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ABSTRACT
STUDIES ON 15-15’--CAROTENE DIOXYGENASE AND REENGINEERING
CELLULAR RETINOIC ACID BINDING PROTEIN II INTO A RETINAL
BINDING PROTEIN AND ITS INTERACTION WITH RETINAL MIMICS
By
Montserrat Rabago-Smith

Vitamin A and its derivatives are Cy isoprenoids and its metabolic pathway is
tied to the activity of f-Carotene Dioxygenase (BCDOX). Although it has been
known since 1930 that vitamin A is derived in vivo from B-carotene, the enzymatic
origin of B-carotene cleavage is not fully understood. The current view is that central
cleavage is clearly the predominant pathway but there is also evidence that excentric
cleavage of carotenoids occurs in plants and microorganisms. Even though in the last
decade a large amount of information has been gathered for BCDOX, many questions
remain unanswered in regard to its mechanism of action. Further proof of whether
the. cleavage of B-carotene occurs via a monooxygenase or dioxygenase mechanism is
néeded. Because of the importance of B-carotene as the main source of retinoids in
vivo, and because the oxidation of P-carotene is such a unique example for
regiospecific oxidation, we were interested in studying the mode of control fof such
oxidation, as well as how such oxidation occurs for an inactivated olefin. Therefore
the BCDOX protein was expressed in E. coli. When a weak promoter was used the
protein was expressed in low yield as soluble protein. This protein had an activity of
194 pmol retinal/mg BCDOXemin and a Ky =3 uM. Due to the low expression yield
the protein was cloned into a plasmid that contained a stronger promoter, but the

protein was only obtained as inclusion bodies. Our interest in the mechanistic aspects



of BCDOX led us to synthesize the tritiated photoaffinity label [10’-3H]-8’-apo~ﬁ-
carotenoic acid. In an attempt to develop a partition assay for BCDOX the following
tritiated compounds were prepared trans-[l5,15’-3H]-B-carotcne, all-trans-[15-3H]-
retinal and all-trans-[15->H]-retinol were prepared. The mechanism by which we see
colors has been long studied, but even today, it is not fully understood. So far it is
known that there are four proteins in the eye which allow us to see: rod rhodopsin and
three cone rhodopsins, red, blue, and green. Each of the four proteins binds the same
compound, 11-cis-retinal, as a protonated Schiff base (PSB) with an active site lysine
residue. The key to color vision is due to different interactions between 11-cis-retinal
and each one of the four proteins in the eye. Understanding these protein substrate
interactions is the topic of study for many researchers. Various theories have been
developed in an attempt to explain this phenomenon. But due to the difficulties in
expressing, handling, and studying rhodopsin proteins, these studies have been
hampered. To solve this problem a rhodopsin surrogate that is easier to handle,
manipulate and crystallize was engineered. By using rational protein design and
through site directed mutégenesis CRABEPII has been converted into a retinal binding
protein. The 11-cis-retinal was synthesized and binds to the engineered CRABPI
protein as a protonated Schiff base through an engineered lysine residue. Two
different all-frans-retinal analogs were synthesized, and the mode of binding has been
found to be very similar to what is observed in the all-trans-retinal system. The
synthesis of [6-'>C]-L-Lysine was performed. This labeled amino acid would be used

to calculate the pK, of the Lysine residue that forms the PSB with retinal.
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Chapter 1

Introduction

1.1  Carotenoids as a metabolic source of retinoids

Carotenoids are C, isoprenoids with a wide variety of structures and
biological activities. Carotenoid biosynthesis is mostly found in plants, fungi and
several bacterial species.>* Carotenoids contain a characteristic polyene structure,
which is responsible for light absorption as well as for singlet oxygen quenching

or inactivation of aggressive radicals. More importantly, carotenoids and their

WOH Mo

1 all trans-retinol 2 all trans-retinal

H
Wo

3 all trans-retinoic acid

S N
I e e N
Q SN
HO™ 5 11-ds-retlnal\°

4 9-cis-retinoic acid

Figure 1-1. Different retinoids. Retinoids are isoprene derivatives.




oxidation products (retinoids) play an essential role in various pathways such as
cellular physiology, visual transduction,® gene regulatory control, cancer® and
other disease prevention.””

Retinoids are a group of molecules derived from four isoprene units joined
head to tail (Figure 1.1).'® Retinol is known as vitamin A. 11-Cis-retinal § is
essential for vision in the entire animal
kingdom. The visual pigments (rhodopsin) SN

. . N
of animals are composed of a retinal

~vH
chromophore (vitamin A aldehyde) bound to )
a lysine in the protein (opsin) via a Schiff
base as shown in Figure 1-23!' Light Figure 12. A Sohif base is
induces isomerization of the chromophore, formed between 11-cis-retinal
and thus leading to a conformational change and a lysine residue in
activating the visual pigments (thodopsin). Rhodopsin.
Activation of rhodopsin triggers a G protein-coupled receptor cascade that
leads to changes in the permeability of the photoreceptor cell membranes, as
shown in Figure 1-3. It is also known that different physiological concentrations
of retinoic acid induce cell differentiation at the embryonic stage. The retinoic
acid receptors (RARs) and retinoid X receptors (RXRs) are members of the
steroid receptor super family of proteins, which function as ligand dependent

transcription factors.'? All trans-retinoic acid 3 and 9-cis-retinoic acid 4 can

dictate signal transduction pathways in vivo, which is key in controlling




T

GTP

GDP

L
B

Figure 1-3. The activation of G-protein transducin

o

upon binding to the activated rhodopsin (R*) Active PDE

catalyzes a series of events that triggers a series of
changes (in ion concentrations in the cell resulting

in electrical signals being sent to the brain)
resulting ivati of i that
catalyzes the hydrolysis of cyclic GMP to GMP.

transcriptional activity of RARs and RXRs. Therefore, the concentration of

retinoic acid in cells most be tightly controlled.

It has been suggested that the concentration of retinoids in the cell is
regulated by a number of specific carrier or binding proteins that belong to the
super-family of intracellular lipid-binding proteins (iLBPs). These proteins
include: Serum Retinol-Binding Proteins (RBP), transporters of retinol from
Storage in the liver; Cellular Retinol-Binding Proteins (CRBP), specific carriers of

the alcoholic form of vitamin A 1; Cellular Retinoic Acid-Binding Protein



(CRABP), carriers of retinoic acid; Cellular Retinal-Binding Protein and
Interstitial Retinol Binding Proteins.'>'¢

Even though retinoids are essential for protein function, animals cannot
biosynthesize them. However, it has been estimated that up to 80% of vitamin A
in mammals is accumulated through the oxidative metabolism of carotenoids. Of
all the known carotenoids 50-60 display pro-vitamin A activity, in particular, B-
carotene (1)."™'® B-Carotene is oxidized to form retinal which can be reoxidized

19-21

to produce retinoic acid (3, 4), or reduced to form retinol 1, (Scheme 1-1).

Therefore, B-carotene is considered to be the inlet for many physiologically

important retinoid compounds, which affect a multitude of biological systems.*#"

% B-Carotene seems to be absorbed intact by passive diffusion at the intestinal

N RNTRNTRYINYTRNYRYTRY

5 N

H

Scheme 1-1. Biosynthesis of retinolds, B-carotene oxidation provides retinoids.




brush border and it shows no toxicity at high doses.”” This suggests that B-
carotene could be used as a safe precursor for the in vivo production of retinoids in
mammals. Except vision, retinoic acid (srans-retinoic acid 3 and 9-cis-retinoic
acid 4) exerts most of the physiological functions. It has been suggested that
oxidation of retinal is the most important metabolic pathway for the production of

these retinoic acids.'*?'

12  B-Carotene Dioxygenase

Vitamin A and its derivatives are Cy isoprenoids and its metabolic pathway is
tied to the activity of B-Carotene Dioxygenase (BCDOX). Although it has been
known since 1930? that vitamin A is derived in vivo from B-carotene, the
enzymatic origin of B-carotene cleavage was only shown in 1965 when Goodman
and Olson were able to demonstrate that cell free enzymatic preparations isolated
from rat intestinal mucus convert B-carotene to retinal.®>*° Up to the mid 1960s,
the central cleavage of B-carotene to two molecules of vitamin A (aldehyde) was
the most popular pathway for the oxidation of B-carotene to afford two molecules
of retinal (Scheme 1-2).23° In vitro studies have demonstrated a stoichiometric
formation of two moles of retinal per mole of B-carotene cleaved, suggesting a 15-
15°C oxidative cleavage.>'*

However, it was not until the nineties that Wang ez al. provided evidence for
in vivo and in vitro production of apo-carotenals frorﬁ B-carotene. These results
supported a mechanism previously proposed by Glover,® involving the excentric

cleavage of B-carotene to apo-carotenoids. Thus, a renewed interest in the
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N RTINS
+
lll Os

Mo Mo

Scheme 1-2. p-Carotene oxidation by BCDOX. Central cleavage (15-

15’ oxidation) vs excentric cleavage.

stepwise cleavage of fB-carotene to one molecule of vitamin A has recently
resurged, (Scheme 1-2).%'*%*3% The current view is that central cleavage is
clearly the predominant pathway in healthy animals and human subjects,31
although stepwise cleavage is enhanced in intestinal tissue by oxidative
stress,***4® and there is also evidence that excentric cleavage of carotenoids
occurs in plants and microorganisms.*' 2

In plants, a protein called VP14 catalyzes the oxidative cleavage of 9-cis-
violaxanthin, a molecule similar to B-carotene as part of the biosynthetic pathway
of the plant hormone abscisic acid as revealed in Scheme 1-3.4'** VP14 was the
first carotenoid dioxygenase that was molecularly identified; and is an example of
an excentric carotenoid cleavage. There are several other examples for excentric

Cleavage reactions, such as the formation of saffron* in crocus or apo-carotenals



in  citrus  fruits;
however, whether or
not this  process
occurs in mammals
remains to be seen.
Dimitrovskii has
reported the presence
of an apo-carotene
dioxygenase that
cleaves apo-
carotenoids to B-apo-
14’-carotenal. In

2001, von Lintig

HO

9-cis-violaxanthin

VPy, OH
Oy
o aanans
+
HO
C,s-epoxy-apo-aldehyde H
l l xanthoxin
- ~COO0H
OH
(o)
Absisic acid (ABA)

Scheme 1-3.  9-cis-Epoxycarotenoid dioxygenase VP14,

excentric oxidative cleavage.

reported the discovery of a B-carotene dioxygenase that cleaves at the 9’-10°

double bond of B-carotene, resulting in the formation of B-apo-10’-carotenal and

B-ionone.*

The fact that different oxidation products are obtained with different enzyme

preparations suggest that the presence of the observed apo-carotenoids could be

due to the presence of an B—carotene dioxygenase isozyme that cleaves B-carotene

at a different double bond.* Therefore, the enzyme responsible of the central

Cleavage of B-carotene to retinal was called 15-15’-B-carotene dioxygenase (15-

15’-BCDOX).



1.3  15,15’-B-Carotene Dioxygenase

The past few years have witnessed a resurgence of activity in the study of
BCDOX, mainly as a result of the identification and isolation of the gene
responsible for BCDOX in a number of organisms.****’*° Von Lintig and co-
workers expressed the BCDOX from Drosophila melanogaster into the genetic
background of an E. coli that accumulates B-carotene,® which resulted in the
formation of retinoids that could be monitored spectroscopically.*’” The cDNA
obtained encodes a protein of 620 amino acids with an estimated molecular mass
of 70 kDa and an apparent Ky of 5 uM. Blaner and colleagues used the cDNA
reported by Von Linting to obtain a cDNA encoding a mouse BCDOX and found
a protein of 566 amino acids with an estimated molecular mass of 64 kDa and an
apparent Ky of 0.95 uM. The human BCODX was characterized and purified by
Andersson and Lindgvistis. They purified the protein from baculovirus-infected
Spodoptera frugiperda 9 insect cells. The human BCDOX had an estimated
molecular mass of 62 KDa and an apparent Ky of 7 uM.*' This protein expresses
highly in the Retinal Pigment Epithelium (RPE65), kidney, intestine, liver, brain,
stomach and testis. The gene is ~20 Kbp and is composed of 11 exons and 10
introns that maps to chromosome 16, q21-q23. The open reading frame of human
BCDOX contains 547 amino acids. It is interesting to notice that the position of
the BCDOX gene is close to the BB52 locus for Bardet Bield syndrome (an
autosomal recessive disease associated with pigmentary retinopathy, mental
retardation, polydactylity, obesity and hypogenitalims). Andersson reported that

expression of human BCODX in bacteria was problematic, thus they used insect



cells to express BCODX. All the previous reports suggest BCDOX to be a
monomer, however their observations suggest that the active BCDOX was a
tetramer. Although this is the first evidence that BCDOX might not be a
monomer, the expression of BCDOX as a tetramer could be an artifact of
expression in insects, or it could be just simply due to a different form of the
protein in different organisms.

Many other BCDOX'’s have been isolated and cloned, and so far all the
reported proteins verify that BCDOX’s are cytosolic proteins that have an open
reading frame (ORF) of about 1.7 to 3.1 Kbp, 544-620 amino acids and a
molecular weight of 62-70 kDa.*""***’#® So far all the reported proteins are
monomers with the exception of human BCDOX, which as mentioned previously
was suggested to be a tetramer. The enzymes are dependant on molecular O; and
iron cation; the pH for optimum activity is slightly alkaline (7.8-8.2). It has been
reported that this enzyme is inhibited by sulfhydryl alkylating reagents, and it is
either protected or activated by the presence of thiols such as cysteine or
glutathione.”” The Michaelis-Menten constant for the native BCDOX enzymes of
a variety of animal species relative to fB-carotene has been estimated to be in the
range of 0.95-10 uM. It has also been suggested that BCDOX might have an
amphiphilic character; some reports suggest that this enzyme is associated to a
high-molecular weight lipid-protein aggregate (LPA), which might be necessary
for optimal activity.’

In chickens, mice and humans, it has been established that the mRNA for

BCDOX was localized primarily in duodenal viles as well as in tubular structures
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H-BCDOX  LPFLLILDAK SFTELARASV DVDMHMDLHG LFITDMDWDT KKQ--AASE- 532
M-BCDOX  +evvvnnenn eeenrennn. A...L.... ...P.A..NA V..=-TPA.T 533
C-BCDOX  A......... T.K..G..T. N.E..L.... M..PQN.LGA ETE------- 526
D-BCDOX  KSC.TWCEEN VYPSEPIFVP SP.PKSEDD. VILAS.VLGG LNDRYVGLIV 587
H-RPE65  PAY....N.. DLS.V...E. EINIPVIF.. ..---=-=-- PR 533
H-BCDOX  ---EQRDRAS D--------- ------ CHGA PLT 547
M-BCDOX  QEV.NS.HPT .PTAPELSHS ENDFTAG..G SSL 566

Figure 1-4B. Sequence comparison of human BCDOX (H-BCDOX), mouse
BCDOX (M-BCDOX), chicken BCDOX (C-BCDOX), and Drosophila BCDOX (D-
BCDOX), and human RPE65. The most conserved regions are shaded and
labeled A-D. Part Il. These homology was generated by Zack and colleagues
using GeneWorks 2.5.1 (Oxford Scientific).?
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of lungs and kidneys. But its activity has also been found in intestines, brains,
stomachs and testes. Comparison of the deduced amino acid sequences revealed
that humans, chickens, mice and the Drosophila enzymes share overall sequence
homology with a distinct pattern of highly identical conserved stretches (Figure 1-
4a and 1-4b).

Most of the highly conserved regions are located in the terminal section of
the protein.*”****% A sequence alignment performed by Yan and colleagues
between BCDOX from different organisms and human RPEGS reveals four areas
of increased sequence conservation. It is possible that those regions could belong
to the binding site of B-carotene.? It is also possible that these conserved regions
are associated to the binding site of the iron cation. In particular, region A
contains a very conserved arginine, a couple of histidines and a carboxylate that
could form the binding site for the iron cation. In contrast to the vertebrate
enzyme, the insect enzyme possesses a long extension close to the C-terminus.
The role of this extension is not clear. Also, it is interesting to notice that
alignment shows that around 8% of the highly hydrophobic amino acids are
conserved in the enzyme, suggesting that these amino acids participate in the
formation of the substrate-binding pocket.’' Besides the homology amongst each
other, the various BCDOX proteins share significant sequence homology to
RPE65. Whether the homology between BCDOX and RPE6S is due to a
conserved carotenoid/retinoid-binding motif or because of a related biochemical

function remains to be investigated.
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Interestingly, a homology analysis of human, mouse, chicken and fly
BCDOX and the RPE proteins, performed by Cunningham and co workers, shows
that ten residues are absolutely conserved, 4 histidines and 6 acidic residues. It is
also possible that those 4 histidines are involved in the binding of the iron cation.
Also it has been suggested that a conserved region (consensus sequence
EDDGVVLSXVVS) at residues 469-480 of mouse BCDOX, might be considered
a family signature sequence.55 A detail examination of the different domains in
the protein does not provide any obvious evidence for a transmembrane domain,
or any potential site for N-linked glycosilation. This supports the observed results
that BCDOX is a cytosolic protein. However, it does not eliminate the possibility

that it might be a tetramer or a lipid associated protein.

14  Mechanism of action

15-15* B-Carotene Dioxygenase belongs to the enzyme family of
oxygenases. Oxygenases are enzymes that catalyze the incorporation of oxygen
from molecular oxygen (O) into an organic substrate. There are two classes of
oxygenases: dioxygenases in which both oxygen atoms from molecular oxygen
(O,) are incorporated into the substrate(s), and monooxygenases in which one
oxygen atom from molecular oxygen (O) is incorporated into the substrate while
the other is reduced to water. As previously mentioned, it has been observed that
BCDOX is an iron dependant enzyme. Oxygenases commonly use iron (Fe) as a
cofactor to activate the molecular oxygen. The iron in oxygenases could be part

of a heme group or a non-heme form binding to some residues in the protein. 15-
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15’ B-Carotene Dioxygenase is a nonheme iron—containing enzyme. In most of
the non-heme Fe" dependant oxygenases the iron has a five or six coordination
sphere that binds to the molecular oxygen.

Oxidation by dioxygenases first requires the activation of molecular
oxygen. However, to date, the precise mode for the activation of molecular
oxygen has eluded researchers. Up to now, most researchers agree that first; Fe"
exists in a six coordinate state when it is relatively unreactive toward O,. When
the substrate binds, one of the ligands dissociates from Fe", generating a 5
coordinate complex. O binds to this complex generating a highly reactive iron-

oxygen intermediate, which could oxidize the substrate; (Scheme 1-4),%6%7

Substrate
"'FI 2&" . FI2+ O, . Fles‘+ | 2+
. " e"‘ _— "Fe. —tr Mg AN
- |
\(J op a\e
s\lbs“a S\-“ﬁ“

Scheme 1-4. General mechanism for activation of O, in dioxygenases.

The ligands present in non-heme enzymes so far identified are tyrosine,
histidine and glutamate.’”® It is known that BCDOX is a non-heme Fe" oxidase.
However, identification of the amino acids that bind to Fe" has not been
accomplished. Therefore, the mechanism of action remains unknown.

Oxidative cleavage of PB-carotene is an unprecedented process for a
dioxygenase enzyme. Typically, dioxygenases require a hydrophilic handle such

as a hydroxyl group to proceed.”® Enzyme/substrate interactions that lead to

Stereospecific catalytic action through hydrogen bonding and dipolar
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communication are common. - However, the enzymatic mechanism of BCDOX is
intriguing in that it uses a molecule of oxygen to cleave an electronically
undistinguished double bond with a high degree of selectivity.

It was not until after 40 years of the discovery of carotene dioxygenase in
1965, that Olson and Hayaishi demonstrated that molecular oxygen is
incorporated into vitamin A. When '®0, gas was used, a retinal adduct that
contained an M+2 mass peak was observed, but not when H,'®0 was used. Since
then the f-carotene oxygenase was believed to be a dioxygenase (Scheme 1-5A).
Later, Goodman postulated a mechanism that suggested the intermediacy of a
dioxetane intermediate. This mechanism supposes a 2+2 cycloaddition of

molecular oxygen to the central double bond of B-carotene, followed by a retro

(A) B

/M LA A

BCDOX

M/FN

T | Ay
|

iﬁ(\/&w A Y

Scheme 1-5. Carotene dioxygenase mechanism. A) Both atoms from molecular

oxygen (*°0,) are added to retinal. B) Proposed mechanism of oxidation, dioxetane

intermediate.
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2+2 cleavage of the carbon-carbon bond (Scheme 1-5B). Although this could be a
viable mechanism, cleavage of inactivated olefins to aldehydes by dioxygenases is
unprecedented. Also the postulated dioxetane is a high energy intermediate and
its decomposition is highly exothermic (~70 kcal/mol),*® followed by
chemiluminescence. This is the result of producing a triplet state oxygen, which
upon relaxation emits light. This is the proposed mechanism for bioluminescence
for the firefly luciferase reaction.*’

For another 40 years the dioxygenase mechanism was accepted as the true
mode of action for f-carotene oxygenase. It was not until 2001 that Woggon and
co-workers challenged the oxidation mechanism. Woggon provided evidence for
the incorporation of one '80 atom of molecular oxygen and the incorporation of
one 'O atom from labeled water (Scheme 1-6A). Accordingly, and in contrast to
earlier findings, the reaction mechanism of enzymatic central B-carotene cleavage
does not agree with a dioxygenase catalyzed mechanism. The proposed
mechanism by Goodman would require the incorporation of one complete oxygen
molecule into the product aldehydes and no oxygen originated from labeled water
should be present (Scheme 1-6B). The discrepancy could be due to the different
conditions used in the experiments or the different origins of the BCDOX used.
Olson and Hayaishi used crude enzyme preparations from rat liver and rat
intestine.” Woggon and colleagues used baby hamster kidney cells.®! Woggon
and colleagues proposed an oxidation mechanism that first involves the
epoxidation of the 15-15° double bond; they suggest that the oxygen from this

epoxidation comes from molecular oxygen. As a second step, the epoxide formed
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Scheme 1-8. Monooxygenase mechanism. A) One atom from

J

molecular oxygen is added to one retinal (**0;) and one molecule
of water is added to retinal H,'’O. B) Proposed mechanism of
oxidation, epoxidation by molecular oxygen follow by addition of a

molecule of water.

is attacked by a molecule of water to afford a diol; this diol could fragment to
afford two molecules of retinal.

Alternate mechanisms for oxidation of f-carotene can be envisioned in
Which two molecules of oxygen are used to cleave the olefin. The presence of
Fe?* can lead to the generation of hydroperoxy radicals that can attack the central
Olefinic bond, and via capture of another oxygen molecule, yield a vicinal bis-

h)'dropemxy intermediate. This intermediate could undergo fragmentation to
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produce retinal. Similarly, attack of a hydroxyl radical and capture of an oxygen
molecule can result in a hydroxy-hydroperoxy intermediate as shown in Scheme
1-7.
(OH
H
A AT AN iy (gm0
K OOH
O‘Q_loH

Scheme 1-7. Alternate mechanisms. A hydroperoxy radical could be
formed, and attack the central olefinic bond. Capture of another oxygen
molecule can yield a vicinal bis-hydroperoxy intermediate. This
intermediate could undergo fragmentation to produce retinal. Similarly,
attack of a hydroxy! radical and capture of an oxygen molecule can result in

a hydroxy-hydroperoxy intermediate.

Wo.ggon and co-workers synthesized a few substrate analogues of (-
carotene.' When a single bond was replaced at the 15-15°C, no activity was
observed, but a slow oxidation of (b) to B-carotene (a) was observed, followed by
oxidative cleavage to retinal (15%). A change in the configuration of the 15-

15°C=C bond in B-carotene (trans to cis) or substitution to a single C-C or a C=C
bond yields no product at all. Thus it was concluded that any deviation from the
‘rod like’ B-carotene structure is not tolerated (Figure 1-5 d, e and f). When the
POsitions of the methyl groups were modified (Figure 1-5 a, b and c) a significant
Change in the activity was observed. The position and presence of methyl groups

attached to the polyene chain is significant. Also it was evident that at least one
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Figure 1-5. Different substrates used to evaluate activity in chicken BCDOX.
a-c were used to evaluate the importance of methyl groups. Variation of the
geometry in 15-15'C d-f was used to evaluate the effect in function of BCDOX.'

‘natural’, unsubstituted B-ionone ring was required for the oxidative cleavage to
take place. Woggon suggested a hydrophobic barrel-like substrate-binding site, in
which the protein’s amino acid residues interact with the methyl groups to direct
the central double bond (15-15°) to the correct place for optimal distance to the
active site metal-oxo center, thus supporting the unique observed regiospecificity
in the cleavage of B-carotene to retinal.

Cama and Sing performed a number of substrate specificity experiments

With BCDOX using different apo-carotenals and carotenoids.®> They found that
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the BCDOX from pig and rabbit showed remarkable similarity with respect to
cleavage of carotenoids. With respect to apo-carotenoids, it was found that 10°-
apo-carotenoid alcohol and aldehyde forms are more readily cleaved, as compared
with other apo-carotenals tested (Table 1-1). However, all of these experiments
were performed using purified protein from intestines that was not completely
pure.

Even though in the last decade a large amount of information has been
gathered for BCDOX, many questions remain unanswered in regard to its
mechanism of action. More specifically, it is not understood how the enzyme

directs the oxidation of an undistinguished double bond. In addition, further proof

Table 1-1. Different substrates tested for BCDOX activity.
Guinea pig  Rabbit

Substrate relative relative

activity activity

A p-p-carotene 1.00 1.00
B p-e-carotene 0.72 0.58
C 5,8-epoxy-5,6-dihydro- f-p—carotene 0.32 0.25
D 5,8-epoxy-5,8-dihydro- f-p-carotene 0.19 0.1
E 5,8,5',8"-diepoxy-5,8,5'8'-tetradihydro- B-p—carotene 0.02 0.02
F 5,6-epoxy-5,6-dihydro- B-e-carotene 0.25 0.22
G 5,8-epoxy-5,8-dihydro- B-e—carotene 0.09 0.09
H B-B-carotene-3"-ol 0.04 0.03
| 3 ,4'-didehydro-p—-p-carotene-3-ol 0.03 0.02
J 8'-apo-p-carotenal 0.09 0.03
K 10’-apo-B-carotenal 0.57 0.55
L 12'-apo-B-carotenal 0.12 0.07
M 8'-apo-p-caroten-8'-yl acetate 0.16 0.10
N 8'-apo-f—carotenol 0.07 0.02
O 10’-apo-p—carotencl 0.50 0.43
P 12'-apo-p—carotenol 0.08 0.07
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of whether the cleavage of P-carotene occurs via a monooxygenase or
dioxygenase mechanism is needed. Because of the importance of B-carotene as
the main source of retinoids in vivo, and because the oxidation of B-carotene is
such a unique example for regiospecific oxidation, we were interested in
understanding the mode of control for such oxidation, as well as how such
oxidation occurs for an inactivated olefin. Finally we were interested in
discovering whether the oxidation mechanism occurred via a dioxygenase or

monooxygenase mechanism.
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Chapter 2

Expression of BCDOX

2.1  Expression of BCDOX using a TS promoter

The usefulness of retinoids in the visual process has been well understood
for many decades.' Also, their vital role in cellular and genetic control has been
well documented recently.*” However, what is not well understood is the
biogenesis of retinoids in mammals. Retinoids are biosynthesized by oxidative
cleavage of PB-carotene by P-carotene-15-15" dioxygenase (BCDOX) (EC
1.13.11.21) to yield retinal.¥*'* And as discussed previously, we are interested in
understanding the mechanism and function of BCDOX. The first step towards the
understanding of BCDOX function, regulation and mechanism would be the
expression of the protein in large quantities.

Professor Lintig (University of
Freiburg) graciously provided us with vector
(pQE30) that contained the gene for BCDOX
from mice (AJ278064)." The expression of

this BCDOX gene is under the control of a

Phage TS promoter transcription-translation
Figure 2-1. Gene of mice B-

System, which is recognized by the E. coli
carotene-15-1§' dioxygenase

lymerase. This system contains t l
Polym yste niains two fac cloned in a pQE30 vector

Operator sequences, which increase lac  (p,eCDOX-1).
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repressor binding and ensure efficient repression. Also, in the N terminal
sequence of the protein a His tag (6 His in a row) is included to facilitate BCDOX
purification (Figure 2-1). Expression of mice BCDOX has been previously
described'® in various systems and species such as drosophila,'*'S chicken,'" and
human'”'® but no report has been made using a pQE30 vector. Qiagen'® suggests
the use of either JM109 or XL1Blue E. coli host to overexpress proteins cloned
into pEQ30 plasmids.®  Thus pQE30-mice-BCDOX (pBCDOX-1) was
transformed into both XL.1Blue and JM109. Initial attempts to express pBCDOX-

1 using different IPTG concentrations and different temperatures proved

ful. To 1 the ing of optimal conditions to express
BCDOX, the supernatant was analyzed using Anti-His HRP-Conjugate. Anti-His
HRP-Conjugate allows for the identification of recombinant proteins that
contained a 6x Histidine tag. This Anti-His HRP Conjugate?' consists of a mouse

monoclonal IgGi Anti-His

180 000 e &

antibody coupled to
horseradish peroxidase. In

the presence of peroxide and

<4-chloro-1-naphthol, the

horseradish peroxidase :
] 2-2. Purifi f B

Produces a colored 19" b .

15-15"-dioxygenase. Purification was performed by
Precipitate.”*?* Initially four
the use of an NTA resin. 1. Marker. 2. BSA (60KDa).

lifferent E. coli strains (XL1- 3 g pernatant. 4. Run throw. 5. Wash. 6, 7. Eluted
Blue, JM109, BCDOX.
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Tuner(DE3)pLacl, and BL21(DE3)pLysS), and 1 mM IPTG were used to induce
protein expression at 28 °C for three or six hours. But again no recombinant
protein was found either in the soluble fraction or the pellet. When different
amounts of IPTG were used to express the recombinant protein, no improvement
in the expression level of the protein was observed. It is known that low or no
expressions of proteins occurs when the expressed protein is toxic to the bacteria.

To address this problem, the most common approach is the use of low
concentrations of [PTG for the expression of the protein. But when this fails, the
addition of glucose to the media is recommended to increase plasmid stability.z"’
When glucose is available as an energy source, it is used preferentially over other
sugars. In more detail, glucose causes catabolite repression by reducing the level
of cyclic AMP. The protein responsible for the catabolite activation (CAP) is
active only in the presence of cyclic AMP. The presence of glucose in the media
decreases the basal noise, increasing the plasmid stability. When 1% of glucose
was used, the recombinant protein was obtained in low yield, about 0.7 mg per
liter of culture.

Purification of the enzyme was achieved by the use of the 6x histidine tag
present in the protein. Proteins that contain a histidine tag bind strongly and
selectively to a NTA resin (Contains Nickel, resin form Qiagen) and can be eluted

by the addition of imidazole or a change in the pH.
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22  p-Carotene Dioxygenase activity

The activity of BCDOX was analyzed using an assay previously
developed by Olson.®® This assay consists of monitoring the oxidation of
B—carotene to retinal.

In particular, about 20 pug of BCDOX (purified recombinant protein) was
incubated with B-carotene at 30 °C (For a more detailed description refer to
Materials and Methods). The reaction was quenched at different times. Next, the
carotenoids and retinoids were extracted with hexanes, and were analyzed by
High Pressure Liquid Chromatography (HPLC), (Figure 2-3). A normal phase
column (C18) was used as stationary phase, and hexane: ethyl acetate (95:5) as a
mobile phase at a flow rate of 1 mL/min.

The enzyme was found to have an activity of 25.5 pmol retinal/mg
BCDOXemin (Scheme 2-1). It has been reported that addition of cofactors to the
growth media promotes correct folding of proteins, and therefore, increases the
enzymatic activity.”’ Thus addition of FeSO, to the LB media was tried, and as
reported, a 7x increase in the BCDOX activity (194 pmol retinal/mg
BCDOXemin) and a Ky =3 pM was observed. However, the yield of the protein
obtained did not change much (Table 2-1). These values slightly differ from the
reported value (36 pmol retinal/mg BCDOXemin and a Ky =6 pM)."

The activity of BCDOX observed seems to be relatively low compared to
other enzymes. So far it is not clear whether the enzyme activity is low due to

lack of correct folding. However, since the activity reported from other groups is
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Figure 2-3, HPLC chromatographs of enzymatic reaction

using BCDOX and B-carotene. The formation of retinal was

monitored in an HPLC. A) Without enzyme, B) Assay using

BCDOX isolated from a culture with out FeSO, 25.5 pmol

retinal /mg of BCDOXemin. C) Assay using BCDOX isolated

from a culture with FeSO, 194 pmol retinal /mg of BCDOXe

min.

also low, this led us to believe that BCDOX rate of conversion of B-carotene to
retinal is slow. It has been shown that BCDOX is an important source of retinoic
acid in vitro in testis as well as in small intestine, liver, kidney and lung.28 Also,
the concentration of retinoic acid in the cytoplasm is very tightly controlled, thus
it is possible that BCDOX is a check point in the biosynthesis of retinoids. And it

is possible that retinoids work as allosteric inhibitors to control their own

biosynthesis.
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Scheme 2-1. Kinetics of the recombinant B-carotene 15-15' dioxygenase. Monitoring the

conversion of B-carotene to retinal.

BCDOX is a cytosolic protein, it is important to keep in mind the lipophilicity of
B—carotene. Carotenoids and their derivatives are non-polar molecules with the
tendency to participate in membranes and are generally insoluble in aqueous

solutions. Thus, it is possible that for optimal activity of BCDOX, various lipid

Table 2-1. Comparison of protein activity shows that glucose addition is essential for

BCDOX expression and addition of iron results in a higher protein activity.

Protein expression
E. coli ug of protein BCDOX activity
per 1L pmol retinal/ mg
BCDOXemin
XL1-Blue-pBCDOX-1 0 0
XL1-Blue-pBCDOX-1+ glucose 736 25.5
XL1-Blue-pBCDOX-1+glucose+ FeSO, 865 194
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aggregates should be present, and recombinant protein expression does not
provide the optimal conditions for oxidation of f—carotene.

Unfortunately it was found that the protein is not very stable. After
protein purification, if the protein is frozen it loses activity after 48 hours. When
10% of glycerol is added to the storing buffer, it loses 63% of its activity after one
week. When the recombinant protein is exposed to room temperature for more
than three hours the activity decreases significantly. Instability of recombinant
BCDOX has been observed by other groups. For example, Wyss and co workers
observed that during a 50-fold increase in the concentration of the protein 75% of

activity is lost, which they believed is due to aggregation.'®

23  Expression of BCDOX with rare codons

The fact that all the previous efforts to improve the expression of BCDOX
did not have any significant impact in the protein led us to believe that there was
something else interfering with the expression. One reason for the low yield
could be an insufficient tRNA pool for the codon usage in the BCDOX gene.29'3°
Low tRNA can lead to translational stalling, premature translation termination,
translation frame shifting and amino acid misincorporation.’’*? Evidence that this
could be the reason was supported by the fact that every time BCDOX was
expressed and purified, four bands co-eluted with the elution buffer. These bands
could correspond to premature termination of the BCDOX due to codon bias
usage. The isolated fragments could be premature termination of the protein, and

since the recombinant BCDOX contained an N-terminus histidine tag, the
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Figure 2-4. 58 000 ug

It is kn that i
is known that in aeooob

E. coli some tRNA codons

Figure 2-4. Agarose gel shows the purified
are underrepresented. In

recombinant mice of B-carotene-15-15' dioxygenase.
particular, Arg codons 4
The gel shows more than one protein, the shown
(AGA, AGG CGA), the lle  ,o10ins co-elute with the recombinant BCDOX. The

codon (AUA) and the Lex bands with low molecular weight correspond to

codon (CUA) all P i of proteins. 1. Marker. 2. BSA

60 KDa). 3. Supernatant. 4. Run through. 5, 6.
less than 8% of their ( ) e s

Wash. 7-9. Eluted BCDOX.

corresponding  population
of codons while the Gly codon (GGA), Arg codon (CGG) and Pro codon (CCC)
fall to less than 2% of their respective population. An analysis of the BCDOX
sequence showed: Arg (AGA)=2 codons, Arg (AGG)=10 codons, Ile (AUA)=5
codons and Pro (CCC)=12 codons.”®*® Figure 2-5 shows the sequence of
BCDOX and rare codons (codons that are expressed in low amounts in E. coli) are
represented in blue.

When E. coli is used to express proteins, the expression of affected
recombinant genes could be salvaged either by replacing them with synonymous

codons that are more frequently used using site-directed mutagenesis or by
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ATG GAG ATA ATA TTT GGC CAG AAT AAG AAA GAA CAG CTG GAG CCA GTT CAG GCC
Met Glu Ile Ile Phe Gly Gly Asp Lys Lys Glu Gln Leu Glu Pro Val Gln Ala

CTG CTC CGA AAC GGG
Gly Thr Leu Lew Arg Asn Gly

AAA
Lys

GTG
val

ACA
Thr

GGC
Gly

AGC
Ser

ATT CCA GCA TGG
Ile Pro Ala Trp

CTG CAG
Leu Glu

GGG ACC

cce
Pro

GGG
Gly

ATG
Met

CAC
His

ACA
Thr

GTG GGA GAG AGC
Val Gly Glu Ser

AAG TAC
Lys Tyr

AAC CAT
Asn His

TGG TTT GAT GGC CTG
Trp Phe Asp Gly Leu

GCC
Ala

CTT
Leu

CTC
leu

CAC
His

AGT
Ser

TTT TCC ATC AGA
Phe Ser Ile Axg

GAT GGG
Asp Gly

GAG GTC
Glu Val

TTC TAC AGG AGC AAA
Phe Tyr Arg Ser Lys

TAC
Tyr

CTG
Leu

CAG
Gln

AGT
Ser

GAC
Asp

ACC TAC ATC GCC
Thr Tyr Ile Ala

AAC ATT
Asn Ile

GAG GCC

TCT
Ser

GAG
Glu

Phe

GGA
Gly

ACC
Thr

ATG GCC TAC CCG
Met Ala Tyr Pro

GAC CcC
Asp Pro

TGC AAA
Cys Lys

AAC AGA ATC GTG GTG
Glu Ala Asn Arg Ile Val Val

AAC
Asn

ATC
Ile

TTT
Phe

TCC

AAA

Ser LZS

GCT
Ala

TTC
Phe

TCC
Ser

TAC
Tyr

TTG
Leu

TCT CAC ACC ATC
Ser His Thr Ile

CCC GAC
Pro Asp

TTC ACA
Phe Thr

GAC
Asp

AAC
Asn

TGT
cys

CTG
Leu

ATC
Ile

ATC
Ile

ATG
Met

AAA
Lys

TGT
Cys

GGA GAA GAC TTC
Gly Glu Asp Phe

TAT GCA
Tyr Ala

ACC ACG
Thr Thr

GAG
Glu

ACC
Thr

AAC
Asn

TAC
Tyr

ATC
Ile

AAA
Lys

ATC
Ile

GAC
Asp

cce
Pro

CAG ACC CTA GAG
Gln Thr Leu Glu

ACC TTG
Thr Leu

GAG AAG
Glu Lys

GTT
vVal

GAT
Aso

TAC
Tyxr

CGG

AAG

Arg Lys

ERIRE

GTG
vVal

GCG
Ala

GTA
val

AAC
Asn

CTG GCT ACC TCG
Leu Ala Thr Ser

CAC CCT
His Pro

CAT TAT
His Tyr

GAC
Asp

GAG
Glu

GCT
Ala

GGG
Gly

AAT
ASn

val

CTT
Leu

AAC
Asn

ATG
Met

Glu

ACA TCC GTC GTG
Thr Ser Val Val

GAC AAA
Asp Lys

GGG AGG

ACA

Glu Arg Thr

TAC

GTG
val

ATA
Ile

TTT
Phe

Lys

ATC
Ile

ccT
Pro

GCC
Ala

ACA GTG CCA GAC
Thr Val Pro Asp

AGC AAG
Ser Lys

AAG AAA
Lys Lys

GGG
Gly

AGT
Ser

cce
Pro

GTG
Val

AAG
Lys

CAC
His

GCG
Ala

GAA
Glu

GTT
val

TTC TGC TCC ATT
Phe Cys Ser Ile

TCC TCC
Ser Ser

CGC TCG
Arg Ser

CTG
Leu

CTC
Leu

TCT
Ser

cce
Pro

AGC
Ser

TAC
Tyr

TAC

CAC
His

AGC
Ser

TTT
Phe

GGT GTC ACG GAG
Gly val Thr Glu

AAC TAT
Asn Tyr

GTG GTG
val val

TTT
Phe

CTG
Leu

Glu

CAG
Gln

ccT
Pro

TTT
Phe

AAG
Lys

Leu

GAT
Asp

ATC
Ile

CTC AAG ATG GCC
Leu Lys Met Ala

ACC GCA
Tyr Ala

TAC ATG
Tyr Met

AGG
Arg

GGA
Gly

GTG
Val

AGC
Ser

TGG
Trp

GCT
Ala

TCC
Ser

TGT
Cys

ATG
Met

TCA
ser

TTC GAC AGG GAG
Phe Asp Axg Glu

GAC AAG
AsSp Lys

ACA TAC
Thr Tyr

ATT
Ile

CAT
His

ATC
Ile

ATC
Ile

GAC
AsSp

CAG

ACC

Gln Arg Thr

AGG

AAG

Arg Lys

CCT GTG CCT ACC
Pro Val Pro Thr

AAG TTC
Lys Phe

TAC ACA
Tyr Thr

GAT

Asp

ccce
Pro

ATG
Met

GTG
Val

Figure 2-5A.

GTC
val

The sequence of mice of B-carotene-15-15' dioxygenase contains a

total of 29 rare codons in its sequence. Arg(AGA)= 2 codons, Arg(AGG)=10 codons,

lle(AUA)=5 codons and Pro(CCC)=12 codons, sequence continues in Figure 2.5B.
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Phe

CAT
His

CAT
His

GTC
Val

AAT
Asn

GCC
Ala

TAC

GAG
Glu

GAG
Glu

GAC
Asp

GGC
Glu

TGT
Cys

GTG
val

CTG
Leu

TTT GAT GTG
Phe Asp Val

ATC
Ile

GCC
Ala

TAT
Tyr

GAG
Glu

GAC
ASp

AGC
Ser

AGC
Ser

CTC
Leu

TAT
Tyr

CAG
Gln

CTC
Leu

Phe

TAC
TYr

CTG
Leu

GCC
Ala

AAC CTG AAC
Asn Leu Ala

AAG
Lys

GAC
Asp

TTC
Phe

GAG
Glu

GAG
Glu

ARG
Lys

TCC
Ser

AGG
Arg

CTG
Leu

ACC
Tyr

TCA
Ser

GTG
Val

CCT
Pro

ACC
Tyr

CTC
Leu

AGG AGG TTT
Arg Arg Phe

GCT
Ala

GTG
Val

ccc
Pro

CTC
Leu

CAT
His

GTG
vVal

GAC
Asp

AAG
Lys

GAT
Asp

GCA
Ala

GAA
Glu

GTG
val

GGC

TCA

Gly Ser

AAT
Asn

TTA
Leu

GTC
Val

AAG
Lys

GTG
val

TCA
Ser

TCT
Ser

ACA

ACT

GCA
Ala

ACA
Tyr

GCC
Ala

CTG
Leu

Lys

GAG
Glu

Lys

GAC
ASp

GGC

CAT

Gly His

GTC
Val

TAT
Tyr

TGC
Cys

Gln

cce
Pro

GAG
Glu

GTC
Val

CTC
Leu

TAC
Tyr

GAA
Glu

GGC
Gly

CTA
eu

GAG
Glu

CTC
Leu

CCT
Pro

CGG
Arg

ATA
Ile

AAT
Asn

TAT
Tyr

GCT
Ala

TAC
Tyx

AAC
Asn

GGG
Gly

ARG
Lys

CCA
Pro

TAT
Tyr

CGC

TAC

Arg Tyr

ATC
Ile

TTT
Phe

GCA
Ala

GCT
Ala

GAA
Glu

GTA
val

CAG
Gln

TGG
Trp

AGT
Ser

CCA
Pro

GTC
Val

CCA
Pro

ACC
Thr

AAG
Lys

ATA
Ile

CTG
Leu

AAA

TAT

Lys Tyr

GAC
Asp

ATT
Ile

CTC
Leu

ACA
Thr

AAG
Lys

TCC
Sexr

TCC
Ser

TTA
Leu

AAG
Lys

TGG
Trp

TCT
Ser

GAG
Glu

GAG
Glu

AGC
Ser

TGC
Cys

TGG
Trp

CCA
Pro

GCA
Ala

GAG
Glu

ccT
Pro

CTG
Leu

Phe

GTT
Val

cce
Pro

ACG
Tyr

CCA
Pro

GGT
Gly

GCG
Ala

AAG
Lys

GAT
Asp

GAA
Glu

GAT
Asp

GAT
ASp

GGA
Gly

GTC
val

ATT
Ile

TTA
Leu

TCA
ser

GCC
Ala

ATC
Ile

GTC
val

TCT
Ser

ACG
Thr

GAT
Asp

ccce
Pro

CAA
Gln

AAG
Lys

CTG
Leu

ccT
Pro

TTT
Phe

TTA
Leu

CTC
Leu

ATT
Ile

CTG
Leu

GAT
Asp

GCC
Ala

Lys

AGT
Ser

TTT
Phe

ACG
Thr

GAA
Glu

CTG
Leu

GCT
Ala

CGC
Arg

GCC
Ala

TCT
Ser

GTT

Val Asp

GG
Trp

GAT

GCG

GAC

Ala Asp

ATG
Met

CAC
His

CTG
Leu

GAC
Asp

CTT
Leu

CAT
His

GGT
Gly

TTA
Leu

TTT
Phe

ATC
Ile

cCA
Pro

GAT

AAT
Asn

GCA
Ala

GTG
Val

AAG
Lys

CAG
Gln

ACT
Thr

CCA
Pro

GCT
Ala

GAA
Glu

ACG
Thr

CAA
Gln

GAG
Glu

GTT
val

GAA
Glu

GCA

GAC

Asp Ala Asp

AAC TCA GAT
Asn Ser Asp

CAT
His

cce
Pro

ACA
Thr

GAT
ASp

CcCcG
Pro

ACA
Thr

GCA
Ala

CCA
Pro

GAA
Glu

CTG
Leu

AGC
Ser

CAC
His

AGT
Ser

GAA
Glu

AAT
Asn

GAC TTC ACA
Asp Phe Thr

GCG
Ala

GGT
Gly

CAT
His

GGT
Gly

GGC

TCA

Gly Ser

AGT
Ser

CTT
Lys

TAA

Figure 2-5B. The sequence of mice of B-carotene-15-15' dioxygenase contains a

total of 29 rare codons in its sequence. Arg(AGA)= 2 codons, Arg{AGG)=10 codons,

lle(AUA)=5 codons and Pro{CCC)=12 codons.
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supplementing the host with extra copies of the equivalent tRNA genes.
Stratagene®® has generated a strain of E. coli BL21-Codon Plus-RIL (BL21-RP)
cells that contains a plasmid with extra copies of the tRNA genes for the codons
Arg (AGA, AGQG), Ille (AUA) and Leu (CUA), and BL21-Codon Plus-RP cells
(BL21-RIL) that contains a plasmid with extra copies of the tRNA genes for the
codons of the Arg (AGA, AGG), and Pro (CCC). Site directed mutagenesis of 29
different rare codons is not a simple task, and it has been reported that addition of
the plasmid provides as good or better results than mutagenesis. The BL21-RIL
and BL21-RP cells were generously donated by Professor Frost (MSU).
Competent cells of BL21-RP and BL21-RIL were prepared, followed by
transformation with pBCDOX-1. After transformation, cells from one colony
were used for further experiments after the presence of both plasmids was
confirmed.

Expression of BCDOX in BL21-RIL+pBCDOX-1 and BL21-
RP+pBCDOX-1 was performed. The results (summarized in Table 2-2) were

unexpected. First, the amount of protein obtained did not change significantly.

Table 2-2. Protein expression after addition of rare codons using XL1-Blue as host.

Protein expression
E. coll ug of protein per 1L BCDOX activity
pmol retinal/ mg
BCDOXemin
XL1-Blue-pBCDOX 612 20
XL1-Blue pACYC-RIL-pBCDOX-1 1312 6
XL1-Blue pACYC-RP-pBCDOX-1 1050 0




Second, the activity of the protein obtained was lower. As discussed previously
the expression of the recombinant BCDOX seems to be very tightly controlled,
and the use of a different host (BL21) might have significant impact in the control
for expression of BCDOX. In more detail, the pQE30 vector, in which the
BCDOX is cloned, contains a double lac operator for over expression of the
recombinant protein. However, the plasmid does not contain the gene to express
Lacl. The BL21 cells do not have any gene that produces Lac! protein, and thus,
the expression of BCDOX is not regulated as tightly. Consequently to address
this problem, the use of an E. coli that produces Lacl protein would be necessary.
XL1-Blue E. coli contains a gene that produces the Lacl protein in its genomic
DNA. For that reason XL1-Blue cells were used as host instead of BL21 cells.
XL1-Blue pBCDOX competent cells were prepared and transformed with either
PACYC-RIL or pACYC-RP plasmid. As expected, the expression of the protein
was increased but only by a factor of two while the activity decreased showing no
overall significant improvement.

Novagen has also designed a system to express proteins containing rare
codons. This system contains a plasmid called pRARE, which encodes for all the
rarely used codons (Arg, Ile, Gly, Leu and Pro) and it is commercially available.
This plasmid is cloned in a different E. coli host called Rosetta Blue. This strain
was particularly interesting because its genome is similar to XL1-Blue and over
expresses the Lacll. Therefore this was the ideal system to test if the Lacl® was
crucial for the expression of pBCDOX-1 or not. The results obtained are

summarized in Figure 2-6; all results are normalized for a better comparison. It
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Figure 2-6. Relative activity (m) and expression of recombinant (8) BCDOX. Results
using different E. coli. hosts 1. XL1-Blue-pBCDOX-1. 2. XL1-Blue-pBCDOX-1-
PRP(Arg, Pro). 3. XL1-Blue-pBCDOX-1-pRIL(Arg, lle, Leu). 4. Rosseta-pRARE (Arg,
lle, Gly, Leu, Pro)-pBCDOX-1.

was observed that the yield of the bi BCDOX i d but not
significantly, and the activity did not improve. The light bars show the yield of
protein obtained after purification. The highest protein yield was obtained when
Rosetta Blue cells were used. On the other hand, the highest activity was obtained
using the original system pBCDOX-1/XL1-Blue and the lowest using pACYC-
RP/pBCDOX-1. However, the differences are not significant, and could be due to
the inherent variability of the system and not to a real improvement of the

expression and activity of BCDOX. At this point, it was concluded that addition

of tRNA’s did not significantly improve either expression of the bi

BCDOX or its activity.
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24  Expression of BCDOX in vivo

The expression of BCDOX in E. coli was monitored in vivo by the

colorimetric change of the oxidation of B-carotene (orange) to retinal (yellow).

Lintig and co-workers, had expressed the BCDOX into a genetic background of

an E. coli that accumulates B-carotene, which resulted in the formation of

retinoids that could be monitored by a color shift.'® Professor Lintig graciously

provided a vector that contained the genes necessary for expression of f-carotene

in E. coli. This plasmid pPORANGE" (Figure 2-7) contain a gene cluster with

crtE(a), crtB(b), crtl(c) and crtY (d).3“'3:s

f—Carotene is derived from the

condensation between the C5 skeleton of isopentyl pyrophosphate (IPP) and

dimethyl allyl pyrophosphate (DMAPP). This
condensation is catalyzed by crtE, to form
geranylgeranyl pyrophosphate (GGPP). Next,
the synthesis of phytoene is the first
committed step in Cyp-carotenoid biosynthesis
and is catalyzed by crtB; it préceeds as a head-
to-head condensation of two molecules of
GGPP. Subsequently, four dehydrogenation
steps are carried out by crt/ in the conversion
of phytoene to lycopene. Finally, lycopene is
36.37

cyclized by crtY to form P—carotene

(Scheme 2-2).
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Figure 2-7. pORANGE plasmid
contains a gene cluster with crtE,
ctB crtl and crtY. Those genes
produce B-carotene from dimethyl
allyl pyrophosphate and isopentyl
pyrophosphate.
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Scheme 2-2. Biosynthesis of B-carotene in E. coli. starts

with the condensation between DMAPP and IPP.

XL1Blue cells were transformed with pPORANGE. The cells obtained
after transformation showed an orange coloration due to the accumulation of B-

carotene (Figure 2-8). The cells were grown under red safe lights until the picture



was taken to decrease the isomerization of the produced PB-carotene. The
competent cells were prepared and transformed with pBCDOX-1. The

5

transformed cells were grown and BCDOX expression was i d by addition of

isopropyl-B-D-thiogalactopyranoside (IPTG). After the cells were grown for
about six hours in the dark, the obtained cells were colored off white. The shift of
the coloration was caused by oxidation of B-carotene (orange) to retinal (yellow)

by BCDOX, as a result of BCDOX catalysis.

Figure 2-8. Activity of recombinant mice B-carotene-15-
15’ dioxygenase in vivo. 1. XL1-Blue transformed with
PORANGE and pBCDOX-1 with out induction (addition of
IPTG). Orange color due to formation of B-carotene 2.
XL1-Blue transformed with pPORANGE and pBCDOX-1 after
addition of IPTG. The yellow coloration is due to oxidation

of B-carotene to form retinal.
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2.5  Expression of BCDOX using a T7 promoter

Given the fact that the main objective for this project was the
understanding of BCDOX's enzymatic and mechanistic properties it was
imperative to express large quantities of the enzyme. The plasmid pQE30 uses a
TS5 promoter (Figure 2.1), which is recognized by the E. coli polymerase.
Nonetheless this promoter has not been widely used since it is considered a weak
promoter. As a result, the low expression of the recombinant BCDOX could be
due to the fact that the expression of the protein is under the control of a weak
promoter. Different systems to express proteins have been developed. For
example a T7-promoter (bacteriophage T7 promoter) driven system, originally

developed by Studier and colleagues,’®*

is known to be a much stronger
promoter. Also since E. coli RNA polymerase does not recognize the T7
promoter, there is very low transcription of the target gene in the absence of T7
polymerase. Therefore the amount of basal transcription is tightly controlled,
increasing the stability of plasmids with toxic genes. Thus the BCDOX
expression controlled by a T7 promoter would offer a good alternate for the

expression of BCDOX. Therefore, BCDOX was to be cloned into a different

plasmid under the control of a T7 promoter.

26  Cloning of BCDOX into a T7 promoter vector
Initially a pET-30a was chosen as the target plasmid. The MCS of pET-
30a is under the control of a T7 promoter with a C-terminal histidine-tag with an

intervening enterokinase cut site that should allow the removal of the his-tag in



order to study the native protein. Primers were designed using the reported
sequence for mice BCDOX, in order to introduce two cut sites, Ndel and Xhol.
The first step would be the extraction of the gene using PCR followed by
digestion and ligation into pET-30a. Many attempts to PCR the BCDOX gene
were performed. Different conditions were tried (changing the extension time,
alignment temperature, concentration of different components etc.) but no PCR
product was obtained. These results were puzzling for a while, and it was
concluded that the only reasonable explanation was that one of the primers was
not binding to the parent DNA. Therefore, a complete sequence of the gene was
performed. The results showed that the reported sequence differed from the
sequence in the vector in the last 51 base pairs, thus explaining why the attempted
PCR provided no product. Figure 2-9 shows the differences between the reported
gene and the sequenced gene.

In the course of this investigation, we decided to use a thrombin cut site to
remove the His tag instead of enterokinase. The thrombine cut site is known to be
more efficient for cleavage than the enterokinase 1:1000, 1:10
enterokinase:protein ratio respectively. If Xhol is used to clone the desired gene
in the pET30a the thrombine cut site would not be present. pET-29b(+) contains a
T7 promoter and a thrombin site which is known to be more efficient when it
comes to enzymatic cleavage (1:1000), and there is a His-tag that would facilitate
the purification using an NTA column. Thus it was chosen to be the host for mice
BCDOX. Two cut sites were chosen to clone the BCDOX gene into pET-29b(+),

(Ndel(295) and Kpnl(238)). A set of primers were designed, the first of which
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MEIIFGQONKKEQLEPVQAKVTGSIPAWLQGTLLRNGPGMHTVGESKYNHWFDGL
MEIIFGQNKKEQLEPVQAKVTGSIPAWLQGTLLRNGPGMHTVGESKYNHWFDGL

ALLHSFSIRDGEVFYRSKYLQSDTYIANIEANRIVVSEFGTMAYPDPCKNIFSK
ALLHSFSIRDGEVFYRSKYLQSDTYIANIEANRIVVSEFGTMAYPDPCKNIFSK

AFSYLSHTIPDFTDNCLINIMKCGEDFYATTETNYIRKIDPQTLETLEKVDYRK
AFSYLSHTIPDFTDNCLINIMKCGEDFYATTETNYIRKIDPQTLETLEKVDYRK

YVAVNLATSHPHYDEAGNVLNMGTSVVDKGRTKYVIFKIPATVPDSKKKGKSPV
YVAVNLATSHPHYDEAGNVLNMGTSVVDKGRTKYVIFKIPATVPDSKKKGKSPV

KHAEVFCSISSRSLLSPSYYHSFGVTENYVVFLEQPFKLDILKMATAYMRGVSW
KHAEVFCSISSRSLLSPSYYHSFGVTENYVVFLEQPFKLDILKMATAYMRGVSW

ASCMSFDREDKTYIHIIDQRTRKPVPTKFYTDPMVVFHHVNAYEEDGCVLFDVI
ASCMSFDREDKTYIHIIDQRTRKPVPTKFYTDPMVVFHHVNAYEEDGCVLFDVI

AYEDSSLYQLFYLANLNKDFEEKSRLTSVPTLRRFAVPLHVDKDAEVGSNLVKV
AYEDSSLYQLFYLANLNKDFEEKSRLTSVPTLRRFAVPLHVDKDAEVGSNLVKV

SSTTATALKEKDGHVYCQPEVLYEGLELPRINYAYNGKPYRYIFAAEVQWSPVP
SSTTATALKEKDGHVYCQPEVLYEGLELPRINYAYNGKPYRYIFAAEVQWSPVP

TKILKYDILTKSSLKWSEESCWPAEPLFVPTPGAKDEDDGVILSAIVSTDPQKL
TKILKYDILTKSSLKWSEESCWPAEPLFVPTPGAKDEDDGVILSAIVSTDPQKL

PFLLILDAKSFTELARASVDADMHLDLHGLFIPDADWNAVKQTPAETQEVENSD
PFLLILDAKSFTELARASVDADMHLDLHGLFIPDADWNAVKQTPAETQEVENSD

HPTDPTAPELSHSENDFTAGHGGSSL Expected
HPTDPTAPEVPRVDLQPSLIS----- Actual

Figure 2-9. Comparison of the amino acid sequence of the reported
mice BCDOX (top) and the obtained BCDOX (bottom). The last

seventeen amino acids differ from the reported sequence.

contained an Ndel cut site (5'-CGGACATATGGAGATAATATITGGCCA
GAATAAGAAAGAACAGCTGG-3’) and the other a Kpnl cut site (5-GACCCGGGTA
CCCTCTGGTGCTGTCGGATC-3"). The strategy to clone BCDOX into pET-29b(+)
consisted of amplifying the gene, digesting it and ligating into the pET-29b(+)

vector. The PCR was uneventful and provided the BCDOX gene with the cut
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sites Ndel and Kpnl (See Material and Methods for details). The next step would
be the digestion of the PCR product and the vector pET-29b(+). The double
digestion of the plasmid and the PCR product proved to be problematic.
According to the manufacturer, for a double digestion using Kpnl and Ndel, the
use of NEBuffer 1 is recommended. Even though the activity of Ndel in
NEBuffer 1 is 100%, it is not the buffer that shows the optimal activity for Ndel.*!
A digestion test using pET-29b(+) as the standard showed that at 2 and 4 hours
the digestion was not complete for Ndel. Only overnight (~14 hrs) the digestion
showed a single band. Thus, the digestion of pET-29b(+) and BCDOX gene
(from PCR) using NEBuffer 1, were performed overnight at 37 °C. After
digestion, and purification of the digested vector and gene, the isolated DNA were
quantified. Ligations were performed using different mole ratio between the gene
and the plasmid, at different temperatures. After transformations of JM109 cells
with the ligation reaction products, some colonies were obtained. Analysis of
those colonies showed that no gene was cloned into pET-29b(+)-BCDOX. It has
been reported that at times, residual polymerase might fill the sticky ends to
generate blunt ends,*? thus, interfering with the proper ligation of the gene into
the vector. To avoid polymerase interference, the PCR product was purified. The
gene and plasmid were digested overnight at 37 °C, purified, and quantified.
Ligation attempts using the conditions previously mentioned were set up,
followed by transformation into JM109 which provided a few colonies. Analysis

of those colonies resulted in vectors without the desired gene.
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Even though the manufacturers*’ suggest the use of NEBuffer 1 for the
double digestion, it was possible that double digestion was not taking place;
therefore cloning of the gene would not be possible. To address this problem,
single digestions were performed consecutively. Also to address the re-ligation
problem, two strategies were followed. The first one was based on the principle
that linear DNA transforms with much lower efficiency than a circular DNA.
Sequence analysis of the pET-29b(+) showed a BglII cut site between the Ndel
and Kpnl, that is not present in the BCDOX gene. For that reason, digestion of
the ligation product with BglII would digest only the re-ligation products and not
the cloned products. After transformation, the majority of the colonies obtained
should contain the cloned product and not the re-ligation product, due to the low
transformation efficiency of linear DNA. Ligation reactions using the conditions
previously mentioned were set up, followed by digestion with BgllI for two hours.
The digested ligations were transformed into JM109, and after transformation of
the ligated products, no colonies were observed.

The second strategy consisted of the removal of the terminal 5’-phosphate
groups in the digested plasmid DNA. During in vitro ligation, DNA ligase
catalyzes the formation of a phosphodiester bond between adjacent nucleotides
only if one nucleotide has a 5’-phosphate residue and the other carries a 3’-
hydroxyl. Removal of the 5’-phosphate residues can be performed with alkaline

phosphatase Calf Intestine Phosphatase (CIP). 834

As previously, PCR,
purification, double digestion of plasmid and BCDOX, and purification were

performed. The digested vector was then treated with CIP for 2 hours at 37 °C.
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This was followed by ligation and transformation into JM109. After overnight
incubation, 6 colonies were obtained. Only one of them seemed to contain the
BCDOX gene, Figure 2.10 (pBCDOX-2). The cloned product (Vector-BCDOX)
was obtained when a 1:10 mole ratio between vector/BCDOX and incubation at
16 °C overnight were performed.

The obtained plasmid was sent for sequencing using the following
primers: 5'-GATCTCGATCCCGCGAAATTAATACGAC-3’ BBB0044; 5.
CCAGACCCTAGAGACCTTG GAGAAGG-3’ BBB0045; 5'-
CGAGGAGAAGTCCAGGCTGACC-3° BBB0046; 5'-GATCGATCTC GATCCCGCG-3’
BBBO005S; 5'-GCAGACTGGAATGCAGTGAAGC-3' BBB0052. The sequence showed
4-point mutations: two silent mutations and two real mutations, Cys (TGC) 102
mutated to Tyr (TAC), and Ala (GCC) 337 mutated to Thr (ACC). These plasmid

obtained would be refer as pPBCDOX-2.

Figure 2-10. Gene of mice B-
carotene-15-15' dioxygenase cloned in
a pET-29b(+)=pBCDOX-2.

Thr=thrombine
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2.7  Expression of pET-29b(+)-BCDOX

E. coli Rosetta(DE3)pLysS cells were chosen as the host to overexpress
the pET29b(+)-BCDOX recombinant protein. This strain was chosen because it
supplies the rare tRNAs, and it possesses a copy of theT7 RNA polymerase.*®
This gene is under the control of the lacUVS promoter, which allows a tight
control in the expression of the recombinant protein. After the transformation of
the host with pBCDOX-2, several colonies were obtained, and analysis of five of
them showed the pBCDOX and the codon plus plasmid. One colony was chosen

for further studies.

28 Optimization of pBCDOX expression

The recombinant BCDOX protein was expressed and indeed this time over
expression of the protein was obtained. Unfortunately though, all overexpressed
protein was in the form of inclusion bodies. The formation of inclusion bodies
was unfortunate but not surprising due to BCDOX'’s nature and because it has
been observed that over expression of recombinant proteins in E. coli can result in
the formation of inclusion bodies in the cell cytoplasm or periplasm.***® It has
been found that the tendency to form aggregates depends on the rate of expression
and the rate or refolding. If the rate of expression exceeds the rate of refolding,
co-expressed proteins come into contact with one another and aggregate prior to
reaching their native state.*’ It is known that disulphide bonds and hydrophobic
patches may affect the solubility of a protein and result in the formation of

inclusion bodies. To improve solubility, researchers have applied a variety of
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methods such as adjusting the amount of IPTG used,*® lower the tcmperature,“
co-expression of the protein of interest with chaperones and foldases,* the use of
solubilizing fusion partners,’'*? different E. coli strains,”® among others. So far,
all literature reports that describe the expression and isolation of BCDOX'!"1353-53
agree with the fact that BCDOX is a cytosolic protein. However, there is
evidence suggesting an amphiphilic character of BCDOX and that increased ionic
strength and high protein concentrations are likely to promote aggregation. As
previously discussed it has been observed by Wyss and co workers that at a SO-
fold concentration of the protein leads to 75% loss of its activity which is
attributed to aggregation.'®

Due to the nature of BCODX activity, oxidation of B-carotene, it is very
possible that this protein is associated with lipid aggregates or other proteins. The
fact that when BCDOX is expressed mostly as inclusion bodies supports the latter
findings. Not much information is available about the overexpression of BCDOX

in bacterial systems.

29  Attempts to express the recombinant BCDOX in a soluble form

2.9.1 Decrease the rate of expression, use of different temperatures, time
and IPTG

The rate of protein folding is a first order process. By decreasing the rate
of expression of the recombinant protein, one can favor correct protein folding.

There are several reported methods to decrease the rate of overexpression of

53



recombinant proteins, a number of which were tested to express BCDOX as
soluble protein. The results are discussed below. All the following experiments
were analyzed by 10% polyacrilamide SDS gel electrophoresis of both the
supernatant (soluble fraction) and pellet (possible inclusion bodies) of the crude
expression mixture. To assure that BCDOX was not present in small amounts in
the supernatant, the samples were treated with the Anti-His HRP conjugate.?!
Treatment with Anti-His HRP conjugate would allow for the identification of
histidine tagged proteins.

The most commonly used approach to improve protein solubility and
folding involves adjusting the amount of IPTG used*® and the temperature at
which the protein is expressed.*’ The net effect when the temperature or the IPTG
concentration is decreased is to reduce the rate at which recombinant proteins are
expressed. By slowing down the rate for the protein expression proper folding is
promoted. Therefore, the expression of BCDOX was performed at different
temperatures (30, 28, 16 and 4 °C) and different concentrations of IPTG 0,04,1
and 10 mM). In addition all other possible permutations were screened. The cells
were lysed and the supernatant and the pellets were analyzed. Unfortunately, the
results showed again that in all cases, the protein was in the form of inclusion
bodies and no trace of soluble protein was found using Anti-His HRP conjugate.
As expected, low temperatures and low IPTG concentration decreased the amount
of inclusion bodies formed (Table 2-3). Because T7 is a strong promoter and it is
under the control of the lac operon, the expression of BCDOX is activated by

addition of IPTG.
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Table 2-3.  Expression of recombinant pBCDOX-2 in Rosetta(DE3)pLysS,
induced at different concentrations of IPTG and different temperatures. The
results are shown as S=Supernatant, |.B.= Inclusion bodies. v= BCDOX

present, x= No BCDOX present.

Temperature
':T,f 30°C 28°C 26°C 16°C
S 1.B S 1.B. S I.B. S .B
0.0 x x x x x x x x
0.4 x v x v x v x v
0.1 X v x v x v x v
10 x v X 4 x 4 x v

A variation to the addition of IPTG was performed. Four different
portions were added over a period of eight hours and each sample was analyzed.
After SDS page analysis of the supernatant and the pellet, no change in the
amount of soluble recombinant protein BCDOX was observed. (Table 2-4).

Again all supernatants were treated with histidine tag antibody and no protein was

Table 2-4. Expression of recombinant
pBCDOX-2 in Rosetta(DE3)pLysS, induced
by addition of different portions IPTG of
ODggo~ 1.0 for overnight at 268 °C. The
results are shown as SsSupematant, 1.B.=
Inclusion bodies. v= BCDOX present, x=
No BCDOX present.

IPTG
0 portions
1 portion
4 portions
8 portions

x x x x|
\\\x:w
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observed. After these trials it was concluded that the amount of IPTG used to
induce protein expression did not have an impact in the folding of the protein.
The expression of the proteins at 26 °C was monitored every 1, 3, 5 and 8 hours.
When the cells were lysed analysis of the soluble fraction and pellet showed that
BCDOX was expressed only as inclusion bodies. This experiment was repeated at
16 °C and 28 °C and the same results were obtained. Thus it could be concluded
that different temperatures and different induction times did not have any positive

influence in the formation of soluble proteins.

2.9.2 Different E. coli strain

It has been shown that in a bacterial host, the solubility of proteins changes
with different E. coli strains. Because of this reason, different E. coli strains were
tested for overexpression of the recombinant BCDOX. The strains chosen for
overexpression were: A) Tuner(DE3)pLacl. The difference between these cells
and Rosseta is that Tuner cells do not have the LacY mutation, which allows the
uniform absorption of IPTG. B) ER2566 these cells are derived from BL21 and
have a copy of the T7 RNA gene into lac and BL21(DE3) pLysS. Competent
cells for Tuner(DE3)pLacl, BL21(DE3)pLysS., Rosseta and ER2566 were
prepared. Each strain was transformed with pBCDOX-2 and the expression of the
recombinant protein was tested. Because the concentration of IPTG proved to be
irrelevant in the Rosseta strain the next experiments were performed at constant
IPTG concentration of 0.4 mM, added at ODggo~ 1.0, and 26 °C. Aliquots of 6

mL were taken at 1, 3, 5 and 8 hours after induction. The results showed (Table
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2-5) that the protein was again over expressed in the form of inclusion bodies,
with the concentration of inclusion bodies increasing with time.

Treatment of all supernatants with Histidine-tag antibody resulted in
negative results. Since no recombinant protein was identified in the soluble form
the experiment was repeated at expression temperatures of 16 °C and 9.5 °C.
Aliquots were taken at 4, 8, 19, 30 and 42 hours after induction. The expression
of the recombinant BCDOX was pretty slow (as expected) and when the
overexpression of BCDOX was achieved, the protein was formed as inclusion

bodies, as in the previous cases. No protein was found in the supernatant when

Table 2-5. Expression of recombinant pBCDOX-2 using different host
Rosetta(DE3)pLysS, Tuner(DE3)pLacl, BL21(DE3)pLysS ER2566
induced by addition of IPTG at different portions ODgy~ 1.0 for
overnight at 26 ®C. The results are shown as S=Supernatant, I.B.=
Inclusion bodies. v'= BCDOX present, x= No BCDOX present.

E. coll host IPTG (mM) S. I.B.
0.0 x x
Rosetta(DE3)pLysS- 0.01 x v
pBCDOX-2 0.10 x v
1.00 x v
0.0 x x
Tuner(DE3)pLacl- 0.01 x v
pBCDOX-2 0.10 x v
1.00 x v
0.0 x x
BL21(DE3)pLysS- 0.01 x v
pBCDOX-2 0.10 x v
1.00 x v
o_o X x
. 0.01 x v
ER2566-pBCDOX-2 0.10 x v
1.00 x v
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each supernatant was treated with the Anti-His HRP conjugate. At this point it
was concluded that the use of different E. coli strains did not have a significant
influence in the solubility of BCDOX. Also it has been reported that addition of
the substrate in the culture can improve the solubility of a protein. The native
substrate for BCDOX is B-carotene, and as previously discussed, the pPORANGE
vector can produce P-carotene in vivo. Thus an ER2566 E. coli strain was
transformed with pPORANGE. After expression of the recombinant protein no

improvement in the solubility was observed (Table 2-6).

Table 2-8. Expression of recombinant BCDOX in the presence of its native
substrate p-carotens. ER2566 was chosen as the host and it was
transformed with pPORANGE and pBCDOX-2. pORANGE is responsible for
the formation of p-carotene. The protein was express under red safe light.
The results are shown as S=Supernatant, I.B.= Inclusion bodies. v'= BCDOX

present, x= No BCDOX present.

E. coll host IPTG (mM) S. I.B.

0.0 x x
ER2566-pBCDOX-2 0.01 x v
pORANGE 0.10 x v
1.00 x v

2.9.3 Over expression of chaperones

In E. coli cells thére is a complex protein machinery to help proteins fold
after their biosynthesis or a heat shock.*® Those complex proteins are called
chaperone proteins. Molecular chaperones possess no catalytic activity. Their
function is to prevent polypeptide chains from forming incorrect associations with

itself or another protein.’ For up regulation of chaperones in bacterial systems
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two techniques are used, heat shock and addition of organic solvents, especially
ethanol. When E. coli is subjected to a variety of stresses, including temperature
up shift, exposure to organic solvents, and the accumulation of misfolded proteins,
the synthesis of heat shock proteins (HSPS) is upregulated in order to repair
cellular damage. It has been reported that solubility of proteins enhance using a
heat shock prior to protein induction and that the over expression of the
recombinant protein is not affected. It is believed that increase it the solubility is
due to the fact that some heat-shock proteins or chaperones such as GroEL and
DnaK are up regulated when the E. coli is heated at 42 °C. Two strains used in
these experiments were: Rosetta(DE3)pLysS and Tuner(DE3)pLacl. 100 mL of
cells were at 37 °C until ODggo~ 0.1 and then warmed to a 42 °C until ODsgo~ 1.0.
At this point expression was induced with 0.4 mM IPTG at 16 °C. Aliquots of 6
mL were taken at 3, 6, 9 and 16 hours. The cells were collected and analyzed as
previously described. The results (Table 2-7) showed that there was not
enhancement in the solubility of BCDOX obtained.

Since increasing the temperature did not provide the expected results,
instead, to promote the expression of chaperones addition of organic solvents was
performed. Ethanol is one of the most powerful elicitors of the heat-shock
response in E. coli, and its addition to the media has been shown to increase the
solubility of a variety of proteins. The amount of ethanol used to enhance
solubility was 3%, and was added right before inoculation. The cells with ethanol
grew much slower than the ones without. The expression was induced and the

cells were collected and analyzed as previously. The results showed (Table 2-7
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hat there was almost no expression of BCDOX in the pellet or in the supernatant.
In addition, the His-tag detection assay did not detect any His-tagged protein in
the supernatant solution. All attempts to express BCDOX as a soluble protein
have failed. And as previously discussed the experiments were performed in a
small scale (100 mL of culture) and the supernatants were treated with the Anti-
His HRP conjugate to test for any traces of BCDOX in the supernatant. No
recombinant protein was identified from any of the previous studies. To finally

confirm that no protein was expressed in soluble form, a large-scale expression

Table 2-7. Overexpression of chaperones to improve the solubility of
the recombinant BCDOX. A. Heat shock. B. Addition of ethanol.
The results are shown as S=Supernatant, I.B.= Inciusion bodies. v'=

BCDOX present, x= No BCDOX present.

A B
E. coll host Time S LB s LB
3 x x x x
Rosetta(DE3)pLysS- 6 x v x x
pBCDOX-2 9 x v x v
16 x v x v
3 x x x x
Tuner(DE3)pLacl- 6 x v x x
pBCDOX-2 9 x v x v
16 X v x v




was performed. Three liters of culture were grown and induced (for details see
Materials and Methods). The supernatant was purified using an NTA column,
under the same conditions as the recombinant protein cloned in pQE30. The
purified supemnatant was not as pure as expected. The purified supernatant
showed a band comresponding to the size of BCDOX, but more than one protein
were present in the eluted fraction. Whether the presence of those proteins was
due to unspecific binding or associated proteins to BCDOX is not well
understood. The purified supemnatants showed no BCDOX activity (eluted

fractions).

2.10 Activity in vivo

Finally to test whether small amounts of the recombinant BCDOX were
expressed in an active form in E. coli.,, BCDOX activity was monitored in vivo by
following the colorimetric change of the oxidation of P-carotene (orange) to
retinal (yellow). The source of B-carotene in vivo would be the pPORANGE vector
as previously described and the host chosen was ER2566 because it contains a
copy of the T7 DNA polymerase in its genome. After transformation of ER2566
with pORANGE the competent cells were prepared and transformed with
pBCDOX-2. Unfortunately this test did not provide the expected results, because
when the ER2566-pORANGE was expressed the phenotype obtained was
yellowish instead of orange (Table 2-8). This experiment was repeated several
times with a great variability of different shades of yellow-orange colors obtained.

There is no obvious reason why the ER2566 E. coli strain does not work as well
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as the XL1-Blue strain. The precursor of B-carotene is isoprene, and the genotype
of ER2566 does not suggest any deficiency in the production of isoprene (it
should be at least as good as XL1-Blue). The experiments were repeated several
times and the results were not consistent. Variability in the expression of
carotenoids in E. coli has been previously observed and no obvious correlation
between the genotype and carotenoid expression has been found. Sandman has
suggested that this difference is due to the different accumulation of carotenoids

in the membrane.*

Table 2-8. Attempts to test the recombinant mice B-carotene-15-15' dioxygenase
pBCDOX-2 in vivo. ER2855 was transformed with pPORANGE and pBCDOX-2. The
yellow coloration should be due to oxidation of B-carotene to form retinal. However in
this case it was impossible to establish a difference between the coloration of the E.

coli that produced f-carotene and the one that should produce retinal. Y=yellow,

O=orange.
Temperature 16°C 26°C 26°C
IPTG Color IPTG Color IPTG Color
ER2566/pBCDOX-2 x Y x Y x Y
ER2566/pBCDOX-2 v Y v Y v Y
ER2566 /P ORANGE x Y x Y x Y
ER2566 /PORANGE v Y \ Y v Y
ER2566/pBCDOX-2/pORANGE x Y x o] x Y
ER2566/pBCDOX-2/pORANGE v Y v Y v Y
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2.11 Expression of the native BCDOX under the control of a T7 promoter

2.11.1 Mutation of BCDOX to add a stop codon to avoid translation of the
6xHis tag and thrombine cut site

The BCDOX was cloned into a T7 promoter-containing pET-29b(+) to
increase the expression of the BCDOX protein. As expected the T7 promoter
increased the expression of BCDOX. However, inclusion bodies were obtained
despite all the attempts to express BCDOX in a soluble form. Improper folding of
the recombinant proteins causes the formation of inclusion bodies. The lack of
folding could be caused by the extra amino acids that formed the thrombine cut
site and the histidine tag at the C- terminus in the recombinant protein. To
eliminate the possibility that the extra amino acids were interfering with the
correct folding of the recombinant protein, a stop codon was added to the BCDOX
sequence (before the 6x histidine and thrombine). The presence of the stop codon
would stop the translation of the extra amino acids, therefore, express only the
native protein. The first approach to add the stop codon was by using site directed
mutagenesis. Site directed mutagenesis is a technique used to introduce specific
mutations into a DNA sequence. Site directed mutagenesis uses chemically
synthesized oligonucleotides that contain the desired mutation, which serves as a
primer for DNA synthesis using a DNA polymerase.

A set of two primers that contained the stop codon were designed; Primer
1 BBBO0078 5'-GCACCAGAGGGTACCTAGGTG-3' and primer 2 BBB0079, 5-

CACCTAGGTACCCTCTGGTGC-3'. After the PCR was performed no product was
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observed. To address this problem, the extension time was increased, (the vector
is 7 Kbp long)*” but no improvement was obtained. A gradient PCR to scan for
the optimal temperature (from 65.5 to 45 °C) did not change the results. When
site-directed mutagenesis is used, the amplification of the vector is linear and not
exponential like in PCR. Therefore, increments in the concentration of parent
DNA were increased up to 100 ng and 300 ng, but again no amplified DNA were
observed. It is possible that the lack of product is due to the fact that the
pBCDOX size was too large. Even though the amplification of long DNA (5-45
Kbp) has been reported®”® it was accomplished by changing parameters such as
pH, glycerol, and DMSO concentration, decreasing denaturing times, salt
concentrations, etc. Screening for all those parameters would be costly and time
consuming. There are other commercially available options from Stratagene and
Invitrogene, but they are costly and not 100% efficient. Thus, a different

experimental design was approached.

2.11.2 Cloning of BCDOX

The next approach was to use a conventional cloning strategy. First,
mutation of the BCDOX gene to add a stop codon using normal PCR, digestion
and then ligation into a pET-29b(+) vector which contains the T7 promoter was
attempted. The same cut sites as before were chosen (Ndel and Kpnl) since they
are present in the BCDOX gene. The primers used were 5'-
CACCAGGGTACCCTATGGTGCAGT-3’ and the other that binds to the beginning of the

BCODX gene 5'-GGA GATATACATATGGAGATAATA-3'. The PCR was simple, and



provided the BCDOX gene with the Ndel and Kpnl cut sites and stop codon. As

mentioned previously double digestion using Kpnl and Ndel, proved problematic.

Thus, this time a single digestion followed by another single digestion using the

optimal conditions for each enzyme was performed.*’ After the PCR reaction the

DNA was purified, followed by a single digestion of the vector and PCR product

using Kpnl. The DNA was purified followed by another single digestion using

NdeI.. DNA purification and quantification was performed before ligations. The

ligation reactions were performed at 16 °C at a
ratio of 1:5, 1:10 and 1:15 moles of
vector/BCDOX. The ligation reactions were
transformed into JM109. The gene obtained
from one of the transformed colonies was sent
for sequencing using the following primers 5'-
CAGACCCTAGAGACCTTGGAG-3* BBBO0080; 5°-
CGAGGAGAAGTCCAGG CTGACC-3' BBBO0046;
5’-GATCGATCTCGATCCCGCG-3' BBBO00SS; 5°-
GCAGACTG GAATGCAGTGAAGC-.?' BBB0052.
The sequence confirmed the presence of the
stop codon, and no other mutation was found

in pBCDOX-3 (Figure 2-13).
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Figure 2-13. Gene of mice B-
carotene-15-15' dioxygenase
cloned in a pET-29b(+). A stop
codon was added before the
thrombine (thr) cut site and the

histidine tag (pBCDOX-3).



2.11.3 Expression of pBCDOX-3; native BCDOX

For over expression of the recombinant BCDOX the plasmid was
transformed into an E. coli Rosetta(DE3)pLysS. The first attempt to express the
mutated BCDOX was performed at 16 °C and 28 °CS5"%? and different
concentrations of IPTG as well as different induction times were screened. The
cells were collected and lysed and both the supernatant and the pellet were
analyzed using SDS page gel. At 0.1 mM IPTG no expression of recombinant
BCDOX was observed. When protein expression was monitored at different

times, the overexpressed protein was only found as inclusion bodies (Table 2-9).

Table 2-9. Expression of recombinant pBCDOX-3 in
Rosetta(DE3)pLysS, induced at different concentrations of
IPTG and temperatures. @ The results are shown as

S=Supernatant, 1.B.= Inclusion bodies. v'= BCDOX present, x=

IPTG Time 16°C 28°C
mM hours S .B S .8
3 x x x x
6 x x x x
0.00 9 x x x x
18 x x x x
3 x x x x
6 x x x x
0.01 o < p « y
16 x v x v
3 x x x x
6 x x x x
0.10 9 x v x v
16 x v x v
3 x x x x
6 x x x x
1.00 9 x v x v
16 x v x v
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Unfortunately the results obtained were the same as the recombinant protein with
the thrombine cut site and the histidine tag. Thus it was concluded that the extra
amino acids in the recombinant BCDOX were not responsible for the formation of
inclusion bodies. It is possible that the amphiphilic character of BCDOX, as well
as, the fact that the active enzyme could be a tetramer might decrease the rate of

folding, therefore enhance formation of the inclusion bodies.

2.12 Isolation of inclusion bodies

The formation of inclusion bodies could offer several advantages for the
production of recombinant proteins if they can be refolded. The proteins
produced in inclusion bodies might be unstable in the cytoplasm of E. coli due to
proteolysis and may be toxic for the host cell in the native conformation. It has
been seen that under appropriate conditions, the recombinant proteins deposited in
inclusion bodies amount to about 50% or more of the total cellular protein. Since
inclusion bodies have a relatively high density they can be isolated from the
cellular proteins, with a purity up to 90%.® A number of methods have been
reported for solubilizing and refolding proteins form inclusion bodies.
Denaturants such as urea and guanidine hydrochloride, and the use of highly
alkaline pHs, strong thiol-containing reductants (dithiothreitol, dithioerythritol
mercaptoethanol), chelating reagents (EDTA), have been reported to solubilize a
significant percentage of insoluble proteins. Renaturation is usually accomplished

by the removal of excess denaturants by either dilution or a buffer-exchange step
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(dialysis, diafiltration, gel-filtration chromatography or immobilization onto a

solid support).
As mentioned previously, attempts to
BCDOX have been

produce a soluble

unsuccessful.  Therefore, optimization of the
expression and isolation of inclusion bodies was
pursued. Isolation of the inclusion bodies was

of BCDOX in

d by over

Rosetta(DE3)pLysS. The soluble proteins were
separated and the pellet was washed with a buffer
containing 0.5% Triton X-100, followed by a
wash with buffer containing 2 M urea and 0.5%
Triton  X-100.

The pellet obtained was

ded

into a buffer cc 8 M urea and

DTT, or 6 M guanidine hydrochloride. It was
observed that smaller concentrations of urea (<6

M or <4 M) or guanidine did not solubilize the

12 345678
-

Figure 2-14.  10% agarose
gel. Isolation of inclusion
bodies produced by expression
of recombinant mice PB-
carotene-15-15"  dioxygenase
cloned in a pBCDOX-1 in
Rosetta(DE3)pLysS. 1. Cell
pellet 2. Supematant.
3,4.Inclusion bodies. 5, 6, 7.
Inclusion bodies washed with
Triton X-100. 8. BCDOX

marker.

inclusion bodies. It was also noticed that addition of DTT increased the solubility.

The inclusion bodies were purified almost with 90% purity and around 8 mg per

liter (Figure 2-14).

After the BCDOX was purified (from inclusion bodies) and solubilized,

refolding of the protein was the next step. Solubilization of inclusion bodies

usually occurs using strong chaotropes, such as urea, and the protein is refolded to

68



its correct structure as the denaturant concentration is reduced. In general,
refolding is initiated by diluting the denatured protein into a refolding buffer
solution (no chaotropic agent present). Once the denaturant concentration is
reduced the protein refolds at rate equivalent to first order kinetics. The unfolded
protein quickly folds to an intermediate form, and there is a slow transition from
the intermediate to the native form (limiting step) and may take minutes to days to
complete. At this point nonproductive aggregation reactions can occur, resulting
in the formation of stable aggregates.*’ Therefore it is really important to avoid
this pathway, which can be achieved by having very low concentrations of
protein. In the case of disulfide-bonded proteins, renaturation buffers must
promote disulfide bond formation. The options available for refolding include
dilution, dialysis, diafiltration, gel filtration, and detergents among others.®’ With
those facts in mind, design of a system to refoldled BCDOX was performed. As
mentioned previously, there are no reports concerning BCDOX (or a similar
protein) refolding, thus, preliminary refolding experiments were performed. The
refolding method chosen was a 100-fold dilution, basically because of its
simplicity and the fact that the amounts of protein used are low. Glutathione was
used to aid in disulfide formation. Aliquots of the solution were withdrawn and
BCDOX activity was assayed, (~0.16 mg of BCDOX were used per assay). None
of the samples showed activity. Also dialysis of BCDOX protein was performed
but no active protein was obtained.

As mentioned previously, this is not the only time in which bacterial

expression is problematic. In additon it has been observed that the BCDOX
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protein is not stable. Andersson, Zack and Cunninham reported that expression of
human BCDOX in bacteria was problematic, and even though the expression in E.
coli has been reported, there was no reference to the efficiency of the BCDOX
expressed.''"!®  Andersson, reported that to overcome the instability of the
recombinant BCDOX protein they used insect cells to overexpress BCDOX."®
Also baby hamster HIK cells have been used to express BCDOX but whether they
chose this system because they had problems with the bacterial system and then
they had to switch to mammalian cells is unknown.

Progress in this project was hampered by the lack of expressing large
amounts of soluble BCDOX protein. Unfortunately the use of mammalian cells to
express BCDOX in our group was not possible. Thus at this point we decided not

to continue to attempt to express BCDOX.
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2.13 Material and methods

A. Different E. coli used

E. coli strain Genotype

JM109 cl4(McrA)recAl endAl gyrA96 thi-1 nsdR17 (r-my,) supE44 relAl
A(lac-proAB)[F'traD36proABlacl® Z

XL1Blue recAl endAl gyrA96 thi-1 nsdR17 (fi-me.) supE44 relA1[F proABlacl Z
AMIS Tn10 tet)

BL21(DE3)pLysS E. coli B F ompT hsdS(rg’ mg’) dem* gal (sri-
recA)306::Tnl((Tc*XDE3)pLysS(Cm")

Tuner(DE3)pLacl coli BF ompT hsdS(rg’ mg’) dcm* gal lacY ]
(DE3)pLacl(Cm®)

BL21-Codon Plus-RIL. E. coli B F ompT hsdS(rg mp’) dem® Tet' gal endA
Hte[argU ileY leuW Cam'

BL21-Codon Plus-RP E. coli B F ompT hsdS(rg’ mp’) dem® Tet" gal endA
Hte[argU proL Cam’]

Rosetta Blue recAl endAl gyrA96 thi-1 hsdR17 (ry3-y24) SupE44
relAl lac pRARE [F’ proA* B* lacl® Z AM15::Tn10 Tet")

B. Typical preparation of competent cells

The E. coli strain of interest was grown (37 °C until ODggo of 0.4-0.6, the
media contained LB, the corresponding antibiotic). After about three h The cells
were harvested by centrifugation at 5,000 RPM for 10 min at 4 °C. The cells were
re-suspended (100 mL of 0.9% NaCl) and then centrifugated at 5,000 RPM for 10
min at 4 °C. The cells were re-suspended (50 mL of 100 mM CaCl,) and
incubated for 30 min at 0 °C. The cells were centrifuged at 5,000 RPM for 10
min at 4 °C, and the cells were re-suspended (4 mL of 100 mM CaCl,, 15%
glycerol). The cells in suspension were aliquoted (0.1 mL) and were quickly

frozen with liquid nitrogen.
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C. Typical transformation of competent cells

Sterile conditions were maintained throughout the entire protocol. The
competent cells were incubated at 0 °C for 5 min and the plasmid DNA (10
ng/uL) was added. The mixture was incubated for 30 min and the cells were heat
shocked at 42 °C for 2 min at 0 °C. LB (antibiotic if necessary) was added and
the cells were incubated at 37 °C for 1 h. Then the cells were transfered to a plate

containing LB/antibiotic and were grown overnight at 37 °C.

D. Detection of 6xHis-tagged proteins (dot blot) using Anti-His HRP

conjugates Qiagen® Kit

A protein solution (1-100 ng/ul) was applied directly onto a membrane.
The membrane was washed twice for 10 min with TBS buffer (10 mM Tris-Cl,
pH 8.0, 150 mM NaCl). The membrane was then incubated for 1 h in blocking
buffer at room temperature. The membrane was washed twice for 10 min with
TBS-Tween/Triton buffer (20 mM Tris-Cl, pH 8.0, 500 mM NaCl, 0.05% (v/v)
Tween 20 and 0.2% (v/v) Triton X-100). The membrane was washed for 10 min
with TBS buffer. Then the membrane was incubated in Anti-His HRP conjugate
solution (1/1500 dilution of conjugate stock solution in blocking buffer). This
was followed by a membrane washed (twice for 10 min) with TBS-Tween/Triton
buffer and was washed for 10 min with TBS buffer. The membrane was stained
with a solution containing 4-chloro-1-naphthol (18 mg), Tris (30 mL of solution

(0.9% NaCl (w/v) in 0.1 M Tris-Cl pH 8.0) and methanol (6 mL). This was
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followed by addition of hydrogen peroxide (6 mL, 30% solution) to start the
catalysis of the to horseradish peroxydase. Then the membrane was rinsed twice
with water and dried. The membranes were scanned as soon as possible because

the colors fade with time.

E. Expression of BCDOX

The target gene (pBCDOX) was transformed into XL1-Blue cells
according to standard protocols and plated on Ampicillin resistant LB plates. A
single colony from the plate was inoculated (200 mL LB/carbenicillin broth
(Carbenicillin 100 pg/mL)) and grown at 37 °C, while shaking, overnight. The
overnight culture was inoculated (1 L of LB/1% glucose / Carbenicillin medium)
and grown at 37 °C until ODgyp = 1.0 (~ 3 h on average). The expression was
induced by the addition of IPTG (1 mM) and FeSO4 (55 uM final concentration).
The culture was incubated at 26 °C for 6 h. The cells were harvested by
centrifugation (9000 rpm, 30 min) and frozen at —20 °C overnight. The cell mass
was thawed and re-suspended in Buffer A (20 mL for 1 L expression). The cells
were lyzed for 30 min at 0 °C with lysozyme (200 uL of 1 mg/mL), followed by
sonication for 10 min at 4 °C. Then MgSO, (300 uL 1 mM) and benzoase (30 puL,
of a 25 U/mL enzyme, Novagen) were added followed by incubation on ice for 30
min. The mixture was spun down (9000 rpm, 30 min) and the supernatant, that
contained the soluble BCDOX was further purified. Some of the crude was saved
for BCDOX activity assay. Buffer A (50 mM NaH,PO,, 300 mM NaCl, 10 mM

imidazole, pH=8)
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F. Purification using a Histidine Purification Tag

The lysate that contained the histidine tag BCDOX protein, was applied to
a nickel resin for purification (Novagen). The lysate was allowed to flow through
the column, after which time it was washed (2x 10 mL) with the wash buffer (50
mM NaH,PO,, 300 mM NaCl, 20 mM imidazole, pH=8). The protein was eluted
with the elution buffer (50 mM NaH,PO,, 300 mM NaCl, 250 mM imidazole,
pH=8), and the fractions were then analyzed by SDS-PAGE. The fractions
containing protein were then concentrated with Amicon Centriplus YM-10 filters,
and buffer exchanged to a Tris- KOH buffer (Tris- KOH 10 mM buffer pH 8.0, 6
mM sodium taurocholate, 0.5 mM DTT 10 mM buffer pH 8.0, 6 mM sodium
taurocholate, 0.5 mM DTT). Protein concentration was calculated via BCA

protein assay.

G. Ni** Resin Regeneration

Resin is regenerated and recycled after each use by first stripping the
column of all Ni?* ions and anything bound to them. The column is washed with
three column lengths of the strip buffer (100 mM EDTA, 0.5 M NaCl, 20 mM
Tris-HCl, pH=7.9), followed by three column lengths of sterile distilled water.
The column is then recharged with five column lengths of a fresh, clean Ni%*
source utilizing the charge buffer (50 mM NiSO,). Finally, the column is

equilibrated with three column lengths of binding buffer (50 mM NaH,PO,, 300
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mM NaCl, 10 mM imidazole, pH=8) to wash away any unbound Ni** ions. The

column can be recycled as long as it retains a blue/green color after the cleaning.

H.  Extended Ni** Resin Regeneration
When the flow rate of the column slows dramatically, or does not turn a
strong blue/green after being washed with charge buffer, the following wash
should be done (for a 2.5 mL column bed)
1. 5 mL of 6 M guanidine HCI, 0.2 M acetic acid
2. 5 mL sterile distilled water

3. 2.5mL 2% SDS

H

. 2.5 mL 25% EtOH

5. 2.5 mL 50% EtOH

6. 2.5mL 75% EtOH

7. 12.5 mL 100% EtOH

8. 2.5mL 75% EtOH

9. 2.5 mL 50% EtOH

10. 2.5 mL 25% EtOH

11. 2.5 mL sterile distilled water
12.12.5 100 mM EDTA, pH=8.0
13. 7.5 mL sterile distilled water

14. 7.5 20% EtOH (for prolonged storage)
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Note that the SDS solutions and the SDS wash steps cannot be done in the cold
room as the detergent precipitates out of solution. Also, the column should be
stored in 20% EtOH when not in use for long periods of time because bacteria can

grow in the agarose resin.

L Preparation of B-carotene micelles

A PB-carotene solution was prepared by combining a B-carotene stock
solution (875 mM in hexanes, 81 pL) taurocholate (100 uL) and Tween (3340
uL, 4% w/v acetone). Then, the solution was dried and dissolved in buffer B
(Buffer B,: 10 mL of Tris-KOH 10 mM buffer pH 8.0, 6 mM sodium
taurocholate, 0.5 mM DTT). The B-carotene used for the assay most be purified
using a pipette silica column eluted with hexanes. The eluted solution was

concentrated under nitrogen, and redissolved in hexanes.

J. Assay for BCDOX, conversion of B-carotene to all trans-retinal

The final reaction mixture for the cleavage reaction contained B-carotene
(7.1 uM), Tris-KOH buffer (8 mM pH 8.0), sodium taurocholate (4.05 mM), DTT
(0.34 mM), Tween 40 (0.3%), a-tocopherol (50 uM), FeSO,4 (1.38 mM), and
BCDOX (roughly 20 ug of protein).

The assay was started by adding the protein to solution A (solution A: 540
UL Tris-KOH buffer pH 8.0, 6 mM sodium taurocholate, 0.5 mM DTT, and 20 uLL
of FeSO,). The solution was pre-incubated for 5 min at 30 °C. Then the B-

carotene micelles solution (160 puL) was added and the mixture was then
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incubated for 2-3 h at 30 °C. The reaction was stopped by adding formaldehyde
((200 uL, 46% in water) and was incubated for another 10 min. The carotenoids

and products were extracted sequentially with chloroform:methanol (1.5 mL, of a

1:2, v/v, 0.01% pyrrogallol) and hexane (1.5 mL) and with chloroform:hexane

(0.5 mL:1.5 mL). After addition of each organic solvent, the reaction mixture was

mixed using a vortex for 40 seconds. The combined extracts were then dried
under a steam of nitrogen gas, and dissolved in isooctane: toluene (200 uL of (8/2,

v/v) containing 0.01% butylhydroxytoluene).

K. HPLC analysis of the products obtained by a BCDOX activity

The products were analyzed using a normal phase column (C18), hexane:
ethyl acetate (95:5) was used as a mobile phase at a flow rate of 1 mL/min. f-
carotene was monitored at 450 nm, retinal at 370 and 325nm; and retinol at 325

nm. B-Carotene RT=10.5, retinal RT=3.0.

L. Calculation of Michelis Menten (Ky) constant (steady state).
Calculationrof Km and Vyax for the isolated recombinant enzyme was
performed. The formation of retinal was monitored, the enzymatic reaction was
quenched at different times. Analysis of the data using a double reciprocal plot
provided the values for Ky (UM) and Vpax (pmol retinal/minemg), excess of

substrate to mimic a steady state conditions was used.
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M. Plasmid Purification:

Bacteria from a single colony was grown (500 mL, LB, containing
appropriate antibiotics) and purified with via Qiagen® column purification. Upon
completion of the Qiagen® purification, the recovered DNA was resuspended in
(400 pL) sterile water, and analyzed by UV-visible for concentration
determination and purity. The concentration of DNA obtained is pg/uL.

Absyep x (50 ug/1000 pL) x (volume of DNA used / total volume UV
sample)

Purity of DNA sample = Abs;s0 / Abs3s0
= 1.8, pure
>1.8, RNA contamination

< 1.8, protein contamination

N. Sample preparation for sequencing DNA

In a sterilized eppendorf tube (0.5 mL), DNA (2 pg) and primer (30 pmol)
were mixed. When sequencing is performed, the largest amount of base pairs that
are sequenced with accuracy is about 400 bp. Therefore, to sequence the

complete gene, five different primers were used.

ot
.

5'-GATCTCGATCCCGCGAAATTAATACGAC-3’
5'-CCAGACCCTAGAGACCTTGGAGAAGG-3’

5'-CGAGGAGAAGTCCAGGCTGACC-3’

> v b

5'-GATCGATCTCGATCCCGCG-3’

3. 5'-GCAGACTGGAATGCAGTGAAGC-3’
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The DNA must be purified by a Qiagen® column and resuspended in
sterile water prior to analysis. Failure to do this will result in poor sequence
data. In addition, the sequence sample should be diluted with sterile water,

not buffer.

0. Melting temperature calculation for primers:
Primers should ideally have melting points 2 78 °C, and end in at least
one, if not more, GC base pair
T =81.5°C +(0.41)(% GC) - 675 / N -% mismatch

where N = primer length

P. Optimal PCR conditions

A small-scale gradient PCR was performed to optimize the extension

temperature
PCR recipe
Template DNA 100 ng
Primer 1 1imM
Primer 2 imM
DNTP 200 pM
Deep vent 2U
10 x deep vent butfer 5 uL (1x)
M9804 5uM
H.0 50-Rxn uL
PCR program
1X 94 °C 5 min
94 °C 1 min
30X 48 °C 3 min
72°C 3 min
1X 72 °C 10 min
1X 25°C 10 min
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Q. PCR Primers

Primers Sequencs PCR Template

5-CGGACATATGGAGATAATATTTGGCCAGA
BCDOX-2 ATAAGAAAGAACAGCTGG-3' pBCDOX-1
5' -GACCCGGGTACCCTCTGGTGCTGTCGGATC-3'

5-GCACCAGAGGGTACCTAGGTG-3 pBCDOX-1

BCDOX-3 5' CACCTAGGTACCCTCTGGTGC-3'

R. Purification of DNA from agarose gel

GENCLEAN Turbo Qiagen® Protocol: The desired band was excised
from the agarose gel. The gel was cut into smaller pieces and transferred into an
eppendorf tube. Then a GENCLEAN Turbo solution (100 uL per 100 pg of
agarose) was added and the mixture was melted at 55 °C for 5§ min. The melted
solution was transferred into a GENCLEAN Turbo cartridge. The filter was spun
for 5 seconds. The filter was washed twice by addition of GENCLEAN Turbo
Wash (500 uL). The DNA was eluted by addition of GENCLEAN Turbo solution

(30 uL). The DNA obtained was used directly in the enzyme digestions.

S. Digestions and ligation reactions
As mentioned previously, the double digestion did not afford the desired
product. Therefore, subsequent single digestions were performed. Same

protocols were followed for the gene (PCR product) and the pET-29b(+). The
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first digestion was performed using Kpnl followed by purification using
GENECLEAN. The second digestion was performed using Ndel.
The DNA was purified following the same procedure and quantified

before the ligations were performed

_Digestions
BCDOX pET-29(+)
Kpni 1uL - 1ul -
Ndel - 1ul - 1ul
DNA 30 uL 30 uL 30 ul 30 uL 30 uL
Buffer 1 or 2 (10X) 1X 1X 1X 1X
H.0 6ul 6puL 6 puL 6 puL

e Incubation at 37 °C for 2 h.

T. Calf Intestine Phosphatase treatment

CIP treatment
Digested pET- Digested BCDOX
29b(+) _gene
DNA obtained from DNA purification 30 uL 30l
CIP 1 1U 1U
Buffer (10X) 1X 1X
HzO 4pl 4pL
¢ Incubation at 37°Cfor2 h
U. Ligations.
Ligations

BCDOX 4.5x10" °moles

pET-28b(+) 4.5x10*moles

T4 ligase 1w

Bufter (10X) 1l

H.0 2l

e Incubation at 16 °C for 24 h
JM109 E. coli were transformed with 5 puL of the ligation reactions
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V. Expression of pET-29b(+)

For over expression of pET-29b(+)-BCDOX (pBCDOX-1 or -2) the
plasmid was transformed into an E. coli Rosetta(DE3)pLysS following the
previously mentioned protocol. This strain was chosen because it supplies rare
tRNAs, it carries a copy of the T7 lyzozyme gene (for tight control), and it
possesses a copy of theT7 RNA polymerase gene under the control of the lacUVS5
promoter, which allows a tight control for the over expression.

A single colony from the plate was inoculated (200 mL LB/Ampicillin-
Cloramphenicol broth) and grown at 37 °C while shaking overnight. The
overnight culture was re-inoculated (1 L of LB/1% glucose / Ampicillin-
Cloramphenicol medium), the culture was grown at 37 °C until ODggo= 1.0 (~3 h
on average). The expression was induced by addition of IPTG (0.4 mM) and
FeSO4 (55 uM final concentration). The culture was incubated at various
temperatures 4-32 °C for 6 h or ovemight. The cells were harvested by
centrifugation (9000 rpm, 30 min) and frozen at —20 °C overnight. The cell mass
was thawed and re-suspended in Buffer A (20 mL for 1 L expression). The cells
were lyzed for 30 min at 0 °C with lysozyme (200 uL of 1 mg/mL), followed by
sonication for 10 min at 4 °C. At this point MgSO4 (300 mL, 1 mM) and
benzonase (30 pL, 25 U/mL, Novagen) were added to reduce viscosity and the
mixture was incubated on ice for 30 min. The mixture was spun down (9000 rpm,
30 min) and the supernatant and the insoluble pellet was analyzed by SDS PAGE
gel. In all cases the over expressed BCDOX was found in the insoluble fraction

as inclusion bodies.
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W.  Purification of BCDOX as inclusion bodies

Isolation of the inclusion bodies was accomplished by over expression of
pET-29b(+)-BCDOX in Rosetta(DE3)pLysS induction by addition of IPTG (0.4
mM), ODggo~1.0 for 8 h at 26 °C. The soluble proteins were separated and the
pellet was washed with a buffer containing 0.5% Triton X-100, followed by a
buffer containing 2 M urea and 0.5% Triton X-100. The pellet obtained was
finally resuspended into a buffer containing 8 M urea and DTT, or 6 M guanidine
hydrochloride. It was observed that a smaller concentration of urea <6 M or <4 M
guanidine did not solubilize the inclusion bodies. It was also noticed that addition
of DTT increased the solubility. The inclusion bodies were purified almost with

90% purity and at around 8 mg per liter.

X. Refolding experiments

A 100 fold dilution was performed by addiné Buffer A (100 mL to 1 mL
of protein solution). The 100 dilution was performed using Buffer A (Buffer A:
Tris-KOH 10 mM buffer pH 8.0, 6mM sodium taurocholate, 0.5 mM DTT. buffer
and stirred for 24 h. 20 mL were concentrated ten times using Amicon Centriplus

YM-30 filters, and the activity test showed an inactive protein.

Y. Expression of BCDOX in vivo

The expression of BCDOX in E. coli was monitored in vivo by the
colorimetric change of the oxidation of f-carotene (orange) to retinal (yellow).

The resultant E. coli cells had an orange coloration due to the accumulation of B-
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carotene in the cells. In detail an E. coli XL1-Blue or ER2566 was transformed
with pPORANGE (plasmid that contains the genes necessary for the synthesis of
B-carotene). The transformed cells were grown and they showed an orange
phenotype. These cells were converted into competent cells and then transformed
with the pBCDOX-1 or pBCDOX-2 plasmids. These transformed cells (cells that
contained pPORANGE and pBCDOX-1) were grown under LB/chloramphenicol,
carbenicillin and 1% glucose (5 mL) to an OD of 1.00. Expression of BCDOX
was then induced by addition of IPTG (1 mM final concentration). This culture
was grown for 6 more h. The cells were spun down at 10000 RPM and rinsed
with water. The shift of the coloration was caused by oxidat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>