take advantage of the anti-apoptotic effects of
the HO system, such as with pancreatic and prostate cancers
(Rahman et al. 2012). Therefore, HO-1 inhibitors may prove
to be a valuable addition to cancer treatment therapies in
the future.
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Figure 3. Schematic representation of the three HO-1 sources assayed for QC-15 inhibition in this study. a) Rat spleen microsomal HO-1
in native form (289 amino acids), with its CTD embedded in the ER membrane. b) Human, recombinant full-length hHO-1 (288 amino
acids), with its CTD in a “free-floating” state. c) Human, recombinant truncated hHO-1 (233 amino acids), without its CTD. Both the active
site for heme degradation and the non-competitive binding site for QC-15 are preserved for all three HO-1 sources in the globular portion
of the enzyme.

Materials and Methods
Drugs and solutions

The imidazole-dioxolane compound QC-15 (purity >
99%, Fig. 2), was synthesized and then characterized by
mass spectrometry, nuclear magnetic resonance spectroscopy, and elemental analysis, as described previously (Vlahakis
et al. 2005). The following chemicals were purchased from
Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada): bovine
serum albumin, Ethylenediaminetetraacetic acid (EDTA),
and reduced nicotinamide adenine dinucleotide phosphate
(NADPH). All other chemicals were at least reagent grade
and were obtained from Thermo Fisher Scientific (Ottawa,
ON, Canada). Stock solution of QC-15 (10 mmol/L) was
prepared fresh for each experiment by dissolution in Canada Springs distilled water.
Animals

Spleen tissue was obtained from adult male Sprague-Dawley rats (250-300g) purchased from Charles River Canada
(Montreal, QC, Canada). Rats were housed in the Animal
Care Facility, Botterell Hall, Queen’s University, on a 12-hour
light/12-hour dark cycle (lights on, 7:00 AM to 7:00 PM) and
had ad libitum access to water and standard Ralston Purina
laboratory chow 5001 (Ren’s Feed Supplies, Ltd., Oakville,
ON, Canada). All animals were cared for in accordance with
the principles and guidelines of the Canadian Council on
Animal Care, and experimental protocols were approved by
the Queen’s University Animal Care Committee.

Preparation of recombinant truncated hHO-1

The hHO-1-t233/pBAce expression plasmid was a gift
from Dr. Paul Ortiz de Montellano, University of California,
San Francisco, and was used to generate a soluble, recombinant, human form of HO-1 (hHO-1) without its 23 amino
acid CTD (Huber et al. 2009a), due to a truncation at amino acid 233 (Wilks and Ortiz de Montellano 1993; Wilks et
al. 1995; Wang et al. 2004). Briefly, truncated hHO-1 was
grown in DH5α bacterial expression cells, and the protein
was purified from the clarified lysate by ammonium sulfate precipitation (30-60%) followed by anionic exchange
(MonoQ) using fast protein liquid chromatography (FPLC),
as described previously (Wilks et al. 1995, 1998). Purity was
assessed by a quantitative measurement of the Reinheitszahl
ratio (Rz), in which the absorbance due to hemin (A405) is
compared to the absorbance due to protein (A280). Rz ratio
(A405/A280) > 2.1 was considered pure (Lad et al. 2003),
and SDS-PAGE analysis was also conducted for a qualitative assessment of hHO-1 purity. Protein concentration was
determined by UV spectrophotometry (ε405 = 140 mmol
L-1 cm-1). Protein concentration was verified by UV spectrophotometry using a different, more familiar wavelength
(ε280 = 22,920 mmol L−1 cm−1, Simonian 2002).
Preparation of recombinant full-length hHO-1

The NHis-hHO-1-R254K/pET28a expression plasmid
was modified to generate a full-length, soluble, recombinant
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form of hHO-1, using a gift from Dr. Wayne Backes, Louisiana State University Health Sciences Center, New Orleans.
Amino acid residue 254 was conservatively mutated from
arginine to lysine to minimize degradation products by improving protein stability, as previously described (Huber
and Backes 2007). Briefly, full-length hHO-1 was expressed
in BL21 (DE3) bacterial expression cells with an N-terminal histidine tag to allow for purification by nickel affinity
chromatography using Ni-NTA agarose resin, according to
a protocol modified from previous publications (Huber and
Backes 2007). Purity was assessed by measurement of the Rz
ratio (A405/A280 > 2.1) and by SDS-PAGE analysis (Rahman et al. 2008). Protein concentration was determined and
verified by UV spectrophotometry (ε405 = 140 mmol L-1
cm-1, ε280 = 31,400 mmol L−1cm−1).

ed to pmol CO, plotted against peak area outputs, and then
analyzed by linear regression. The amount of CO in the
headspace of samples was determined by interpolating the
corrected peak area values on the linear CO standard curve.

In vitro recombinant hHO-1 activity assay

A gas chromatography method using headspace-gas
analysis was modified to determine HO activity, for both
full-length and truncated hHO-1 by including CPR (Sigma
Aldrich Canada Ltd.) in the reaction mixture (Wilks and
Ortiz de Montellano 1993; Huber et al. 2009a). Briefly, a 150
µL reaction mixture containing 100 mmol/L phosphate buffer (pH 7.4), 50 µmol/L methemalbumin, 0.01 µmol/L CPR,
and 0.7 µmol/L full-length hHO-1 or 0.7 µmol/L truncated
hHO-1 was preincubated with a range of QC-15 concentrations (0.01, 0.1, 1, 10, 25 and 100 µmol/L) for 10 min at
37ºC. The reaction was initiated by adding 1 mmol/L NADPH and was continued for 20 min at 37ºC. Reaction conditions were optimized with respect to the concentration of
truncated and full-length hHO-1 (Fig. 4), and the reaction
time following initiation (Fig. 5). CPR concentration in the
reaction mixture was previously optimized in our laboratory (Vukomanovic et al. 2010). Following incubation, the
reaction was stopped by instantly freezing the reaction mixture on dry ice (-78ºC). The generated CO was used as an indicator of HO-1 activity and was quantified by using a modified gas chromatographic method (Vreman and Stevenson
1988; Kinobe et al. 2006). For each sample, the amount of
CO analyte in the headspace gas of the vial was measured
using a gas analyzer to produce a peak area output (ta3000R,
Ametek Process Instruments, Newark, DE). In the detector,
CO was quantified using an ultraviolet (254 nm) absorption
photometer to measure mercury vapour generated from the
reaction of CO with mercuric oxide. A standard curve for
CO was prepared by adding aliquots of 10ppm CO gas ranging from 0 to 450 μL to the gas analyzer, which was convert-

Figure 4. Protein concentration optimization. Full-length hHO-1 enzyme
activity was experimentally determined to increase linearly (r = 0.990)
with increasing protein concentration (0.07-2.0 µmol/L). All reactions were
stopped after 15 minutes, and no QC-15 inhibitor was added. 0.7 µmol/L
was selected as the optimal protein concentration for both recombinant
hHO-1 proteins used, because both generated sufficient CO signal
for the gas chromatographic assay (~90 pmol) using a relatively small
concentration of protein.

Figure 5. Reaction time optimization. Full-length hHO-1 enzyme activity
was experimentally determined to increase linearly (r = 0.991) with
increasing reaction time (5-30 minutes). Optimal protein concentration
was 0.7 µmol/L for all time points tested (Fig. 4). CO formation was not
linear after 30 minutes (i.e. 250 pmol of CO formed at 45 minutes), and
was therefore not included. Thus, a 20 minutes period was selected as
the optimal reaction time for full-length and truncated hHO-1, because it
would generate a large CO signal with a minimal amount of time. Reaction
time for native, rat-spleen microsomal HO-1 was previously optimized for
15 minutes (Vukomanovic et al. 2010).

Queen’s Science Undergraduate Research Journal

11

Preparation of rat spleen microsomal fraction containing HO-1

A microsomal fraction containing native HO-1 was prepared by differential centrifugation of rat spleen tissue homogenate as previously described (Appleton et al. 1999; Kinobe et al. 2006). Protein concentration of the microsomal
fraction was determined by using a modified Biuret method
(Cook et al. 1995). The microsomal fraction was resuspended in 100 mmol/L potassium phosphate buffer (pH 7.4) with
20% glycerol containing 10 mmol/L EDTA and stored at
-80ºC (Kinobe et al. 2006).
In vitro rat spleen microsomal HO-1 activity assay

HO-1 activity for the rat spleen microsomal fraction was
determined by gas chromatography using headspace-gas
analysis (Vreman and Stevenson 1988; Kinobe et al. 2006).
Briefly, a 150 µL reaction mixture containing 100 mmol/L
potassium phosphate buffer (pH 7.4), 50 µmol/L methemalbumin, and 0.5 mg/mL spleen protein was preincubated
with a range of QC-15 concentrations (0.01, 0.1, 1, 10, 25
and 100 µmol/L) for 10 min at 37ºC, as described previously
(Vukomanovic et al. 2010). The microsomal fraction already
contained endogenous CPR in close association with HO-1,
and did not require additional CPR for the HO activity assay. The reaction was initiated by adding 1 mmol/L NADPH
and was continued for 15 minutes at 37ºC. The reaction was
stopped by instantly freezing the reaction mixture on dry
ice, and the generated CO was quantified by using the gas
chromatographic method that was described previously.

Results

The QC-15 inhibition comparison between native HO-1,
full-length hHO-1 and truncated hHO-1 was conducted using a CO formation assay (Fig. 6). In general, the percentage
of HO control activity for each HO-1 source decreased with
increasing concentration of QC-15 inhibitor, with the exception of truncated hHO-1, which rebounded in activity at
QC-15 concentrations greater than 10 µM. In this study, the
inhibition of rat, native HO-1 was the greatest of the three
HO-1 sources tested, with a maximal inhibition of approximately 90%, which is consistent with previous findings in
our laboratory (Vukomanovic et al. 2010). At 10 µM QC15, rat native HO-1 was inhibited by 72.07 ± 8.2% (Fig. 6,
Table 1), compared to 74 ± 1.4% (Vukomanovic et al. 2010).
The difference in the extent of QC-15 inhibition between
full-length hHO-1 and native HO-1 was statistically significant (p < 0.05), for all concentrations tested that were ≥ 1µM
QC-15.

Data analysis

CO formation served as an indicator for HO enzymatic
activity and was expressed as pmol(CO)/mg(protein)/min
for rat spleen microsomal HO-1, and pmol(CO)/nmol(protein)/min for recombinant, truncated and full-length hHO1. QC-15 inhibition of CO formation was calculated as the
percent of control HO enzymatic activity (no inhibitor) using the formula [(control activity – inhibitor sample activity)/(control activity)] x 100%. CO formation was assayed for
full-length hHO-1, truncated hHO-1 and rat-spleen, native
HO-1 at a range of QC-15 concentrations (0.01-100 µmol/L).
Data are presented as mean ± SD (standard deviation) of
quadruplicate experiments for each HO-1 source (n = 4).
Statistical analysis was conducted by using one-way analysis
of variance (ANOVA), followed by a Newman-Keuls multiple comparison test. A P-value < 0.05 was considered to
indicate statistical difference between experimental groups.

Figure 6. Comparison of QC-15 inhibition between truncated (TN), fulllength (FL), and native (NT) HO-1 sources. The enzymatic activity for
each QC-15 concentration (0.01, 0.1, 1, 10, 25 and 100μM) is expressed
as a mean percentage of control HO activity ± SD (n = 4). The difference
between different HO-1 sources was statistically significant for all QC-15
concentrations ≥ 1μM, according to one-way ANOVA (Newman-Keuls
method): † = p < 0.05, NT vs. TN and FL; * = p < 0.05, FL vs. TN. Error bars
that are not visible fall within the area of the symbols.

March 2015, Vol 1

12

Table 1. QC-15 inhibition values for each HO-1 source from Fig. 6. (n = 4, ± SD).

There was also a statistically significant difference (p <
0.05) between truncated and full-length hHO-1 inhibition,
for all QC-15 concentrations ≥ 1µM. However, the inhibition of the truncated hHO-1 was not as great as was previously observed in our laboratory (Vukomanovic et al. 2010).
Full-length hHO-1 was inhibited to 58.40 ± 4.23% of control
activity at 10 µM QC-15 (Fig. 6, Table 1), which more closely resembles the inhibition of truncated hHO-1 from a prior
study (Vukomanovic et al. 2010), which demonstrated 66 ±
1.7% control activity at 10 µM QC-15.

Discussion

The results of this study do not support the hypothesis,
because the native HO-1 and full-length hHO-1 did not behave similarly with respect to their susceptibility to QC-15
inhibition. Overall, there seemed to be a proportional relationship between the extent of QC-15 maximal inhibition
and HO-1 enzyme complexity. That is to say, the more similar the HO-1 enzyme was to the physiological state of native HO-1 (i.e. having a CTD embedded in a membrane),
the better the inhibition was facilitated. The susceptibility to
QC-15 inhibition was as follows (high to low): native HO-1,
full-length hHO-1, and truncated hHO-1.
The reason for this discrepancy in maximal inhibition
between human recombinant, full-length hHO-1 and rat
native HO-1 may be due to species differences, rather than
differences in enzyme complexity, because both native and
full-length HO-1 sources possess a C-terminal transmembrane domain (CTD). However, in silico analysis reveals
that the sequence homology is quite strong between rat and
human HO-1 when compared using the Domain Enhanced
Lookup Time Accelerated-Basic Local Alignment Search

Tool (DELTA-BLAST; Boratyn et al. 2012). 80% of the amino acids between rat (rattus norvegicus) and human (homo
sapiens) HO-1 are identical (Fig. 7). Moreover, there is 88%
functional identical between rat and human HO-1, with the
additional 8% explained by substitutions for amino acids
of similar physical and chemical properties, like size and
charge, which results in the same “function,” despite there
being a different sequence. Also, rat spleen microsomes have
been accepted as models for human HO-1 activity, in past
in vitro inhibition studies (Kinobe et al. 2006; Vukomanovic
et al. 2010), and have the benefit of minimizing biological
variability, due to the genetic similarity and controlled living
environment of laboratory animals. Biologic variability in
the microsomal preparation is likely to be greater when using human spleen tissue as an HO-1 source. Human spleen
tissue is also a scarce resource, and is typically acquired as
surgical waste from histopathological exams conducted in
hospitals affiliated with an academic institution (Kinobe
et al. 2006). Unfortunately, there is the chance of diseased
spleen tissue being collected, and not being representative of
the HO system in healthy human spleen. Thus, native HO-1
derived from rat spleen is more likely to be representative of
healthy spleen tissue and is more practical, with respect to
its availability.
A more likely reason for the maximal inhibition discrepancy between full-length hHO-1 and native HO-1 could be
due to their membrane-anchoring differences. Only native
HO-1 has its CTD embedded in a lipid membrane (i.e. ER),
while the full-length hHO-1 has a “free-floating” CTD. It
may be that the anchoring of the CTD creates a three-dimensional conformation that facilitates greater access for
QC-15 to reach its non-competitive binding site (Rahman
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Figure 7. Sequence homology between human HO-1 (Query; 288 amino acids) and rat HO-1 (Sbjct; 289 amino acids). Identical amino acids
are indicated by the amino acid letter symbols between the human and rat sequences. Functionally similar amino acids are indicated by
“+” signs, while non-similar amino acids are indicated by a blank space. Data retrieved from Domain Enhanced Lookup Time AcceleratedBasic Local Alignment Search Tool (DELTA-BLAST; Boratyn et al. 2012) from the National Centre for Biotechnology Information (NCBI)
database (URL: http://blast.ncbi.nlm.nih.gov/Blast.cgi#562885875).

et al. 2012). In the future, a study should be done to test the
QC-15 inhibition of full-length, recombinant HO-1 with its
CTD embedded in an artificial lipid membrane, such as in
a dilauroylphosphatidylcholine (DLPC) liposome (Huber et
al. 2009a), in order to mimic the ER anchoring of native HO1. DLPC-anchored, full-length hHO-1 should then be compared to native hHO-1 and full-length hHO-1 in a similar
QC-15 inhibition assay. Also, if healthy human spleen tissue
is available, it should be used in addition to rat spleen tissue
as the microsomal source of native HO-1, to conclusively
determine what role species difference has on the extent of
QC-15 maximal inhibition. However, the primary goal of
this proposed experiment would be to determine whether
membrane anchoring of HO-1 is important for facilitating
QC-15 inhibition. The predicted result would be that membrane-anchored, full-length, recombinant HO-1 will have
similar QC-15 inhibition as native HO-1. If it proves to be
true, perhaps liposome-anchored, recombinant, full-length
hHO-1 could be an effective human model for future in vitro
inhibition studies of HO-1. This would bypass the monetary
and ethical costs associated with sacrificing rats for their
spleen tissue.

Regarding the two recombinant HO-1 sources, maximal
inhibition occurred at the highest concentration of QC15 inhibitor (100µM) for full-length hHO-1 in this study,
as opposed to truncated hHO-1, which was maximally inhibited to only 72.17 ± 5.94% control HO-1 activity (10
µM QC-15), before it rebounded to 87.45 ± 12.0 at 100 µM
QC-15 (Fig. 6; Table 1). The reason for the unpredictable
behaviour of truncated hHO-1 may be due to the storage
duration of the protein, as it was kept at -80ºC since its purification in 2008. The reason for using this truncated hHO1 protein from 2008 was to ensure consistency and allow
for direct comparisons of QC-15 inhibition with a previous
study done in our laboratory, which used the same protein
batch (Vukomanovic et al. 2010). The experiment should
be repeated using a fresh batch of truncated and full-length
hHO-1, to determine if there truly is a difference in QC-15
inhibition based on differences in hHO-1 complexity. Due
to the time-consuming nature of protein purification, this
additional experiment was not done and so it was decided
not to consider the truncated hHO-1 results from this study
any further. Storage duration was not an issue for the fulllength hHO-1 results in this study because it was prepared
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in 2013 and it behaved as expected in a concentration-dependent fashion, with respect to its inhibition by QC-15.
Interestingly, the extent of QC-15 inhibition of full-length
hHO-1 from this study (Fig. 6, Table 1) was very similar to
the inhibition of truncated hHO-1 in a previous study done
in our laboratory (Vukomanovic et al. 2010). This similarity suggests that HO-1 enzyme complexity (i.e. presence or
absence of a CTD) may not be an important factor for influencing the extent of maximal inhibition by QC-15.
In closing, the results of this study did not support the
hypothesis, because QC-15 inhibition of full-length, recombinant hHO-1 was not similar to that of native HO1, but was actually inhibited to a lesser extent. Therefore,
full-length hHO-1 cannot be used as a substitute for native
HO-1 in future in vitro inhibition studies. There is still more
to learn about HO-1 and the role of its CTD, with respect
to its importance in facilitating maximal inhibition by the
imidazole-dioxolane compound QC-15. Perhaps there are
unique structural differences created by the CTD that can
be used in future drug design initiatives, such as the development of HO-1 selective activators, which do not currently
exist and could be useful therapeutic agents for upregulating
HO-1-mediated cytoprotection in non-cancerous tissues
subjected to excessive oxidative stress.
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The putative type I secretion sequence of a 1.5-MDa icebinding adhesin folds as a Ca2+-dependent β-rich structure
Tony He
Supervised by: Peter Davies, Queen’s University
Marinomonas primoryensis is a Gram-negative and strictly aerobic bacterium, an isolate of which was found in a brackish (half-strength seawater) lake in Antarctica. M. primoryensis produces a Ca2+-dependent 1.5-MDa ice-binding adhesin
(MpAFP) that likely binds the bacterium to the underside of surface ice, where it may have better access to oxygen and other
nutrients. The MpAFP is divided into five distinct regions that include the highly repetitive Region II (RII) and the moderately repetitive ice-binding Region IV (RIV). Region V (RV) is the C-terminal domain of MpAFP, and may serve as its
non-cleavable signal sequence for the Type I Secretion System (TISS). The Protein Homology/analogY Recognition Engine
(Phyre2) Server modeled RV as a Ca2+-bound β-rich structure. A previous study used a RV construct that started directly
following the C-terminus of RIV, but the expressed protein aggregated and was unsuitable for further characterization. Here,
we report the expression and purification of a fusion construct spanning RIV and RV. We defined the start of the RV domain
by digesting the purified RIV-V fusion protein with trypsin in the presence of Ca2+. A soluble RV was then purified from
the digestion mixture using anion-exchange chromatography, and its N-terminal residues were determined using Edman
degradation sequencing. The folding of the newly designed RV construct was assessed by size-exclusion chromatography and
circular dichroism (CD) spectroscopy. This work will provide insight into the structural relationship between RIV and RV,
as well as how extremely large proteins are secreted via the TISS in Gram-negative bacteria.

Introduction

Antifreeze proteins (AFPs) were first discovered in the serum of marine fishes (DeVries and Wohlschlag 1969; Deuman and DeVries 1974), where they protect their hosts from
freezing damage by binding to and preventing the growth of
seed ice crystals (Raymond and DeVries 1997). Since their
initial discovery, studies have identified a diverse array of
AFPs in animals, plants, and microorganisms (Slaughter et
al. 1981; Hew et al. 1984; Knight et al. 1984; Hew et al. 1985;
Scott et al. 1987; Davies and Hew 1990; Sonnichsen et al.
1995; Gong et al. 1996; Jia et al. 1996; Gronwald et al. 1998;
Worrall et al. 1998; Liou et al. 2000; Garnham et al. 2010;
Middleton et al. 2012;). AFPs from freeze-avoidance organisms work non-colligatively by uncoupling the melting point
and the freezing point of body fluids (Jorov et al. 2004).
AFPs depress the non-equilibrium freezing point to below
the melting point by binding to the surfaces of seed ice crystals and creating curved ice fronts, which are energetically
unfavourable for ice to grow (Jorov et al. 2004; Knight 2000).
This difference between the melting point and non-equilibrium freezing point is termed thermal hysteresis (TH), and
is used as a measure of antifreeze activity (Middleton et al.

2012). AFPs from freeze-tolerant organisms do not prevent
freezing, but instead stop ice crystals in frozen tissues from
growing larger through the process of ice re-crystallization
inhibition (IRI) (Knight et al. 1984; Worrall et al. 1998).
In addition, AFPs can be classified as moderate AFPs or
hyperactive AFPs based on their TH levels. Moderate AFPs
can depress the non-equilibrium freezing point of a solution
by about 1 to 1.5°C at low mM concentrations (Scotter et
al. 2006). Compared to moderate AFPs, hyperactive AFPs
are roughly ten times more potent on a molar basis (Scotter et al. 2006). Hyperactive AFPs produce higher TH levels
because they can bind to all ice planes, whereas moderate
AFPs can only bind to the prism planes (Scotter et al. 2006).
A protein with hyperactive antifreeze activity was found
on the surface of the bacterium Marinomonas primoryensis,
which was isolated from a brackish (half seawater salinity)
lake in Eastern Antarctica (68°S, 78°E) (Lauro et al. 2011;
Gilbert et al. 2004). Ice covers this lake for about eleven
months of the year (Lauro et al. 2011). Since water layers do
not mix in this lake, only the upper layers (0-12.7 m below
surface) are oxygenated (Lauro et al. 2011). M. primoryensis
is a Gram-negative and strictly aerobic bacterium that was
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isolated from surface ice and oxygenated water layers (Gilbert et al. 2004). It produces an exceptionally large protein
(1.5 MDa) with Ca2+-dependent antifreeze activity (Gilbert
et al. 2004).
This protein, M. primoryensis AFP (MpAFP), is divided into five Regions (RI, RII, RIII, RIV, RV) by the highly repetitive Region II (RII) and the moderately repetitive
Region IV (RIV) (Guo et al. 2012). RII accounts for 90%
of the MpAFP, and is comprised of about 120 tandem copies of a 104-aa repeat that remain identical in their DNA
sequence [24]. X-ray crystal structures of RII indicate that
each 104-aa repeat folds into an immunoglobulin-like (Iglike) β-sandwich in the presence of Ca2+ (Guo et al. 2013).
Ca2+ ions are coordinated at the interface between these Iglike monomers, and are thought to rigidify the chain of RII
monomers to project RIV away from the bacterium towards
the ice surface (Guo et al. 2013). This is similar to the extension mechanism used by other large bacterial adhesins
(Griessl et al. 2013). These results led to the re-evaluation of
MpAFP’s function. Instead of preventing freezing, MpAFP
may function as an ice-binding adhesin that binds its host
to surface ice, where it has better access to oxygen and nutrients.
The 322-aa RIV is the ice-binding domain of MpAFP. RIV
consists of thirteen 19-aa repeats in tandem, each beginning
with a repeat that resembles the 9-aa GGxGxDxux (x is any
residue and u is a hydrophobic residue) repeat sequence of
Repeats-In-Toxin (RTX) proteins (Garnham et al. 2008). In
RTX proteins, these 9-aa repeats serve as non-cleavable signals for Type I Secretion System (TISS) (Delepelaire 2004).
In RIV of the MpAFP, the 9-aa repeat is xGTGNDxux, where
Thr at position 3 and Asx at position 5 form hydrogen bonds
with water molecules (Garnham et al. 2011). The X-ray crystal structure of RIV was determined to a resolution of 1.7
Å, and showed that RIV folds into a right-handed β-helix
with a row of thirteen Ca2+ cations inside the β-helical turns
formed by the thirteen repeats (Garnham et al. 2011). In this
structure, water molecules are transiently bound to the RIV
ice-binding surface (IBS) via hydrogen bonds to main-chain
amide nitrogen atoms as well as side-chain oxygen atoms
[29]. The RIV IBS organizes surface water into regular icelike lattices that help RIV to bind ice with high affinity (Garnham et al. 2011).
Bioinformatics analyses suggested that RIV, which folds
as a Ca2+ -bound β-helix that is resistant to trypsin digestion in the presence of Ca2+, might be derived from RV (Guo
et al. 2012). Like RIV, RV contains RTX-like 9-aa repeats,

but not in a large array with regularly spaced ice-binding
Thr and Asx residues. Thus, RV is not thought to organize
surface water into regular ice-like lattices. A previous study
(Garnham et al. unpublished) used a RV construct with
start residues that directly followed the C-terminus of the
ice-binding RIV. The resulting protein aggregated and was
unsuitable for further characterization.
The Phyre2 Server algorithms predict that RV may fold
into a Ca2+-bound β-rich structure that, like RIV, is also
resistant to trypsin digestion. Here, we report studies on
a fusion construct spanning RIV and RV. We isolated RV
from this construct using controlled proteolysis and anion-exchange chromatography. We assessed the solubility
and folding of this RV using size-exclusion chromatography
and circular dichroism (CD) spectroscopy. This work may
give insight into how large bacterial adhesins like MpAFP
are transported to the cell surface.

Materials and Methods
Expression and purification of MpAFP RIV

A DNA construct coding for the 571-aa RIV-V was cloned
into the pET-28a expression vector, which contains an N-terminal His-tag. This was expressed in the E. coli BL21DE3
(star) expression cell line. A 1-L culture was grown in the
presence of 100 μg/ml kanamycin at 37°C with shaking until the OD600 = 0.5. The culture was then switched to 23°C
until the OD600 = 1, whereupon protein production was
induced by adding 1 mM isopropyl thio-β-D-galactoside
(IPTG), and growth was continued overnight at 23°C with
shaking at 220 rpm. Following the incubation, the cells were
recovered by centrifugation (4540 xg for 30 min at 4°C) and
resuspended in 25 ml of buffer A (50 mM Tris/HCl, pH 9,
500 mM NaCl, 2 mM CaCl2, and 5 mM imidazole) containing a Complete, Ultra, EDTA-free protease-inhibitor tablet
[Roche Diagnostic (Mannheim, Germany)]. The resuspension was sonicated [Fisher Scientific (Waltham, MA, U.S.A.)
sonic Dismembrator, model 5000; fives bursts of 45 s each
at 80% amplitude] to break open the cells and centrifuged
(30938 xg for 30 min at 4°C) to remove cellular debris.
The crude cellular lysate was mixed with 5 ml of Ni-NTA
(Ni2+ nitrilotriacetate) resin and brought to 200 ml in buffer
A. Following 30 min of stirring, the resin was loaded onto
a column and washed with 6 column volumes of buffer A
containing a Complete, Ultra, EDTA-free protease-inhibitor tablet [Roche Diagnostic (Mannheim, Germany)]. The
RIV-V protein was eluted with buffer A and 400 mM im-
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idazole. The sample was then loaded onto a HiLoad 16/10
Q-Sepharose High Performance Anion-Exchange Column,
and eluted using a 0-1 M NaCl gradient in Anion-Exchange
buffer (50 mM Tris/HCl, pH 9, 10 mM CaCl2). Fractions
containing the RIV-V protein were pooled and buffer-exchanged into S200 buffer (50 mM Tris/HCl, pH 9, 200 mM
NaCl, 10 mM CaCl2) using a centrifugal filter (Millipore,
Billerica, MA, USA), and then purified using HiLoad 16/10
Superdex 200 Size-Exclusion Column. Again, fractions containing the RIV-V protein were pooled. Protein concentration was measured using a NanoDrop spectrophotometer
[Thermal Fisher Scientific (Waltham, MA, USA)], and purity was assessed by 10% SDS-PAGE.
Thermal Hysteresis Measurements

Thermal hysteresis levels were measured using a Clifton
Nanolitre Osmometer system [Clifton Technical Physics
(Hartford, NY, U.S.A.)] controlled by LabVIEW software
platform (National Instruments). In this apparatus, water
circulates inside a cold stage and cools a copper plate by acting as a heat sink. Thermoelectric coolers attached to the
cold stage were controlled on LabVIEW platform via a commercial temperature controller. Dry air was pumped through
to prevent condensation. Digital images were recorded using a Nikon COOLPIX 4500 digital camera mounted on a
Leitz Dialux 22 microscope. Immersion oil was applied to
the back of the metal sample holder, containing eight 500
μM diameter holes, which was then placed onto the cooling stage. A capillary tube with a 0.7 mm inner diameter
was used to place a 10-nl drop of the protein sample in the
center of an oil-filled hole. The sample was rapidly frozen by
dropping the temperature to -40°C, and then melted into a
single 10-μm ice crystal by increasing the temperature. The
highest temperature without further melting was recorded
as the melting point (Tm). After holding the crystal at the
Tm for one minute, a temperature ramp was initiated, which
decreased the temperature by 0.01°C every four seconds.
The temperature at which the crystal suddenly grows explosively was recorded as the non-equilibrium freezing point.
The difference (°C ) between these two temperatures was
recorded as the sample’s thermal hysteresis (Braslavsky and
Drori 2013).
Trypsin digestion of MpAFP RIV-V in the presence of
Ca2+

Pooled fractions from HiLoad 16/10 Superdex 200
Size-Exclusion chromatography were dialysed overnight

in dialysis buffer (50 mM Tris/HCl, pH 9, 100 mM NaCl,
2 mM CaCl2). Purified RIV-V proteins in dialysis buffer
were digested using 20 μg/ml of bovine pancreatic trypsin.
A sample (10 μl) of the proteolysis mixture was taken after
overnight incubation, and analyzed using 10% SDS-PAGE.
Purification of MpAFP RV from proteolysis mixture

The overnight trypsin digestion was stopped using PMSF,
and the proteolysis mixture was loaded onto a HiLoad 16/10
Q-Sepharose High Performance Anion-Exchange Column,
and eluted using a 0-1 M NaCl gradient in Anion-Exchange
buffer (50 mM Tris/HCl, pH 9, 10 mM CaCl2). Fractions
containing protein were analyzed using 10% SDS-PAGE.
Fractions containing RV were pooled and loaded onto a
MonoQ High Performance Anion-Exchange Column. It was
then eluted using a 0-1 M NaCl gradient in Anion-Exchange
buffer (50 mM Tris/HCl, pH 9, 10 mM CaCl2). Again, the
fractions containing RV were pooled. Protein concentrations were measured using a NanoDrop spectrophotometer
(Thermal Fisher Scientific, Waltham, MA, USA), and purity
assessed by 10% SDS-PAGE.
Circular dichroism spectroscopy of the purified RV

The purified RV was dialyzed against 10 mM Tris-HCl
(pH 9), 0.1 mM EDTA. Aliquots (200 μL) of the protein
were diluted to a concentration of 30 μM in this buffer. The
Circular Dichroism (CD) of these aliquots was tested in the
presence of 1 mM EDTA, 2 mM CaCl2, 3 mM CaCl2, and 5
mM CaCl2. Scans (7) were taken for each of the four samples
at 23°C using a Chirascan CD Spectrometer (Applied Photophysics) and averaged. The buffer reference was subtracted and a 3-point smooth was applied using the Proviewer
software. The data were plotted using Microsoft Excel.
Size-exclusion column chromatography of the purified
RV

A 500-μL aliquot of the purified RV was buffer-exchanged
into S200 buffer (50 mM Tris/HCl, pH 9, 200 mM NaCl, 10
mM CaCl2) using a centrifugal filter (Millipore, Billerica,
MA, USA), and then loaded onto a 10/300 GL Superdex-75
size-exclusion column to evaluate the protein’s folding. The
ratio of RV elution volume (Ve): total column volume (Vt)
was calculated and compared with those of the protein standards.
Edman degradation sequencing of the purified RV

A 10-μL aliquot of the purified RV was analyzed on 10%
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SDS-PAGE. A high-binding PVDF membrane was wet with
methanol for a few seconds and then soaked in electro-blotting buffer (25 mM Tris, 192 mM glycine, 10% methanol)
for 5 min. The purified RV was transferred from the SDSPAGE onto the PVDF membrane using a trans-blotting
sandwich running at 100V for two hours. The PVDF membrane blot was rinsed with de-ionized water and stained, after which it was sent to the University of Toronto for Edman
degradation sequencing using a Precise Sequencer (Applied
Biosystems).

After the Ni-NTA column affinity purification, the sample was further purified using anion-exchange chromatography. The RIV-V fusion protein was eluted at a relatively high
NaCl concentration (data not shown), which is expected
since this protein is rich in acidic residues and should interact strongly with the positively charged resins. The fractions
containing this protein appeared relatively pure, but a faint
band (~27 kDa) was found in some fractions (Fig. 2), which
may be due to partial proteolysis of this fusion protein.

Results
Expression and purification of the RIV–RV fusion construct

The fusion construct spanning RIV-V was expressed in
the E. coli BL21DE3 (star) expression cell line. After inducing protein production with 1 mM isopropyl thio-β-D-galactoside (IPTG), we observed a protein corresponding to
the M.W. (~60 kDa) of the RIV-V fusion protein (Fig. 1) in
whole cells, cell lysate, and cell lysate supernatant. We conducted two expression replicates and observed consistent results, which indicated that this fusion protein was produced
by the cells. After the Ni-NTA column affinity purification,
the RIV-V fusion protein was significantly enriched in the
sample (Fig. 1). In addition, the RIV-V fusion protein appeared to stay intact during the purification process, which
indicated that the Complete, Ultra, EDTA-free protease-inhibitor tablet was effective at inhibiting protease activity.

Figure 2. SDS-PAGE of RIV-V fusion protein purification via anion-exchange chromatography. 1 = Protein maker, 2 – 9 = fractions containing
RIV-V fusion protein. The numbers down the left-side represent the M.W.
of the protein standards. The bands in red circles correspond to the RIV-V
fusion protein. The blue circles show the faint bands ~27 kDa.

These fractions were further purified using size-exclusion
chromatography. Based on the protein standards (data not
shown), the fusion protein eluted at a volume corresponding to its expected M.W. (~60 kDa). This suggests that this
RIV-V fusion protein may elute as a monomer and has a
globular shape. Fractions from the size-exclusion chromatography contained one major band (~ 60 kDa), which suggests that most of this fusion protein stayed intact (Fig. 3).
RIV-V has a higher TH level than RIV alone

Figure 1. SDS-PAGE of the expression and purification of the RIV-V fusion
protein. PM = protein marker, 1 & 4 = replicates of pre-induction cells, 2 &
5 = replicates of post-induction cells, 3 & 6 = replicates of post-induction
cell lysate, 7 = post-induction cell lysate supernatant, 8 = Ni-NTA elution.
The numbers down the left-side represent the M.W. of the protein standards. The bands in red circles correspond to the RIV-V fusion protein.

The TH level of the purified RIV-V protein was measured
and compared to the RIV protein. At an approximate concentration of 16 μM, the RIV-V fusion protein produced a
TH of 2.4°C, whereas the RIV protein produced a TH of
1.9°C. A previous study has shown that fusion AFPs produce higher TH levels than the corresponding AFPs alone
(DeLuca et al. 1998). Since RV cannot bind to ice by itself,
the higher TH level of the purified sample further confirmed
that the RIV-V fusion protein stayed intact during the purification.
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presence of Ca2+ produced two major bands (Fig. 5). The
heavier band (~40 kDa) corresponds to the M.W. of RIV,
and the lighter band (~25 kDa) corresponds to the M.W. of
RV. This suggests that both RIV and RV stayed intact and
are resistant to trypsin digestion. The faint bands near the
bottom of lane 3 may be other tryptic fragments generated
during the proteolysis

M.W. (kDa)
66.4

27.0

Edman degradation sequencing revealed the start point
of RV

14.3

Figure 3. SDS-PAGE of RIV-V fusion protein purification via size-exclusion
chromatography. 1 = Protein maker, 2 – 4 = fractions containing RIV-V
fusion protein. The bands in red circles correspond to the RIV-V fusion.

The lighter band (~25 kDa) corresponding to RV (Fig.
5) was N-terminally sequenced by Edman degradation to
see where the domain starts and how much of the linker region was digested away. The standard chromatogram and a
sample chromatogram used in the Edman degradation are
shown in Figure 6. Edman degradation sequencing verified
that this band was indeed RV, and revealed that its first 11
amino acids are N– LISDVALTNLE –C (Fig. 4, double-underlined) and corresponding to RV. Since RV folds into a
Ca2+-bound β-rich structure that is resistant to trypsin digestion, this sequencing result defines the start point of a
potential RV construct.
RV can be separated from RIV using anion-exchange
chromatography

Figure 4. The amino acid sequence of RIV-V fusion protein. The orange sequence corresponds to RIV, the blue sequence corresponds to the potential
linker region, and the green sequence corresponds to the RV released by
trypsin digestion. Arginine (R) and lysine (K) residues are boxed, and Edman
degradation results are double-underlined.

Trypsin digestion of purified RIV-V in the presence of
Ca2+ produced two major bands

The purified fusion protein spans RIV, RV, and the linker
sequence between them. All three parts are rich in K and R
(Fig. 4), which can be recognized and cleaved by trypsin.
Previously, RIV was shown to fold into a Ca2+-bound β-helix
that is resistant to trypsin digestion in the presence of Ca2+
(Gilbert et al. 2004; Garnham et al. 2008). The Phyre2 Server algorithms predict that RV also folds into a Ca2+-bound
β-rich structure that may be resistant to trypsin digestion
in the presence of Ca2+. Overnight trypsin digestion in the

RV was purified after the overnight trypsin digestion using anion-exchange chromatography. Two separate peaks
were observed in the chromatogram (data not shown), and
the corresponding fractions were analyzed by SDS-PAGE
(Fig. 7). Lanes 4 and 5 are fractions taken from the larger peak, and seem to contain only RIV. Lane 6 is a fraction
taken from the smaller peak, and seem to contain mostly
RV with a slight trace of RIV. This separation of RV from
RIV suggests that these two domains do not interact directly
to form a complex. Rather, their linker sequence may keep
them together. The higher TH levels produced by the RIV-V
fusion protein may simply be due to an overall larger protein
compared to RIV by itself.
Purified RV produced low levels of TH

The purified RV sample produced low levels of TH at 2
mg/mL and 1 mg/mL. This low TH level was likely caused
by some residual RIV that could be seen on SDS-PAGE (Fig.
7). The TH level produced by this purified RV sample was
much lower than the TH level produced by a purified RIV
sample at comparable concentrations, which suggested that
RV cannot bind to ice.
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M.W. (kDa)

a)

66.4

27.0
14.3

Figure 5. SDS-PAGE showing the trypsin digestion of RIV-RV fusion protein. 1 = Protein Marker, 2 = undigested RIV-RV, 3 = overnight trypsin digestion of RIV-RV. The numbers down the left-side represent the M.W. of
the protein standards. The band in the red circle corresponds to the RIV-V
fusion protein. The band in the orange circle corresponds to RIV. The band
in the green circle corresponds to RV.

b)

Purified RV does not aggregate in solution

The solubility of the purified RV from this study was analyzed using S75 size-exclusion chromatography in the presence of 10 mM Ca2+. The size-exclusion chromatography of
the RV construct from the previous study (Fig. 8a) is shown
for comparison. The previous RV construct produced two
peaks on size-exclusion chromatography. The first peak eluted in the void volume, and the second peak corresponded to
an apparent M.W. of 480 kDa or 660 kDa in the presence of
Ca2+ or EDTA, respectively. These two peaks suggested that
the previous RV construct aggregated in solution.
In contrast, the S75 size-exclusion chromatography of
this purified RV produced a single sharp peak with an elution volume around 12.0 mL (Fig. 8b). Based on comparison with protein standards, an elution volume of 12.0 mL
corresponds to an apparent M.W. of ~41 kDa, which suggests that our purified RV does not aggregate in solution and
may exist as a single species in solution. An apparent M.W.
of ~41 kDa is more than twice the expected M.W. of RV
(~18.9 kDa). The larger size could be due to dimerization of
RV or an elongation in shape of the purified RV, which may
have a larger corresponding Stokes radius than the globular
protein standards.
RV folds into a β-rich structure in the presence of Ca2+

Circular dichroism (CD) spectroscopy was used to assess
the folding of the purified RV in the presence of different
Ca2+ concentrations and in the presence of EDTA (Fig. 9).

Figure 6. N-terminal sequencing of RV via Edman degradation. a) The
standard chromatogram used in this Edman degradation. b) The sample
chromatograph of the first amino acid residue, leucine (L).

M.W. (kDa)
66.4

27.0

Figure 7. SDS-PAGE showing the trypsin digestion of RIV-V fusion protein
and the purification of RV via anion-exchange chromatography. 1 = Protein marker, 2 & 3 = overnight trypsin digestion of RIV-RV, 4 & 5 = two
fractions containing RIV, 6 = a fraction containing purified RV.
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Based on comparison with the reference CD spectra, the purified RV appears as a random coil in the absence of Ca2+
with a large minimum at 200 nm. However, upon addition of
Ca2+, the purified RV folds into a β-rich structure with some
traces of α-helix. This confirms the Phyre2 Server’s prediction that RV folds as a Ca2+-bound β-rich structure. The CD
spectra of the purified RV at or above 2 mM CaCl2 nearly
overlap with one another. This suggests that 2 mM Ca2+ is at
or beyond RV’s saturation point for Ca2+, after which additional Ca2+ no longer causes a difference in its folding.

a)

Discussion
b)

Figure 8. Size-exclusion chromatograms of RV. a) S200 size-exclusion chromatogram of the previous study’s RV construct in the presence of either
2 mM EDTA (green line) or 2 mM Ca2+ (red line). Figure is adapted from
C. Garnham’s Ph.D. thesis (Queen’s University), 2012. b) S75 size-exclusion
chromatogram of the RV protein purified from the trypsin digestion mixture. The red arrows represent protein standards used for calibration. The
blue arrows indicate the void volume and total volume.

Figure 9. The far-UV CD spectra of purified RV measured at different Ca2+
concentrations or in the presence of EDTA.v

In a previous study, a RV construct that contained the
C-terminal 249 residues of MpAFP (Fig. 4, blue and green)
was expressed and purified, but the resulting RV protein aggregated in solution. In contrast, our new recombinant RV
protein (Fig. 4, green) purified from the trypsin digestion
of the RIV-V fusion protein, remained as a single soluble
species in solution. The major difference between these two
constructs is that the previous one contained 67 additional
N-terminal amino acids. This 67-aa sequence was cleaved by
trypsin during proteolysis, which means it might be a flexible linker that partly exists as a random coil. This additional
67-aa random coil could have accounted for the aggregation
of RV in the previous study by promoting intermolecular
attraction between the proteins.
Having now determined the N-terminal boundary of the
RV domain, we are currently trying to delineate its C-terminus using mass spectrometry. If this new RV protein extends
to the C-terminus of the MpAFP, it would have182 amino
acids (Fig. 4, green) and an expected M.W. of ~18.9 kDa.
However, this protein has an apparent M.W. of ~25 kDa on
SDS-PAGE. This difference in M.W. may be explained by the
low isoelectric point of this protein (pI ~ 3.36). In a neutral
solution, this acidic protein will lose its protons to become
negatively charged, and may in turn repel the negative SDS
detergent. Without a uniform negative coating by SDS, this
protein may migrate more slowly through the polyacrylamide gel and have a larger apparent M.W. On the other
hand, we suspect that this protein’s actual M.W. is unlikely to be much smaller than ~25 kDa. This suggests that the
purified RV likely extends to the C-terminus of the MpAFP,
with the entire sequence folded as a β-rich structure that is
resistant to trypsin digestion in the presence of Ca2+.
The importance of Ca2+ in the folding of RV was revealed
by CD spectroscopy. The addition of Ca2+ changed RV from
a random coil into a predominantly β-structure with traces

Queen’s Science Undergraduate Research Journal

23

of α-helix. Ca2+ also makes RV resistant to trypsin digestion,
which further supports its important role in the folding of
RV. Nevertheless, the lowest molar ratio of RV to Ca2+ tested
in this experiment was 1:67, and further CD studies of RV
in larger ranges of Ca2+ are needed to define the minimum
molar ratio for folding.
These results confirm the Phyre2 Server’s prediction
that the purified RV protein folds into a Ca2+-bound β-rich
structure, and show that it has a similar trypsin resistance to
RIV. When comparing the amino acid sequences of RIV and
RV, their only similarity seems to be the Repeats-In-Toxin
(RTX)-like 9-aa repeats (GGxGxDxux, where x is any residue and u is a hydrophobic residue). In RTX proteins, these
9-aa repeats serve as non-cleavable signals for Type I Secretion System (TISS) (Delepelaire 2004). Here, the results
suggest that these repeats may play an important role in the
folding of both RIV and RV by binding to Ca2+ at regular
intervals. Based on the X-ray crystal structure of RIV (Garnham et al. 2011) and the CD spectra of RV, these RTX-like
repeats may form β-helical loops that conjugate Ca2+ cations.
RIV contains Thr and Asx within its 9-aa repeats, whereas RV does not have these ice-binding residues. The hydroxyl groups within these residues cooperate with backbone
electronegative atoms to increase the residency time of icelike water on the RIV ice-binding surface (IBS), which allows RIV to bind ice planes with high affinity and specificity
[29]. Although RV cannot bind to ice by itself, the RIV-V
fusion protein produces a higher TH level than the RIV protein at equimolar concentrations. This could be caused by
either RV stabilizing the IBS of RIV or, more likely, due to
non-specific steric effects. After trypsin digestion, RIV and
RV can be separated via anion-exchange chromatography.
This suggests that RIV and RV do not interact directly to
form a complex, and the linker sequence may be the only
factor holding these two domains together. Thus, the RIV-V
fusion protein likely produces a higher TH level via non-specific steric effects, where RV may dangle from the ice-binding RIV and further reduce the radii of ice front curvatures,
which makes ice growth even less favourable.
Nevertheless, TH measures antifreeze activity but not affinity for ice. Although the RIV-V fusion protein has a higher TH level than RIV, they likely have the same affinity for
ice because both proteins have identical IBS. This suggests
that RV plays no role in ice-binding, but may only serve as
the TISS signal for the MpAFP. Furthermore, this implies
that RV did not evolve to assist RIV. Instead, RV was already
present when RIV evolved. We speculate that the DNA se-

quence encoding for RV may have duplicated upstream to
generate the precursor for RIV. Random mutation coupled
with natural selection may have introduced ice-binding residues and a β-helical structure to the upstream RIV, which
enabled it to bind ice. In contrast, selective pressure likely
forced RV to retain its original function as the C-terminal
signal sequence.
This study determined the start residues for a new RV
construct and showed that it is soluble in solution, and folds
into a β-rich structure in the presence of Ca2+. In the future,
we will recombinantly produce the newly designed RV and
further characterize it using a combination of biophysical
methods and X-ray crystallography. In addition, we will also
test if RV is responsible for the secretion of the MpAFP by
transforming M. primoryensis with a fluorescently-tagged
RV construct and determine its localization. Taken together,
this work will give further insight into the type I secretion
pathway of other large RTX proteins.
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Assessing accuracy of automated segmentation methods
for brain lateral ventricles in MRI data
Mahadev Bhalla and Haaris Mahmood
Supervised by: Dr. Mirza Faisal Beg, Simon Fraser University

The incidence of Alzheimer’s disease (AD) has steadily increased over the last few decades. AD leads to a decreased quality
of life for those affected, hence, there is an urgent need to identify a reference point that can assist in early identification of
the presence of AD. An objective and sensitive measure that may assist in the detection of AD is the lateral ventricle volume.
In high-resolution magnetic resonance (MR) images, a relationship between lateral ventricle enlargement and AD progression can be examined. Volumetric data analyses for the ventricles require that they be segmented by neuro-anatomy experts
using manual tracing. Since manual segmentation methods are impractical due to time requirements and rater variability,
automated methods are frequently used to reliably and accurately segment brain regions. Thus, our goal was to compare the
performance of two automated segmentation methods, FreeSurfer (FS) and FreeSurfer combined with Large Deformation
Diffeomorphic Metric Mapping label propagation (FS+LDDMM), for the task of lateral ventricle segmentation. The Dice
Similarity Coefficient (DSC) was used to evaluate the segmentation accuracy obtained by these two automated methods.
When compared to the manual segmentation labels, the FS+LDDMM method had a greater mean DSC than the FreeSurfer
method. Moreover, the manual vs. FS+LDDMM DSC values ranged from 99-100, while manual vs. FreeSurfer ranged from
73-92. Both of these results illustrate that FS+LDDMM is an automated method that has a high degree of accuracy and can
be used in place of manual segmentation, while FreeSurfer should only be used as a preliminary automatic segmentation
method.

Introduction

More than 25 million people are affected by dementia worldwide, with Alzheimer’s disease (AD) as the most
prevalent form. AD is a progressive degeneration of memory and cognitive function that is incurable and has been
shown to increase rapidly after the age of 65 (Mayeux and
Stern 2012). Typically, Alzheimer’s related degeneration is
variable depending on the affected individual, but it commonly involves a decrease in both short-term and long-term
memory recall. Other symptoms of AD include stress, confusion, poor judgment, mood changes, and overall decrease
in quality of life. A majority of Alzheimer’s patients struggle
to live a long, healthy life after initial diagnosis (Waldemar
et al. 2007). As there is no specific treatment for Alzheimer’s,
methods of early detection can be critical in identifying the
disease at an early stage. One such early detection method
is analyzing specific subcortical structures of the brain that
capture the disease related information, and therefore can

be useful in assessing preliminary disease status. A subcortical structure that can be used for AD is the morphology of
the lateral ventricles where enlargement has been correlated
with progression of AD (Gupta et al. 2002).
Automatic algorithms for segmentation consist of computer-based tools that allow for volume and surface based
analysis. These automatic algorithms are used instead of
manual segmentation because manual segmentation is a
time consuming process and is inefficient for segmenting
large datasets. Although automatic algorithms are convenient to use, there is no perfect algorithm as even automatic
algorithms have their limitations. Automated segmentation
algorithms often make errors in defining boundaries between the structures and surfaces of these structures (Dale
et al 1999). This error could be sufficient enough to mask
the effects of dementia on the change in the morphometry
of these structures. Thus, it is crucial that automatic segmentations are quality controlled with manual corrections
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where necessary to provide a more accurate representation
of the volume of the lateral ventricles.
FreeSurfer is an automated segmentation pipeline that
provides labels for the subcortical and cortical structures
(Fischl 2012). When it was compared to manual tracings
for quantifying hippocampal and amygdala volumes, FreeSurfer was found to provide inaccurate and imprecise labels which confounded the subsequent analyses (Morey
et al. 2009). The combination of FreeSurfer method with
Large Deformation Diffeomorphic Metric Mapping label (FS+LDDMM) has shown improvement in segmentation accuracy over FreeSurfer labels (Khan et al. 2008). A
FS+LDDMM pipeline uses FreeSurfer outcome as initial
labels and improves segmentation accuracy by transfer of
ground truth labels from multiple atlases and fuses them to
obtain final labels (Rohlfing et al. 2004). The ground truth
labels used by FS+LDDMM would consist of manual segmentations of structures conducted by expert neuro-anatomists in their respective fields. In this study, we assess the
performance of FreeSurfer, FreeSurfer+LDDMM, and manual segmentation methods in segmenting the lateral ventricles for three groups of subjects. Our goal was to compare
the two automated methods to the manual segmentations
of the lateral ventricles and establish the applicability of
the automated methods in place of the manual segmentation procedure. We hypothesized the FreeSurfer labels to
be flawed in comparison to the FreeSurfer+LDDMM segmentation labels. Additionally it was hypothesized that the
FreeSurfer+LDDMM segmentation labels will be in close
agreement with manual segmentation labels.

Methods

For this study, the 74 patients used were selected from The
Australian Imaging, Biomarker & Lifestyle Flagship Study of
Ageing (AIBL) database (Mueller et al. 2005). This data set
provides 3T magnetic resonance (MR) images of each patient. The 74 subjects that were analyzed in this study were
classified as normal (control/CN) subjects (n=25), mild
cognitive impairment (MCI) subjects (n=25) or AD subjects (n=24). The median age was 71.3 with a minimum of
60 and a maximum age of 80. The ratio of males to females
selected was equally divided with 37 males and females, respectively. A visual rating scale was developed to quantify
the accuracy of the left and right lateral ventricles segmentation from observing the FS+LDDMM labels overlaid on the
MR images (sagittal, axial and coronal views). Each of the
74 subjects was classified as requiring either minor correc-

tions, moderate corrections or major corrections. Figure 1
displays a slice of the right lateral ventricle through the sagittal view and how each subject was typically classified using
our visual rating scale. The number of subjects that required
minor correction was 10, moderate corrections was 39, and
major corrections was 25. The subjects were manually corrected using a specific lateral ventricle segmentation protocol (Kempton et al. 2011) to ensure that lateral ventricle
segmentations were an accurate representation of the actual
structure in each individual patient.

Figure 1. The figures above present examples from the three grades in the
rating criterion for error in automated labeling. (A) signifies minor corrections, (B) signifies moderate corrections and (C) signifies major corrections.

For the Raw MRI data, FreeSurfer, a publicly available
automatic segmentation tool was utilized for its ability to
segment the subcortical structures in the brain. This was
followed by the combination of Freesurfer method with
Large Deformation Diffeomorphic Metric Mapping label
propagation method to improve the overall accuracy (Beg
et al 2005; Khan et al. 2008). All the subjects that required
corrections for their segmentations were manually corrected via ITK-SNAP Software (Yushkevisch et al. 2006) using a
standard lateral ventricle segmentation protocol. The entire
process is illustrated in Figure 2. All of the data was split
between two experienced raters to prevent bias. Figure 3
presents a medial slice in the saggital view for an example
in the cohort to illustrate the labels obtained by FreeSurfer,
FreeSurfer+LDDMM and then corrected by manual segmentation.
Protocols for delineating lateral ventricle shape accurately from MR images were based on previously established
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Figure 2. Block diagram representation of the segmentation methods: FreeSurfer, FS+LDDMM and manual segmentation.
The Raw MRI was inputted into FreeSurfer to provide with FreeSurfer Labels. The FS labels in conjunction with the Raw MRI
were used to provide FreeSurfer+LDDMM labels, which would be then corrected manually to provide manual segmentation
labels.

Figure 3. The figure above presents examples from the three segmentation methods. (A) FreeSurfer segmentation, (B)
FreeSurfer+LDDMM segmentation method, and (C) manual segmentation methods.

anatomical definitions (Kempton et al 2011). The protocol
included manually correcting the lateral ventricles from
the FS+LDDMM segmentations in the sagittal view with
subsequent review in both the coronal and axial planes in
ITK-SNAP. The inferior horns and the posterior horns of
the lateral ventricles were excluded since the atlases used for
multi-altas fusion in the FS+LDDMM registration methods
for segmentation were from a different cohort and included
the removal of these structures.
The left and right lateral ventricles were analyzed independently. The post analysis using the extracted segmentation data was conducted in MATLAB (Mathworks Inc,
NY, USA). The Dice similarity Coefficient (DSC) was used
to evaluate the performance of both the reproducibility of
manual segmentation and the spatial overlap accuracy of
the automated segmentation of MR images.
The DSC is defined as:

Where V(A) and V(B) are the volumes of structures in
subject A and B respectively. It is assumed that A and B are
binary segmentations. Perfect spatial overlap gives a DSC =
100 and no overlap is DSC = 0.
Further analysis included conducting a two-sample t-test
with a confidence interval of 1% to test for the statistical difference in the DSC values from FreeSurfer and FS+LDDMM
segmentation. The null hypothesis (h = 0) signified a lack
of difference in mean DSC between the two groups of data
being compared, while the alternate hypothesis (h = 1) signified a difference in mean DSC.
The Dice similarity coefficients were calculated between
manual vs. FS+LDDMM segmentation and between manual vs. FreeSurfer segmentation labels. Figure 4 presents box
and whisker plots of DSC values for all 74 subjects. For all
groups of subjects and both ventricles, the mean DSC for
manual vs FS+LDDMM was higher than the mean DSC for
manuals vs. FreeSurfer. A two-sample t-test was conducted
on the data set to identify the statistical difference between
DSC values for the two automated segmentation methods.
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Figure 4. The figure above shows the Box and Whisker plots of Dice Similarity Coefficients for the left and right lateral ventricles. The boxplot
presents the range of distribution with a thin vertical line through the box. Horizontal bars above and below this line represent the minimum
and maximum values. While the box itself with the vertical lines is bounded by the 25th and 75th percentiles of the distribution and the
mean is shown via a horizontal line in the box. The M/FS+L signify comparison between manual and FS+LDDMM segmentation methods,
while the M/FS signifies comparison between manual and FreeSurfer segmentation method.

Table 1. Results from the statistical comparison of the DSC metric data from the two automated segmentation methods, FreeSurfer and FreeSurfer+LDDMM, for the left ventricle. Data reported as mean ± standard deviation.

Table 2. Results from the statistical comparison of the DSC metric data from the two automated segmentation methods, FreeSurfer and FreeSurfer+LDDMM, for the right ventricle. Data reported as mean ± standard deviation.
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Table 1 and 2 present the statistical comparisons between
mean DSC values for manual vs. FS+LDDMM and manual vs. FreeSurfer for all groups of subjects. Specifically, the
p-values and T-statistic were calculated, as well as the mean
and standard deviations of the DSC values are presented.
Table 1 specifically compares the mean DSC values for the
left ventricle, while table 2 compares the mean DSC values
for the right ventricle. The null hypothesis in the two-sample t-test was rejected at a p-values < 0.01. The results from
the test attained a statistical difference (p < 0.01) in the DSC
values for the two automatic segmentation methods. The
positive T-statistic values illustrate that the DSC values for
manual vs. FS+LDDMM were greater than the DSC values
for manual vs. FreeSurfer.

Discussion

In the present study, we assessed the performance of the
two automated segmentation methods to the manual segmentation data. Accordingly, our study was designed using
74 diverse patients to test this proposition. We predicted
that the FreeSurfer+LDDMM segmentation method would
be superior to FreeSurfer. Moreover, we expected there to
be an insignificant difference between manual and FreeSurfer+LDDMM segmentation methods.
The Dice similarity coefficient was used to quantify the
quality of the two automated segmentations methods. From
our results it is evident that the DSC values when comparing
manuals vs FS+LDDMM segmentation methods is significantly higher than the DSC values when comparing manual and FreeSurfer (table 1 and 2). This suggests that that
the FS+LDDMM method is able to significantly (p-value =
2.451 e-19, p-value = 4.061 e-20) improve the segmentations
of the lateral ventricles. The high DSC values (99-100) obtained from the manual vs FS+LDDMM segmentation labels suggest that the automated method has high degree of
accuracy.
This provides confidence in the potential use of such a
method in real world clinical settings for patient diagnosis.
Finally, the low DSC values for manual vs. FreeSurfer comparison suggests that FreeSurfer segmentations are highly
inaccurate and can be misleading. Moreover, the high standard deviations for the DSC values further enforce that the
segmentations can vary drastically. Hence, the FS+LDDMM
algorithm segmentation method should be the primary segmentation method used in a clinical setting.

Conclusion

In conclusion, the FreeSurfer+LDDMM method proved
to segment at a level of accuracy on par with the manual
segmentation, while FreeSurfer segmentation showed errors
in the final labels which is in alignment with our hypothesis.
Since MRI segmentations can provide important volumetric data to physicians in clinical practice, it is important to
understand the impact of various segmentation methods on
the accuracy and consistency of segmentations.
This study can be further improved with a larger sample
size and the use of multiple raters to minimize bias and increase statistical confidence. Furthermore the group of MCI
subjects used can be further divided into MCI converts and
MCI non-converts which will allow for comparison between
their DSC values. Future directions of research include volumetric, morphometric and analysis of shape change in the
three groups under consideration.
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