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Abbreviations

AB

AP
ApoER2
APP
BCA
BSA
CAPPD
CBB
CHO
CIAP
CuBD
Dkkl
DTT
ELISA
ER
FAAR
FAPP
FATT
FN9-10
FN10
Gdn-HCI
GFLD
GFP
GSH
GSSG
GST
hCPB
IgG
IPTG

Amyloid
Alkaline phosphatase
Apolipoprotein E receptor-2
Amyloid precursor protein
Bicinchoninic acid
Bovine serum albumin
Central APP domain
Coomassie brilliant blue
Chinese hamster ovary
Calf intestine alkaline phosphatase
Copper binding domain
Dickkopft-1
Dithiothreitol
Enzyme-linked immunosolvent assay
Endoplasmic reticulum
N-(3-[2-furyl] acryloyl)-Ala-Arg
N-(3-[2-furyl] acryloyl)-Phe-Phe
FLAG-acidic region-TARGET-Tag
Fibronectin 9-10™ type-III repeat
Fibronectin 10™ type-III repeat
Guanidium hydrochloride
Growth-factor like domain
Green fluorescent protein
reduced glutathione
oxidized glutathione
Glutathione-S-transferase
human carboxypeptidase B
Immunoglobulin G

isopropyl B-D-1-thiogalactopyranoside
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LA1 LDLR class A module-1

LB Lysogeny-Broth

MBP Maltose binding protein
MeCPA  Metarhizium carboxypeptidase A
PAGE Polyacrylamide electrophoresis
PAR Protease-activated receptor
PBS Phosphate-buffered saline

PCR Polymerase chain reaction
PMSF Phenylmethylsulfonyl fluoride
pNPB p-nitrophenyl phosphonate
PVDF Polyvinylidene difluoride

scFv Single-chain variable fragment
SDS Sodium dodecyl sulfate

TBS Tris-buffered saline

Standard three-letter of one-letter abbreviations were used for common amino acids.



I. Introduction

Escherichia coli is the most universally used expression system

The DNA recombinant technology combined with heterologous expression systems is
one of the most powerful and essential tools in the field of protein science. It enables
overexpression of proteins which have low physiological expression levels, production
of eukaryotic proteins in bacterial cells, and various genetic manipulations aimed at
enhancing expression level, solubility, structural stability or purification yield of a target
protein (Baneyx F, 1999).

Unarguably, Escherichia coli is the most widely used expression host in both industrial
application and basic research because of low cost medium, rapid growth, abundant
expression level, and well-characterized genetic background. Started from the
recombinant production of human insulin in 1982, now approximately 40% of
biopharmaceutical proteins are produced using E. coli expression system (Terpe K et.
al., 2006). Statistical study of Protein Data Bank (PDB) shows 88.5% of the deposited
structures are derived from protein samples produced in E. coli (Fig.1), indicating the
critical requirement of the system in experiments that demand large quantity of proteins

such as X-ray crystallography.
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Figure 1. Classification of PDB-deposited data by expression organisms. The value beside bar
represents usage of each organism in percentage in 82033 data calculated by RCSB PDB Statistics
(http://www.rcsb.org/pdb/static.do?p=general information/pdb_statistics/index.html).  Escherichia

coli strain was shown in red bar.

Three problems in the E. coli recombinant expression system

Despite the highly cost-effective nature of E. coli expression system, over 60% of
pharmaceutical proteins are produced in other organisms (mostly mammalian cells and
Saccharomyces cerevisiae). Apart from the obvious shortcoming such as the lack of
post-translational modifications, there are three major hurdles in recombinant protein
production in bacteria. First, expressed heterologous proteins often form insoluble
aggregates within the bacteria cytosol. Second, one must come up with an efficient
purification method for the target protein from the crude bacterial lysate, maintaining its
native structure. When the protein is expressed as an insoluble form, one can still obtain

native protein by “refolding”, which leads to the third problem; one must empirically



determine the experimental condition to refold functional proteins from the denatured
polypeptides in vitro. Therefore, 1) soluble expression, 2) purification, and 3) refolding
are the three major bottlenecks in the E. coli expression system, sometimes forcing the

researchers to abandon this great expression system.

Tagging strategy and protein purification

Tag fusion strategy is frequently used in protein expression projects. Especially, it is
an excellent solution for purification. Most of the fusion tags have their specific
interaction partners that enable one-step separation of the tagged protein from other
contaminations (Table 1). The most commonly used tag is poly histidine tag (His-tag),
using metal-chelating property of tandem histidine sequence (Porath J et. al., 1975).
His-tagged protein can be easily isolated from the crude lysate by flowing through a
nickel complex-immobilized affinity column. FLAG (DYKDDDDK) (Hopp TP et. al.
1988), HA (YPYDVPDYA) (Field J et. al. 1988) and Myc (EQKLISEEDL) (Munro S
et. al. 1984) are also common peptide tags. Proteins with these peptide tags can be
isolated using immunoaffinity resins that had been coupled with their specific
antibodies. Our lab had developed one such peptide tag called “TARGET-tag”, utilizing
an anti-peptide monoclonal antibody and its unique recognition sequence (Sangawa T ef.
al., 2008, Nogi T et. al., 2008, Tabata S 2010).

In addition to the short peptide, proteins which have larger molecular weight are also
used as fusion tag. Glutathione-S-transferase (GST, 26 kDa) and maltose-binding
protein (MBP, 40 kDa) are two most frequently used fusion partners (Benard V, et. al.,
2002, Ishii Y et. al. 1998). GST- and MBP- fusion proteins are specifically captured by

glutathione- and amylose-immobilized resins, respectively.



As these “affinity resins” exploit their ability to interact specifically with the respective
ligands, it is generally possible to isolate tagged proteins from crude starting material
with high purity in a single step (Walters RR. 1985). One drawback is that these affinity
resins, especially immunoaffinity resins, are generally expensive and lose capacity or
specificity during the repeated use and regeneration, increasing the overall cost
(Narayanan SR, 1994). Additionally, elution buffers often contain expensive
components such as competitive peptide or compounds (e.g. epitope peptides).
Alternatively, low or high pH elution buffers are employed to destroy the interaction
between the resin and tag but their use often results in a serious damage of both the

immobilized binders on the resin and the target protein.

Table 1. Commonly used affinity tags. Residue number, amino acid sequence, specific purification

matrices and molecular size were described.

Tag name Residues Sequence Purification matrix Size (kDa)
Peptide tag

Poly-His Typically 6-10 HHHHHH Ni- or Co- chelete 0.14 x 6-10
FLAG 8 DYKDDDDK Anti-FLAG antibody 1.01

Myc 14 EQKLISEEDL Anti-Myc antibody 1.20

HA 9 YPYDVPDYA Anti-HA antibody 1.10
Strep-tag Il 8 WSHPQFEK Modified streptavidin 1.06

Proteinacious tag
GST 211 Protein Glutathione 26.00
MBP 396 Protein Cross-linked amylose 40.00




In contrast to the proprietary affinity systems described above, traditional
chromatographies such as ion exchange, hydrophobic interaction, and size exclusion are
group-specific separation methods which have been used in the field even before the
introduction of DNA recombinant technology (Hamilton PB et. al., 1960, Lindqvist B et.
al., 1955, Porath J et. al., 1959). In these methods, proteins are fractionated according to
their physicochemical properties such as electrostatic charges, hydrophobicity or
molecular size. These traditional resins are advantageous in several regards. First, they
are much less expensive compared to most of the modern affinity chromatographic
resins. Second, binding capacity of traditional adsorption chromatographies is very high
(e.g. binding capacity of anion exchange resin Q-sepharose FF is 120 mg /mL, in
contrast to that of Ni-NTA and anti-FLAG resins of only 5-10 mg/mL, and 1-2 mg/mL,
respectively). Third, these resins either do not require regeneration or are tolerable to
harsh regeneration condition, making the repeated use possible. These traditional
methods however generally suffer from the low purification efficiency due to the lack of
strict specificity. As a result, combination of multiple chromatographic steps is usually
employed to achieve sufficient purification. Because any purification step is invariably
associated with sample loss to some extent, there are trade-off relationships among the
cost, the purity and the yield. Despite the development of various sophisticated tagging

technologies, there still remains a demand for better protein purification methods.

Insoluble expression
Insoluble expression is recognized as one of the major problem in bacterial expression
systems. Proteins are synthesized on a ribosome and fold into their native structure in

the appropriate cellular environments. According to the Anfinsen’s dogma, this folding
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process is considered to occur spontaneously because native structure is located at the
bottom of the funnel-like energy landscape (Anfinsen CB, 1972). Although this dogma
is generally accepted for events that happen in the infinitely diluted condition (except
for intrinsically disordered proteins), it may not be directly applicable to a protein
folding process in living cells that occurs in a crowded cytosol filled with other proteins
and chemical compounds (McGuffee SR et. al., 2010). It is therefore natural to expect
that physiological protein folding process is greatly affected by conditions such as
concentration of proteins, redox reagents and molecular chaperones (Baneyx F, 2004).
This could be one the reason why heterologously expressed proteins often have
difficulty in the correct folding (Ellis RJ et. al., 1999).

Misfolded proteins often form insoluble and inactive aggregation granule called
inclusion body (Kane JF et. al., 1988). Formation of inclusion body is particularly
common when eukaryotic proteins are expressed in prokaryotic organism such as E. coli.
It 1s estimated that over 30% of human genome products forms inclusion body when
expressed in E. coli (Braun P et. al., 2002). Although there are many aspects that differ
between eukaryotic and prokaryotic cells, one of the most important differences is their
redox environment. This difference is crucial when target protein has disulfide bonds in
the native structure. Such proteins, which require oxidative environments for proper
folding, are transferred into the lumenal compartment of the endoplasmic reticulum
(ER) in eukaryotic cells. In prokaryotes, synthesized polypeptides are emitted into the
cytoplasm, which has reducing environment (Kadokura H et. al., 2003). This is the main
reason why disulfide-containing proteins are difficult to express in bacterial
recombinant systems.

Other difference is the speed of polypeptide synthesis. Translation speed of prokaryotic
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ribosome is faster than eukaryotes (prokaryotes: 10-20 amino acids/min, eukaryotes: 3-8
amino acids/min, respectively) (Siller E ez. al., 2010). Folding of a nascent polypeptide
occurs post-translationally in prokaryotes and co-translationally in eukaryotes.
Because the average length of polypeptides in eukaryotes is longer than prokaryotes
(Rost B, 2002), and eukaryotic proteins tend to contain multiple domains in a single
polypeptide, it is hypothesized that eukaryotic cells have evolved to have slow peptide
synthesis with gradual folding scheme in order to reduce the number of possible
(mis)folding states. In fact, it is reported that delaying translation speed by appropriate
concentration of ribosome inhibitor (streptomycin) to E. coli improved the ratio of
correctly-folded recombinant eukaryotic proteins (Siller E ez. al., 2010). In addition to
the speed of production, the total quantity of produced proteins is also an important
factor because protein aggregation is greatly dependent on the protein concentration
(Kane JF et. al., 1988). Therefore, there is a dilemma that high expression level which is
clearly desirable from the viewpoint of protein production has to be avoided when
expressing disulfide-containing, aggregation-prone proteins in E. coli.

There are several established ways to get around the problem of inclusion body
formation. The simplest one is to lower the expression levels by controlling the
incubation time and temperature after the induction. This approach is effective when the
aggregation simply occurs in concentration-dependent manner. However, such approach
is not effective when the protein has aggregation tendency as its intrinsic character. In
the case of disulfide-containing proteins, attachment of bacterial secretion signal
sequence to the protein can sometimes solve the problem by secreting the target protein
into to periplasmic space, an oxidative folding space in gram-negative bacteria (Bowden

GA et. al., 1990). However, secretion efficiency of the signal-attached proteins depends
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greatly on each case and the production yield is generally low, partly because of the
limited available space of periplasm. Second approach for disulfide formation is an
engineered E. coli strain that has oxidative condition in cytoplasm. Origami is a strain
which has mutations in genes of two reducing enzymes thioredoxin B (7rxB) and
glutathione reductase (gor) resulting in an oxidative cytoplasmic environment. Certain
enzymes with critical disulfide bonds are successfully expressed and purified in a native
form with this strain (Bessette PH et. al. 1999, Prinz WA et. al. 1997).

In certain cases aggregation-prone proteins can be “tamed” by co-expression with
chaperones such as GroEL / ES, DnaK, Dnal, and GrpE, because they can support or
enhance correct folding (de Marco A et. al., 2007). Folding enhancers can also be
introduced as part of the tagging strategy. For example, fusion of highly-soluble protein
tags such as GST, MBP and alkaline phosphatase (AP) are effective solubility enhancers
(Smith DB et. al., 1988, di Guana C et. al., 1988, Manoil C et. al., 1990, Sun P et. al.
2011). MBP is also reported to have a chaperone-like activity when fused to N-terminus

(to fold prior to the target protein) of aggregation-prone protein (Bach H et. al., 2001).

Another route: protein refolding from inclusion bodies

Although the protein that formed inclusion body is insoluble and nonfunctional, it is
known that inclusion body contains large quantity of relatively pure protein. Thus,
instead of trying to avoid inclusion body formation, one can deliberately express the
target protein as inclusion body and refold it to its native state. The concept of refolding
is simple and reasonable (Fig.2). First, aggregated protein is solubilized by adding high
concentration of denaturing agent to achieve complete unfolding. As the concentration

of the denaturant decreases, target protein will gain partial native structure. As described
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above, protein folding theory suggests that a polypeptide will fold spontaneously in the
absence of denaturant. So the most effective way of facilitating the refolding would be
to dilute the protein solution infinitely. In a real situation, however, simple dilution does
not always work because the folding kinetics and appropriate conditions differ markedly
between individual proteins, making the refolding experiment generally challenging.
Both folding and misfolding are governed by the same principle; the reactions proceed
to minimize free energy, by burying hydrophobic surface, forming hydrogen bonds and
disulfide bonds to gain enthalpic advantage (Dobson CM, 2004). Anfinsen’s dogma
states that native structure is the lowest free energy point in the folding funnel, but does
not guarantee that there are no other local minima (Clark PL, 2004). Aggregation also
occurs by the same reason as the folding reaction. Therefore, careful condition
optimization is required to facilitate proper folding while avoiding misfolding and

aggregation.

Denaturant concentration

L g
\ >

Unfolded state Native structure

Misfolded state

§)

"

% Aggregation

Figure 2. The schematic view of protein refolding. The blue line represents polypeptide. As

.

concentration of denaturant (orange) reduced, unfolded polypeptides are folded into native structure

spontaneously. Misfolding and aggregation compete with the proper folding.
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There are various parameters that need to be determined for particular refolding
experiment (Table 2). First, denaturation conditions including type and concentration of
denaturant and reducing agent, denaturation time and pH (Singh SM et. al., 2005), must
be explored. Next, one has to choose from three major methods (dilution, dialysis, and
on-column renaturation) for the purpose of lowering denaturant concentration (Vallejo
LF et. al., 2004, Basu A et. al., 2011). These can be used in combination. Furthermore,
process for lowering the denaturant concentration includes two alternative ways, in a
step-wise or a continuous manner. In both cases, rate of the reduction of denaturant
concentration is also an important factor. Chemical compounds called “refolding
additives” are often added in the refolding buffer. L-arginine, polyethylene glycol (PEG),
glycerol or low concentration detergents are used as an additive for aggregation
suppression (Ishibashi M et. al., 2005, Cleland JL et. al. 1992). If the protein has
disulfides, redox agents such as glutathione, cysteine, cystine, dithiothreitol (DTT), or
2-mercaptoethanol are required (Mamathambika BS er. al., 2008). Reducing and
oxidizing agents are often mixed in various ratios to induce correct disulfide formation
(called “redox shuffling”) (Patil G et. al. 2008). The optimum duration of redox reaction
in the refolding process may also vary significantly. Finally, the initial concentration of
denatured protein is one of the most critical factors in many cases (Eiberle MK et. al.,
2010). In most cases, refolding reaction is conducted at 4°C at neutral to slightly basic
pH condition. For proteins containing disulfide bonds, buffers with pH higher than 8 is
favored because of the pKa of thiol group. Physical condition can also affect the
refolding efficiency. Attempts to facilitate refolding under high pressure (200 MPa)
have seen some successes (Okai M et. al., 2012). Although some papers state that the

refolding process is conducted under continuous stirring, my personal experience and
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words from colleagues do not support the idea of stirring being helpful in refolding

reaction. This point needs to be explored more.

Table 2. Various refolding conditions. As illustrated in Fig.2, refolding procedure consists of three
steps; denaturation of misfolded / aggregated proteins, reduction of denaturant concentration (this
step is called “refolding” in a narrow sense), and purification. Typical conditions used in REFOLD

database were described in the table.

Step Varables Typical examples
Denaturation Denaturant Gdn-HCI, urea, detergent
Reducing agent DTT, B-ME, G5H, Cysteine

Refolding

Purification

Time and temperature
Basic method

Buffer exchange method
Time and temperature
Redox agent

Additives

Final protein conc.
Buffer pH

Pre- or Post- refolding

4:C-37:C, no time - overnight
Dilution, Dialysis, On-column
Stepwise, Gradient

4:C-37-C, 30min - several days
DTT, G5H/GS5G, Cysteine/Cystine
L-Arg, PEG, Glycerol, Salt

<90 pg/mL

7-9.5

Ni-NTA in denaturation condition
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The “successful” refolding methods reported in papers vary widely and are all
case-dependent. Correlation between effective refolding protocol and properties of
proteins e.g. amino acid sequence, structural classes or molecular weight is poorly
understood. In fact, even for the single-chain antibodies, which share the same overall
structure with minor variations in the CDR loop conformations, there is no generalized
method for efficient refolding. Therefore, refolding condition must be determined by
iterative trials and errors, which could take months. For this reason, refolding has not
become researchers’ favorite method of choice except when efficient refolding protocol
has been already established.

In 2005, a research group of Monash University in Australia established the REFOLD
database, an archive of protein information and successful refolding protocols (Chow
MK et. al., 2006). Although it has not been updated since January 2012, 1165 data were
stored in the database. Statistical study of the REFOLD database revealed that E. coli
was used as an expression host in 1088 trials (Fig.3A) (Khodarahmi R et. al., 2008).
Statistical analysis from this database revealed some tendency in current refolding
studies. For example, dilution and dialysis are two most commonly used refolding
methods (approximately 50% and 30% of successful trials, respectively) (Fig.3B, right
panel). Dialysis method tends to be employed when the target protein have no disulfide
bond in their native structure (Fig.3B, left panel). The mixture of reduced and oxidized
glutathione (GSH / GSSG) is the most frequently used redox agent for proper disulfide
formation during renaturation (Fig.3C). Although careful inspection of this database
may provide general useful information, it only gives an “average method” but not
necessarily provide experimental directions to one’s own project. Therefore, there still

exists a great demand for the establishment of target-independent refolding method.
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Figure 3. Statistical studies of REFOLD database. The vertical axis represents frequency of
expression hosts in 1165 data stored in the database. (A) Distribution of expression organisms.
“None” represents cases which use purchased or preliminary purified proteins. (B) Usage of
refolding methods. Right panel shows frequency of respective methods. Left panel shows
relationship between usage of two methods (dilution and dialysis) and number of disulfide bonds in
the native target protein. Black bar represents dilution and white bar represents dialysis. (C) Usage

of redox reagents in renaturation procedure.
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Purpose of this study

Although E. coli expression system is a powerful method for protein production, there
are three unsolved problems; (1) trade-off relationship between cost, purity and yield in
purification procedure, (2) insoluble expression, (3) lack of generalized method for
functional refolding. I first focused on the problem of purification. To achieve low cost,
quick, and efficient purification without using the proprietary affinity tag systems, I
sought for methods that utilize traditional purification methods such as ion exchange or
size exclusion chromatography. These group-specific separation methods do not usually
allow isolation of the target protein from contaminating proteins with similar pl or
molecular size. With a prediction that a fusion partner with an extreme electrostatic
charge would make it possible to isolate the target protein by an anion exchange
chromatography in a single step, I chose to test the effect of adding an extracellular
hyper-acidic region derived from the Amyloid Precursor Protein (APP). Moreover, |
found that this fusion tag system also greatly helped to overcome the two remaining
problems; insoluble expression and difficulties in protein refolding. Thus I applied the
system to various proteins to characterize the property of the tag, and to understand the

basic principle of the unique behavior of the tag polypeptide.
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I1. Results

Amyloid precursor protein and hyper acidic region

Amyloid Precursor Protein (APP) contains 5 extracellular regions (Fig.4A) (Leong SL
et. al., 2011). Starting from the N-terminus, there are Growth-Factor Like Domain
(GFLD), Copper-Binding Domain (CuBD), hyper-acidic region, Central APP Domain
(CAPPD), and Amyloid B region, which is half-buried in a cellular membrane.

The hyper-acidic region spans residue 190 to 295, of which 49% are negatively
charged amino acids (Glu and Asp). Majority of this region is predicted to be natively
unstructured by multiple disorder prediction tools including PONDR (Fig.4B).

Adding FLAG epitope (DYKDDDDV), TARGET-tag (YPGQVGYPGQVGYPGQV)
for detection and factor Xa cleavage site, I established a novel hyper-acidic fusion tag

“FATT”, which is an acronym of FLAG-Acidic region-TARGET-Tag (Fig.5).
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Figure 4. Characteristics of APP acidic region. (A) Illustration of APP acidic region. From
N-terminus, GFLD, CuBD, hyper-acidic region, CAPPD and A. Acidic residues in the sequence of
the hyper-acidic region are shown in red letters. (B) Disorder prediction of APP hyper-acidic
region using PONDR (http://www.pondr.com/index). The vertical axis represents PONDR score,
which corresponds to disorder tendency and horizontal axis represents residue number
corresponding to the number displayed in (A). The residue with score of >0.5 was concluded as a

“disordered residue”. 75.26% of the sequence was predicted to be disordered.
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Figure 5. Schematic illustration and whole amino acid sequence of FATT. The sequence was colored
as below; FLAG-tag: light green, hyper acidic region; red, TARGET-tag; blue, factor Xa recognition
sequence: pink.  (This figure was reproduced from Figure 1A in Sangawa et. al. 2013)
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Strategy for affinity chromatography-like purification using anion exchange
chromatography

Because of the highly acidic primary structure, theoretical isoelectric point of FATT is
very low (3.2). First I hypothesized that fusion of FATT to a target protein would enable
a single-step purification using anion exchange chromatography. Calculation of
theoretical pl of various proteins before and after the fusion of FATT confirmed the
strong acidifying effect by FATT-fusion. Remarkably, all proteins tested are estimated to
have pl values lower than 4.5 (Table 3). As 99% of genome products in E. coli have pl
value higher than 4.5 (Niwa T et. al., 2005), in theory we should be able to purify

FATT-fusion proteins using anion exchange chromatography in a single step.

Table 3. Theoretical pl of FATT-fusion proteins. The values were calculated using ExPASy Compute
pl/ MW tool (http://web.expasy.org/compute_pi/) by resolution of “average”.

Without FATT With FATT
Protein M.W. (Da) Theoretical pl M.W. (Da) Theoretical pl
Dkk1_C 10378 9.15 24719 4.20
GFPuv 28375 6.14 43219 4.35
MeCPA 44755 6.66 58999 4.35
Human CPB 47368 6.16 61709 4.44
Cutinase 26168 8.35 40510 4.33
P20.1 scFv 28591 6.50 42933 4.18
A5201F scFv 29158 6.15 43500 4.13
SG/19 scFv 29723 775 44065 4.27
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Construction and expression of FATT-tagged proteins

To evaluate effects of FATT-fusion in protein expression level in E. coli, two model
proteins GFPyy (UV-excited green fluorescent protein, 246 residues, pl 5.81) and
Dkk1 C (C-terminal fragment of human Dkk1, 91 residues, pl 9.15) (Haniu M et. al.,
2011) were expressed with or without N-terminal FATT (Fig.6A). FATT-fusion did not
change the expression level of Dkk1 C in the bacterial cytosol. Although FATT-tagged
version of GFPyy showed approximately 50% reduction in the expression level, such
reduction was not observed in a majority of the cases (see Fig.11 in the later section).
Due to inclusion of epitope motifs at both N- and C-terminal of the acidic region,
FATT-fusion proteins could be specifically detected by Western blotting using
anti-FLAG polyclonal antibody and P20.1 IgG (anti-TARGET tag monoclonal

antibody) (Fig.6B).
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Figure 6. Basic properties of FATT. (A) SDS-PAGE analysis of total bacterial lysates expressing
either untagged or FATT-tagged Dkk1 C (left panel) and GFPyy (right panel). Sample volume was
adjusted so that each lane contains roughly equal amount of E. coli endogenous proteins before and
after induction. FATT-fusion proteins are indicated with a black arrow. (B) Western blot analysis of
FATT-fusion proteins. Left panel represents CBB-staining gel. FATT-fusion proteins are indicated
with a black arrow. Right panel represents Immunostained PVDF membrane. Anti-FLAG rabbit

polyclonal antibody or P20.1 was used as a primary antibody, respectively.

(This figure was reproduced from Figure 1C and D in Sangawa et. al. 2013)
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One-step purification of FATT-fusion proteins using anion exchange chromatography

I evaluated the anion-exchange chromatographic behavior of FATT-tagged protein
using FPLC-pile format. The soluble fraction of cells expressing FATT-Dkk1 C was
directly loaded onto HiTrap Q HP connected to an AKTA FPLC system (Fig.7). NaCl
concentration in the running buffer was gradiently charged from 0 mM to 1 M.
FATT-Dkk1 C was found in fraction 43 (NaCl concentration: approximately 550 mM)
(Fig.7). This corresponded to the last eluting protein fraction in the chromatogram,
because of the last two peaks after fraction 43 constituted primarily with nucleic acids
as shown by the lack of CBB staining and the typical UV absorption profile (data not

shown).
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Figure 7. Anion exchange chromatography of cytosolic proteins from E. coli expressing
FATT-Dkk1 C. SDS-PAGE analysis (upper panel) shows that FATT-Dkk1 C peak at fraction 43,
well separated from the majority of other proteins. Lower panel represents chromatogram of HiTrap
Q on AKTA FPLC. The solid line indicates A,gy and the dotted line indicates NaCl concentration.

(This figure was reproduced from Figure 1E in Sangawa et. al. 2013)
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Next I examined the possibility of one-step purification in a gravity flow column
chromatography. A soluble fraction of FATT-GFPyy-expressing cell lysate was passed
through a small column of Q-Sepharose FF. As the sample was dissolved in a buffer
containing 150 mM NacCl, most proteins did not bind to the column and were recovered
in the flow through fraction, except for the ~50 kDa FATT-GFPyy (Fig.8A, compare
lanes 1 and 2). No proteins were present in the wash fraction with a wash buffer
containing 400 mM NacCl (lane 3), and FATT-GFPyy was finally eluted with the elution
buffer containing 1 M NaCl (lane 4). Purity of the target protein in the elution fraction
was over 95% (estimated from band intensity of CBB-staining gel) (Fig.8A).

As FATT is a ~100 residue polypeptide and was unusually high electronegative
character, it is important that it can be removed from the target protein after the
purification. Upon incubation with factor Xa at 4°C for 16h, purified FATT-GFPyy
could be completely digested and split into ~30 kDa GFPyy and ~17 kDa FATT portion

(13

(Fig.8B, compare between and “+”). No significant difference in fluorescence
property was observed before and after tag digestion (Fig.8A, lower photographs),
suggesting that the presence of FATT segment does not have adverse effect on the
structure and function of GFPyy. Furthermore, GFPyy and the liberated FATT moiety
could be easily separated by simply passing through the second Q-Sepharose anion
exchange column. Importantly, cleaved GFPyy recovered in the flow through fraction
was highly pure (Fig.8B, lane “IEX”), because everything else including FATT,
uncleaved FATT-fusion protein (if any), and other contaminants all have strong
tendency to bind to Q-Sepharose and were captured. The one-step purification,

successful cleavage of the FATT portion, and the subsequent easy separation of the

tag-free protein were applicable to many other proteins (described in the later section).
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As the purification steps described above only utilize conventional anion exchange resin
such as Q-Sepharose and does not require any other special equipment or reagents, these
results confirm my prediction that FATT-fusion strategy is a powerful way to achieve

cost-effective recombinant protein purification.

M 1 2 3 4 Factor Xa
-+ IEX
100 -
75-
75 .
50 ~ — <FATT-GFPuv
50 —— o
37 - - w= == <«GFPuv
25-
20-
%3 <FATT
15-

Figure 8. Purification of FATT-tagged GFPyy using Q-sepharose. (A) Purification from bacterial
lysate. M: molecular marker, lane 1: soluble fraction, lane2: flow through, lane 3: wash fraction, 4:
elution fraction. Red arrow represents FATT-GFPyy. (B) SDS-PAGE analysis before and after factor
Xa treatment. (-): before cleavage, (+): after cleavage. Pictures below represent the fluorescence of
GFPyy under ultraviolet ray. IEX: flow through fraction of Q-sepharose purification after cleavage.

The band of FATT was disappeared in [EX lane.

(This figure was reproduced from Figure 2A and B in Sangawa et. al. 2013)
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Physicochemical property of FATT polypeptide

Analytical size exclusion chromatography of FATT-GFPyy resulted in a monodisprese
peak at the elution position corresponding to a 158 kDa globular protein, despite the fact
that theoretical relative molecular mass was only 44 kDa (Fig.9, upper panel). After
factor Xa digestion, two peaks were observed. Chromatogram monitored at 395 nm
(maximum absorbance of GFPyy) indicates that the later peak (at the position of 40
kDa) is the active GFPyy. This position is considered to be reasonable because the
theoretical molecular mass of GFPyy is 30 kDa. On the other hand, another peak,
expected as a digested FATT, appeared at 78 kDa position despite its true molecular
mass of only 14 kDa (Fig.9, lower panel).

The unusually high apparent molecular size of the FATT (>5 times larger than the
actual size) described above does not seem to be the result of oligomerization, because
homooligomerization of FATT should be disfavored because of the strong electrostatic
repulsion between negatively charged molecules. FATT sequence is expected to be
unstructured, and it is known that unstructured proteins after denaturation have apparent
molecular size compared to the theoretical value in size exclusion chromatography
(Uversky VN, 1993, Uversky VN et. al, 2010). It is therefore likely that FATT
polypeptide exists as a monomer with large Stokes radius in solution. To confirm this
hypothesis, cleaved FATT and GFPyy were analyzed using size exclusion
chromatography under native and denaturing (containing 6 M Gdn-HCI in protein
solution and running buffer) conditions. As shown in Fig.10, the peak position of
GFPyy was drastically changed upon denaturation to 1.52 mL (corresponding to ~176
kDa), indicating the conversion from the native compact structure to the unfolded state.

In contrast, the peal position of FATT remained unchanged (Fig.10). These results
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strongly support the idea that FATT is in fact a natively disordered protein.
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Figure 9. Solution behavior of FATT. Intact (upper panel) or factor Xa-treated (lower panel)
FATT-GFPyy samples were subjected to size exclusion chromatography on Superdex200. Elution
positions for molecular weight standards including thyroglobulin (669 kDa), ferritin (440 kDa),
aldolase (158 kDa), ovalbumin (44 kDa), and myoglobin (17 kDa) are indicated on the top.

(This figure was reproduced from Figure 2C in Sangawa et. al. 2013)
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Figure 10. Analytical size exclusion chromatography of FATT and GFPyy under absence (upper
panel) and presence (lower panel) of 6 M Gdn-HCI. The vertical axis represents 280 nm adsorption
(mAU), and the horizontal axis represents elution volume (mL). Molecular weights estimated from

calibration curve were indicated above the chromatogram.
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Soluble expression of FATT-fusion proteins

Extracellular proteins often contain disulfide bonds that complicate bacterial
recombinant expression. I tried to enhance the solubility of those proteins using
FATT-fusion strategy. Solubility of MeCPA (carboxypeptidase A derived from
Metarhizium anisopliae), cutinase, and several single-chain Fv (scFv) antibody
fragments with or without FATT-fusion were examined (Fig.11). Those proteins are
aggregation-prone proteins that expressed in completely insoluble form in E. coli
recombinant system without tag (Fig.11, compare S and P under “No Tag”). However,
fusing FATT resulted in near-perfect soluble expression in all cases. Expression levels

were not compromised by FATT-fusion.

MeCPA Cutinase P20.1 scFv
No tag FATT-tag No tag FATT-tag No tag FATT-tag
TSP TSP TSP TSP TSP TSP
= 75-5?.
50- = <
< 37-35 —

Figure 11. Switch from insoluble to soluble expression of three extracellular proteins. E. coli cells
expressing indicated proteins with or without FATT tag were lysed by sonication to obtain total cell
lysate (T), followed by centrifugation to separate soluble supernatant (S) and insoluble pellet (P)
fractions. Proteins are separated on SDS-PAGE gels. Arrowheads point to the expressed proteins.

Note that FATT-tagged protein bands are virtually absent from the insoluble pellet fraction.

(This figure was reproduced from Figure 3A in Sangawa et. al. 2013)
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Functional refolding of extracellular proteins with disulfide bonds in a single
protocol

Although several tags have been reported to enhance protein solubility, none of them
were used as a “refolding enhancement” tag. For example, on-column refolding of
polyhistidine-tagged proteins using metal chelete column was proven successful in
numerous reports, but it is hard to expect that His-tag directly affects protein folding. It
is also natural to assume that peptide tags such as FLAG-tag or His-tag are too short to
change overall property of a protein. Similarly, large proteinacious tags such as GST or
MBP, whose solubility is highly dependent on their higher-order structure, may not
function as refolding enhancer because the denaturation step would destroy their
structure to begin with, and attachment of such proteinacious tags would only increase
the number of possible misfolded states, leading to the decreased overall refolding
efficiency. In fact, there are only few examples of successful refolding with
proteinacious tags (Fig.12). In this regard, FATT is sufficiently large but expected to
have natively unfolded nature. Thus it is expected that the solubility-enhancement effect
of FATT is retained during refolding conditions. So I tried to apply FATT for protein
refolding. Three extracellular enzymes (MeCPA, human CPB, and cutinase) and three
scFv fragments (P20.1, A5201A, and SG/19) were used as examples. Although these
proteins were shown to be successfully expressed in the soluble fraction of the bacterial
cytosol in the previous section, all of them have 2 disulfide bonds in their native
structure that could not be formed in the reducing condition, and thus the expressed
proteins were inactive. Therefore the refolding protocol coupled with oxidization of

thiol groups was required.
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Figure 12. Usage of fusion tags in REFOLD database. The vertical axis represents frequency of each
tag in 1165 trials in the database. N-terminal GST, which occupies <3% is almost only proteinacious

tag used in refolding procedure.

To establish the generally-applicable protocol, I chose guanidium hydrochloride
(Gdn-HCI) as a denaturant. Gdn-HCl is more favorable than another popular denaturant
urea due to high denaturing ability (Rashid F ez. al., 2005). Additionally, urea often
causes carbamoylation of proteins via production of cyanate which is unfavorable for
protein folding (Qoronfleh MW et. al., 2007). Dilution method was employed for
reduction of denaturant concentration to keep protein concentration low during
refolding procedure. Oxidized glutathione was used for oxidizing agent. L-arginine, the
most frequently used refolding additive was chosen. L-arginine is a guanidium-group
containing compound which is known as a weak protein denaturant. It is postulated that
addition of L-arginine at certain concentration destabilizes the semi-stable misfolded
state, but relatively inert for stable native structure, increasing the population of
correctly-folded proteins (Arakawa T et. al., 2007).

Generally, increasing volume of refolding mixture is troublesome because it
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necessitates sample concentration step at later stage, which could be difficult depending

on the nature of target protein. However, concentration of diluted FATT-fusion proteins

can be easily accomplished by capturing onto anion exchange resin Q-Sepharose FF

even from a very large volume of solution, which also serves as an extra purification

step. Thus, I established the protocol described in Fig.13 as a generally applicable

refolding method for FATT-fusion proteins.

Soluble fraction

Denaturation
Add fin. 6 M Gdn-HCI

Dilution\
Dilute (x25) with

[4 M urea, 0.4 M L-arginin, 375 uM oxidized glutathione,
50 mM Tris, 150 mM NaCl, pH 8.0]

Dilute (x2, totally x50) with
[375 uM oxidized glutathione,
50 mM Tris, 150 mM NaCl, pH 8.0]

Dilute (x2, totally x100) with
[375 uM oxidized glutathione,

50 mM Tris, 150 mM NacCl, pH 8.0]

—8

4 Purification N
Load to anion exchange column s

(Q-sepharose FF) .
concentration
Wash

[1 M urea, 0.1 M L-arginin, 375 pM oxidized glutathione,
50 mM Tris, 150 mM NaCl, pH 8.0]

Elute
[1 M urea, 0.4 M L-arginin, 375 uM oxidized glutathione,
50 mM Tris, 500 mM NaCl, pH 8.0]

—&
[ Dialyze against TBS
[ 2 g

Tag digestion (Factor Xa treatment)

i

Final purification

N N ol %

(anion exchange or size exclusion chromatography)

Figure 13. Scheme for the refolding procedure established in this research and subsequent isolation

protocol. The total volume of the sample at each step is indicated in parenthesis, assuming the

starting volume of bacterial lysate as 10 mL. For detail, see Experimental procedure.

(This figure was reproduced from Figure 4A in Sangawa et. al. 2013)
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After the anion exchange purification, purified and ~ 50-fold concentrated
FATT-fusion protein was obtained in the elution fraction containing 1 M NaCl. The
fraction was then dialyzed against TBS to completely remove denaturants and refolding
additives. As in the case of GFPyy, FATT portion was completely cleaved from refolded
proteins with factor Xa treatment for 16h at 4°C. No or only a few precipitation was
observed after tag digestion. Tag and remaining FATT-fusion protein were easily
removed by second anion exchange chromatography. Fig.14 shows the SDS-PAGE

analysis of the samples from each purification step.

MeCPA Cutinase P20.1 scFv
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Figure 14. SDS-PAGE analysis of refolding process. Lane 1; soluble fraction, lane 2; elution
fraction of first anion exchange purification, lane 3; after factor Xa treatment, lane 4; after second
anion exchange chromatography. The target protein with and without FATT are indicated by black

arrows.

(This figure was reproduced from Figure 4B in Sangawa et. al. 2013)
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Monodisprese peaks were observed at appropriate elution volume in all tested cases.
The peak fractions were collected and used for the following activity assays. Final
yields of individual protein were shown in Table 4. At least several milligrams of

well-behaving and homogeneous protein was obtained from 1 L culture.

Table 4. Final yield of extracellular proteins per 1 L cell culture. Each protein was refolded as
illustrated in Fig.13, and then additionally purified by size exclusion chromatography to collect
structurally homogeneous fraction. Then yields were measured using bicinchoninic acid protein

assay (BCA method).

Protein Yield (mg/L culture)
MeCPA 113

hCPB 4.2

Cutinase 11.3

P20.1 7.6

A5201F 51

SG/19 39
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Activity of extracellular enzymes

MeCPA is an ortholog of the zinc metalloprotease carboxypeptidase A derived from
Metarhizium anisopliae identified in 1994 (St. Leger RJ et. al., 1994). It is known to
exhibit relatively low specificity toward C-terminal amino acids of substrate proteins as
compared to other carboxypeptidases (Austin BP et. al., 2011). MeCPA was reported to
cleave all amino acids except for basic residue (Arg, Lys) and a residue after proline
(Pro-Xxx) making it valuable bioengineering tool as a trimming enzyme. However,
recombinant production of this extracellular enzyme in bacteria has proven difficult.
Even with an E. coli strain genetically manipulated to accommodate disulfide bond
formation in the cytosol, the yield of the enzyme was low (0.5 mg/L culture) (Joshi L et.
al., 1999, Austin BP et. al., 2012). Using the FATT-fusion strategy, I successfully
obtained >10 mg of soluble MeCPA precursor (ProMeCPA) from 1 L of bacterial
culture. ProMeCPA has 82-residue propeptide which inhibits enzyme activity. Although
thermolysin was reported as an activating protease which cleaves the propeptide, it is a
zinc-dependent metalloprotease as MeCPA that makes it difficult to inactivate
selectively. Thus I used the serine protease chymotrypsin. With 1/83 molar ratio of
chymotrypsin, propeptide was completely removed from proMeCPA after 1h incubation
at room temperature.

In the case of human proCPB, the purified precursor was activated using trypsin as
previously reported (Folk JE et. al., 1961). Carboxypeptidase activity was determined
by using synthetic peptide substrates conjugated with the N-(3-[2-furyl] acryloyl)
(FA)-moiety at N-terminus, by measuring the decrease in the absorbance at 340 nm. As
shown in Fig.15A and B, activated MeCPA and hCPB both exhibited

concentration-dependent activity toward their respective substrate (FA-Phe-Phe for
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MeCPA and FA-Ala-Arg for hCPB).
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Figure 15. FAPP and FAAR assay for carboxypeptidases. (A) FAPP assay for MeCPA. (B) FAAR
assay for hCPB. Enzyme was serially diluted into final concentration of 60-15 nM. Reduction of 340

nm absorbance by digestion of substrate dipeptide was recorded over time.

The activity of MeCPA was also assessed by its ability to remove C-terminal
hexahistidine tag from a model substrate protein. Activated MeCPA was added to the
C-terminally hexahistidine-tagged substrate protein (P4-FN10-Hise) at 1:20 to 1:2000
enzyme: substrate ratio (Fig.16A). SDS-PAGE analysis showed that the band
corresponding to the P4-FN10-Hisg was gradually shifted to lower position as enzyme
concentration increases. This shift was not observed in the presence of 1,
10-phenanthroline, a chelating agent that inhibit zinc-dependent catalytic activity.
Moreover, the substrate protein became undetectable by anti-polyHis antibody in a
Western blot after the treatment with MeCPA, indicating the successful cleavage of the

C-terminal His-tag (Fig.16B).
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Figure 16. (A) The C-terminal peptide trimming activity of the activated MeCPA was assessed by a
band-shift of the model substrate (P4-FN10-Hiss) after incubating at varying enzyme/substrate ratio
(wt/wt) in the absence or presence of 2.5 mM 1,10-phenanthroline (phe). (B) Digestion of His-tag
was confirmed by detecting the substrate using anti-polyHis monoclonal antibody before and after
MeCPA treatment. Anti-polyHis could not detect the substrate after treatment, that indicates lost of
His-tag. Additionally, antibody against N-terminal P4-tag (P20.1) detected both bands before and

after MeCPA treatment, suggests no cleavage was occurred to the N-terminus.
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Cutinase, also known as cutin hydrolase is an enzyme derived from Fusarium solani
that degrades cutin, the polyester compound found in higher plants. Cutinase is widely
used in industrial application such as food production, cosmetics, and fine chemicals.
The esterase activity was evaluated using the chromogenic substrate p-nitrophenyl
butyrate. As shown in Fig.17, it was confirmed that the purified enzyme possessed high
activity with a ke/Ky,, value of 1849 mM's™, which was even higher than the value of
1159 mM's™ obtained for the enzyme produced in bacterial periplasm in a native state

(Liu Z et. al., 2009).
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Figure 17. Enzymatic activity of refolded cutinase. Absorbance of the p-nitrophenol liberated from
the substrate pNPB at 405 nm was recorded over time and the initial velocity was plotted against

substrate concentration. Ky; and V. values were calculated from the double-reciprocal plot.

(This figure was reproduced from Figure 5B in Sangawa et. al. 2013)
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Activity of single-chain antibody fragments

As an additional test to validate the FATT-fusion strategy in the production of
functional extracellular proteins, we applied this method to several scFvs originated
from different monoclonal antibodies including P20.1, A5201A, and SG/19. ScFv is an
engineered antibody fragment where the variable regions of the light and heavy chain
were linked with glycine-rich linker. In general, either periplasm in soluble expression
or insoluble expression in inclusion bodies coupled with a denaturation/ refolding
procedure are used for the recombinant production of scFv fragments. However, the
optimum conditions for expression and purification differ considerably among different
scFvs. Furthermore, it is often observed that a particular scFv will be resistant to
conversion to a biologically active form even after applying sophisticated refolding
strategies. When fused with the FATT, all three scFv fragments tested were successfully
purified to homogeneity by using the protocol described in the previous section, and
were found to actively recognize their respective antigens with good specificity. The
P20.1 scFv showed specific binding toward the epitope peptide when analyzed by
surface plasmon resonance, with a concentration dependency in almost identical manner
to that obtained with the same scFv prepared from solubilized inclusion bodies by a
conventional refolding method (Fig.18). The Kp value was 1.86 x 10 M, which was

the same order as the scFv from inclusion body (1.49 x 10° M).
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Figure 18. Binding kinetics of refolded P20.1 scFv toward antigen peptide assessed by surface
plasmon resonance. Serially diluted scFv solutions (0.125, 0.25, 0.5, and 1 pg/ml) were flowed over
sensor chip surface bearing "P4" antigen peptide (GYPGQV) for 30 sec. Dotted line represents the

same scFv renatured from solubilized inclusion body.

(This figure was reproduced from Figure 5C in Sangawa et. al. 2013)

The A5201A and SG/19 scFvs prepared using the FATT fusion strategy could detect
their native antigens in ELISA (Fig.19 A and B). Both scFvs were able to detect their
specific antigen, nicastrin and integrin a6p1, respectively. The activity of SG/19 scFv
was also demonstrated by indirect immunofluorescence microscopy (Fig.19C). As the
refolding of the latter two scFvs from inclusion bodies was not possible due to a severe
oligomerization and degradation tendency (data not shown), these results suggest that
the FATT-fusion strategy may be applied to the preparation of scFv fragments in a

case-independent manner.
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Figure 19. ELISA format binding assay for (A) anti-nicastrin A5201F and (B) anti-integrin 1
SG/19 scFv. C-terminally Myc-tagged scFvs were allowed to interact with antigen-coated wells
and detected by anti-Myc antibody. A5201F and SG/19 are represented in (4). P20.1 scFv (o) was
used as a negative control in both experiments. (C) Indirect immunofluorescence staining of HelLa
3S cells. SG/19 scFv (right panel) or P20.1 scFv (control, left panel) were added to the cell to detect
B1-integrins on cell surface. Bound scFvs were visualized by AlexaFluor 488-conjugated rabbit

anti-Myc antibody (green). Nuclear staining by Hoechst 33342 is shown in blue.

(This figure was reproduced from Figure 5D and E in Sangawa et. al. 2013)
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II1. Discussion

FATT is intrinsically unstructured

In this study, I present strong evidence that FATT polypeptide behaves as an
intrinsically disordered protein (IDP) in solution. FATT showed a large hydrodynamic
radius in size exclusion chromatography, and the peak position did not change upon
denaturation by the addition of 6 M Gdn-HCI, indicating that FATT is already
unstructured under physiological buffer condition. I do not think that the high apparent
molecular size of the FATT tag shown by the size exclusion chromatography is due to
the oligomerization, because homooligomerization of FATT should be disfavored by its
strong negatively charged character. Furthermore, FATT sequence is predicted to be
disordered by multiple prediction programs. It is therefore likely that FATT polypeptide
exists as a monomer with large Stokes radius in solution. Analytical ultracentrifugation
experiment revealed that ectodomain fragment of APP containing the hyper acidic
region (which corresponds to the major part of FATT) also had unusually large
hydrodynamic radius, but behaved as a monomer (Nishikawa K, unpublished data).
Therefore, I predict that the hyperacidic region of APP and FATT share the same unique
character in that they are “intrinsically disordered” in a physiological buffer, and this

may be critical for the ability of FATT to solubilize aggregation-prone proteins.

The mechanisms of the solubilization effect of intrinsically disordered proteins

It is previously reported that unstructured polypeptides inhibit protein aggregation in
both fusion and non-fusion conditions. Santner et. al. reported that fusion of
intrinsically disordered dehydrin family protein such as ERD10, ERD14 or Rabl8 to

various aggregation-prone proteins resulted in a strong enhancement of the solubility
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when expressed in E. coli cytosol (Santner AA et. al., 2012). Moreover, they reported
that artificially designed polypeptides with a predicted unstructured nature also
prevented protein aggregation (Santner AA ef. al., 2012). Addition of a-casein and
a-synuclein, which are predicted to be disordered along their entire length, are reported
to prevent heat- and reducing stress-induced protein aggregation (Bhattacharyya J et. al.,
1999, Rekas A et. al., 2002). In these cases, it is not necessary to fuse the polypeptide to
the target protein. Classical chaperones such as GroEL/ES and Hsp (Heat shock protein)
family proteins are also known to contain unstructured region in many cases (Tompa P
and Csermely P, 2004, Machida K et. al., 2008). The predicted disordered regions
typically span 25-50% of the entire chaperone sequence and are often required for the
chaperone activity. p23, a co-chaperone of Hsp90, has C-terminal disordered region that
is required for activity of Hsp90 but not to the Hsp90-p23 interaction (Weikl T et. al.,
1999). Hsp90 itself also contains disordered hinge region that is necessary for full
chaperone function (Csermery P et. al., 1998).

There are four possible mechanisms to explain how disordered polypeptides inhibit
protein aggregation. The first one is that a large hydrophilic surface of disordered
polypeptides compared to folded, globular proteins would increase the protein solubility.
Generally, accessible surface areas of disordered proteins are 1.5-2 fold larger than
ordered proteins because of the lack of well-packed protein core (Gunasekaran K et. al.,
2004). Moreover, Tompa (Tompa P, 2002) reported that average amino acid frequency
of IDPs is highly biased compared to globular proteins. This analysis revealed that Glu,
Lys and Pro are found much more frequently in IDPs than globular proteins, whereas
contents of Asn, Cys, Leu, Phe, Trp and Tyr are significantly lower. Using the analytical

result by Tompa et al, I calculated a “cumulative hydropathy index” for each group by
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multiplying frequency of an amino acid occurrence by its hydropathy index (Table 5).
By summing these values, I obtained the total hydrophobicity index of -94.8 for IDPs
and -28.9 for globular proteins. This clearly indicates that sequences of IDPs are more
hydrophilic than ordered proteins, and supports the idea that disordered polypeptides
with large hydrophilic surface may enhance overall solubility when fused to the target

proteins.
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Table 5. Amino acid frequency and hydrophilicity of intrinsically unstructured and globular
proteins. %frequency was referred from Tompa P, 2002. “Cumulative hydropathy index” of ordered
and disordered proteins were calculated as follow; %frequency of each amino acid was multiplied by
its hydropathy index. Then the products of all 20 amino acids were summed to compare the

hydrophilicity of ordered and disordered proteins.

IDPs Globular proteins

st Hydropathy Cumulative Cumulative
- o % frequency hydropathy % frequency hydropathy

index index
Ala(A) 1.8 7.15 12.87 8.15 14.67
Arg(R) 45 4.21 -18.945 4.61 -20.745
Asn(N) -3.5 2.06 -7.21 4.66 -16.31
Asp(D) -35 5.05 -17.675 5.78 -20.23
Cys(C) 25 0.61 1.525 1.64 4.1
Gln(Q) -3.5 4.46 -15.61 3.69 -12.915
Glu(E) -3.5 14.26 -49.91 5.98 -20.93
Gly (G) -04 431 -1.724 7.99 -3.196
His(H) -32 1.51 -4.832 2.33 -7.456
Ile (T) 4.5 3.67 16.515 5.43 24.435
Leu(L) 3.8 5.44 20.672 8.37 31.806
Lys(K) -39 10.43 -40.677 6.05 -23.595
Met(M) 1.9 1.3 2.47 2.03 3.857
Phe (F) 2.8 1.66 4.648 3.95 11.06
Pro (P) -1.6 12.07 -19.312 4.61 -7.376
Ser (S) -0.8 6.91 -5.528 6.31 -5.048
Thr (T) -0.7 5.14 -3.598 6.15 -4.305
Trp (W) -0.9 0.32 -0.288 1.55 -1.395
Tyr(Y) -13 1.42 -1.846 3.64 -4.732
Val (V) 4.2 8.02 33.684 7 29.4
total -94.771 -28.905
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The second explanation is that a large exclusion volume of unstructured polypeptides
may lower the chance of molecular collisions, leading to the suppression of aggregation.
The exclusion effect of disordered polypeptide is reported by Brown HF et. al. in 1997
(Brown HF et. al.,, 1997). By using atomic force microscopy (AFM), they observed that
neurofilaments with protruding unstructured polypeptides are surrounded by areas with
no grains, indicating that the polypeptide “sidearms” excluded nearby molecules with
their thermodynamic movement. This situation may be analogous to the effect of
polyethylene glycol (PEG), which has extended structure and no electrostatic charge,
and is often used as a stabilizer for proteins. Protein modification with PEG
(PEGylation) increase solubility, stability, and circulating lifetime, decrease
immunogenicity and sometimes affect activity of target proteins, probably through the
exclusion of both specific and non-specific interaction partners (Kochendoerfer G et. al.,
2003).

The third explanation is the simple electric repulsion. Although the frequencies for
acidic and basic amino acids in globular proteins are almost balanced (Asp + Glu:
11.76%, Arg + Lys: 10.66%, Arg + Lys + His: 12.99%, respectively), IDPs are more
acidic (Asp + Glu: 19.31%, Arg + Lys: 14.64%, Arg + Lys + His: 16.15%, respectively)
(Table 5). Thus IDPs may have tendency to repel each other.

The fourth explanation is a “chaperone” activity. The term “chaperone” contains three
enzymatic activity; foldase, holdase and unfoldase. Foldase refers to an enzymatic
actively that helps protein folding in an ATP dependent manner. Holdase is similar to
foldase, but does not help protein folding actively. Holdase isolate unfolded protein
from environment to prevent unfavorable protein-protein interaction during folding

procedure. The last one, unfoldase refers to an activity that captures misfolded proteins
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and convert them into the unfolded state to make them redo the proper folding process.
The persuasive “entropy transfer” model was suggested by Tompa P and Csermely P in
2004 to explain chaperone activity of disordered proteins (Tompa P and Csermely P,
2004). The model predicts that the main function of disordered proteins as chaperones is
“unfoldase”. The scenario is as follows. First, disordered protein changes conformation
rapidly in solution, enjoying the entropic advantage. Second, once it binds to a
misfolded protein, it partially folds around the interface. Third, the loss of entropy
because of this partial folding is compensated by local unfolding of a misfolded protein.
Although experimental certification of the model is difficult, a loss of flexibility upon
binding of misfolded substrate has been confirmed for the flexible apical domain of
GroEL and the C-terminal tail of a-crystallin by NMR spectrometry (Carver JA et. al.,

1992, Lindner RA et. al., 1998).

In case of FATT-assisted solubilization and refolding

In case of FATT, the first scenario may apply because it contains only 21.3% of
hydrophobic residues (Ala, Leu, Ile, Val, Met, Phe and Cys, which has plus value of
hydropathy index). It is relatively low compared to the mean value of globular proteins
(36.6%) and even lower than the average of IDPs (27.9%). Thus FATT has much larger
hydrophilic surface than a globular protein or IDP with the same molecular size.

The second explanation, entropic exclusion, is also likely to play a role, considering
the large hydrodynamic radius of FATT moiety. In fact, 14 kDa FATT shows Stokes
radius corresponding to a 80 kDa globular protein in size exclusion chromatography.
The third explanation is clearly playing a role, because FATT tag has total charge of

49.0 at pH 7.0.
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The last scenario (unfoldase activity with entropy transfer) may not operate in the case
of FATT-mediated solubilization from the following reason. To achieve entropy
mediated protein unfolding, FATT must primarily interact with a misfolded protein. This
interaction must mainly be driven by hydrophobic interactions. However, FATT has
poor hydrophobic amino acids contents. Additionally, acidic nature of FATT is
unsuitable for interaction with partially-misfolded proteins because protein surfaces are

generally tend to charge negatively.

Hypothetical view of FATT-assisted solubilization and refolding -the inverse
“fly-casting” mechanism-

The “fly-casting” mechanism was proposed by Huang Y and Liu Z in 2009 to explain
how IDPs can efficiently mediate protein-protein interaction even though they do not
assume well-ordered structure (Huang Y and Liu Z, 2009). The hypothesis is that IDPs
have greater on-rate for an interaction with their target molecules (on average ~2.9 fold
higher than ordered proteins) because of a greater effective capture radius. This
mechanism 1is reasonable when there are favorable interactions between disordered
protein and its ligand. Conversely, when there is a repulsive force rather than favorable
interaction between two molecules, disordered proteins are expected to repel other
molecules more efficiently, because of the larger repulsive radius.

Here I suggest a hypothetical mechanism of FATT-assisted solubilization and refolding.
FATT-fusion proteins repulse each other because of a large (-49.0) net negative charge.
This electric repulsion can extend further in the distance compared to ordered fusion
partners according to the “fly-casting” mechanism. During the refolding process, this

repulsive volume isolates the folding intermediates from other molecules, preventing
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the premature aggregate formation and facilitating the correct folding (Fig.20).

High €= Denaturant concentration

Unfolded state Folding intermediate Native structure

—_— ‘g_\ﬂ- —_— ﬂﬂ

$_ Aggregation

Electric repulsion

Figure 20. Hypothetical view of the effect of FATT on protein refolding. A protein with (lower) and
without (upper) FATT are illustrated. Since FATT has large negative charge and dynamic radius,
aggregation between FATT-fusion proteins are suppressed because of wide-range electric repulsion

results in enhancement of proper folding.
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IV. Conclusion

In this study, I showed that fusion of hyper-acidic FATT greatly changed electrostatic
property of proteins and thus enables affinity-like purification using low cost
anion-exchange chromatography. This aspect is also usable on the complete separation
of digested tag and target protein moiety. Thus FATT-fusion strategy was established as
a cost-effective and widely applicable purification method.

Furthermore, I found that FATT robustly improved solubility of various
aggregation-prone proteins upon heterologous overexpression in FE. coli. The
solubility-enhancement effect was retained during denaturing / refolding procedure and
it realized a generalized oxidative refolding protocol. As it was indicated that
intrinsically disordered FATT has large thermodynamic radius in solution phase, I
concluded that this solubility-enhancement effect is generated by “shielding” proteins
from unfavorable interaction that lead them aggregate.

In summary, FATT was established as a fusion tag which overcomes the three major
bottlenecks in E. coli heterologous expression systems; (1) trade-off relationship
between cost, purity and yield in purification procedure, (2) insoluble expression, (3)
lack of generalized method for functional refolding. Therefore FATT may be (and
according to my hypothesis, other IDPs are also) used as a reasonable primary-choice

fusion tag in bacterial expression.
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V. Perspective

Modification of FATT and other unstructured tags

Since the beneficial property of FATT tag reported here is unlikely to be
sequence-specific, it should be possible to re-design the tag by incorporating additional
functional motifs or shuffling the amino acid sequence to obtain custom-made FATT tag
with improved properties. The fusion topology can also be modified, because we
confirmed that C-terminally FATT-tagged proteins can be expressed, purified, and
refolded as efficient as the N-terminally tagged versions.

Here 1 illustrate some perspective in further modifications of FATT and other
unstructured tags. First, extension of disordered and negatively-charged sequence
possibly improves property of FATT with extended Stokes radius and repulsive force.
Second, as it is expected that solubilization effect of FATT is not depend on chaperone
(unfoldase) activity, fusion of chaperone-like unstructured polypeptides such as
a-synuclein to FATT may results in further enhancement of solubility. It is also
favorable for extending polypeptide length of unstructured region. Third, according to
the “fly-casting” model, Fusion of affinity tags such as poly-histidine to the terminus of
FATT may enhance the binding rate of the affinity tags to their specific partners with a

large capturing radius.

Further usage of FATT

Another intriguing possibility is the potential use of FATT tag as a way to
improve/modify the bioactivity of recombinant proteins. The biophysical property of the
FATT tag suggests that its fusion may have similar effect as chemical modification by

polyethylene glycol, which often improves in vivo stability and toxicity of the target
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protein. Combined with the fact that the tag sequence is derived from abundant human
protein and hence minimally immunogenic, this unique fusion strategy may find various

useful applications in biotechnology field not limited to the one reported here.
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V1. Materials and methods

Construction of FATT-tagged proteins

Residues 190-285 of APP695 gene (a gift from K. Yoshikawa) was amplified by
polymerase chain reaction (PCR). Using extension PCR, genes encoding Ndel cleavage
site and FLAG-tag were added to the 5’ side of amplified APP fragment. TARGET-tag,
factor Xa cleavage site and BamHI recognition site were added to the 3’ side. This
fragment (Ndel-FLAG-acidic region-TARGET-factor Xa-BamHI) was used as an insert
after treatment of Ndel and BamHI.

pET11b (Novagen) was used as a vector. The vector was treated by Ndel and BamHI.
The cleavage product was purified by cutting out from 0.8 % agarose gel
electrophoresis and dephosphorylated by adding Calf Intestine Alkaline Phosphatase
(CIAP, TOYOBO), followed by ligation using Ligation High ver.2 (TOYOBO).

The production was named “pFATT3” and used as a general vector for FATT-fusion
constructs.

The following segments were used for the expression of each target protein; GFPyy
(Clontech), residues 1-238; human Dkkl C (a gift from S. Sokol), residues 178-246;
human ApoER2 LA1 (a gift from T. Yamamoto), residues 42-83; MeCPA (a gift from D.
Waugh), residues 17-418; cutinase, residues 32-230. All scFv constructs contained Vi
and Vi regions of respective monoclonal antibody intervened by a (GGGGS); linker
and followed by a hexahistidine tag and a Myc tag.

Those genes were amplified by PCR and used as an insert after digestion by
appropriate restriction enzymes. Every inserts were ligated to the downstream of
factor Xa recognition site of pFATT3. All constructs used in this study were shown in

Table 6 (at the end of this paper).
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Expression of FATT-tagged proteins

Expression plasmids of FATT-fusion proteins (Target gene / pFATT3) were transformed
into E. coli strain BL21 (DE3) and cultured overnight on a Lysogeny-Broth (LB)
-agarose plate. A colony was picked and precultured overnight at 37°C in liquid LB
medium containing 50 pg/mL ampicillin. Then it was diluted into 1 L of fresh LB
medium and was induced with 1 mM IPTG when ODgoy was reached to 0.5, followed
by additional 4 h incubation. Cultural mediums at the point before induction and harvest
were sampled and centrifuged to collect bacterial pellet. Cells were then lysed with
Bugbuster (Novagen). Expression levels of FATT-tagged and no-tagged proteins were
compared by SDS-PAGE analysis. Sample volumes were adjusted in reference to ODggg
so that concentration of contaminated proteins in each sample becomes approximately

equal.

Western blot analysis

Three FATT-fusion proteins (GFPuv, Dkk1 C, and LA1) were expressed and cultural
mediums at 4 h after induction were sampled and separated by SDS-PAGE using 5-20%
gradient gel as described above. The gel was then blotted on a PVDF membrane. The
membrane was blocked with Blocking-One (Nacalai tesque). Anti-FLAG polyclonal
antibody (SIGMA) or P20.1 IgG diluted with Blocking-One was used as a primary
antibody. The membrane was washed 3 times with TBS-1% BSA.
Peroxidase-conjugated anti-rabbit or anti-mouse Ig was employed as a secondary
antibody. Each antibody reaction was performed 1h at room temperature. Blots were

visualized by ECL Plus reagent (GE-Healthcare) and recorded in ImageQuant LAS4000
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mini system (GE healthcare).

Cell harvest and lysis

E. coli cells expressing FATT-fusion protein were harvested after culture as described
below. Cultural medium was centrifuged at 5,000 g for 20 min. Cells were then
resuspended in TBS (50 mM Tris, 150 mM NaCl) pH 8.0. 10 uM leupeptin, 1 pM
pepstatin A and 0.25 mM phenylmethanesulfonyl fluoride (PMSF) were added to
prevent unfavorable proteolysis. Cells were lysed using ultrasonic disruptor UD-201
(TOMY) and centrifuged at 20,000 g to remove cell debris. Benzonase (Novagen) was
added to the supernatant and incubated for 30 min at room temperature to digest

genomic DNA.

Anion exchange chromatography

Anion exchange purification in prepacked HiTrap Q HP (GE healthcare) column and
open column Q-sepharose Fast Flow (GE healthcare) were individually tested.

Purification using prepacked column was performed as below. The soluble fraction of
bacterial lysate was directly loaded onto HiTrap Q HP column at a flow rate of 1
mL/min. 50 mM tris, pH 8.0 was chosen as a primary buffer condition. Then NaCl
concentration was gradiently increased from 0 mM to 1 M. The elution was fractionated
every 1 mL.

Open column was used as below. Soluble fraction was loaded directly to the
Q-sepharose FF column equilibrated with TBS pH 8.0, followed by 5 column volume of
wash buffer (50 mM Tris, 400 mM NaCl, pH 8.0) and the same volume of elution buffer

(50 mM Tris, 1 M NacCl, pH 8.0). The elution fraction was dialyzed against TBS pH 8.0

58



to reduce NaCl concentration. Then 2 U/mL of factor Xa (Novagen) and 2.5 mM CaCl,
was added to cleave FATT. The reaction was performed at 4°C. After 16 h incubation,

the reaction was terminated by PMSF.

Analytical size exclusion chromatography
Size exclusion chromatography was performed using Superdex™ 200 5/150GL

column (GE healthcare) equilibrated with TBS pH 8.0 at a flow rate of 0.15 mL/min.

Solubility assessment of FATT-tagged proteins

The gene fragments coding aggregation-prone protein were inserted to pFATT3,
transformed into BL21 (DE3), cultured and lysed as described above. The cell lysate
was centrifuged for 10 min at 20,000 g to separate supernatant and precipitation.
Supernatant was sampled as a soluble fraction. Precipitation was sampled as an
insoluble fraction after re-solubilization by small aliquot of 8 M urea followed by

dilution with TBS.

Oxidative refolding of FATT-tagged extracellular proteins

For the production of correctly folded proteins with disulfide bonds, various proteins
tagged with FATT that had been expressed in the cytosol of bacteria were subjected to
the "direct refolding" method coupled with one-step concentration by anion exchange
resin. Guanidium hydrochloride (Gdn-HCI) was directly added to the soluble fraction so
that the final concentration becomes 6 M. After 30 min incubation at room temperature
and filtration (0.45 pm), it was diluted 25-fold with refolding buffer A, containing 4 M

urea, 0.4 M L- arginine hydrochloride (L-Arg) and 375 pM oxidized glutathione
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(GSSG). Then diluted solution was gently stirred for 4 h at 4°C, followed by 2-fold
dilution with refolding buffer B (0.4 M L-Arg, 375 uM GSSG, 50 mM Tris pH 8.0) and
incubated overnight at 4°C. Additional 2-fold dilution with refolding buffer B was

performed to finally achieve 100-fold dilution.

Concentration and purification using anion exchange column

Renatured FATT-fusion protein was able to purify and concentrate in a single-step
using batchwise capture by Q-sepharose FF (GE healthcare). The resin was added to the
diluted sample solution and stirred gently for 1 h at 4°C. Then the solution was passed
through empty column to collect resin. The column was washed 5 column volume wash
buffer (50 mM Tris, 150 mM NaCl, 1 M urea, 0.1 M L-arginine-HCI, 375 uM GSSG,
pH 8.0), followed by elution with the same volume of elution buffer (wash buffer
containing 1 M NaCl). Buffer of elution fraction was exchanged by dialyzing against

TBS pH 8.0.

Tag removal and final purification

FATT was digested by factor Xa treatment and removed by passing through anion
exchange column as described above. To obtain structurally homologous protein,
size-exclusion chromatography was performed. HiLoad™ 16/60 Superdex'"'200 prep
grade (GE healthcare) equilibrated with TBS pH 8.0 was used for large-scale
purification. The final yields of refolded proteins were quantified by Bicinchoninic acid

(BCA) assay. Bovine serum albumin was used as a standard.
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Assessment of Carboxypeptidase activities

Carboxypeptidase activities of Metarhizium carboxypeptidase A (MeCPA) and human
Carboxypeptidase B (hCPB) were assessed using FAPP and FAAR assay, respectively
(Fig.21) (Peterson LM et. al., 1982). Because MeCPA was purified as an inactive
proenzyme, propeptide of MeCPA was removed by chymotrypsin at 1/83 molar ratio.
After 1 h incubation at room temperature, reaction was stopped by adding PMSF.

The enzyme solution was then diluted with 50 mM tris, 75 mM NaCl, pH 7.5 into
various concentrations. The solution was mixed with 200 uM of low molecular weight
substrate N-(3-[2-furyl] acryloyl)-Phe-Phe (FAPP, Bachem) in a quartz cuvette.
Diminishment of 340 nm absorbance was measured over time. Digestion of C-terminal
peptide tag was also tested. Human Fibronectin 10" type-1II repeat (residue 1447-1540)
with C-terminal additional linker and hexahistidine-tag sequence (GSHHHHHH,
FN10-Hise) was used as a substrate. MeCPA was activated as describe above, and was
added to FN10-His¢ solution in various molar ratios. The reaction mixture was
incubated 4 h at room temperature. A transition of polypeptide length was detected by
SDS-PAGE using 15% acrylamide gel in reducing condition. Human CPB, which also
has propeptide, was activated with trypsin in 1/100 molar ratio. After 30 min incubation
at room temperature, PMSF was added to terminate the reaction. Enzymatic activity
was measured as described above. N-(3-[2-furyl] acryloyl)-Ala-Arg (FAAR, Bachem)

was used as a substrate instead of FAPP. Enzyme was used in 30 nM concentration.
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Figure 21. The schematic principle of FAPP assay was illustrated. FA-linked dipeptide FAPP (or
FAAR) has absorbance at 340 nm. After digestion of amino acids by carboxypeptidase, Asyg is

dramatically diminished.

Assessment of esterase activity

The esterase activity of cutinase was measured as described below. Various
concentrations of p-nitrophenyl butyrate (pNPB) were added to 2 nM cutinase diluted
with 20 mM tris pH 8.0 in a quartz cuvette. 400 nm absorbance over time was measured.
15400 M'em™ was used as a molar attenuation coefficient of pNPB at 400 nm (Hosie L

et. al., 1987).

Assessment of antibody activities

Antibody activity of P20.1 scFv was measured by Surface Plasmon Resonance method
using BIACORE 2000 instrument. Fibronectin 910 repeat with N-terminal epitope
sequence (MPRGYPGQV) and C-terminal additional free cysteine (P4-FN9-10-Cys)
was used as a ligand. P4-FN9-10-Cys was biotinylated using EZ-Link™

PEO-Maleimide Activated Biotin (PIERCE). Then it was immobilized approximately
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2000 RU on a Sensor chip SA (GE healthcare). Various concentration of scFv was
injected to the flow cell using TBST (50 mM tris, 150 mM NacCl, 0.01% Tween-20, pH
8.0) at 25°C and flow rate of 20 ul /min. The sensorgrams were fitted using
Langmuir-binding model to determine the dissociation constant. Activities of
anti-nicastrin antibody A5201F scFv and anti-integrin 1 antibody SG/19 scFv were
measured using enzyme-linked immunosorbent assay (ELISA). Nicastrin ectodomain or
integrin a6B1 was coated on a 96-well microtiter plate. The wells were blocked with 1%
bovine serum albumin (BSA) in TBS for 1 h at room temperature. Then various
concentrations of scFvs were added in the volume of 50 pl. P20.1 scFv was used as a
negative control. After 1 h incubation at room temperature, the wells were washed three
times with TBS. Then anti-Myc polyclonal antibody (MBL) was added in the volume of
50 pL and incubated 1 h at room temperature. After 3 times wash with TBS, antibodies
were probed using anti-rabbit Ig-HRP conjugate (SIGMA) and visualized by ABTS
Peroxidase Substrate (KPL). Activity of SG/19 scFv was evaluated by an indirect
immunofluorescence microscopy of Bl-expressing Hela3S cells. Briefly, HelaS3 cells
were seeded onto 18-mm glass coverslips coated with poly-L lysine. The cells were
fixed in phosphate-buffered saline (PBS) containing 4% formaldehyde for 15 min at
room temperature. After blocking with 1% BSA in PBS, they were then incubated with
2 pg/ml SG/19 scFv or control P20.1 scFv at room temperature for 1h. After washing
three times with PBS, cells were incubated with 1ug/ml Alexa 488-conjugated anti-Myc
IgG (MBL) and Hoechst33342 (Invitorogen) for 2 hours at room temperature. The
coverslips were mounted using Vectashield (Vector Laboratories) and the fluorescence
images were obtained using a digital fluorescence microscope (model BZ-9000;

Keyence, Osaka, Japan).
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Table 6. FATT-fusion proteins used in this study. Markers represent as below. Red; FATT, light
green; tags other than FATT, gray; propeptide. Magenta in FATT-P20.1 represents mutation in

TARGET-tag to avoid self-recognition of renatured scFv.
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LFQOANTKCP DATLIAGGYS QGAALAAASI EDLDSAIRDK IAGTVLEFGYT KNLQONRGRIP
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FATT-01F

_MVEVKLVES GGGLVQPGGS LKLSCATSGF TFSDYFLFWV RQTPEKSLEW
VAYIGYGGGS TYYPDTVKGR FTISRDNAKN TLYLOMSRLK SEDTAIYYCA RRDGYSFDYW
GQGTTLTVSS AGGGGSGGGG SGGGGSDIQM TQTTSSLSAS LGDRVTISCR ASQDISNYLN

WYQQKPDGSV KLLIYYTSRL HSGVPSKESG SGSGTDESLT ITNLEQEDIA TYFCQQAFSL

PWTFGGGTKL EIKAAARGGP _ NSAVD-

FATT-SG/19

MAAAMQVHL QQSGAELMKP GASVKISCKA TGYTFTSYWI EWVKQRPGHG
LEWLGEILPG SGYIHYNEKF KGKATETTDT SSNTAYMQLS SLTSEDSAVY YCSRALALYA
MDYWGQGTSV TVSSGGGGSG GGGSGGGGST DIVMTQATPS IPVTPGESVS ISCRSNKSLL

HSNGNTYLYW FLQORPGQSPR LLIFRMSNLA SGVPDREFSGS GSGTAFTLRI SRVEAADVGI

YFCLQHLEYP FTFGAGTKLE LKRAAA-GAA_NGAA
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