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Abstract
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Protease inhibitors (Pls) are used to treat various types of symptoms or diseases, for
example, cardiovascular disorder and HIV disease. Currently, most Pls block the protease’s
function by targeting the protease active site, which can cause side effects to patients due to
cross-reactivity with host’'s protease homologues called off-target effect. Alternatively, proteolytic
cleavage can be blocked by targeting the cleavage site on the substrate instead of the active
site on the enzyme.We proposed to apply the synthetic biology approach to create a synthetic
E. coli-based protease inhibitor detecting biomachine for HIV-1 infection therapy by utilizing the
Twin-arginine translocation (Tat) pathway’s ability to transport folded protein across the inner
membrane of E. coli and antibiotic resistance of TEM-1 B-Iactamase (Bla) as a reporter protein.
This newly developed technique was termed Protease inhibitor Recognition based On Tat
Export after Cleavage Tampering (PROTECT) and is comprised of 3 biological devices, which
are protease activity detector (fusion of protein of the Tat signal sequence (ssTorA), viral
substrate (p17dp24; and reporter protein (Bla)), protease generator (HIV protease) and
protease blocking devices (Pls, intracellular antibody or single-chain antibody fragment (scFv)).
The in vivo testing confirmed that PROTECT technique could distinguish between positive and
negative controls which were the corresponding and non-corresponding scFvs against the HIV-
1 substrate, respectively. It was found that scFvp17 could bind and protect the cleavage site of
the viral substrate, and the fusion protein was transported to the periplasm, thus, allowing the

bacterial cells to grow on an LB agar plate containing selective B-Iactam ring antibiotic. The



technique was further tested by attempting to isolate randomly mutated scFvp17 variants for
enhanced protection efficiency. Therefore, we constructed an error-proned library of scFvp17
and isolated scFv variants which were able to withstand higher selection pressure by using
higher Carb concentrations. Unfortunately, we have not found any mutated scFv variants with
higher ability to protect proteolytic cleavage than that of wild type scFvp17 yet. To further
improve and characterize this PROTECT technique, in the future, a high quality library should
be constructed and tested as well as applying this technique to various antigens besides p17.
However, this work reports a new method for isolation of protease inhibitor to decrease HIV-1
infection and to apply in various applications such as optimization of the commercial protease

inhibitors and/or selection of new ones.

Keywords : Twin-arginine translocation pathway; protease inhibitor; intracellular antibody; HIV-

1; synthetic biology



Executive Summary

Proteases are a large enzyme family that catalyzes proteolysis of a peptide bond in
specific substrates. They are considered one of the largest classes of potential drug targets for
the pharmaceutical industry. At least 679 human proteases have been identified. Besides host
proteases, proteases found in pathogens, for instance, viruses and parasites, are also potential
drug targets. Proteases are involved in almost all biological pathways and networks and have
been implicated in wide range of diseases. It was reported that about 150 protease inhibitors
(PIs) are in clinical or preclinical development. One-third of them are for cardiovascular
indications. Other major indications for which Pls are being developed include hypertension,
diabetes, Alzheimer’s disease, and hepatitis C infection. The blockbuster Pl drugs available on
the market are for treatment of cardiovascular disorder and HIV infection. The general
therapeutic strategy is to identify a specific inhibitor that blocks the active site. Unfortunately,
many current Pls that are available on the market have been shown to have off-target effect,
which can be severe, because they may interact with other proteases due to cross-reactivity of
the PI to the homologues of the target protease which are essential to human body.

Here, we propose an alternative strategy to block proteolytic activity. Rather than
blocking the active site on the protease, we propose to use synthetic biology approach to
isolate intracellular antibodies (intrabodies; antibody fragments that can function inside the cell)
that bind to the cleavage site on the substrate with high specificity and affinity. Upon binding,
cleavage site is protected as the intrabodies interfere with substrate-protease interaction and,
consequently, inhibit the protease function. Our approach aims to target the cleavage site on
the substrate instead of the catalytic active site on the protease. This strategy also avoids
inhibition of a protease which possesses several functions involving interaction with many other
proteins, some of which their functions may have yet been identified. Finally, the use of
antibodies as a tool to inhibit protease function should allow for very specific targeting of the
designed epitope on the substrate hence reduces the risk of off-target effect.

To achieve our goal of developing an E. coli biomachine used for protease inhibitor
selection, we aim to employ the bacterial twin-arginine translocation pathway (Tat pathway) as
a tool. In order to develop high-performance intrabodies, it is important for intrabodies to
achieve folding in a reducing environment, which presents inside the cell. In general, most
antibody fragments failed to express or lost their ability to bind to the target antigen when

expressed intracellularly as they are naturally produced to function outside the cell that has an



oxidizing environment. The Tat pathway has been previously applied as protein engineering
tools to isolate high soluble protein as well as interacting proteins such as antigen-antibody
fragment. Therefore, it has high potentials for developing into a tool useful for isolation of
protease-inhibiting intrabodies as well.

Hence, as a model system, we proposed to design an appropriate epitope on the HIV-1
protease substrate as a target for the intrabody such that the intrabody inhibits the proteolytic
cleavage. As a proof of concept, we will utilize our in vivo platform based on the proposed
synthetic E. coli to isolate intrabodies against HIV-1 protease cleavage site that function to
block proteolytic cleavage of the substrate. Protease inhibitors have played an important role in
transforming the HIV infection treatment since their introduction in the mid-1990s[1]. The
human HIV-1 protease (PR) has been intensively investigated as a drug target to prevent viral
replication in AIDS patients. Our research proposes a more simple way of interfering HIV
replication using intrabody strategy that has the potentials to become novel protein therapeutics
with highly specificity and affinity to HIV infection. The intrabody approach may be adapted to
gene-therapy-based treatment, which would reduce high pill burden that results in high cost and
high risk of viral resistance to the therapy.

We used synthetic biology approach to devise and construct an in vivo selection system
for isolation of scFvs that are capable of inhibiting protease cleavage of the gag polyprotein at
p17-p24 cleavage site. These scFvs represent potentials intrabody-based therapeutics. To
approach our objectives, we proposed our working hypothesis that the quality control and the
hitchhiker mechanisms of the E. coli Tat pathway can be utilized to identify high soluble with
high-affinity scFvs toward its target. By linking protease degradation to antibiotic resistance, we
can simply isolate the suitable intrabodies simply by plating cells containing appropriate devices
on solid agar containing B-Iactam ring antibiotics. This system is comprised of three devices,
i.e., 1) Protease activity detector device, which is to report protection of the cleavage site of the
polypeptide by specific binding of scFv to the substrate at the protease cleavage site, 2)
Protease generator device, which is simply comprised of a gene coding HIV-1 PR, and 3)
Protease blocking device, which is simply a gene coding intrabody.

Using synthetic biology approach, we successfully created a synthetic E. coli protease
inhibitor detecting biomachine based on the Tat pathway. The system is comprised of 3
devices; first, the protease activity detector device (ssTorA:substrate p17dp24::Bla), which
contains the protease cleavage site or the substrate for the protease, second, the protease
generator device (HIV protease) which is an enzyme that cleaves the HIV-1 substrate and,

third, the protease blocking device (scFvp17) which acts as a protease inhibitor to protect the



proteolytic cleavage on the substrate. Moreover, the natural transport mechanism of the Twin-
arginine translocation (Tat) pathway was utilized as a biological tool to select the appropriate
scFvs for inhibition of HIV-1 protease’s activity. We modified FLI-TRAP and ISELATE [7,10]
principles to utilize the unique protein transportation ability of the Tat pathway. The spot plating
results showed that the scFvp17 can bind and protect the proteolytic cleavage site of HIV-1
substrate as the synthetic E. coli could grow on beta-lactam antibiotic plate. Furthermore, in-
vitro experiment (western blot technique) confirmed that the cells resistance was due to
translocation of the substrate as the cleavage of the substrate was prevented by scFv and the
fusion protein was transported to the periplasm of the synthetic E. coli. From these experiment,
it can be concluded that (i) the designed system functioned as expected as shown by the
difference of cell resistance between our tested system and negative control and (ii) scFvp17
itself can block proteolytic cleavage on p17/p24 cleavage site even though it binds to the C-
terminus of p17 not the p17/p24 cleavage site directly. After that, we constructed an error
prone scFvp17 library using a commercial mutation kit. The library was used for isolation of
enhanced scFvp17 by spread plate and spot plate techniques. Unfortunately, none of the
improved scFvp17 variants which could protect the cleavage site of substrate better than WT
scFvp17 were found as no growth on the antibiotic plate was observed at the conditions where
WT scFvp17 did not grow. We speculated from the results that the library size was too small
which means the repertoire of the mutant scFv was not big enough to provide many
advantageous mutations, and as a consequence, there was less opportunity to find any mutant
scFvs which had the protection efficiency higher than that of WT scFvp17. Nonetheless, our
work demonstrated that scFvp17 has the ability to fold in the reducing environment of the
cytoplasm of E. coli and can protect the proteolytic cleavage of p17dp24 substrate. Therefore,
through our model system, we proofed that our designed system can be used to isolate
protease inhibitor because we can detect growth when substrate-specific scFv that could
protect proteolytic cleavage was co-expressed with protease and substrate and there was no
growth observed when a non-related scFv was used instead (negative control). This current
work clearly shows the ability of our assay as a selection platform of protease inhibiting
intrabodies.

For future work, we propose that experimental approach can be improved by
combining with the computation approach to identify the best three models which can protect
the proteolytic cleavage site of HIV-1 protease’s substrate and then validated experimentally.
Moreover, this PROTECT technique should be tested with other antigen-scFv system to proof

its versatility against other targets.



1. Introduction to the research problem and its significance

Proteases are a large enzyme family that catalyzes proteolysis of a peptide bond in
specific substrates. They are considered one of the largest classes of potential drug targets for
the pharmaceutical industry. At least 679 human proteases have been identified [1]. Besides
host proteases, proteases found in pathogens, for instance, viruses and parasites, are also
potential drug targets. Proteases are involved in almost all biological pathways and networks
and have been implicated in wide range of diseases. It was reported that about 150 protease
inhibitors (PIs) are in clinical or preclinical development.  One-third of them are for
cardiovascular indications. Other major indications for which Pls are being developed include
hypertension, diabetes, Alzheimer’s disease, and hepatitis C infection [2]. The blockbuster PI
drugs available on the market are for treatment of cardiovascular disorder and HIV infection.
The general therapeutic strategy is to identify a specific inhibitor that blocks the active site.
Commonly, Pls are small molecules with structure resembling of known protease substrates.
Identification of some specific substrate-like compounds with the pharmacokinetic characteristics
suitable faces a drastic challenge from close homologues encompassing an identical catalytic
mechanism and similar substrate specificity profiles. The danger of off-target effect of an PI
can be severe and was exemplified by termination of clinical trials of metalloproteinase (MMP)
inhibitors for cancer treatment [1]. Moreover, increasing evidences have emerged suggesting
that the use of current protease inhibitors poses many side effects. All Pls are associated with
metabolic abnormalities such as dyslipidemia, hyperglycemia, insulin resistance, and
lipodystrophy. Some Pls may have significant interactions with other drugs or increase the risk
of bleeding in hemophiliacs [3].

Here, we propose an alternative strategy to block proteolytic activity. Rather than
blocking the active site on the protease, we propose to use synthetic biology approach to
isolate intracellular antibodies (intrabodies; antibody fragments that can function inside the cell)
that bind to the cleavage site on the substrate with high specificity and affinity. Upon binding,
cleavage site is protected as the intrabodies interfere with substrate-protease interaction and,
consequently, inhibit the protease function. Synthetic biology is a new interdisciplinary research
field sparked from engineers’ interest and contribution to molecular biology [4]. Synthetic
biology focuses on engineering biomolecular systems and cellular capabilities for a variety of
applications [5]. The surge in the US and European government funding for synthetic biology
occurred in 2008 [6]. These spikes followed a period when a number of projects attracted
public attention. For instance, the J Craig Venter Institute successfully transplanted a genome

from one related species of bacterial cell to another; an UC Berkeley team made an agreement



with Sanofi-Aventis to deliver their artemisinin-synthesis project in exchange for an agreement
for the antimalarial to be manufactured and sold at near cost; and a group of biofuel specialists
revealed synthetic bacteria and algae that can make alternatives to diesel and petroleum[6].
Although this research area is still in early stage, there are already tremendous promising
approaches emerging from labs around the world. The use of synthetic biology may create
new generation of medicine by re-engineering biological processes in such a way as to produce
specific, targeted treatment. Moreover, as we have learned from the current Pl regime,
targeting the protease itself may risk facing the severe adverse effect due to cross-reactivity of

the PI to the homologues of the target protease which are essential to human body.

Our approach aims to target the cleavage site on the substrate instead of the catalytic
active site on the protease. This strategy also avoids inhibition of a protease which possesses
several functions involving interaction with many other proteins, some of which their functions
may have yet been identified. Finally, the use of antibodies as a tool to inhibit protease
function should allow for very specific targeting of the designed epitope on the substrate hence
reduces the risk of off-target effect. Therapeutic antibodies mimic the natural process of human
immune system. Antibodies are produced in vertebrates to recognize and neutralize any foreign
antigens. The hallmark of an antibody comes from the specificity and affinity towards its own
target. Specific antibodies can virtually be created against any unique chemical structure, either
natural or synthetic, as long as the compound is presented to the immune system in an
immunogenic form.

To achieve our goal of developing an E. coli biomachine used for protease inhibitor
selection, we aim to employ the bacterial twin-arginine translocation pathway (Tat pathway) as
a tool. In order to develop high-performance intrabodies, it is important for intrabodies to
achieve folding in a reducing environment, which presents inside the cell. In general, most
antibody fragments failed to express or lost their ability to bind to the target antigen when
expressed intracellularly as they are naturally produced to function outside the cell that has an
oxidizing environment. During my PhD research, | developed an intrabody isolation technique
based on the hitchhiker mechanism of the E. coli Tat pathway, termed FLI-TRAP (Functional
Ligand-binding ldentification by Tat-based Recognition of Associating Proteins) [7]. The Tat
pathway was originally recognized for the translocation of complex redox proteins [8]. These
proteins play important roles in the respiratory flexibility of the organism thus several important
features inherited to the transport pathway exist to ensure that cofactor insertion and complex

formation are complete before export of the protein complex is complete [9]. Our laboratory



has exploited the quality control and the hitchhiker mechanisms, the unique features inherited to
the Tat pathway, to develop platforms for engineering soluble intracellular proteins both in terms
of antigen-independent (ISELATE) [10] and antigen-dependent (FLI-TRAP) [7] selections. The
quality control mechanism refers to the ability of the Tat pathway to transport folded protein
from the cytoplasm to the periplasm while rejecting misfolded proteins. DelLisa et al. provided
the first evidence of the Tat quality control feature by showing the dependence of transport on
the cytoplasmic folding of alkaline phosphatase (PhoA) [11]. We converted this natural
mechanism into a genetic selection method termed ISELATE (Intrabody Selection after Tat
Export) by using a tripartite sandwich fusion of a protein-of-interest (scFv) with an N-terminal
Tat-specific signal peptide from Tat’s native substrate, called Trimethylamine N-oxide reductase,
(ssTorA), and a C-terminal TEM-1 B-Iactamase (Bla), thereby coupling antibiotic resistance with
the Tat pathway transport (Figure 1A and 1B). The presence of Bla in the periplasm renders the
E coli cell resistant to B-lactam antibiotics such as Ampicillin (Amp) and Carbenicillin (Carb). This
high-throughput technique allows a simple plate selection on growth medium containing Amp to
identify cells carrying soluble intrabody-Bla fusion. ISELATE can isolate solubility-enhanced
scFvs from an insoluble parent from only three rounds of laboratory evolution [10]. The
hitchhiker mechanism refers to the transport of a protein complex in which a large subunit
lacking any known targeting signal for export forms a complex with its partner, a small subunit
carrying a Tat signal sequence, in the cytoplasm and the complex is transported to the
periplasm by virtue of the signal sequence on the small subunit. The E. coli hydrogenase-2
(HYD2) subunits, HybO (large subunit) and HybC (small subunit), were the first example of a
naturally occurring protein pair that utilizes the hitchhiker co-translocation mechanism to transit
the cytoplasmic membrane [12]. We simply utilize this outstanding mechanism for intrabody
isolation by co-expressing ssTorA-intrabody (X)-FLAG chimera and antigen (Y)-Bla fusion
proteins in the same cell, interaction of X and Y would produce a physical linkage between
ssTorA and Bla to form a heterodimeric complex, ssTorA-X::Y-Bla resulting in Tat-dependent
co-translocation of Bla to the periplasm resulting in cell resistance to Amp (Figure 1C). In the
absence of an interaction, only the intrabody is being transported while Bla remains localized in
the cytoplasm and cells are sensitive to Amp. The utility of this technique was demonstrated by
isolation of intrabodies against the leucine zipper motif of the yeast transcription factor GCN4
from two different saturation libraries [7]. FLI-TRAP has proven its potentials as a protein drug
discovery tool as i) it gives less false positives (as compared to the classical yeast two hybrid
system), ii)allows for a single-selection in vivo (selection is performed in its natural conditions

and bypasses complications associated with protein purification or immobilization), and iii)



selects for stable (weak association maybe dissociated during transport) and soluble (authentic
quality control of the Tat pathway to discard the unfolded insoluble proteins) complexes. Since
this technique is performed in E. coli it suffers from the same limitations as other bacterial-
associated techniques such as protein complementation assay (PCA) [13], bacterial display [14,
15] and phage display [16, 17]. On the other hand, we can take direct advantage of the
selection scheme in E. coli as those isolated therapeutic intrabodies would be readily apt to
mass production in E coli, which offers several advantages such as well studied physiology,
genetics and availability of advanced genetic tools [18-20], rapid growth, high-level protein
production rates achieving up to 10-30% of total cellular protein [21], ease of handling in a
standard molecular biology laboratory, low cost and the ability to multiplex both expression

screening [22] and protein production [23].

Figure 1.Exploiting the Tat pathway’s folding quality

control and hitchhiker mechanisms for isolation of

M intrabodies. (A) A fripartite fusion protein is created
Cytoplasmic
quality control :> TEM] B-Iactamca)s;p s

between a Tat signal peptide (e.g., ssTorA), a target

protein, and the TEM1 B—Iactamase protein (Bla).

Periplasm

Discrimination between folded and misfolded target
sequences is accomplished by the Tat machinery such that

only correctly folded, soluble proteins are localized to the

periplasm. Concomitant delivery of Bla to the E. coli

periplasm confers an Amp resistant phenotype to cells. (B)

c
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Bla can be used as a Tat-specific reporter.(C) Schematic

representation of FLI-TRAP assay for cotranslocation of
interacting pairs via the Tat pathway.The Tat signal peptide
chosen was ssTorA, the reporter was either the c-myc
epitope tag or Bla, and X and Y were interacting domains

or entire proteins.

Hence, as a model system, we proposed to design an appropriate epitope on the HIV-1
protease substrate as a target for the intrabody such that the intrabody inhibits the proteolytic
cleavage. As intrabody is a class of protein, it is apt to gene therapy approach. Even though
this type of treatment is still under development, owing to rapid advances in medical research, it

may be feasible in the near future. As a proof of concept, we will utilize our in vivo platform



based on the proposed synthetic E. coli to isolate intrabodies against HIV-1 protease cleavage
site that function to block proteolytic cleavage of the substrate. Protease inhibitors have played
an important role in transforming the HIV infection treatment since their introduction in the mid-
1990s [1]. The human HIV-1 protease (PR) has been intensively investigated as a drug target
to prevent viral replication in AIDS patients. The rapid mutation rate of the enzyme is the
main bottleneck of HIV treatment. Currently, in vitro and in silico studies have become an
advanced field in biological research [24]. In 2011, the estimated number of people living with
HIV in Thailand was 450,000 — 550,000 [25]. AIDS has become not only one of the greatest
national public health problems but also global ones. Thirty-three million people all over the
world are estimated to be living with HIV/AIDS [26]. Tendency of HIV to mutate is one of its
characteristics that make it difficult to combat. The typical first-line drug regimens target viral
enzymes such as PR and reverse transcriptase (RT) [27]. The fusion, entry, and integrase
inhibitors are now available as new alternatives [28-31]. Unfortunately, in vivo and in vitro
resistance to all three new drug classes has already been reported [29, 31-34]. In addition,
despite the positive impact on patient survival from combination therapy for HIV infection,
chronic suppressive therapy is still required to contain latent viral reservoirs and is limited by its
cost (especially in the global scale), the requirement of lifelong adherence, and the unknown
effects of long-term treatment [35]. HIV infection thus represents a good potential candidate for
gene therapy. Recently, over 250 human proteins exploited by HIV virus during infection
termed HIV-dependency factors (HDFs) were identified by genome-wide small interfering RNA
screening (siRNA) [36, 37]. These HDFs may offer novel therapeutic targets that overcome
drug resistant problems, however, extreme careful considerations should be taken into choosing
the target and studying the side effects from disrupting or inactivating the HDFs as there could
be adverse effects to the protein functions in the human body in a similar fashion to similar to
the aforementioned MMP clinical trial case study. Furthermore, in October 2009, the result of
the largest phase Il trial of HIV vaccination was published in the New England Journal of
Medicine and announced at an international AIDS vaccine meeting in Paris. The study
consisted of a combination of vaccines containing ALVAC-HIV (vDP1521) (Sanofi Pasteur) and
AIDSVAX B/E (Global Solutions for Infectious Diseases). More than 16,000 young Thai adults
at community risk for HIV infection were included in this clinical trial. The vaccine efficacy was
reported as 31.2% [38]. Despite failures during more than two decades of effort, this trial has
enlightened some hopes for effective HIV vaccine development; still the result is not conclusive
and is in its infancy stage. These obstacles involved with vaccination development and finding

novel targets for HIV treatment may have prompted us to revisit the basic research to identify



effective approaches toward HIV cure. Our research proposes a more simple way of interfering
HIV replication using intrabody strategy that has the potentials to become novel protein
therapeutics with highly specificity and affinity to HIV infection. The intrabody approach may be
adapted to gene-therapy-based treatment, which would reduce high pill burden that results in

high cost and high risk of viral resistance to the therapy.

2. Objectives

1. To use synthetic biology approach to devise and construct a simple, high throughput
screening in vivo platform for selection of intrabodies that can inhibit proteolytic
cleavage of a target substrate.

2. To characterize the solubility and affinity of the isolated intrabodies in vitro.

3. To evaluate protease cleavage inhibition effect of the isolated intrabodies in vitro.

3. Materials and Methods

Plasmid Constructions. E. coli strain DH5Ql was used for plasmid construction. The plasmid
used for ftricistronic and bicistronic expressions were based on pDD18 which is modified from
pBAD18 plasmid. The necessary compartments used for confirmation and selection of the
appropriate intracellular antibody are 1) the protease blocking device comprised of scFvp17 with
c-terminus FLAG-tag 2) the protease activity detector device comprised of ssTorA::p17dp24::Bla
fusion protein and 3) the protease generator device comprised of HIV-protease (HIV-PR) with c-
terminus His tag. In the first generation, all of these devices were expressed from a pDD18
vector containing tricistronic expression (Figure 5). Nonetheless, pDD322 TatABC plasmid was
co-expressed with our pDD18 containing the device because overexpression of Tat ABC
proteins from pDD322 has been shown to improve transport efficiency as they are key proteins
of the Tat pathway. Antibody fragment against a yeast transcription factor, GCN4, anti-GCN4
scFv wild-type, GLF, was used to replace scFvp17 via Ndel — Sall cut sites to create negative
control because GLF cannot bind to HIV-PR substrate, p17dp24. To construct a positive
control, mutation of one amino acid on the cleavage site from YP to KP was performed using
“‘Round the Horn” technique. To construct the bicistronic system, pDD322 TatABC was
digested with Kpnl-Xmal and HIV-PR gene was PCR and cloned into these cut sites to create

pDD322 TatABC HIV-PR as shown in Figure 7.

Bacterial Strains and Growth Conditions. E. coli strain DH5Q0 was used for plasmid

construction, however, E. coli strain MC4100 is used for all other experiments including spot



plating and Western Blotting. In these experiments, synthetic E. coli containing one of these
plasmid pairs were used to establish 5 conditions which are referred to as 1) negative control of
tricistronic system (pDD18 GLF::FLAG, ssTorA::p17dp24::Bla, HIV-PR and pDD322Kan
TatABC), 2) positive control of ftricistronic system (pDD18  scFvp17::FLAG,
ssTorA::p17dp24(YPKP)::Bla, HIV-PR and pDD322Kan TatABC), 3) wild-type for ftricistronic
system ((pDD18 scFvp17::FLAG, ssTorA::p17dp24::Bla, HIV-PR and pDD322Kan TatABC)), 4)
wild-type for bicistronic system (pDD18 scFvp17::FLAG, ssTorA::p17dp24::Bla and pDD322Kan
TatABC HIV-PR), and 5) negative control for bicistronic system (pDD18 GLF::FLAG,
ssTorA::;p17dp24::Bla and pDD322Kan TatABC HIV-PR). Typically, E. coli cells were grown in
LB medium overnight, subcultured into fresh LB, and then incubated at 30 or 37 °C. Protein
synthesis was induced when the cells reached an OD600 ~0.4—0.5 by adding arabinose to final
concentration of 0.2% wt/vol. Antibiotics were provided at the following concentrations: Carb or
Amp, 0 — 400 pg/mL (used for selective plating experiments); chloramphenicol (Cm), 25 pg/mL,
and Kanamycin (Kan), 50 pg/mL. Selective plating (spot plating) of bacteria was performed as
described (Fisher et al., 2006, 2011). Briefly, MC4100 cells were co-transformed with plasmids
pDD322-TatABC for increasing the copy number of TatABC translocases[7] and pDD18-ssTorA-
scFvp17-FLAG::Bla-antigen that co-expresses the ssTorA-scFv fusion along with antigen-Bla.
Transformed bacteria were grown overnight at 37 °C in Luria Bertani (LB) medium
supplemented with 25 ug/ml chloramphenicol (Cm) and 50 pg/ml Kanamycin (Kan). The next
day, drug resistance of bacteria was evaluated by spot plating 5 pl of serially 10-fold diluted
overnight cells that had been normalized in fresh LB to OD600 = 2.5 onto LB agar plates
supplemented with 0.1-1.0 % arabinose and no antibiotics as a control or varying amounts of

Carbenicillin (Carb; 12—100 ug/ml). Plated bacteria were incubated at 30 for 48 h.

Subcellular fractionation and Western blot analysis. Cells expressing recombinant proteins
were harvested 4 h after induction, 20 — 25 mL of induced culture as normalized by OD600 was
pelleted.  Subcellular fractionation was performed by using the ice-cold osmotic shock
procedure[39, 40]. Cells were resuspended in 1 mL subcellular fractionation buffer (30 mM
Tris—HCI, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.6 M sucrose) and then incubated for
10 min at room temperature. After adding 250 puL of 5 mM MgSO4 (resulting in a normalized
final OD600 = 50), cells were incubated for 10 min on ice. Cells were spun down, and the
supernatant was taken as the periplasmic fraction. The pellet was resuspended in 250 uL
phosphate buffered saline (PBS) and sonicated on ice. Following centrifugation at 16,000 rcf

for 10 min at 4 °C, the second supernatant was taken as the cytoplasmic soluble fraction, and



the pellet was the insoluble fraction. Cytoplasmic and periplasmic proteins were separated by
SDS/PAGE and Western blotting was performed according to standard protocols. Briefly,
proteins were transferred onto polyvinylidene fluoride (PVDF) membranes, and membranes
were probed with the following primary antibodies (dilutions in parentheses): mouse anti-FLAG
M2-HRP (1:3,000; Sigma-Aldrich) to detect intrabodies and mouse anti-Bla (1:150; Abccam) to

detect the antigen-Bla fusion.

4. Results and Discussion
There are several steps involved with design and construction of the E. coli protease

inhibitor detecting machine. Summary of the methodology is illustrated in the flow chart

below.
Design of synthetic E. coli protease inhibitor detecting machine
Design and construction of synthetic
Applying FLI-TRAP to HIV anti-p17 scFv biological devices
Proof of concept: Intrabody against C-terminus of 1. Protease activity detector device
p17, an HIV-1 PR substrate 2. Protease generator device

3. Protease blocking device

A 4
Single-step isolation of protease cleavage inhibiting intrabodies
Obtain a selection system in the synthetic £.coli protease inhibitor detecting machine comprises of
*Protease activity detector device
*Protease generator device
*Protease blocking device (new construct using target substrate binding intrabodies

}

In vitro characterization of isolated intrabodies
1. Relative solubility using Western Blot Analysis

2. Relative binding affinity of the scFv using ELISA technique
3. True binding kinetics determination using SPR

A 4
In vitro detection of protease inhibition effect using ELISA-based
HIV-PR activity assay (ELIB-PA).

Evaluate intrabody function (inhibit protease activity by binding onto
the substrate cleavage site) using a modified ELIB-PA method

Figure 2. Flow chart highlighting critical steps involved with construction and

characterization of a synthetic E. coli protease inhibitor detecting machine.



4.1 Applying FLI-TRAP to HIV anti-p17 scFv

The first step for the experiment is to confirm the compatibility of FLI-TRAP technique
with the current anti-p17 scFv available from our collaborator, Professor Dr. Chatchai
Tayapiwatana from Faculty of Associated Medical Sciences, Chiang Mai University. This step is
important as it proves that our target and the scFv are compatible with the Tat pathway thus we
can employ this technique for isolation of the intrabody against the HIV substrate. We selected
the HIV anti-p17 scFv that binds specifically to a 12-amino acid C-terminal epitope on the HIV
matrix protein (DTGHSSQVSQNY), p17, domain [41]. This scFv was constructed by cDNA
synthesis from mRNA isolated from the anti-gag p17 murine hybridoma cell line [42]. This scFv
demonstrated its potential as intrabody as it can inhibit HIV replication when expressed the
cytoplasm and the nucleus of Jurkat CD4+ and COS7 cell lines [41]. In addition, it has been
demonstrated that scFv expressed in the cytoplasm showed stronger inhibitory effect than scFv
expressed in the nucleus. Each of these scFvs-His-HA amplified by PCR using plasmids
provided from our collaborator into the “X” position of the FLI-TRAP system using Xbal and
Kpnl cut sites thus removing the FLAG tag from pDD18 in this new construction. The antigen
wt p17, termed p17.1, and its variants were cloned into the C-terminus of Bla with (Gly4Ser)3
flexible linker and a FLAG tag at its N-terminus. The wt p17 was used as a positive control.
These variants were subjected to the FLI-TRAP format in order to evaluate if the in vivo and in
vitro results are in good agreement, i.e. if the resistance to antibiotics from cells expressing
various p17 variants would correspond with their relative binding affinity and solubility
characterized by spot plating and Western Blot techniques. In this case, p17-p24 junction (6
amino acids from p17 C-terminus and 6 amino acids from p24 N-terminus) and 12 amino acids
from p24 N-terminus can be used as negative controls as the p17 scFv should not be able to
interact with these peptides.

4.1.1 In vivo detection of antigen-antibody binding via the hitchhiker mechanism

Because our technique is based on the Tat pathway, we want to first make sure that
our system, comprised of HIV antigen and antibody fragments, can be expressed and is
compatible with the E. coli Tat pathway. @ We first evaluated the system using FLI-TRAP
technique. Each of these scFvs was co-expressed with the corresponding Bla-antigen fusion
and spot plated onto LB agar plates containing various concentrations of the B-Iactam ring
antibiotic, Carbenicillin to evaluate the in vivo binding activity of each scFv to various p17
mutants. As expected, we found that the cells containing our positive control, p17.1, were
resistant to the antibiotic as a result of Bla transport when bound by the ssTorA-scFv fusion via

the Tat-specific hitchhiker mechanism while both negative controls, p17-p24 and p24, were



sensitive to Bla as scFvp17 could not recognize these peptides. Moreover, p17.7 and p17.8
variants also showed resistant to Carb which was presumed to be due to binding of the scFv to
these variants.
10' 10* 10° 10* 10° 10°* 10' 10*10° 10* 10° 10° 10' 10* 10° 10* 10° 10°
scFvp17+p24 ‘
scFvp17+P17-24
scFvp17+p17.8
scFvp17+p17.7
scFvp17+p17.3
scFvp17+p17.1

0 ug/ml Carb 12 pg/ml Carb 25 ug/ml Carb

Figure 3. Selection of scFvp17 that binds HIV antigens. Selective plating of serially diluted
cells expressing different antigen-antibody pairs on Carb as indicated. Each spot corresponds to
5 yL of serially diluted cells.

4.1.2 scFvp17 intrabody specifically co-localizes wt p17 antigen to the periplasm

The selective plating experiment showed growth on the selective LB agar plate from the
cells co-expressing scFvp17 and its cognate antigen, wt p17 (p17.1), as well as p17.7 and
p17.8 variants. We expected this growth was a result of the hitchhiker transport of the binding
scFv and the antigens in vivo. However, we wanted to confirm this assumption in vitro using
western blot analysis. We performed subcellular fractionation of the cells containing scFvp17
and p17.1 as positive control and cells containing scFvp17 and p24 as negative control. As
expected, western blot analysis revealed that the significant growth advantage conferred was
the result of scFvp17’s ability to co-localize the Bla-FLAG-p17.1 antigen to the periplasm as we
could detect the Bla-FLAG-p17.1 in both the cytoplasmic and the periplasmic fractions. On the
other hand, the Bla-FLAG-p24 could only be detected in the cytoplasmic fraction because the
scFv cannot bound to the p24 peptide thus cannot be transported via the hitchhiker mechanism
(figure 4).

Figure 4. Co-translocation of Bla chimeras to the
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4.2 Design and construction of the synthetic biological devices

The objective of this section is to devise and construct an in vivo selection system for
isolation of scFvs that are capable of inhibiting protease cleavage of the gag polyprotein at p17-
p24 cleavage site. These scFvs represent potentials intrabody-based therapeutics. To approach
our objectives, we propose our working hypothesis that the quality control and the hitchhiker
mechanisms of the E. coli Tat pathway can be utilized to identify high soluble with high-affinity
scFvs toward its target. By linking protease degradation to antibiotic resistance, we can simply
isolate the suitable intrabodies simply by plating cells containing appropriate devices on solid
agar containing B-Iactam ring antibiotics. This system is comprised of three devices as follows.

4.2.1 Protease activity detector device

The purpose of the protease activity detector device is to report protection of the
cleavage site of the polypeptide by specific binding of scFv to the substrate at the protease
cleavage site. We constructed a tripartite fusion consisting of ssTorA-substrate-Bla (see figure
5) under the AraBAD promoter in pDD18 plasmid originally developed for FLI-TRAP technique.
The strategy of the selection is as follows. If the substrate is protected against proteolytic
cleavage, Bla will be transported to the periplasm resulting in cell resistance to Amp. The
transport of Bla occurs as the tripartite fusion protein is still intact. If the substrate is cleaved,
Bla will remain in the cytoplasm while ssTorA translocate only the cleaved substrate to
periplasm thus the cell die under selective pressure. In this device, Bla is used as a reporter
protein while ssTorA is used as translocating signal to initiate transport of the protein complex
in a Tat-dependent manner.

4.2.2 Protease generator device

Protease generator device is simply comprised of a gene coding HIV-1 PR. For the
translocation of the tripartite fusion protein to occur, binding of the intrabody must prevail the
rate of protease cleavage. This binding phenomenon is a type of kinetic event thus depends
upon the affinity and solubility of the intrabody inside the cell. We foresee that too high of a
protease expression level may give rise to too rapid protease cleavage and intrabody may not
have enough time to interact with the substrate before protease does. On the other hand, too
low of a protease expression level makes the system not selective enough, i.e. even intrabody
with low affinity and/or solubility can compete with low level of protease present inside the cell.
However, to simplify the system, we currently constructed this device on the same plasmid and
under the same promoter as the protease activity detector device (see figure 5). To prevent
problems associated with high level of protease expression, we chose a weak ribosome binding

site (RBS) for this construction. In the future, it might be necessary to employ an inducible



promoter such that the expression of the protease can be toggled to an appropriate level.
Moreover, there is also a possibility that transport occurs at a faster rate than cleavage resulting
in false positives due to transport of ssTorA-substrate-Bla regardless of cleavage protection
from the intrabody. Following decoupling principle, we will design a system such that the
expression of protease and scFvs (the protease generator device and protease blocking device)
are controlled under a different promoter than the protease activity detector device (ssTorA-
substrate-Bla) thus we can induce translation of protease and scFvs prior to the expression of
ssTorA-substrate-Bla. We expect that plentiful presences of protease and scFvs will give rise
to competitive binding between the protease and the scFvs and allow for authentic selection of
scFvs that outcompete with the protease.

4.2.3 Protease blocking device

Similar to the protease generator device, the protease blocking device contains a gene
coding intrabody. The intrabody is tagged with FLAG epitope tag for easy detection of the

presence of scFv.

GxHis 6634. 5551

.-_;__.—-— ‘\\\\
mature Bla 5510..6301
pDD18 scFvp17FLAG TorAp17dp24Bla ProteaseHis_For map".

(Gly4 Ser)3 linker 5459..5503

7184 bp
p17 full length 4823. 5215*

FLAG tag 4609..4644 —

scFvp17 3871.4596

Figure 5: Plasmid map of the system used for construction of the synthetic E. coli
biomachine. The devices are placed as an operon and controllable by the same promoter,

AraBAD promoter.



Since all three devices were cloned into one plasmid, it required three-step cloning. We
first cloned scFvp17 between the first RBS and the FLAG tag in pDD18 that was used for FLI-
TRAP selection [7] using Sacl and Sall cut sites, therefore, removing the original Tat specific
signal sequence, ssTorA. Secondly, we cloned ssTorA-p17Ap24 into the “Y” position, i.e. the
N-terminus of the Bla reporter protein, with a second RBS at its N-terminus using Avrll and Notl
cut sites to create ssTorA-p17Ap24-BIa tripartite fusion that served as the protease activity
detector. It is noteworthy that the truncated p17-p24 was used since there might be a size limit
as to the transport of a protein complex by the Tat pathway. It has been previously shown that
the cleavage of the p17-p24 junction in the full-length polyprotein was similar to the rate of
cleavage at this site from a truncated gag precursor corresponding to all of p17 and the first 78
amino acids of p24 (termed, p17Ap24) [43]. Lastly, we cloned HIV-1 PR with a weak RBS
mentioned above on its N-terminus and a 6xHis tag appended to its C-terminus (for detection)
downstream of the ssTorA-p17Ap24-BIa fusion protein using Hindlll cut site. Moreover,
literature review has enlightened some information regarding mutations of the substrate that
allow us to use these known mutations to serve as controls. Therefore, site directed
mutagenesis was performed to change the scissile bond residues Y-P junction of p17-p24
cleavage site to KP (mutation of tyrosine to a charged residue, lysine and is designated YPKP).
This YPKP mutation has previously been shown to result in substrates that are cleaved very
slowly. In excess presence of a decapeptide that contains YPKP cannot inhibit processing of
gag precursor. It was suggested that YPKP may not bind to the protease at all or only very
weakly. The YPKP represents a positive control as cells expressing this substrate should be
resistance to Carb as protease cannot cleave the substrate. As for negative control, we simply
co-expressed a non-HIV-related scFv with the ssTorA-p17dp24-Bla tripartite fusion and
protease. In this case, wild-type anti-GCN4 scFv (GLF) was chosen as it was used in the
original FLI-TRAP paper [7]. Moreover, it was found that experiments with any plasmids
containing Tetracycline resistance gene (TetR) should be performed in a BSL-2 level laboratory
because Tetracycline antibiotic is still used to treat bacterial infection in human. Upon acquired
such knowledge, we prompted to replace the TetR originally in pDD322 [7] with Kanamycine
resistance gene (KanR).

Most problems encountered in this step were related to difficulties in cloning. For
example, pDD322 has no restriction enzyme cut sites flanking the resistance gene because it
was naturally occurred in the plasmid. Literature review found a new technique, called “Overlap
extension PCR cloning” that can be used to perform cloning where there are no cut sites [44].

However, this new technique requires some fine tuning for it to be successful such as



redesigning the primers and change the annealing temperature of the PCR cycle. Moreover,
site-directed mutagenesis was performed to construct YPKP following a manufacturer’s
protocol. NEB offers an online tool, called NEBaseChanger, which helps designing primers to
be used with their Q5 high fidelity DNA polymerase used for site-directed mutagenesis. YPKP
construct was successful in the first trial.
4.3. In Vivo Testing of the Design Systems

The first format of the designed system was transformed into MC4100 strain for in vivo
experiments. The system was consisted of pDD18 scFvp17FLAG ssTorAp17dp24Bla HIV-PR
which was co-transformed with pDD322 TatABC. The latter plasmid was used to overexpress
the TatABC proteins which are the main components in the Tat pathway thus resulting in
increased transport efficiency as reported previously [7]. Spot plating technique was used to
evaluate the feasibility of the developing stystem Figure 7 shows that our new system can
distinguish the differences in growth between our interested system (scFvp17 and
p17dp24(wt)), positive (scFvp17 and uncut p17dp24(YPKP)), negative controls (unrelated scFv,
GLF, and p17dp24(wt)). We found that the system functioned better when expressed at 30 °C
(Figure 6) as low incubation temperature allowed for slower expression of the scFv resulted in
higher soluble proteins in the cytoplasm. Furthermore, since the cells were grown at low
temperature, longer incubation period was required. It was found that 48 hours incubation
allows for the best distinction between each samples.  In conclusion, selective plating results
confirmed that the differences between growths resulting from the hitchhiker transport of the
cells containing binding antibody-antigen pairs and non-binding antibody-antigen pairs can
easily be detected. Even though, the antibiotic resistance was still quite low as seen by growth
differentiation was achieved at only 12 ug/mL Carb concentration. Nonetheless, these results
were encouraging for the development of the synthetic E. coli for protease inhibitor detecting

biomachine.
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Figure 6. Selection of scFvp17 that binds HIV antigens. Selective plating of serially diluted
cells expressing different antigen-antibody pairs on Carb as indicated. Each spot corresponds to
5 L of serially diluted cells.

It is noteworthy that there are many possibility of designing our devices. It is important
to consider some hindrances due to kinetics of the system, i.e. transport vs. protease cleavage,

which may be encountered during the system development. Therefore, in order to optimize the



designed system, we would like to investigate a system where HIV-PR was expressed from a
low-copy-numbered plasmid, pDD322 as well. The following construct was made. Plasmid map

of pDD322KanR TatABC HIV-PR is shown in Figure 7.

f

pDD322KanR TatABC HIV PR His

5180 bp

Figure 7: Plasmid map of the system used for construction of the synthetic E. coli
biomachine. HIV-PR was placed in a low-copy-number plasmid, pDD322, where it is under
the TatABC constitutive promoter.

We then compared our new bicistronic system with our old tricistronic system using spot
plating technique. The experiment was performed at 30 °C as previously identified. However,
since 48 hour incubation period was required, Carbenicillin, which is a more stable B-Iactam
ring antibiotics, was used instead of Ampicillin. Concentrations of Arabinose (inducer) were
varied as 0.1%, 0.2% and 0.5%, respectively. In figure 8, 5 antibody-antigen pairs were tested.
Row 1 — 3 were for the tricistronic system, i.e. row 1. pDD18 scFvGLF ssTorAp17p24Bla HIV-
PR + pDD322 TatABC as the negative control, row 2: pDD18 scFvp17
ssTorAp17p24(YPKP)Bla HIV-PR + pDD322 TatABC as the positive control, and row 3: pDD18
scFvp17 ssTorAp17p24Bla(WT) HIV-PR + pDD322 TatABC as the investigated system. Row 4
— 5 were for the bicistronic system, i.e. row 4: pDD18 scFvp17 ssTorAp17p24Bla (WT) +
pDD322 TatABC HIV-PR as the investigated system and pDD18 scFvGLF ssTorAp17p24Bla
(WT) + pDD322 TatABC HIV-PR as negative control. The carbenicillin concentrations were
varied between Ox to 4x as a tool for observe efficiency and select appropriate scFv. When the

bicistronic system was used (Figure 8), we found that the difference of cell growth between our



scFvp17-WT p17 substrate system and the non-related scFv, GLF,-WT p17 substrate were still
in good range. For example, at 1x carb and 0.5% arabinose induction, GLF can only grew at
10 cell dilution while scFvp17 grew at 10°® cell dilution, which represented single cell level,
resulting in 10° fold difference. The results in figure 8 also illustrated that the cell resistance to
Carb of cells containing WT p17dp24 substrate was higher than that of the positive condition,
which was the substrate containing YP to KP mutation. We proposed that since the created
mutation was at the last amino acid of the p17 therefore the scFvp17, which was expected to
bind to the C-terminus of p17, could not bind to the YPKP substrate as efficiently. It was
speculated from the literature that HIV-PR could not bind at all with p17p24 YPKP or very
weakly [45]. However, since our results showed that substrate with YP to KP mutation had
lower cell resistance (i.e. less amount of transported ssTorAp17dp24Bla) than that of WT
substrate, we hypnotized that it was because the effect of scFv protection by binding to the C-
terminus of the substrate was stronger than the reduction of cleavage efficiency as the binding
may still weakly occur.  Nonetheless, when considering the results of cells expressing non-
related intrabody, anti-GCN4 scFv (GLF), and WT p17dp24 both in tricistronic and bicistronic
systems, it was clearly observed that GLF cannot protect the cleavage of p17dp24 substrate as
the cell resistance to Carb was much lower than that of cells expressing scFvp17 and WT
p17dp24. It should be mentioned that even in the case of GLF-WT p17dp24, background
growth was clearly observed. Ability to grow on Carb can occur when large amount of cells are
densely plated on the solid media as active beta-lactamase (Bla) from the cytoplasm of death
cells was released onto the solid medium which can still degrade the B-Iactam antibiotics
around the debris. This was the reason for the background growth that was more pronounced
where there were large amount of cells such as when GLF grew when plated at 107 dilution
(about 1.25x10’ cells) on an circular area of about 5 mm in diameter in the bicistronic system at
1x Carb. It was also observed that the higher the inducer, the larger the difference between
dilutions of cells that grew under the antibiotic selection pressure.

Moreover, when comparing the tricistronic and bicistronic systems using the difference
in the efficiency of cell growth from cells expressing GLF and scFvp17, we found that bicistronic
may be more suitable for our selection of enhanced scFvp17 variants from an error-prone
scFvp17 library. This was because the cells do not grow as well at high carbenicillin
concentration thus allow us to perform library selection at reasonable antibiotic concentrations.
For example, in the bicistronic system, at 2x carb and 0.5% arabinose induction, GLF grew at
10 cell dilution while scFvp17 grew at 10” cell dilution which means we could perform our

library selection using 2x carbenicillin concentration or slightly higher concentration.
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Figure 8. Comparison of tricistronic and bicistronic system for selection of scFvp17 that
binds HIV antigens. Selective plating of serially diluted cells expressing different antigen-

antibody pairs on Carb as indicated. Each spot corresponds to 5 L of serially diluted cells.



On the other hand, scFvp17 could still grow to 10° cell dilution even at 4x in the
tricistronic system which means if we were to use this system for library selection, we will
require much higher carbenicillin concentration which could be too toxic to the cells to
overcome. We speculated that cleavage of HIV-PR was more effective because pDD322
TatABC HIV-PR was under a constitutive promoter thus when synthetic E. coli was grown in
the overnight culture these plasmids could produce TatABC and HIV-PR immediately allowing
the presence of HIV-PR in E. coli from the beginning and, after adding arabinose for induction
of the promoter of bicistronic vector (pDD18scFvp17 ssTorAp17dp24BIla) to produce scFv and
substrate, HIV-PR could immediately cleave the substrate resulting in less background growth.
This condition was more appropriate than the ftricistronic vector because the tricistronic system
produced scFv, substrate and HIV-PR at the same time thus HIV-PR was not saturating the
system immediately resulting in transportation of uncleaved ssTorAp17dp24Bla, which simply

escape HIV-PR, into the periplasm.

4.4 In Vitro testing of the Design Systems

Western blot technique was used to confirm the presence of ssTorAp17dp24Bla fusion
protein in the cytoplasmic or the periplasmic fraction. If the presence of WT p17dp24 can be
detected in the periplasmic fraction, the result will confirm that cell resistance observed in the
previous in vivo experiment is due to transport of uncleaved ssTorAp17dp24Bla from the
cytoplasm to the periplasm of E. coli. Subcellular fractionation was the method used for
preparing periplasmic and cytoplasmic fractions, which allowed detection of the protein in
different compartments. Figure 9 shows detection of ssTorAp17p24Bla using anti-Bla antibody.
It was expected that if the HIV-PR substrate was not cleaved we would able to detect the
fusion protein via Bla that was on the C-terminus in both the cytoplasmic and periplasmic
fractions and the size of the substrate was expected to be 58.5 kDa.

Figure 9 confirms that the system was functioning because the size of the band around
60 kDa was present in the periplasmic fractions when scFvp17 was co-expressed with the HIV-
PR substrate, the amount of WT p17dp24 in the periplasmic fraction was higher than that of
YPKP while there was no WT p17dp24 detected in the periplasmic fraction when co-expressed
with GLF. The results were in agreement with the in vivo results which was hypothesized that
the system, comprised of protease activity detecting device, protease generator device, and
protease blocker device, was expressed solubly and transport occurred when the correct scFv,
i.e. scFvp17, was paired with the substrate while, in the incorrect pair's case (GLF-p17), the

substrate could not be transported to the periplasm due to scFvGLF’s inability to protect



proteolytic cleavage site of HIV-PR substrate. Unfortunately, there were some higher

molecular weight bands that we were unsure of but speculating to be complex of substrate with

scFv and/or HIV-PR that were not separated when the samples were prepared.

250 kDa
150 kDa

100 kDa
75 kDa

50 kDa
37 kDa

GLF WT KP GLF WTKP

30°C 37°C

P CPC?PP PP

Figure 9 Western blot analysis of transport.
Detection of ssTorAp17p24Bla was performed
using anti-Bla antibody. The expected size is
58.5 kDa Lane 2-7 are cytoplasmic (C) and
periplasmic (P) fractions expressed at 30°C of
GLF+scFvssTorAp17p24Bla (negative
control),  scFvp17+ssTorAp17p24Bla  and
scFvp17+ssTorAp17p24(YPKP)Bla  (positive
control), respectively. Lane 8-10 are
periplasmic fractions of the same order but

expressed at 37 °C.

Figure 10 is depicting a western blot result showing detection of scFv using anti-FLAG

antibody to detect the FLAG epitope tag fused to the C-terminus of each scFv. It was found

that scFvp17 was produced at a much higher level than GLF, which was previously reported

that GLF had quite low solubility [40].

cytoplasmic fraction only.

In this case, we found that both scFvs presented in the

This could be due to separation of the scFv during the harsh

transport of the substrate or its low amount rendering it undetectable.
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Figure 10 Western blot analysis of scFv
expression. Detection of level of expression of
various scFvs was performed using anti-FLAG
antibody. The expected size is 28 kDa. Lane 2-7
are cytoplasmic (C) and periplasmic (P) fractions
expressed at 30°C of GLF+scFvssTorAp17p24Bla
(negative control), scFvp17+ssTorAp17p24Bla and
scFvp17+ssTorAp17p24(YPKP)Bla (positive

control), respectively.



Finally, this technique confirmed that 30°C was the appropriated temperature of protein
expression, which was also in good agreement with the results from spot plating technique as,
in lane 9-10, there were no bands of both substrate (Fig. 9) and scFv (Fig. 10) which could be
due to aggregation of proteins resulting in inclusion bodies when expressed at high temperature
4.5 Determination of library selection conditions

Because the system showed potentials for isolation of protease-inhibiting intrabodies,
we wanted to test the system further by isolating intrabodies that can protect proteolytic
cleavage better than the wild-type scFvp17. We first have to identify the conditions that are
appropriate for isolation of scFvp17 error-prone library. This step involves extrapolation of spot
plating results such that the appropriate number of cells can be spread onto the library selection
plate and the PI isolation can be performed at appropriate conditions. The mutant library could
be selected using the conditions identified in section 4.3, which were 200 pg/mL Carb and 0.5%
arabinose induction using bicistronic system where wild type scFvp17 grew at 10 fold dilution,
and scaling up the plating volume since larger surface area will be applied when the cells are
spread onto a whole petri dish. The volume of mutant culture that should be placed on a
selection plate could be estimated by scaling up the number of cells in the last spot (most
diluted) that was grown at each condition. It is generally estimated that there are ~10°
cells/fOD600 unit in 1 ml of the culture. This approximation was used with dilution factor to
estimate the number of cells that should be placed on the library selection plate. The scaling up
could be calculated by assuming that a spot has approximately 6-mm diameter, and a 100-mm
petri dish (used as a selection plate) has approximately 85-mm inner diameter. Therefore, 200
times of 5 I sample was required for a selection plate. As our WT scFvp17 grew at 107 fold
dilution as shown in figure 11, this means the cell dilution used for library selection should be
10 fold dilution and the number of cells to be plated for library screening can be calculated
using the equation demonstrated below

10%¢cells 1mi

2ax X
1 mil 1000 pl

x 100 plx 107 =2.5x 10° cells

anti-p17scFv T!WT:B + TatABC HIV-PR

200 pg/ml Carb

Figure 11 Identification of culture cell dilution for library selection condition. The rectangle
box highlights the last dilution that the wild type anti-p17 scFv can grow which was used to

identify selection condition of the enhanced mutant scFvs from a library.



Nonetheless, the condition which was selected to isolated the mutant library was 0.5%
arabinose, Carb concentrations between 200 - 400 [lg/ml and and 10 fold dilution of
normalized overnight cell culture, respectively. It is noteworthy that when the library selection
was performed, the WT scFv should also be plated at the exact same conditions and positive
hits (mutant scFvs) should only be selected from the plates at conditions which WT scFv did
not grow.

4.6 Single-step isolation of protease cleavage inhibiting intrabodies

We tried to use PROTECT method to isolate mutant scFvp17 which may have higher
solubility and/or affinity thus can inhibit proteolytic cleavage more efficiently. In order to do so,
we created mutant scFvp17 library using error prone PCR method. pDD18 plasmid containing
bicistronic system was used because the cells containing bicistronic version did not grow as
well at high Carb concentration allowing us to perform library selection at reasonable antibiotic
concentrations from 200 pg/mL and up. Firstly, we created the mutant scFvp17 library using
GeneMorph® Il EZClone Domain Mutagenesis Kit. The size of the library was estimated to be
10® clones. 15 colonies were randomly selected prior to screening and submitted to
sequencing to estimate the mutation rate, which was found to be 1 — 5 bp per gene (729 bp)
(figure 12). After that, the library was co-transformed pDD322 Tat ABC HIV-PR into MC4100
cells for isolation procedure. The mutant scFvp17 was isolated at 200 — 400 pg/ml, 107 dilution
and incubated at 30 °C. The cell resistance of colonies that grew at 48 h were confirmed by

comparing their cell resistance to the WT scFv using spot plating technique.
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Figure 12 Estimation of mutation rate of the error prone scFvp17 library. Examples of

sequencing results of some randomly selected colonies, which were picked prior to library
screening.

Figure 13 illustrated the cell resistance of the isolated mutant scFvp17s compared with
WT scFvp17. The colonies number 2, 3, 6, 7 and 9 were isolated from 200 ug/ml Carb, 1073
dilution and 0.5% arabinose. The colonies number 10, 12, 15, 18, 25, 27 and 28 were isolated

from 300 ug/ml carb, 10° dilution and 0.5% arabinose. No colonies grew on the plate



containing 400 pg/ml carb, 10 dilution and 0.5% arabinose. From the spot plating results,

every colony except number 3 and 9 grew on antibiotic plate better than wild type scFvp17.
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Figure 13 Selective plating of serially diluted cells expressing isolated scFv mutants on LB
agar plates containing 0.5% Arabinose and various Carb concentrations and incubated at
30 °C. Each spot corresponds to 5 pL of serially diluted cells. The mutants were isolated from
error prone scFv library by spreading 100 ul of 107 fold dilution of overnight culture normalized
to OD600 = 2.5 onto LB agar plates containing 0.5% arabinose and 200 pg/ml or 300 pg/ml
Carb.



These isolated mutants were also subjected to sequencing analysis. However, the
sequencing results revealed that the results were not what we expected. Basically, our
expected DNA sequence was one copy of mutant scFvp17, followed by RBS (for the fusion
protein) and fusion protein, respectively as illustrated in figure 14. To our surprise, it was found
that the colonies number 6, 7, 15 and 28 contained 2 copies of WT scFvp17 (figure 15A). The
colony number 2 contained 1 copy of scFvp17 and 1 copy of mutant scFvp17 (figure 15B). The
colony number 3 contained a truncated version of WT scFvp17 (figure 15C). The number 10
and 12 contained 1 copy of deleted version of mutant scFvp17 and 1 copy of WT scFvp17
(figure 15D). The colonies number 18, 25 and 27 contained 2 copies of mutant scFvp17 (figure
15E). Figure 15F shows the sequence of colony number 9 which contained only 1 copy of
mutant scFvp17 as expected but the its cell resistance was not more than WT scFvp17 as
shown in figure 15 (spot plating method). Note that the highlights show in figure 15 represent
the end of the first scFvp17 (WT or mutant), ribosome binding site and the beginning of the
second scFvp17 (also WT or mutant). From all the results, it can be concluded that most
colonies isolated from the library contained 2 copies of scFv (protease blocking device) which
could be due to the plasmid creation step (step2) of the GeneMorph® II EZClone Domain
Mutagenesis Kit which uses PCR method to synthesize the whole plasmid. Hence, in this step,
2 copies of megaprimer (mutant scFvp17 fragment) could be inserted and formed a new
plasmid (figure 16). Therefore, we changed the error-prone kit to GeneMorph Il Random
Mutagenesis Kit, which was used to create megaprimer only and the standard cloning protocol
(digestion and ligation) was used to insert the mutant scFv gene into the plasmid and solved
the problem of insertion of 2 copies of scFv. Nonetheless, despite unexpected results, it can be
implied that the system probably was functioning as designed, which was to isolate mutant
scFvs that can inhibit proteolytic cleavage better than WT can. However, since the library
quality was not good, the colonies that passed the screen only turned out to be cells carrying
plasmids with multiple copies of scFvs which probably can inhibit proteolytic cleavage better just

because there are more amount of the scFv inside the cells.

102 839 910
| | |

mutant anti-p1yscFv RBS  Fusion protein

Figure 14 The expected sequences of the plasmid from error prone PCR by GeneMorph® I

EZClone Domain Mutagenesis Kit.
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Figure 15 Sequencing analysis of the isolated anti-p17 scFv mutants. The sequencing
results were analyzed by BioEdit program. (A) colonies number 6, 7, 15 and 28 showing 2
copies of wild type scFvp17, (B) colonies number 2 showing 1 copy of WT scFvp17 and 1 copy
of mutant scFvp17, (C) colonies number 3 showing truncated scFvp17, (D) colonies number 10
and 12 showing 1 copy of mutant scFvp17 with some deletions and 1 copy of mutant scFvp17,
(E) colonies number 18, 25 and 27 showing 2 copies of mutant scFvp17 and (F) colony number
9 showing an expected sequence which is 1 copy of mutant scFv::ribosome binding site::fusion

protein (p17dp24).

In the abovementioned, we had to change the commercial kit for creating the error
prone library from GeneMorph® Il EZClone Domain Mutagenesis Kit to GeneMorph |l Random
Mutagenesis Kit to resolve the issue with insertion of multiple copies of scFv. The mutation rate
for the new kit was chosen to be the same as the previous library construction experiment.
Unfortunately, after a few attempts, the new library size was only 8x10*. We decided to move
forward and tried to isolate enhanced scFv from this library by spread plate method. For the
first isolation attempt, we isolated the mutant anti-p17scFv with 200-400 pg/ml, 10°-10™ dilution,
0.5% arabinose and incubated at 30°C for 48h. But we observed no growth on the selection
plates of both mutant anti-p17 scFv library and WT anti-p17 scFv. Therefore, we attempted to
perform library selection again by changing the cell fold dilution from 10°-10* to 10210
keeping the other conditions the same. Although, we changed the cell fold dilution, which also
means more number of cells to be tested, but we still observed no growth as before. Next, we
changed the condition again by increasing the percentage of arabinose used as the inducer
from 0.5% to 1% as well as decreasing the concentration of Carb antibiotic with 102-107
dilution and incubated at 30°C for 48h. Our expected result for this experiment was that we
would observe no growth for WT scFv and the positive hits of mutant-p17 scFv would grow on

selection plate after 48 h.
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Figure 16 Principles of GeneMorph® Il EZClone Domain Mutagenesis Kit method.
(https://www.biocompare.com/20737-Mutagenesis-Kits/87730-GeneMorphreg-II-EZClone-

Domain-Mutagenesis-Kit/)

Moreover, we plated the library on 4 times more number of plates as previous
experiments because we wanted to enhance the opportunity to isolate positive hits.
Unfortunately, the results were not what we expected. It was found that the WT scFv plates at
102 dilution had colonies and, in fact, there were more number of colonies than the mutant
scFv plates at the same dilution. While WT scFv plates had around 10 colonies, the mutant
scFv plates had only one or two colonies. On the other hand, at 10" dilution we observed no

growth from both WT and mutant scFv plates (figure 17A-D). It can be implied from these



results that the mutations on the scFvp17s in the library probably had protection efficiency less
than that of WT and/or their solubilities were low. In conclusion, we could not isolate any mutant
scFvp17s which have protection efficiency more than that of WT scFv. We speculated that the
reason is due to the low quality of the library. As a random mutation kit was used for
construction of the library, we could not manage or design the mutated positions on scFv which
were relevant to enhancement of the affinity and/or the solubility.  Typically, when random
mutagenesis approach is used, most mutations are deleterious, therefore, the library size
should be big enough such that some enhanced mutants would be present in the library pool.
For example, Waraho et al. reported that they could isolate enhanced anti-GCN4 scFv from a
library comprising 10° clones [40]. However, our library size was only estimated to be 8x10*. An
alternative approach would be to use computational method to identify some mutated locations
and/or amino acid mutations on the scFvp17 which would improve its affinity or solubility
allowing us to create a library with higher quality mutants. A computational method had been
used to construct the model of scFvp17 binding to the C-terminus of p17 [46]. Similar method
can be used to mutate the WT scFvp17 model and dock with the sequence of the cleavage site
to find some suggested mutations that would improve the inhibiting efficiency. In fact, we
propose to investigate mutations on the CDR region to enhance the efficiency of scFvp17.
Because CDR region is the specific binding site of scFv, therefore, mutations of some amino
acids which change the charge of the CDR may increase binding with the substrate. In addition,
the computational method may be used to mutate in other site besides the CDR such that

solubility may be enhanced.
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Figure 17 The selection plates for library selection. Cells carrying plasmid library were
spread onto 100-mm petri dish. The conditions used for library selection were 102 and 107
dilutions, 100, 150 and 200 pg/ml Carb and 1% arabinose (A) the results of WT scFvp17 in
each condition (used as control) and (B-D) the results of mutant scFvp17 library at 100, 150

and 200 pg/ml of antibiotic, respectively.



5. Conclusions and Future works
Using synthetic biology approach, we successfully created a synthetic E. coli protease inhibitor
detecting biomachine based on the Tat pathway. The system is comprised of 3 devices; first,
the protease activity detector device (ssTorA::substrate p17dp24::Bla), which contains the
protease cleavage site or the substrate for the protease, second, the protease generator device
(HIV protease) which is an enzyme that cleaves the HIV-1 substrate and, third, the protease
blocking device (scFvp17) which acts as a protease inhibitor to protect the proteolytic cleavage
on the substrate. Moreover, the natural transport mechanism of the Twin-arginine translocation
(Tat) pathway was utilized as a biological tool to select the appropriate scFvs for inhibition of
HIV-1 protease’s activity. We modified FLI-TRAP and ISELATE [7,10] principles to utilize the
unique protein transportation ability of the Tat pathway. The spot plating results showed that the
scFvp17 can bind and protect the proteolytic cleavage site of HIV-1 substrate as the synthetic
E. coli could grow on beta-lactam antibiotic plate. Furthermore, in-vitro experiment (western blot
technique) confirmed that the cells resistance was due to translocation of the substrate as the
cleavage of the substrate was prevented by scFv and the fusion protein was transported to the
periplasm of the synthetic E. coli. From these experiment, it can be concluded that (i) the
designed system functioned as expected as shown by the difference of cell resistance between
our tested system and negative control and (ii) scFvp17 itself can block proteolytic cleavage on
p17/p24 cleavage site even though it binds to the C-terminus of p17 not the p17/p24 cleavage
site directly.  After that, we constructed an error prone scFvp17 library using a commercial
mutation kit. The library was used for isolation of enhanced scFvp17 by spread plate and spot
plate techniques. Unfortunately, none of the improved scFvp17 variants which could protect the
cleavage site of substrate better than WT scFvp17 were found as no growth on the antibiotic
plate was observed at the conditions where WT scFvp17 did not grow. We speculated from the
results that the library size was too small which means the repertoire of the mutant scFv was
not big enough to provide many advantageous mutations, and as a consequence, there was
less opportunity to find any mutant scFvs which had the protection efficiency higher than that of
WT scFvp17. Nonetheless, our work demonstrated that scFvp17 has the ability to fold in the
reducing environment of the cytoplasm of E. coli and can protect the proteolytic cleavage of
p17dp24 substrate. Therefore, through our model system, we proofed that our designed system
can be used to isolate protease inhibitor because we can detect growth when substrate-specific
scFv that could protect proteolytic cleavage was co-expressed with protease and substrate and

there was no growth observed when a non-related scFv was used instead (negative control).



This current work clearly shows the ability of our assay as a selection platform of protease
inhibiting intrabodies.

For future work, we propose that experimental approach can be improved by combining
with the computation approach. Computational method had been used to create the model of
scFvp17. Therefore, this model can be mutated for find the best three models which can
protect the proteolytic cleavage site of HIV-1 protease’s substrate. After that, the models can be
applied to our system and tested experimentally again to verify that the mutant models actually
have better protection efficiency than WT scFv as suggested by the result form computational
method. Moreover, this PROTECT technique should be tested with other antigen-scFv system

to proof its versatility against other targets.
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Design and construction of a synthetic E. coli protease inhibitor
detecting biomachine

P. Boonyalekha, A. Meechai, C. Tayapiwatana, K. Kitidee and D. Waraho-Zhmayev

Abstract— Protease inhibitors (PIs) have been used to treat
various types of symptoms or diseases. However, current PIs
block the protease activity by targeting the protease active site
which has been shown to be sensitive to the off-target effect due
to crossreactivity with protease homologues. An alternative
approach to inhibiting protease activity is to target the substrate,
specifically by blocking the substrate cleavage site. We propose
to employ synthetic biology approach to create a synthetic E. coli
to be used as a protease inhibitor detecting biomachine that can
effectively isolate intrabodies, a new generation of protease
inhibitor drug. The in vivo selection system, comprised of three
biological devices, i.e., protease activity detector, protease
generator and protease blocking devices, is based on the ability
to transport folded protein of the E. coli twin-arginine
translocation (Tat) pathway and antibiotic resistance of TEM-1
p-lactamase (Bla) using as reporter protein. By linking protease
degradation to antibiotic resistance, we can isolate the suitable
intrabodies simply by plating cells containing appropriate
devices on solid agar containing B-lactam ring antibiotics. As a
proof of concept, we applied a previously isolated HIV-1 p17
intrabody (scFvp17) that binds to the C-terminus of HIV-1
matrix protein (pl7) to our synthetic E. coli. This work
demonstrated that binding of scFvp17 to its epitope on p17 can
physically interfere with HIV-1 protease activity and inhibit
proteolytic cleavage at the p17Ap24 cleavage site when expressed
in the designed format. The device was optimized by varying
plating conditions such as incubation temperatures, induction
levels, and Carbenicillin concentrations which was used as
selection pressure. The feasibility of this assay has opened the
door to protease inhibitor selection which can be used for
various applications such as optimization of the current protease
inhibitors and selection of new ones.

Keywords—Twin-arginine translocation pathway; proteolytic
cleavage site; intracellular antibody; protease inhibitor; HIV-1;
HI1V protease; FLI-TRAP; ISELATE; synthetic biology, E. coli

I. INTRODUCTION

Proteases (PR) are a large enzyme family that catalyzes
proteolysis of a peptide bond in specific substrates. They are
considered one of the largest classes of potential drug targets
for the pharmaceutical industry. However, as we have learned
from the current PI regime, targeting the protease itself may
risk facing the severe adverse effect due to cross-reactivity of
the PI to the homologues of the target protease which are
essential to human body. Therefore, alternative approach for

*Research supported by TRF and KMUTT.

P. Boonyalekha is with the Biological Engineering Program, Faculty of
Engineering, King Mongkut’s University of Technology Thonburi, Bangkok,
Thailand (e-mail: phenbunya.boon@gmail.com).

A. Meechai is with the Department of Chemical Engineering and
Biological Engineering Program, Faculty of Engineering, King Mongkut’s
University of Technology Thonburi, Bangkok, Thailand (email:
asawin.mee@kmutt.ac.th).

978-1-5090-2809-2/17/$31.00 ©2017 IEEE

proteolytic cleavage inhibition is now focused on targeting the
cleavage site of the substrate instead of the protease active site.

Synthetic biology is a new interdisciplinary research field
which focuses on engineering biomolecular systems and
cellular capabilities for a variety of applications . To avoid off-
target effects, we propose to use synthetic biology approach to
engineer Escherichia coli (E. coli) as a general platform for
isolating intracellular antibodies (intrabodies) that, upon
binding to the protease substrate, can interfere with substrate-
protease interaction and, consequently, inhibit the protease
function. Intrabodies are antibody fragments that are soluble
and can function inside the reducing environment of the cell’s
cytoplasm. One of the most common format is termed single
chain variable fragment (scFv) which is comprised of variable
regions of heavy and light chains connected by a flexible linker
thus represent the recombinant minimal antigen-binding
fragments of antibodies [1]. Many researchers have reported
the potentials of intrabodies in treatment of various diseases,
for example, scFvs targeting erbB2, p53, or Caspase 3 for
cancer and HIV-1 gp120, CCRS and p17 for HIV, etc [1].

Our assay utilizes the Tat pathway of E. coli which was
originally recognized for the translocation of complex redox
proteins which are important for cell to survive therefore many
unique features exists [2]. DeLisa research group has exploited
the quality control and the hitchhiker mechanisms to develop
platforms for engineering soluble intracellular proteins both in
terms of antigen-independent (ISELATE) [3] and antigen-
dependent (FLI-TRAP) [4] selections. ISELATE is based on
the quality control mechanism, the ability of the Tat pathway
to transport folded protein from the cytoplasm to the periplasm
while rejecting misfolded proteins. While FLI-TRAP is based
on the hitchhiker mechanism, the ability to transport non-
covalent protein complex in which only one subunit contains
targeting signal for export.

The utility of our assay is illustrated using HIV-1 protease
system. HIV is human immunodeficiency virus that attacks
human’s immune system. For viral replication, viral proteins
are initially translated by the host machinery in the form of
large precursor fusions, gag, pol, and env that are
proteolytically processed by HIV PR to release the viral
structural proteins and the virally encoded enzymes. Since
HIV PR is essential for the generation of mature infectious
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viral particles it currently represents a prime drug targeting.
The potentials of intrabodies in HIV treatment have been
demonstrated in several studies. Therefore, it is a good
candidate for our assay development.

A. Abbreviations and Acronyms

HIV Human Immunodeficiency Virus

scFv single chain variable fragment

PI protease inhibitor

FLI-TRAP Functional Ligand-binding Identification by
Tat- based Recognition of Associating Proteins

ISELATE Intrabody Selection after Tat Export

II. MATERIALS AND METHODS

A. Plasmid constructions and bacterial strains

E. coli strain DH5a was used for plasmid construction. The
plasmid used for tricistronic and bicistronic expressions were
based on pDD18 [4]. The necessary components are 1) the
protease blocking device comprised of scFvpl7 [5] with c-
terminus FLAG-tag 2) the protease activity detector device
comprised of ssTorA::p17Ap24::Bla fusion protein and 3) the
protease generator device comprised of HIV-protease (HIV-
PR) with c-terminus His tag. In the first generation, all of these
devices were expressed from a pDDI8 vector containing
tricistronic  expression. Nonetheless, pDD322 TatABC
plasmid was co-expressed with our pDD18 containing the
devices because overexpression of Tat ABC proteins from
pDD322 has been shown to improve transport efficiency as
they are key proteins of the Tat pathway. scFvpl7 was
replaced by scFv against a yeast transcription factor, GCN4,
anti-GCN4 scFv wild-type (WT), GLF, to create negative
control as GLF cannot bind to HIV-PR substrate, pl 7Ap24, a
truncated gag precursor corresponding to all of pl17 and the
first 78 amino acids of p24 which was previously shown that
the rate of cleavage at this site is similar to the rate of cleavage
of the p17-p24 junction in the full-length polyprotein [6]. To
construct a positive control, mutation of one amino acid on the
pl7/p24 cleavage site from YP to KP was performed using
“Round the Horn” technique. To construct the bicistronic
system, pDD322 TatABC was digested with Kpnl-Xmal and
HIV-PR gene was PCR and cloned into these cut sites to create
pDD322 TatABC HIV-PR.

B. Selective growth assays

E. coli strain MC4100 was used for spot plating and
Western Blotting. Selective plating (spot plating) of bacteria
was performed as described [4]. Briefly, MC4100 cells were
co-transformed with pDD18 and pDD322 plasmids listed
previously and grown overnight at 37°C in Luria Bertani (LB)
medium supplemented with 25 pg/ml chloramphenicol (Cm)
and 50 pg/ml Kanamycin (Kan). The next day, drug resistance
of bacteria was evaluated by spot plating 5 pl of serially 10-
fold diluted overnight cells that had been normalized in fresh
LB to ODggo = 2.5 onto LB agar plates supplemented with 0.1-
0.5 % arabinose and varying amounts of Carbenicillin (Carb;
0—400 pg/ml). Plated bacteria were incubated at 30°C for 48h.

C. Subcellular fractionation

Typically, E. coli cells were grown in LB medium
overnight, subcultured into fresh LB, and then incubated at 30
or 37 °C. Protein synthesis was induced when the cells

reached an ODgyp ~0.4-0.5 by adding arabinose to final
concentration of 0.2% wt/vol. Cells expressing recombinant
proteins were harvested 4 h after induction, induced culture
normalized by ODgoo was pelleted. Subcellular fractionation
was performed by using the ice-cold osmotic shock procedure
[7]. Cytoplasmic and periplasmic proteins were separated by
SDS/PAGE and Western blotting was performed according to
standard protocols. Membranes were probed with the
following primary antibodies (dilutions in parentheses):
mouse anti-FLAG M2-HRP (1:3,000; Sigma-Aldrich) to
detect intrabodies and mouse anti-Bla (1:150; Abccam) to
detect the antigen-Bla fusion.

ITII. RESULTS AND DISCUSSIONS

A. Design of the selection system

We propose that the quality control and the hitchhiker
mechanisms of the Tat pathway can be utilized to identify
high soluble with high-affinity scFvs toward its target. By
linking protease degradation to antibiotic resistance, we can
isolate the suitable intrabodies simply by plating cells
containing appropriate devices on solid agar containing [-
lactam ring antibiotics. We first devise our selection system
into 3 devices as follows.

TatAB

Cytoplasm
ytop machinery

machinery

Unbound o

scFv
T T

sTorA o ™
@ Substrate & TEM-1 f-lactamase
Unfolded scFy HIV Protease

Figure 1 Exploiting the Tat pathway for selecting protease inhibiting
intrabody

1) Protease activity detector device

The purpose of the protease activity detector device is to
report protection of the cleavage site of the polypeptide by
specific binding of scFv to the substrate at the protease
cleavage site. We constructed a tripartite fusion consisting of
ssTorA::substrate::Bla under the AraBAD promoter in
pDD18 plasmid originally developed for FLI-TRAP
technique. Bla is used as a reporter protein while ssTorA is
used as translocating signal to initiate transport of the protein
complex in a Tat-dependent manner. The strategy of the
selection is shown in Figure 1. Basically, if the substrate is
protected against proteolytic cleavage due to binding of the
scFv, ssTorA::substrate::Bla will be transported to the
periplasm resulting in cell resistance to B-lactam antibiotic
such as Carb. On the other hand, if scFv only binds to the
pl7Ap24 domain but does not inhibit the protease cleavage
the substrate will be cleaved resulting in release of two
domains; i) ssTorA::pl7 domain that will be transported to
the periplasm via the Tat-specific signal peptide and ii)
Ap24::Bla domain that will remain in the cytoplasm resulting
in cells that are sensitive to Bla.

qﬂ HIV Protease
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2) Protease generator device
Protease generator device is simply comprised of a gene
coding HIV-1 PR. For the translocation of the tripartite fusion
protein to occur, binding of the intrabody must prevail the rate
of protease cleavage. This binding phenomenon is a type of
kinetic event thus depends upon the affinity and solubility of
the intrabody inside the cell. To prevent problems associated
with high level of protease expression, we chose a weak
ribosome binding site (RBS) from the iGEM RBS community
collection (part number BBa B0031) for this construction.

3) Protease blocking device
Similar to the protease generator device, the protease blocking
device contains a gene coding intrabody. The intrabody is
tagged with FLAG epitope tag for easy detection of the
presence of scFv.

B. Invivo testing of the designed system

Spot plating technique was used to evaluate the feasibility
of the developing system. The first construct is the tricistronic
system where all 3 devices were expressed from pDD18. We
found that our system (scFvp17 with WT p17Ap24 substrate)
can distinguish the differences in cell resistance between cells
expressing HIV-PR alone (no Bla), our test system and
positive control and that the system can function better when
expressed at 30°C compared to 37 °C (data not shown) as low
incubation temperature allows for slower expression of the
scFv which can result in higher soluble proteins in the
cytoplasm. Furthermore, since the cells have to be grown at
low temperature, longer incubation period is required. It was
found that 48 hours incubation allows for the best distinction
between each sample.

It is noteworthy that there are many possibility of
designing our devices. It is important to consider some
hindrances due to kinetics of the system, i.e. transport vs.
protease cleavage, we also investigated a system where HIV-
PR is expressed from pDD322. The main differences are the
copy number and inducibility of the vector that HIV-PR is
cloned into. pDD322 has low copy number and HIV-PR is
produced constitutively. We compared the two systems using
spot plating technique (Figure 2). The difference of cell
resistance between scFvpl7-WT p17Ap24 and the non-related
scFv, GLF,-WT pl7Ap24 are similar in both tri- and bi-
cistronic systems. Moreover, when higher Arabinose
concentrations are used the difference in cell resistance is seen
more clearly. The results in figure 2c illustrate that the cell
resistance to Carb of WT p17Ap24 substrate is higher than that
of the positive control which is the YP to KP mutant. We
propose that since the mutation is at the last amino acid of p17
the scFvpl7, which is expected to bind to the C-terminus of
pl7, may not bind to the YPKP substrate as efficiently. It is
speculated from the literature that HIV-PR cannot bind at all
with YPKP p17Ap24 or very weakly [8]. However, since our
results show that substrate with YP to KP mutation has lower
cell resistance than that of the WT substrate, we hypnotize that
it is because the effect of scFv protection by binding to the C-
terminus of pl7 is stronger than the reduction of cleavage
efficiency as the binding may still weakly occur. Nonetheless,
when considering the results of cells expressing GLF and WT
pl7Ap24 both in tricistronic and bicistronic systems, it is
clearly observed that the cell resistance is due to scFv binding
that interferes with PR activity because GLF cannot protect the

cleavage of p17Ap24 substrate as the cell resistance to Carb is
much lower than that of cells expressing scFvpl7 and WT
pl7Ap24. 1t should be mentioned that even in the case of GLF-
WT p17Ap24, background growth is clearly observed. Ability
to grow on Carb can occur when large amount of cells are
densely plated on the solid media as active Bla from the
cytoplasm of death cells is released onto the solid medium
which can still degrade the B-lactam antibiotics around the
debris. Therefore, when comparing the tricistronic and
bicistronic systems using the difference in the efficiency of cell
growth from cells expressing scFvpl7- WT pl17Ap24, bi-
cistronic may be more suitable for future selection of enhanced
scFvp17 variants from an error-prone scFvp17 library because
cells do not grow as well at high carbenicillin concentration
thus allow us to perform library selection at reasonable
antibiotic concentrations such as at 200 ug/mL.

a 107 107 100 104 10* 10 100 107 100 104 10° 10¢ 107 102 100 104 10° 104
Tri : Negative control {4 ]
‘Tri : Positive control 8]
Tri : Test
Bi : Test ®oT
Bi : Negative control [in e )

Tri : Positive control
Tri : Test
Bi : Test

100 pg/ml Carb 400 pg/ml Carb
b 107 107 10° 104 107 104 107 10 107 104 10° 104 107 10° 10° 104 10° 10¢

> o

200 pg/ml Carb

Tri : Test
Bi : Test

Bi : Negative control
25 pg/ml Carb

Tri : Test
Bi : Test

Bi : Negative control ]
00 pg/ml Carb

[y 107 107 10° 104 10° 104 107 107 107 10%
Tri : Negative control P S ) 2o
Tri : Positive control
Tri : Test
Bi : Test

Bi : Negative control

i : Negative control IS
100 pg/ml Carb

200 pg/ml Carb
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Figure 2 spot plate result use 10'-10 dilution samples vary concentration
of antibiotic (carbenicillin) and arabinose with 0 — 400 pg/mL and (a) 0.1%,
(b) 0.2% and (c) 0.5% , respectively. The result have 5 conditions as negative
control; pDD18 scFvGLF ssTorApl7Ap24Bla HIV-PR+pDD322 TatABC,
positive control; pDDI18 scFvpl7 ssTorApl7Ap24(YPKP)Bla HIV-
PR+pDD322 TatABC, tricistronic  vector(test); pDDI8  scFvpl7
ssTorAp17Ap24Bla(WT) HIV-PR+pDD322 TatABC, bicistronic vector(test);
pDD18 scFvpl7 ssTorApl7Ap24Bla (WT)+pDD322 TatABC HIV-PR of
scFvpl7 and  bicistronic negative control; pDDI18  scFvGLF
ssTorAp17Ap24Bla (WT)+pDD322 TatABC HIV-PR

C. Invitro detection of tripartite fusion protein translocation

Western blot technique was used to confirm the
localization of ssTorApl7Ap24Bla fusion protein. If the
presence of WT can be detected in the periplasmic fraction,
the result will confirm that cell resistance observed in the
previous in vivo experiment is due to transport of uncleaved
ssTorA pl17Ap24Bla from the cytoplasm to the periplasm of
E. coli. Figure 3a shows detection of ssTorApl7Ap24Bla
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using anti-Bla antibody. It is expected that if the HIV-PR
substrate is not cleaved we will be able to detect the fusion
protein via Bla that is on the C-terminus in both the
cytoplasmic and periplasmic fractions and the size of the
substrate is expected to be 58.5 kDa. Figure 3a confirms that
the system is functioning because the size of the band around
60 kDa is present in the periplasmic fractions when scFvpl7
was co-expressed with the HIV-PR substrates while there was
no WT pl17Ap24 detected in the periplasmic fraction when co-
expressed with GLF. The amount of WT p17Ap24 in the
periplasmic fraction is higher than that of YPKP which is in
agreement with in vivo results from spot plating technique.
We hypothesize that the system, comprised of protease
activity detecting device, protease generator device, and
protease blocker device, was expressed solubly and transport
occurred when the correct scFv, i.e. scFvpl7, is paired with
the substrate while, in the incorrect pair’s case (GLF-
pl7Ap24), the substrate cannot be transported to the
periplasm due to GLEF’s inability to protect proteolytic
cleavage site of HIV-PR substrate. Unfortunately, there are
some higher molecular weight bands that we are unsure of but
speculating to be complex of substrate with scFv and/or HIV-
PR that are not separated when the samples were prepared.

Figure 3b shows detection of scFv using anti-FLAG
antibody to detect the FLAG epitope tag fused to the C-
terminus of each scFv. It was found that scFvpl7 can be
produced at a much higher level than GLF, which was found
earlier that it has quite low solubility [7]. In this case, we
found that both scFvs present in the cytoplasmic fraction only.
This could be due to separation of the scFv during the harsh
transport of the substrate or its low amount rendering it
undetectable. Finally, this technique confirms that 30°C is the
appropriated temperature for protein expression, which is also
in good agreement with the results from spot plating technique
as, in lane 9-10, there were no bands of both substrate (Fig. 5a)
and scFv (Fig. 5b) which could be due to aggregation of
proteins resulting in inclusion bodies when expressed at high
temperature.

; . b 30°C
a GLF Jev(r— KP CIFR\;("'FKP SLE WI  _KP
- = C PC &P C P
CPCPCPPPEP

250 kDa 250 kDa
150 kDa 150 kDa
100 kDa
100 kDa 75 kDa

75 KkDa

— — — 50 kDa
50 kDa 37 kba
37 kba - — —
25 kba
20 kDa

20 kDa

Figure 3 Western blot result, use primary antibody a) an anti-Bla for detect
ssTorA:: pl7Ap24WT::Bla that size of this part is 58.5 kDa. Lane 2-7 are
cytoplasm and periplasm at 30°C of negative control, scFvpl7::ssTorA::
p17Ap24::Bla and positive control, respectively. Lane 8-10 are periplasm of
negative control, WT and positive control, respectively b) a-FLAG antibody
for detect scFvpl7::FLAG that size of this part is 27.6 kDa. Lane 2-7 are

negative control, scFvpl7::ssTorA:: pl7Ap24::Bla and positive control at
30°C, respectively.

IV. CONCLUSIONS

We have designed and constructed the synthetic E. coli
selection system containing HIV protease inhibitor system
comprised of protease activity detector device (ssTorA
p17Ap24Bla), protease generator device (HIV protease-His6)

and protease blocking device (scFv-FLAG) as a tool for
selection of scFv that can bind to the cleavage site and block
protease cleavage which can be detected when transportation
of the B-lactamase enzyme from the cytoplasm to the
periplasm via the twin-arginine translocation (Tat) pathway
of E. coli. To this end, we have tested the system in two
formats, tricistronic and bicistronic systems. The efficiency
of the device was evaluated through spot plating technique
and translocalization of the uncleaved substrate was observed
by western blot technique. We concluded that both techniques
showed that scFvpl7 has ability to fold in the reducing
environment of E. coli and can protect the proteolytic
cleavage site of pl7Ap24 substrate thus potential for
developing into a model system for our protease inhibitor
selection device. Moreover, scFvp17 has been proven to bind
to many mutants that exist in patients thus can be good
candidate for HIV therapy [9], [10].

This current work clearly shows the ability of our assay as
a selection platform of protease inhibiting intrabodies. The
conditions from spot plating can be used to extrapolate into
conditions for selection plating of a library with random
mutations to find high performace mutants which possess
higher solubility or affinity thus can better protect proteolytic
cleavage than the existing scFv or even use this assay to find
scFvs from a naive library for a new substrate target.
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