Veronika Kucharova

Expression of Recombinant
Proteins in Escherichia coli:
The Influence of the Nucleotide
Sequences at the 5° Ends of
Target Genes

Thesis for the degree of Philosophiae Doctor
Trondheim, November 2012
Norwegian University of Science and Technology

Faculty of Natural Sciences and Technology
Department of Biotechnology

NTNU - Trondheim
Norwegian University of

Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the degree of Philosophiae Doctor

Faculty of Natural Sciences and Technology
Department of Biotechnology

© Veronika Kucharova

ISBN 978-82-471-3888-5 (printed ver.)
ISBN 978-82-471-3889-2 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2012:287

Printed by NTNU-trykk



For Nada and Zdenék



“...organisms of the most different sorts are constructed from the very same battery of
genes. The diversity of life forms results from small changes in the regulatory systems
that govern expression of these genes. “

-F. Jacob; Of Flies, Mice and Men
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ABSTRACT

The nucleotide sequence at the 5" end of genes can be specified as the sequence of a
promoter associated 5° untranslated region (UTR) together with the initial coding
sequence of a gene. Because this genetic region has been implicated in the control of
translation, messenger RNA (mRNA) stability and even transcription, it can be looked
at as one of the central control points in gene expression. Both the 5'-UTR and the
coding sequence have often been included in optimization strategies targeted to
simulate recombinant protein production in E. coli and numerous reports describe
various sequence-dependent structural features that can positively influence the
overall expression process. Nevertheless, the actual mechanisms by which the
regulation of gene expression is exerted at the 5" end remain obscure. The work
reported in this thesis has involved various types of analyses of the functionality of the
5" end, by using mutations as a major tool. The work can be seen as mainly a detailed
empirical analysis of the relation between the specific nucleotide sequences at the 5’
end of genes and the final outcome at the protein production level. The results also
indicate that optimizations based on empirical laboratory protocols are currently
unlikely to be exceeded by predictions based on bioinformatics software.

Sequence mutagenesis of elements in the XylS/Pm - positive regulator/promoter
system coupled to high-throughput screening had been previously proven to be a
powerful method for increasing the expression of recombinant genes from this
expression cassette. At the beginning of this thesis work the effect of introducing
random mutations in the DNA sequence of the Pm promoter associated 5-UTR and
two 5’ fusion partners, whose sequences correspond either to a consensus
translocation signal peptide or the first 23 codons of a well-expressed celB gene
(encoding a cytoplasmic phosphoglucomutase) was investigated. The core of the
experimental work was construction of large combinatorial libraries of the different
DNA sequences and subsequent selection for improved expression of a reporter gene
(either ampicillin or apramycin resistance gene), that was indicated by an increase in

antibiotic tolerance of the corresponding E. coli host cells. A shared result of the three



individual studies was the establishment of a collection of optimized sequences that
generally improved protein production properties of both reporter and industrially
relevant heterologous genes.

In addition to random mutagenesis, also synonymous mutations were introduced
in the DNA sequence of the consensus signal peptide (CSP) and the consequent
expression effects were evaluated. As a conclusion, the DNA changes that did not alter
the amino acid sequence led to a lesser stimulation of expression of the bla reporter
(ampicillin resistance) than when complete sequence randomization was applied.
Moreover, similar results were obtained when synonymous codon usage of the first 9
codons of the medically important ifn-a2b gene was optimized by a bioinformatic
method, followed by experimental determination of expression levels of several
rationally selected ifn-a2b synonymous variants. These results indicated that
optimization of the codon usage of the 5" coding sequence has limited effects,
probably due to the sequence intrinsic characteristics. However, the use of optimized
5’ fusion partners or 5°-UTR variants can often overcome such limitations.

Besides evaluating the expression at the protein level, the work also addressed
how the changes of the 5" end of a gene influence expression at the level of transcript
accumulation and mRNA stability. For that purpose, a non-invasive method for
accessing recombinant mRNA stability in bacteria was developed. The procedure was
based on the removal of diffusible transcriptional inducers followed by qRT-PCR
determination of mMRNA levels at consecutive time-points. Among the principal findings
was that a 5" fusion partner (specifically: translocation signals pelB and ompA, together
with the celB-based 5" fusion) contributes to the stimulation of recombinant gene
expression by enhancing the stability of the corresponding fusion mRNA. The
stimulation of expression caused by specific mutations in the 5’-UTR and adjacent
coding sequence (synonymous changes), on the other hand, surprisingly appeared to
result from improved rate of mMRNA synthesis. Three selected promoter systems (Pm,
Ptoc and the T7 based) were used in these studies, and part of the work also evaluated
how fast each system responds to addition and removal of its inducer, respectively.

The expression systems were found to affect both transcript accumulation and decay



in a specific way that correlated with the type of transcription regulation each system
is subjected to.

Finally, a study comparing five bacterial expression systems (XylS/Pm, XylS/Pm
ML1-17 (a Pm variant), the bacteriophage T7 RNA polymerase/promoter system,
Lacl/P: and AraC/Pgap) With respect to their production capacity of five different
recombinant proteins was carried out. The comparison revealed many expression
system and model gene specific features and that none of the systems was superior in
all evaluated aspects; which included system’s adaptability, maximum protein yield,
basal expression in the absence of inducer, use of cellular resources and homogeneity
of expression. However, particularly because of a large associated collection of
optimized genetic elements (such as sequence variants of the Pm promoter, the XylS
regulator, 5°-UTR and various translocation signals) and the possibility of simple
genetic adjustments that can lead to both higher and lower expression levels, the
XylS/Pm system appeared as a good starting point for optimization of various kinds of

protein production processes.
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INTRODUCTION

1 TURNING BACTERIA INTO PROTEIN PRODUCTION FACTORIES

At present we are using biotechnology in countless applications; such as to help with
the availability of food, to detect and control environmental pollution, to obtain
alternative energy sources and to improve human health. Modern biotechnology can
thus be regarded as one of the major contributors to the advancements towards more
sustainable life-styles. Utilization of cell biosynthetic capacities is currently a well-
established practice and most of the human population is profiting, knowingly or not,
from this multidisciplinary field and its inventions in their everyday lives.

For centuries humans have used microorganisms to make useful products. The
modern perception of biotechnology however developed in the 1960s and “70s when a
new field of study founded on emerging molecular and cellular technologies formed.
By building up the knowledge of biosynthetic pathways and associated regulatory
mechanisms, but also on account of the advancing progress in technology (particularly
recombinant DNA), molecular biologists were able to devise methods to isolate and
identify genes as well as to manipulate and insert them into other species (9, 68, 138).
Shortly after that, the first genetically-engineered, synthetic human proteins were
produced in bacterial cells by the artificial manipulation and modification of the
corresponding DNA sequences (98, 137).

Over the years, the production of bioactive compounds by microorganisms
from rather cheap media, compared to expensive and elaborate extraction processes,
has built itself an unarguable position. Engineering of the cell biosynthetic machinery is
being widely applied within university and industry based research centers for
production of biological catalysts used in applications as diverse as cancer treatment
and pulp bleaching (74, 205, 228, 261). Steadily increasing demand for active
therapeutics together with a requirement of structural genomics and proteomics
studies for large amounts of recombinant proteins (29, 83, 104, 155), can be regarded
as important examples of motivation factors driving the field of recombinant protein

expression and the production of bioactive compounds.
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Among the many commonly used expression systems, derived from prokaryotic
as well as eukaryotic cells, engineered bacterial expression systems are among the
most attractive (228, 286). Nearly 30% of all of the recombinant pharmaceutical
proteins is produced in Escherichia coli, the principal expression host and first-line
production system for non-glycosylated proteins (114, 125, 244, 257). Since the work
presented in this thesis has been carried out in E. coli, the general discussion on gene
expression regulation and heterologous protein production in the following two
introductory chapters will focus on this organism. Nevertheless, because significant
progresses have been made in alternative bacterial expression systems during the past

few years, few examples in this regard are going to be briefly mentioned.

1.1 Control of gene expression in E. coli

In all living cells, the genetic information encoded in DNA is first transcribed into mRNA
which is then translated into one or more protein molecules. This hierarchical design
made up from multiple consecutive steps, each of which is subjected to careful
control, allows the cell to integrate and simultaneously coordinate different
physiological processes (Figure 1). An important aspect that should be considered
during genetic design of an expression system is to establish which control
mechanisms are operative during expression of a particular recombinant gene. For
that reason, a central theme of the three following sub-chapters is the description of

our current understanding of gene expression regulation in prokaryotes.
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Figure 1 Factors influencing gene expression in E. coli. Each step in the gene expression
process may be modulated, including transcription, RNA turnover, translation, and post-
translational processes. Several determinants that act along the path of expression are show,
any of which could have both positive and negative regulatory functions.

1.1.1 Transcriptional regulation

Gene expression in bacteria is primarily regulated at the first step; the transcription of
the DNA template into its RNA copy, as it limits the energetic and materials cost of
aborting expression at any subsequent stages (107). For accurate RNA polymerization
the catalytic activity of DNA-dependent RNA polymerase (RNAP - defined as core
enzyme with subunit composition o> w) is obligatory (34). Additional activities of the
polymerase accommodated by one of the discriminatory o subunit species allow for
specific promoter DNA sequence recognition, positioning of the RNAP holoenzyme
(RNAP with associated sigma factor) at a target promoter and unwinding of the DNA
duplex near the transcript start site (42). The initiation phase of transcription is
controlled by two means; specific features of the promoter DNA sequence and
management of the activity of the transcription initiation complex by regulatory

proteins. Transcriptional regulators, such as DNA binding proteins, small ligands and
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transcriptional factors that can bind directly to RNAP, are usually activated in response
to environmental stimuli (26, 118, 135, 252).

Activation of gene expression in E. coli has classically been characterized either
aso’® dependent (including six of the sevens o factors: 0’° o8 0%, 0%, 0%, 019) oras
0>* dependent, a sigma factor which shares little sequence homology and promoter
specificity with the o’° class (26, 109). While the response of the RNAP enzyme to
specialized o subunits and transcription factors plays a crucial role in determining the
cell’s transcription program under different growth conditions, the promoter
sequences are major determinants of the wide range of gene expression levels
observed (22, 221). Different sequence elements responsible for promoter recognition
by RNAP holoenzyme have been identified. Hexamers —10 and —35 , which are located
10 and 35 base pairs (bp) upstream from the transcript start site (position +1),
respectively, are the principal recognition elements and function as the primary
determinants of the basal promoter strength (118, 119). In addition to these core
promoter elements, other sequences throughout the extended promoter recognition
region have been identified to have a large influence on the strength of investigated
promoters. These sequence elements include a 3—4 bp motif located immediately
upstream of the —10 and a ~ 20 bp sequence located upstream of the promoter —35
hexamer (24, 89, 220, 224).

The same promoter sequence can be recognized by more than one sigma factor
as demonstrated for the Pm promoter, used in this work. In the early exponential
growth phase the Pm promoter recognition is mediated by 62, but a switch to 6 (also
known as ¢°) takes place in the late exponential and early stationary phases (78, 212).
The consensus sequences of the different promoter elements recognized by the RNAP
complex with 6’°, 6>* or &° are illustrated in Figure 2, together with a schematic
representation of interactions between RNAP holoenzyme and a promoter DNA

sequence.
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DNA Coding sequence]

Up-element -35 ext.-10 -13 -10 +1
¥ element v
AAWWWTWTTTT NNAAAA -4bp- TTGACA -12bp- N | TATAAT 5-8bp-N  RNAP-g7°

AAAWWWWITTT -10bp-| TTGAaCA -12bp- C | TAYACT TAA-2-5bp-N  RNAP-c°
CTIGA  -14bp-  GNCC € ATNT -N RNAP-g*
W-rich W-rich

Figure 2 Promoter recognition by RNAP holoenzyme. Illustration of known interactions
between the promoter DNA core elements and RNAP holoenzyme during transcription
initiation, together with a summary of all known consensus sequences for promoters
recognized by the RNAP-0”°,-° or —o°2. N represents A, T, C or G; K represents T or G; W
represents A or T; Y represents T or C (pyrimidine). UP: upstream. bp: base pairs. Adapted from
(22, 42, 118, 263, 277).

Once a dissociable o factor has directed RNAP to a specific promoter site, the
RNAP holoenzyme can either form a stable closed complex that is incompetent for
transcription and which requires ATP hydrolysis by enhancer-binding proteins for
additional transition (the case of 6°%) (118). Alternatively, it can spontaneously proceed
to an open complex that is competent for transcription (the case of 6’%), in which the
duplex DNA around the transcript start-point is unwound (16, 184). When the open
complex has been formed, transcription is typically initiated through synthesis of short
abortive transcripts that are repetitively released and re-synthesized while RNAP
maintains its contacts with the promoter DNA sequence, as has been demonstrated
both in vitro (124) and later in vivo (100). These studies furthermore showed that the
about 25 bps 5’-part of the UTR DNA region (the initial transcribed region) can
influence the promoter escape efficiency. To undergo promoter escape and proceed to
the elongation phase, RNAP must relinquish its contacts to the core promoter
elements (159). In order to do so, it has been proposed that excess template DNA must
be transiently unwound and accommodated in the main channel of the RNAP in a
process called DNA scrunching (38). This was supported experimentally by single-

molecule DNA nanomanipulation (215), which detected template unwinding during
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abortive initiation, and by single molecule fluorescence resonance energy transfer
(FRET) experiments (147), which showed that RNAP remains fixed on promoter DNA

sequence and pulls downstream DNA into itself.

Transient pauses during the transcription cycle

After RNAP has escaped into the productive elongation phase, the transcription
complex may come across potential arrest sites at which the nascent RNA remains
stably bound to the enzyme (12). Such pause sites are sequence-encoded and control
the rate of mMRNA synthesis by altering the fraction of time during which RNAP is
actively elongating (163). Transcriptional pausing is believed to influence a variety of
events. In addition to affecting the overall rate of RNA production, it enables the
coordination of RNAP movement, interactions with external regulatory factors, folding
of the nascent RNA and the synchronization of transcription with translation (13, 120,
206). Several models have been proposed to explain pausing during transcription
elongation, including a model where sequences that resemble promoter elements are
recognized by a o factor that has failed to dissociate from RNAP (40, 199, 217).
Although it was initially thought that the o subunit dissociates from the transcription
complex during the transition to elongation, the o’° subunit can actually interact with
the elongation complex (21, 193) and induce pauses during transcription (116, 209,
290). In summary, although transcriptional initiation has long been identified as a
critical point of regulation, mechanisms for controlling expression levels during the
elongation phase have added yet another layer of complexity to the transcriptional

regulation.

1.1.2 Regulation of mRNA turnover

Undoubtedly, the concentration of mRNA which is available for translation directly
determines the total protein production level. As a consequence, the control of mRNA
stability is important for many expression strategies and in particular for design of
expression cassette elements such as 5°-UTRs (11, 51-53). In contrast to rather stable

DNA, bacterial mMRNA molecules are intrinsically labile and continuously synthesized
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(Figure 3). This provides bacteria with an effective way to regulate expression of their
genes because those transcripts that are templates for proteins pertinent to a
particular physiological state can be selectively maintained (27). Current knowledge of
bacterial MRNA decay suggests that relative stability and how rapidly an mRNA is
degraded is a combination of multiple sequence and structural features within the
message itself, the efficiency of its translation and the cooperation of specific RNA

processing enzymes (54, 143).

RECYCLING S
Ny A\

DECAY rRNAs
mRNAs N
Nucleotides ‘ RN A &\\\
tRNAs

small RNAs
wROCESSING
DECAY
\- Non-coding RNA

Figure 3 RNA metabolism in bacteria. The RNA steady state level is a function of the molecule
synthesis and decay rates. Different types of RNA are either directly involved in translation
(mRNAs) or undergo further processing (pre-cursors of stable RNAs) or degradation (defective
RNAs, untranslated or poorly translated mRNAs). The end products of RNA degradation,
mononucleotides, are recycled in the next round of RNA synthesis. Adapted from (143).
Enzymes of broad importance for cytoplasmic RNA decay

The intracellular RNA-degrading enzymes (ribonucleases or RNases) are generally
classified by their mode of action into endonucleases which cut RNA internally and
exonucleases that sequentially remove mononucleotides either from the 5" or the 3°
end of RNA. In E. coli, several endonucleases and 3’ exonucleases have been described
(Table 1), but the organism appears to lack a 5’ exonuclease (47, 123, 181, 216). The

degrading enzymes often form a dynamic multiprotein complex (degradosome)

primarily consisting of the essential endonuclease RNase E, polynucleotide



INTRODUCTION

phosphorylase (PNPase), RNA helicase (RhIB), and enolase (48, 211, 267). Instead of a
dedicated machinery for degradation of different RNA classes, the same enzymes have
been described to participate in the degradation of both mRNAs and stable RNAs
(ribosomal RNA (rRNA) and transfer RNA (tRNA)) (75, 76). Thus, the specificity of the
RNase and the accessibility of the substrate seem to determine whether or not a
particular RNA will be targeted for degradation (143). Although the detailed
mechanism of prokaryotic RNA decay remains to be fully elucidated, both 5" and
3’end-dependent degradation pathways have been described for E. coli and are

presented in the following two sub-chapters.

Table 1 Important RNA-modifying enzymes that participate in mRNA turnover in E. coli.

Enzyme Class Name Specificity/ Function
Endonuclease RNase E (RNase G homolog) A/U rich single stranded regions,
5’-end dependent hydrolase
RNase IlI double-stranded RNA
RNase G, RNase P
3" exonuclease PNPase single-stranded 3" end
RNase R, RNase Il single-stranded 3" end
Oligoribonuclease RNA oligonucleotides
5’-end modification RppH single-stranded 5’ terminus,
pyrophospate removal
3’-end modification Poly(A) polymerase Polyadenylation
PNPase heteropolymetric tail addition

Internal and 3'-terminal degradative events in mRNA decay

Early evidence suggested that the mRNA lifetimes in E. coli are controlled primarily by
internal events followed by 3" exonuclease attack (6, 28). In support of this notion
were observations that exonucleotic digestion of mRNA from the 3" end is hindered by
a characteristic stem-loop structure (Figure 4), and that the initial endonucleolytic
cleavage (mainly mediated by RNase E) results in a pair of short-lived decay
intermediates (7, 15, 203). Several reports of poly(A) tails on bacterial RNAs (197, 285)
supported a hypothesis that addition of adenines to mRNA promotes 3’ exonucleolytic
degradation of stem-loop structures in decay intermediates. The transient addition of

poly(A) tails to bacterial RNAs is indeed a crucial step since it can present a single
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stranded RNA segment as a start signal to the 3" exonucleases such as PNPase and
RNase R (63, 117, 284). Facilitation of 3’ exonucleolytic degradation of mRNA decay

intermediates by polyadenylation is illustrated in Figure 5.

Nascent polypeptide

Coding Region

Figure 4 lllustration of translated prokaryotic mRNA. Elements protecting the molecule from
being degraded; a triphosphate at the 5" end, a stem-loop at the 3" end and translating
ribosomes (spheres) are presented. The Shine-Dalgarno (SD) sequence is a part of ribosomal
binding site. Description of translation is given in chapter 1.1.3. Adapted from (27).

ﬁ? RNase E ﬁ
PPR %\
PPR ? /

2. -
PNPase, RNase R or Rnase Il

/ Poly(A) polymerase \
PPFJ?AAA. FJ?AAA.

| |

PPFJQ’ FJ{’

Figure 5 3’ exonucleolytic degradation of mRNA. Endonucleolytic cleavage of mRNA by RNase
E initiates the decay in most cases. The decay intermediates, except the fragment with the
original 3’-terminal stem-loop, undergo 3’ exonucleolytic attack by PNPase, RNase R and/or
RNase Il. The fragments that contain stem-loops are polyadenylated by poly(A) polymerase,
thereby enabling the exonucleases to reengage and degrade the stem loop. Adapted from (27).
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5'-terminal degradative events

A central finding for the characterization of the 5'-terminal degradation pathway was
the 5’-UTR influence of the rate at which RNases degrade mRNA (172). Initially, a single
phosphate at the 5'-terminus of mRNA was shown to affect the catalytic rate constant
of RNase E by orders of magnitude compared to the triphosphorylated mRNA
counterparts (171). At the same time, this 5" end modification appeared not to
accelerate the RNase E action by improving mRNA binding, but rather by enhancing
the enzyme catalytic potency (141, 213). Determination of the crystal structure of
RNase E later explained how the recognition of the 5’-terminus may trigger catalysis
(45). The study suggested that the influence of 5’ phosphorylation on endonucleolytic
cleavage by RNase E is a consequence of a discrete enzyme pocket in which
monophosphorylated 5’ ends can bind and promote downstream cleavage.

Besides the 5'-phosphorylation status of mRNA, also the 5’-UTR propensity to
form secondary structures has been pointed out as a determinant of mRNA stability.
An increasing number of studies have documented that a stem-loop near the 5" end
helps to protect the message from degradation (10, 17, 37, 88). This finding could not
be explained by the formerly proposed model of initial endonucleotic cleavage until a
recent study re-examined the primary events of RNA decay and uncovered that mRNA
degradation can be triggered by a 5’-terminal event (pyrophosphate removal) that
marks transcripts for rapid turnover (58). In addition, the same authors showed that
the protein RppH is the RNA pyrophosphohydrolase (initially designated NudH/YgdP)
that initiates mRNA decay by this 5" end dependent pathway and facilitate RNase E
cleavage of primary transcripts by 5 pyrophosphate removal (73). A proposed
schematic pathway for 5’ end-dependent mRNA degradation in E. coli is presented in

Figure 6.

10
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RppH
A Coding Region
PPR—
S‘E 3'-UTR
lRppH

= —

Figure 6 5’-end-dependent pathway of mRNA decay in E. coli. Pyrophosphate removal by the
enzyme RppH (axe) generates a 5’-terminal monophosphate that can bind to a discrete pocket
of RNase E (scissors). This initial step facilitates mRNA cleavage at a downstream location.
Shine-Dalgarno (SD) sequence is a part of ribosomal binding site (described in chapter 1.1.3).
Adapted from (27).

The influence of ribosomes on bacterial mRNA decay

One of the most perplexing factors influencing the lifetimes of individual mRNAs is
their association with translating ribosomes. A couple of pioneering studies showed
that antibiotic drugs that inhibit translation elongation (such as chloramphenicol,
fusidic acid, and tetracycline) yield stabilization of cellular mRNAs, whereas drugs that
inhibit initiation of translation (puromycin and kasugamycin) have the opposite effect
(207, 229). The effects of these antibiotics were later shown to be more complex and
the results judged as difficult to interpret due to cell-wide effects brought about by the
drugs. A follow-up study showed that the inhibitors of protein synthesis can stabilize
mRNAs by acting directly on the mRNA degradation machinery, irrespective of how
they inhibit translation (169).

The effect of translational inhibitors can be mimicked by mutations that slow or
block ribosome movement. Studies exploring early arrests of translation through the
introduction of terminator codons and mutations in or near the ribosomal binding side
(RBS) that result in reduced translation initiation frequency have suggested that some
MRNAs can become less stable upon depletion of ribosomes or when ribosome density
decreases (35, 200). Conversely, mutations that extended the complementarity
between the Shine-Dalgarno (SD) sequence and 3" end of 16S rRNA could increase

translation and mRNA stability (10, 276). Furthermore, the demonstration that
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untranslated /lacZ mRNA is stabilized by RNase E inactivation suggested that the naked
mMRNA is more sensitive to the RNase attack (133).

The stabilizing effect of translation of many bacterial mRNAs has been
explained by postulating that ribosomes can mask endoribonuclease sites which
control the mRNA decay rate. The notion that ribosomes sterically block mRNA-
degrading enzymes was further supported by in vitro experiments with ompA mRNA
that showed that 30S ribosomal subunits bound to the RBS can protect from RNase E
cleavage in the 5°-UTR (272). Ribosome binding has been described to be stimulated by
A/U rich regions flanking the start codon (110, 156, 270). Interestingly, such A/U-rich
sequences frequently occur within RNase E cleavage sites (183). The location of
coincident ribosome and RNase E binding sites could provide means for dual mRNA
regulation of stability; either hindering the degradation by ribosome protection or, the
other way around, providing a way to selectively eliminate mRNAs that are
translationally inactive. Accordingly, this hypothesis implies that a rate-limiting step in
mMRNA decay depends on the binding affinity of either the 30S ribosomal subunit or
RNase E for a given mRNA (144).

An alternative explanation (and to some extent complementary) is that by
directing more efficient translation initiation, a closer spacing of translating ribosomes
would improve steric protection of potential RNase E cleavage sites (72). Several
studies addressed the question how the spacing between translating ribosomes along
the length of the mRNA and the average degree of occupancy of the RBS influences
mMRNA degradation. In order to distinguish the two cases, the preferred initiation
codon in E. coli (AUG) was mutated to a weaker variant (GUG, CUG, or UUG) or to a
codon that cannot function in translation initiation (10, 182). Such genetic
manipulation is assumed to reduce the frequency of translation initiation and thereby
increase ribosomal spacing without significantly diminishing the ribosome-binding
affinity of the RBS and its average occupancy by ribosomes. Although a high degree of
ribosomal occupancy at the 5" end appeared to be an important factor in determining
mMRNA longevity, on-going translation rather than ribosome binding per se (resulting in

close ribosome spacing) was required to protect mRNA from degradation.
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1.1.3 Regulation of translation

The cost of peptide bond formation in a cell is ~ 160 kJ/mol of free energy, which is
gained from cleaving 4 high-energy phosphate bonds (113). However, for uncatalyzed
peptide bond synthesis in dilute aqueous solution the required free energy change is
only ~ 20 kl/mol (77, 177). The extra energy consumed in the enzymatically catalyzed
reactions is presumably needed for generating an accurate, mRNA-defined polypeptide
sequence. Considering the high energy expense, bacteria must carefully regulate their
protein production to be able to dynamically adjust to their usually ever-changing
habitats. Control at the post-transcriptional level, through coordination of RNA
turnover, the translation and post-translational processes, is thus an integral part of

gene expression (180).

The translation process

The translation of genetic information from mRNA to protein is performed by
macromolecular ribonucleoprotein complexes (ribosomes) and is commonly divided
into four phases: initiation, elongation, termination and ribosome recycling (164).
Likely due to the absence of nucleus in bacterial cells, ribosomes are able to initiate
translation already on a nascent mRNA (transcription-translation coupling) (105).
During the initial phase, which is just like in transcription the rate limiting step, three
initiation factors (IF1-3) guide the ribosome in selection of mRNA and translational
reading frame (189). In the subsequent elongation process ribosome utilizes three
binding sites for the tRNA molecules that help to decode the genetic code in mRNA
sequence into a protein: A site that binds aminoacyl-tRNAs (that function as the
acceptors for the growing protein during peptide bond formation), a P site that
interacts with peptidyl-tRNAs (the tRNA carrying the growing peptide chain), and an
exit E site for deacylated tRNAs (192). The different mechanisms involved in protein
synthesis are quite well understood at the molecular and atomic level, thanks to the
crystallographic studies of the ribosome associated with different ligands and their
high-resolution structures generated by X-ray and cryo-electron microscopy

experiments (237).
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A schematic view of the initiation step is shown in Figure 7. Translation
commences with the formation of a 30S preinitiation complex (PIC) by the 30S
ribosomal subunit, mRNA, initiation factors and the aminoacylated and formylated
initiator tRNA (fMet-tRNA™Y) (56, 188). The large ribosomal subunit 50S then joins the
30S PIC and forms a labile 70S initiation complex which is subsequently stabilized by
IF2-dependent GTP hydrolysis (108, 259). Once the initiation factors have dissociated
the fMet-tRNA™®! is positioned in the P site of the resulting 70S complex. Following
the binding of the first aminoacyl-tRNA to the A site and formation of the first peptide
bond, the machinery then proceeds to the elongation phase. When the ribosome
reaches the end of the mRNA coding sequence, indicated by a stop codon, it

dissociates and releases a new protein into the cell (248).
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Figure 7 lllustration of the translation initiation. Steps that include formation of 30S and 70S
translation initiation complexes (IC), containing ribosomes, initiator fMet-tRNA™*, mRNA and
initiation factors IF1, IF2 and IF3, are depicted. mRNA binds to 30S in two distinct steps. First
the mRNA is anchored on the platform of the 30S subunit by the help of initiation factors (pre-
initiation complex PIC). After that follows the accommodation of the mRNA in order to promote
the codon-anticodon interaction in the P site. The resulting 30S IC engages the 50S subunit to
form the 70S IC. Once initiation factors dissociate, the synthesis of the encoded protein can
proceed through the elongation, termination and ribosome recycling phases. Adapted from
(237).
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Sequence and structural elements that control initiation of translation

It is well established that the rate of ribosome binding to the 5" end of mMRNAs is
control by the ribosomal binding site (RBS) located there and comprising ~ 25
nucleotides on each side of the translation initiation codon (129). Two principal
sequence elements of the RBS are the SD sequence within the 5°-UTR (234), which
facilitates 16S rRNA-specific binding and anchors the mRNA to the 30S subunit (287),
and the start codon (most commonly ATG), which sets the reading frame for the rest of
the translation process (158). In addition, the spacing region between the start codon
and the SD sequence, the non-random distribution of nucleotides upstream of the SD
and downstream of the initiation codon and the mRNA folding of the RBS have been
shown to influence translation initiation (25, 61, 178, 218).

The complementary base-pairing between SD and a sequence motif at the 3’
end of the 16S rRNA (249), referred to as the anti-SD sequence, can occur under the
condition that the SD sequence is not sequestered in a strong secondary structure. This
was evidenced by quantitative analysis of the relationship between the stability of RBS
secondary structure and translation efficiency (71). Furthermore, alterations of the SD
or the anti-SD sequence that reduce their mutual complementarity were found to
strongly inhibit protein synthesis (128, 139). At the same time, the SD sequence has
been recognized as not essential for translation initiation (195, 196, 238). This is best
documented by two alternative initiation mechanisms, which do not depend upon a
consensus SD sequence. Leaderless mRNA that lacks its 5'-UTR can directly bind the
ribosome and be efficiently translated (191, 264). Also, the ribosomal protein S1,
which is a component of the 30S ribosomal subunit and binds to A/U-rich regions
directly upstream of the SD sequence (144, 156, 230), can efficiently initiate
translation regardless of the presence of the SD sequence (33, 157). Recent
bioinformatics analyses, supported by experimental data, showed that mRNAs without
a SD sequence are generally less structured in their translation initiation region (226).
The authors therefore suggested that minimum mRNA folding around the start codon

is necessary and sufficient to initiate SD—independent translation.
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The notion that the structural features and the overall stability of the RBS
quantitatively control the efficiency of translation, through modulating the accessibility
of transcript to the ribosomes, is further supported by a number of investigations (25,
178, 227). Studies of various translation initiation regions generated by different
rational design approaches, such as site-directed mutagenesis, revealed that A/U-rich
sequences in the vicinity of the RBS stimulate translation (39, 85, 270, 288). Such
sequences are believed to be less likely involved in strong secondary structures. The
importance of mRNA folding at the beginning of a coding sequence has been directly
or indirectly documented by a number of studies (57, 90, 160, 231) as well as the
interplay between SD, initiation codon and the 5" coding region in translation initiation
(39, 103, 250, 251). Even though strong structures in the RBS are generally believed to
act inhibitory (59, 289), initiation can occur when the structured element is positioned
between the SD and the start codon or sufficiently downstream of the start codon
(201, 208). In conclusion, minimal folding of MRNA and start codon accessibility

appears to be of critical importance for efficient translation initiation.

Synonymous codon usage

The genetic code (on the mRNA level) is defined by triplets of four different
nucleotides (A, C, G or U) and totally 61 sense codons are used to encode the 20
naturally occurring amino acids (three codons terminate translation). Synonymous
codons are therefore used to code for the same amino acid. There exists a distinct
codon bias; in most sequenced genomes synonymous codons are not used at equal
frequencies (210). Codon usage can dramatically vary not only between different
classes of genes but even within a single gene (67, 146). As one of the factors shaping
codon usage patterns has been identified the availability of isoaccepting tRNAs (87),
since in highly expressed genes codon preference was found to correlate with the
composition of the tRNA pool (80, 131). Nevertheless, it is still not clear whether the
pattern in codon usage is a cause or a consequence of the bias in tRNA abundance

(194).
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Indications that selective codon usage might be a translation control
mechanism have come from studies that described a significant positive correlation
between a gene’s expression level and its codon bias (44, 91, 233), and several
experimental studies showed that mRNA consisting of preferred codons is translated
more efficiently than mRNA modified to contain rare codons (219, 255). This led to a
view that high codon adaptation (defined by high codon adaptation index (232))
induces strong protein expression. However, the assumed stimulation of protein levels
per mRNA by high codon adaptation does not agree well with the notion that initiation
is generally the rate limiting step in translation, as illustrated in Figure 8. It has thus
been hypothesized that when initiation is limiting it is unlikely that changes in the
elongation rate can lead to an significant alteration in the rate of protein production
(3, 44). In addition, specific synonymous codon usage has been described also for
sequence motifs that are recognized by translational or by post-translational
regulatory mechanisms; for example ribosomal pausing and protein folding (43, 225,
258). Thus, a deliberate location of well/ poorly adapted codons and consequent
mMRNA folding properties appear to be utilized for modulation of the performance of
the translational apparatus.

Plotkin and Kudla recently suggested that a selection of synonymous codons
against strong 5" mRNA structure is an important evolutionary mechanism, in order to
facilitate translation initiation (210). This was partly based on their own study of 154
genes coding for the same protein and the influence of synonymous codon usage on
the protein expression level. Their results showed that mRNA folding near the RBS and
associated rates of translation initiation play a central role in shaping expression levels
of individual synonymous genes, while codon bias affects global translation efficiency
and also cellular fitness. Similarly, a trend towards reduced codon adaptation and
reduced mRNA stability near the translation initiation site in the 5" region of E. coli
genes has been documented (91, 110). Another systematic trend in the pattern of
intragenic codon usage has been described by Tuller et al. (260). The study showed
that poorly adapted (rare) codons at the beginning of genes might help prevent

'ribosomal traffic jams' by slowing elongation at the start of a gene. It is curious that
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the 5" region of poorly adapted codons identified by Tuller et al. overlaps to a great
extent with the region in which synonymous codon choice systematically reduces
mMRNA stability (91, 110, 160). At present, it remains still unclear how the unusual and
nearly universal pattern of 5" codon usage modulates protein expression and which

regulatory mechanisms it involves.
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Figure 8 The rates of initiation and elongation determine the rate of protein synthesis. When
elongation is the rate-limiting step (a), mRNA will be covered densely by ribosomes and faster
elongation will tend to increase the rate of protein synthesis. In case of limited initiation step
(b, c and d) the transcript is not completely covered by ribosomes. For two genes with the same
initiation rate(b and c), the mRNA with faster elongation will have a lower density of
translating ribosomes (c versus b) but no greater rate of termination. In case of two genes with
the same elongation rate, but different initiation rate (d versus c) the amount of protein that is
produced will be lower for the mRNA that has the slower initiation rate (d). Adapted from
(210).
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1.2 Heterologous protein overproduction

The main ambition of recombinant protein production is to simultaneously
reach a high rate of protein synthesis, a high host cell density and most importantly a
high product quality (235). Bearing this in mind, two main requirements from an
expression system can be defined as: 1) efficient transcription and translation, and 2)
acceptable stability of mRNA and protein molecules (18). Meeting the first prerequisite
will result in a high rate of biomolecule synthesis, while stable macromolecules limit
the degree of degradation and thus lead to better protein production. When
considering the second requirement, central to any production strategy is the
physiological status of the host cells, as a consequence of the intimate coupling
between the heterologous gene expression and the overall cell fitness (122, 153, 154).
Even though the basic goals of efficient gene expression have been pointed out, the
inherent biodiversity of DNA sequences and their functional products makes the
manufacture of a new protein (schematically depicted in Figure 9) an elaborate and
complex task.

Many inventive and sophisticated strategies have been developed to meet the
challenges in protein production (62, 205, 254, 257) as well as to address unfavorable
attributes of the DNA coding sequence (210, 280). Accordingly, the following chapters
aim to describe the recent advances in recombinant protein production together with

various expression platforms currently adopted.
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Figure 9 Schematic illustration of the main components of E. coli recombinant protein
production system. Traditional strategy involve transforming cells with DNA expression vector
that contains the template and then culturing recombinant cells in defined media to allow the
cells to produce the desired protein. Depending on the presence or absence of the
corresponding targeting signals, the protein is usually expressed into the cytoplasm or
periplasm. The efficiency of the protein production frequently depends on the unique
characteristics of the targeted protein and its coding sequence. Several combinations of
expression system, media and host are therefore often tested before achieving a viable
production process.

1.2.1 Expression host

By definition, an expression host provides a context for an expression vector to allow
foreign gene function (that is, protein production). However, protein overproduction
and especially synthesis of toxic proteins presents E. coli with growth conditions
considerably different from its natural environment. This generally leads to
deterioration in cell physiology and decreased protein yield. For these reasons, the use
of genetically engineered host strains has been recognized as a fundamental step in

effective recombinant protein production (65).
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Genetic manipulations of the host cell have been either guided by the exact

knowledge of specific biochemical pathways or approached from a more complex,

genome-wide, perspective (Figure 10). When a specific cellular pathway is known
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Figure 10 Engineering of host strain genetic make-up (2, 152, 165, 175, 179, 190, 198, 239,
240, 257, 275). Both targeted and global genetic engineering (not specifically targeted)
strategies aim to produce engineered E. coli strains with modifications in the expression level of
stress-related sigma factors or with deletions of several proteases and mRNA endonucleases.
The stress response related to heterologous protein overproduction can be also controlled by
co-expression of key enzymes aiding protein biosynthesis. Examples of relevant commercial
strains are given in the brackets.

to affect protein biogenesis (including also transport, folding and stability) then
targeted genetic modifications can be introduced (257, 275). Most of the efforts of
targeted strain engineering can be classified into four major groups; 1) enhancing
heterologous protein biosynthesis and stability, 2) controlling stress-related
phenomena, 3) restoring host cell physiology and addressing problems with protein

misfolding and solubility; 4) engineering of E. coli strains to allow extracellular protein

production and/or post-translational modifications. If, on the other hand, the cause of
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poor expression is not known one may manipulate the genetic background of the host
by random mutagenesis of the entire genome or by co-expression of libraries in which
the expression of originally chromosomally encoded genes can be up- or down-
regulated (14, 49, 174). Several new approaches for the genome scale engineering of
E. coli have been presented and their ultimate advantage is in simultaneous
introduction and evaluation of multiple gene modifications (2, 278). These
methodologies have facilitated the optimization of host strains in a manner analogous
to metabolic engineering, where in order to produce a desired biochemical the cell’s
metabolism is altered by genetic manipulation (149). The next four subchapters aim to
give an outline of current strategies to overcome limitations of E. coli as a recombinant

protein producer.

Glycoprotein production in E. coli

Over the past few years significant progress has been made in diminishing several
incapacities of E. coli when it comes to producing complex eukaryotic proteins. Due to
evident biological dissimilarity between prokaryotic and eukaryotic cells the quality of
recombinant proteins produced in bacteria is often not comparable to the grade of
those produced from their natural sources (62, 125). One of the long-term issues in
recombinant protein production was based on the belief that bacteria are incapable of
supporting different posttranslational processes which yield essential modifications for
correct cellular function of proteins. This notion was challenged by the discovery of an
N-linked glycosylation system in the Gram-negative bacterium Campylobacter jejuni
and successful transfer of the glycosylation pathway to E. coli (273, 274). As more than
two thirds of eukaryotic proteins are predicted to be glycosylated (8), the ability to
manipulate various glycosylation pathways and thereupon to produce engineered
glycoproteins has further broadened the use of bacterial systems for production of

high added value proteins (92, 127, 202).

Inclusion bodies
One of the important consequences of the inability of non-engineered E. coli cells to

complete the biosynthetic process with specific posttranslational modification is the
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formation of inclusion bodies (IBs); insoluble protein aggregates often regarded as
biologically valueless material (20, 95). This outcome of protein overproduction is both
due to missing posttranslational modifications and the limited capacity of the host cell
to cope with non-physiological amounts of foreign proteins. It has been documented
that the extent of cytoplasmic and periplasmic protein aggregation is determined by
the combination of protein sequence specifics together with the process parameters
such as; culture media composition, growth temperature, protein production rate and
the availability of chaperones and proteases (205, 222, 257). All of these factors can be
manipulated to enhance the protein solubility, which is considered the main
macroscopic signal of successful protein conformation and functional quality at the
molecular level (102).

Although IBs are generally regarded as a troublesome condition, the production
of a protein in this form also offers several opportunities. The protein deposition in
recombinant cells is fully reversible (55), and the separation from cell debris is simple
because of the high portion of the recombinant protein deposited in IBs (more than
90%). That makes IBs a prospective source for in vitro refolding and protein recovery
(266). More importantly, the polypeptide chains forming IBs retain a certain amount of
native structure and a relevant fraction of IB proteins is actually functional (268).
Recent insights into the physiology of IB formation and their molecular architecture
have revealed a potential for applications of IBs as biocatalysts and as inert
nanostructured material, and indicated future biotechnological directions in targeting
protein production processes to obtained tailored IBs as the desired biomaterial (96,

97).

Targeting proteins into the periplasm or the culture media

For Gram-negative bacteria such as E. coli, translocating recombinant protein outside
of the cell requires overcoming a complex cell envelope comprising of cytoplasmic
membrane and cell wall plus an outer membrane (198). Therefore, overexpressed
recombinant proteins typically accumulate either in the cytoplasm or periplasmic

space (257). In basic research purposes and prior to any optimization action,
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recombinant proteins are usually targeted to the cytoplasm, which has the advantage
of higher product yield (74). On the other hand, in many applications such as high-
throughput screening and production of toxic proteins, periplasmic production of
recombinant product is desirable. Targeting recombinant proteins into the periplasm
can be achieved by translocation signal sequences that direct the heterologous gene of
interest through either sec-dependent or twin-arginine translocation path (243). The
protein translocation presents several advantages such as authentic N-terminal, better
folding environment with limited proteolytic degradation, simplified downstream
processing and detection (186). The improved recombinant protein folding is aided by
the oxidative environment of periplasm in which disulfide bonds, important structural
features of many proteins, are preferentially formed (70). This is in contrast to the E.
coli cytoplasm which is constantly maintained as a reducing environment.

Commonly used concepts to achieve extracellular protein secretion in E. coli are
engineering of naturally existing secretion pathways from other microbes and fusing
targeted protein to a carrier protein that is a native extracellular or outer membrane
protein (5, 66, 142). Despite of strain engineering and exploitation of various secretion
pathways, the lack of an efficient secretion mechanism is still considered one of the

most significant barriers of using E. coli in advanced applications (64).

Growth conditions

Among factors influencing the expression of foreign proteins in E. coli is also the
extracellular milieu determined by the media composition, pH and temperature. As
continuous high level expression results in a drain of the cell's energy resources, the
type and amount of nutrients available in the growth medium can greatly augment the
fitness of bacterial cell (41, 222). One of many inconveniences in heterologous gene
expression is the difference between the codon usage of E. coli and of the
overexpressed protein natural producer. The tRNA pools of the host cell closely reflect
the biased codon usage of the resident mRNA population (79) and the demand for one
or more rare tRNAs can seriously impede protein synthesis (162). A couple of

investigations also demonstrated that the rate of amino acid supply is restricting the
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rate of protein elongation on ribosomes and hence protein synthesis (86, 87). As a
solution to the negative effect of different codon biases can then be used an
enrichment of the intracellular tRNA pool of the host either by over-expressing genes
encoding the rare tRNAs (111) or by supplying the limiting amino acids in the culture
medium (82). The medium composition and temperature also play an important role in
controlling the relative level of soluble fraction and the total level of accumulation of a
given protein (41). Although this is attainable mostly by trial and error, testing of

several media types may lead to improved protein yields (245).

1.2.2 Expression vectors

The most favorite gene carriers with long history of use as cloning and expression
vectors are plasmids; cytoplasmic autonomously replicating circular DNA molecules
(125, 140, 205). They gained their popularity for simple means of manipulation, the
flexibility to modulate gene dosage accessible for expression and for the option of
employing alternative expression hosts when utilizing special shuttle vectors or broad-
host-range replicons. The optimal plasmid copy number for recombinant gene
expression depends on the host capacity to both maintain multiple plasmids and to
cope with the general stress imposed by protein overproduction (19). In addition to
plasmid copy number, other factors with an essential impact on system productivity
are the plasmid structural and segregational stability (94, 150). Loss of stability can
lead to unequal distribution of plasmids to daughter cells and eventually plasmid-free
cells (segregational instability), to an altered DNA coding sequence (structural
instability) and, in the worst case, to displacement of productive plasmids with non-
productive ones and creation of cells that are resistant to selection pressure but not
producing recombinant product.

The metabolic burden brought by maintaining the plasmid and the concomitant
recombinant gene expression puts the cell at a selective disadvantage relative to a
plasmid-free cell and leads to a gradual decline in its productivity (204). For basic
research purposes this is not a serious problem, as plasmids can be maintained using

antibiotic selection. Although widely used at laboratory scale, broader use of
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antibiotics on an industrial scale is often not desirable due to the high associated cost
and the potential risk of environmental pollution and spreading of antibiotics
resistance genes (125, 140). Therefore alternative methods have been developed that
could eliminate the use of antibiotics and administer stabile plasmid-bearing cultures
(81, 99, 130, 269). The joint principle of the antibiotic-free expression is the culture
dependence on the presence of a plasmid which encodes an essential gene for the
recombinant cell survival.

Because of the intricate plasmid physiology and the build-in difficulties in
controlling processes related to replication and segregation, biotechnological research
has taken direction also towards expression strategies without plasmids (145). The
most stable expression vector is the bacterial chromosome itself and several methods
based on chromosomal integration have been proposed. A particular plasmid-free
solution called chemically inducible chromosomal evolution (CIChE), supported by two-
to fourfold increases in the yields of two useful biochemical products, was recently
presented (262). Yet another method used integration of the target gene site
specifically into the genome of the host (253). Central to any integration strategy is the
number of copies and the location on the chromosome into which the gene of interest
is inserted. This is because both can have a strong impact on the heterologous gene

expression level and any native gene that is interrupted in the process (246).

Gene expression cassettes

As mentioned in Chapter 1.1.1, control of gene expression in prokaryotes is believed to
be dominated by transcription and transcript processing (150). Because of that, the
DNA region facilitating transcription (a promoter) plays an essential role in the design
of an expression vector. An established fact is that the level of gene expression has
direct effect on both the host cell fitness and the resulting plasmid stability, and
constitutive expression is known to negatively affect both (121, 122, 241). Therefore,
inducible systems are preferred and an optimal induction method should be simple,
cost-effective, non-toxic and independent of the media components (18, 106). Systems

commonly employed for heterologous protein expression require the addition of an
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inducer molecule, the depletion or addition of a nutrient, or a shift in a physical or
physicochemical factor. In addition to the regularly used expression system such as
AraC/Pgap, Lacl repressed Pigc, Prac, and Py, and the bacteriophage T7 RNA
polymerase/promoter system, there are also inducible promoters based on
thermoinducible pR, pL promoters and nutritionally inducible promoters, such as P,
and Ppnoa (140, 185, 265). Characteristics of several commonly used expression systems
are given in Table 2. The 0*?/c%-dependent Pm promoter together with its cognate
positive regulator XylS, which is the primary expression system used in experimental
studies presented later (chapter Summary of the Results and Discussion), is described
in more detail below (sub-chapter XylS/Pm expression system).

When taking into consideration the preferred attributes of a promoter,
strength is usually the first priority. A strong promoter can partly compensate for DNA
coding sequence limitations, such as mRNA instability or poor translation efficiency, by
producing large amounts of mRNA. On the other hand, overloading the cell machinery
with recombinant mRNA can lead to host cell collapse. This is the case of the
exceptionally active T7 expression system where the bacteriophage T7 RNA
polymerase is directed exclusively to the transcription of the target gene (106, 125,
257). In addition, the T7 polymerase elongates transcripts much faster than the host
RNA polymerase and this specific T7 polymerase property might eventually cause
transcript instability due to decoupling of transcription and translation (134, 168). Use
of special plasmids/ strains which are co-expressing the polymerase natural inhibitor
T7 lysozyme or addition of glucose into the media is then needed to suppress T7

polymerase activity (247).
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Table 2 Commonly used promoter systems for protein expression in E. coli (18, 106, 125, 140,
243, 247)

Promoter Regulator’s Induction Features
gene
P xylS Benzoicacid  medium to high level expression, tight

derivatives control, fine-tuning expression in a dose-
dependent manner, inexpensive inducers
Psap araC L-arabinose medium level expression, tight control,
media limitations, specific host strain
requirement, fine-tuning expression in a
dose-dependent manner, inexpensive

inducer
Plac lacl, lacl® IPTG low level expression, high basal level,
expensive induction
Pirp trpR Trp low level expression, high basal level,
starvation expensive induction
Piac, Pirc lacl, lacl? IPTG medium level expression, high basal level,

specific host strain can reduce high
background expression, expensive induction
T7 Aclts 857 IPTG very high level expression, genetic instability,
(polymerase) low basal level depends on co-expressed
vectors, specific host strain requirement,

expensive induction

Besides the strength there are several other promoter attributes that are of
importance. Firstly, regulation of the level of expression by varying inducer dosage is
essential, for example; during toxic protein production as it plays an important role in
balancing production yield and metabolic burden (223). Secondly, a promoter system
should also have limited basal expression in the non-induced state. Leaky expression
can cause metabolic stress by diverting the carbon and energy source before even
reaching optimal cell density for recombinant protein production (18). This situation is
particularly detrimental to the host cell when the expressed protein is toxic. Regulation
of expression level by inducer titration goes hand in hand with an innate characteristic
of each promoter system - its induction kinetics. Promoters with differing rate of
induction (i.e. respond to the addition of inducer with respect to the kinetics of
recombinant mRNA accumulation) can be used to regulate the rate of accumulation of

the respective recombinant protein and eventually the fraction of soluble protein
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formed. A slower rate, displayed for example by the Pgap promoter (167), usually
enables cells to grow continuously in spite of the metabolic burden. Yet another
important aspect for the protein production process is homogeneous induction that

guarantees that all cells in a culture are induced to the same level (151).

The XylS/Pm expression system

The inducible Pm promoter originally regulates the expression of the meta-cleavage
pathway operon involved in the catabolism of aromatic hydrocarbons in the TOL
plasmid (pWWO) of Pseudomonas putida (212). Its positive regulator XylS is activated
by the binding of downstream products in the pathway (alkylbenzoates) that can
function as effective low cost inducers (e.g. m-toluate). A significant advantage of using
such low-molecular weight inducers is that they enter E. coli cells by passive diffusion
which is believed to eliminate problems with all-or-none response of other promoters
(148, 151). Furthermore, the expression levels from the Pm promoter can easily be
controlled by varying the inducer amount and concentration (282). The XyIS/Pm
system was previously integrated into minimal replicon broad-host-range expression
vectors (the pJBn vectors) based on the RK2 plasmid (31, 32). One of these vectors
(pJB658) that has been used to produce industrial levels of several medically important
proteins in E. coli under high-cell densities (242, 243) was also used as the basis for

plasmids constructions in experimental studies reported in this work.

1.2.3 Alternative bacterial expression hosts

E. coli-based systems dominate the bacterial expression systems and currently
represent about 34 % of all expression platforms used for the manufacture of
biotherapeutics in the US and the EU (187). However, a great part of heterologous
proteins cannot be expressed at all or only with difficulties (may also be non-
functional) when E. coli is assigned to the task. Consequently, alternative bacterial
hosts are explored and employed especially for production of extracellular proteins
(62, 74). Unlike Gram-negative bacteria, the Gram-positives lack an outer membrane
composed of lipopolysaccharides (236). This distinguishable feature offers two

benefits; simplified protein secretion enabling effective downstream protein recovery
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and absence of lipopolysaccharides that function as antigenic endotoxins (69). Because
of these handicaps, biotechnologists have paid considerable attention to gram positive
species such as Bacillus, Lactoccocus, Streptomyces, Corynebacterium and
Staphylococcus. Furthermore, an increasing number of studies is documenting
investigations and eventual genetically manipulations of both Gram-positive and
Gram-negative bacteria in order to use them for both therapeutic and food
applications.

The soil microorganism B. subtilis with generally recognized as safe (GRAS)
status is known to naturally produce and secrete an abundance of various proteins into
the growth medium (286). Besides B. subtilis, several other Bacillus expression systems
(B. megaterium, B. licheniformis and B. brevis) have been established as major cell
factories for homologous expression of secreted enzymes such as proteases and
amylases and are also preferred for production of secreted heterologous proteins (74).
The lactic acid bacterium Lactococcus lactis has emerged in recent years as an
attractive alternative to the Bacillus model (84, 93, 161). Looking at alternative Gram-
negative hosts, Pseudomonas fluorescens shares with E. coli the ability to overproduce
a recombinant protein to yields more than 50% of total cell protein and to grow to a
high cell density (214). In addition, P. fluorescens is less dependent on defined oxygen
concentrations and does not accumulate acetate during fermentation (126). Yet
another Gram negative-based expression system, presented as superior to E. coli with
respect to inclusion body formation, has been developed in Ralstonia eutropha (23).

To summarize the second chapter on heterologous protein overproduction in
bacteria; all the above considerations on properties and characteristics of various E.
coli expression systems, together with the on-going exploration of alternative bacterial
expression hosts, illustrate how to eventually tackle the empirical nature of protein
expression. Increasing the number of unconventional bacterial expression systems,
suitable for a particular category of difficult to express proteins, assists and
complements the veteran systems such as E. coli whose possible applications are being

constantly expanded.
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2 AIMS OF THE STUDY

The presented PhD work was part of a comprehensive project entitled “A
Combinatorial Mutagenesis Approach to Improve Microbial Expression Systems”. One
of the principal objectives of this research program was to develop strategies for
obtaining high-level production of industrially and medically important proteins in E.
coli by using the XyIS/Pm expression system. The more specific goal of this PhD work
was to study the influence of the nucleotide sequences at the 5” ends of target genes
on their corresponding levels of protein expression. The DNA sequences primarily
targeted for functional investigations were the Pm promoter associated 5 -UTR and
adjacent 5" coding regions of several genes of interest. In all cases, the experimental
strategy involved sequence directed evolution (in vitro mutagenesis coupled to high
throughput screening) which would eventually lead to sequence variants optimized for
high-level expression at the protein level. Besides synonymously mutating the 5°
coding sequence also the effect of random mutations introduced into the DNA
sequence of the 5"-UTR and of two 5” fusion partners was subjected to thorough
characterization.

As the work progressed it became evident that for an accurate description of the
observed stimulatory effects caused by different DNA modifications it is essential to be
able to directly evaluate and quantify gene expression at its different levels. Therefore
the work also addressed how the introduced changes stimulate expression at the level
of transcript accumulation and mRNA stability. Current methods for monitoring mRNA
decay in E. coli were considered not to be satisfactory, and therefore a study aimed at
developing a novel technique for evaluation of relative decay rates of recombinant
MRNAs produced from the Pm promoter was initiated. Since the new methodology
was based on a general principle of washing off diffusible transcriptional inducers of
bacterial expression systems, the same methodology could be extended to study
induction and decay kinetics of mMRNAs produced from two other commonly used

expression cassettes; containing the bacteriophage T7 and P4 inducible promoters.
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Finally, participation in a comparative study evaluating the relative performance
of five bacterial promoter systems was undertaken. The main intention of that study
was to describe how the different promoter systems respond to the generally
empirical nature of gene expression, which is mainly a consequence of the target gene

sequence.
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3 SUMMARY OF RESULTS AND DISCUSSION

The results of this PhD work are described in Papers I-V and the following chapters are

summarizing the major findings as well as discussing them in a broader context.

3.1 Functional analysis of DNA sequences corresponding to the 5" end of
recombinant mRNAs
The contribution of DNA sequences corresponding to the 5 coding region and the
adjacent UTR to the regulation of gene expression and to the determination of the
resulting protein level is currently a well-established fact (see Introductory Chapter 1).
Nevertheless, the understanding of the exact mechanisms by which these genetic
elements can drive control of gene expression has been lagging behind the reasonably
well characterized regulatory functions of the upstream promoter sequence. One
possible explanation for this disparity is the many-sided role of the 5 end that includes
control of translation, mRNA decay and transcription. In addition, an accurate and
reliable description of mRNA turnover and translation in vivo is often difficult to obtain
with current experimental techniques. In view of the potential of DNA sequences
corresponding to the 5" end of MRNA for the control of heterologous gene expression,
the work focused on: 1) development of empirical strategies for optimization of the 5°
ends for high-level protein production; 2) investigations of mechanisms behind the

stimulation of recombinant gene expression.

3.1.1 Random mutagenesis of DNA region corresponding to the 5" end of
recombinant genes as an effective optimization strategy for achieving
high-level protein production in E. coli

Previous investigations of the XylS/Pm system using the bla gene (coding for B-

lactamase, enzyme capable of degrading ampicillin) as the expression reporter,

showed that up to 20-fold stimulation at the protein level can be achieved by mutating

DNA sequence corresponding to the 5°-UTR (30). This finding was followed up by more

detailed analyses of the UTR region and its potential for improving expression of

recombinant proteins from the XylS/Pm system (Paper I). The effects of the DNA
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sequences of several UTRs (termed LIl UTR variants) were studied also for two other
genes; celB (encoding phosphoglucomutase) and pelB-ifn-a2bs (encoding the pelB
translocation signal peptide and human cytokine interferon a2b). The results showed
that expression at the protein level of both genes could be further increased by at least
one of the tested LIl UTR variants (Table 3 — LII-10 and LII-12); despite the already high
levels of expression of these genes from the Pm promoter and its associated wild type
UTR (32, 243). The improvements (fold relative to the wild-type) of bla, celB and pelB-
ifn-a2bs expression at the protein level appeared highly gene-dependent and also a
certain degree of context dependency between specific UTR sequence and the
associated coding sequence was observed. The differences in fold improvements were
not unexpected, since the absolute level of protein expression of bla is generally much
lower than for the two other genes.

Because the LIl UTR variants were selected on the basis of their efficiency to
stimulate expression of bla also the possibility that there might exist specific UTR
variants more optimal for expression of each individual gene was evaluated. For that
purpose, a specific screening tool (termed synthetic operon) was designed (Paper 1).
The synthetic operon construct upon addition of inducer supported transcription from
the Pm promoter of one single mRNA molecule consisting of two coding regions. The
system functionality was based on the mechanism of translation reinitiation in which
the translation initiation of the reporter gene relies on the translation efficiency of the
upstream gene of interest (1, 4). With the choice of celB as the gene of interest and bla
as the reporter, a new UTR mutant library (designated LV) was generated in the
synthetic operon construct upstream of celB. Subsequently, LV library host cells were
screened for mutants conferring improved ampicillin tolerance and thus indirectly for
5°-UTR variants that cause improved expression of celB. Analysis of DH5a strains
expressing selected LV UTR variants in single gene context of celB, bla or pelB-ifn-a2b
(Table 3 — LV-3 and LV-4) demonstrated that the overall protein production level of
each tested gene with the most efficient UTR variant (either from the LIl or LV library)
is similar. Assuming that the screening procedure was efficient in itself; one possible

interpretation of these results is that the attainable level of stimulation of
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heterologous gene expression through optimization of the DNA sequence

corresponding to the 5 -UTR is highly dependent on the gene itself.

Table 3 Relative protein production level of B-lactamase (Bla), phosphoglucomutase (CelB) and
interferon a2b (IFN-a2b) when the respective genes were expressed from Pm in the presence
of different UTR variants. For each protein, all values are compared to the original UTR (wt),
arbitrarily set to 1.

. Bla CelB IFN-a2b
UTR Nucleotide sequence A . .
. ) h protein/ protein/ protein
variant (5to3) L. L 3
activity activity level
wt aacatgtacaataataatggagtcatgaacat 1.0£0.0 1.0+0.1 1.0
10t ... CoCueeiiaan tteooo.. 16.2+0.9 15+01  ~1.0
-12 ....... e . 16.0+1.2  13+01  ~3.0-4.0
LV-3 . Ca...aCa........ 13.4+0.3 1.6+0.1 ~1.0
Lv-4 ... Cev'eCCAur e e@urnnnnn. 13.7+1.2 0.6+0.2 ~0.8

! The active protein production levels of Bla were collected from (30). 2 E. coli DH5a was used
as expression host and was induced with 2 mM m-toluate. * E. coli RV308 was used as the
expression host and was induced with 0.5 mM m-toluate.

Besides looking at gene expression at the protein level, the amount of
transcript was determined both for the pelB-ifn-a2bs fusion and the celB gene when
associated with the LIl and LV UTR variants and compared to the effect of the same
sequences on the bla transcript level (Table 4). As in the case of stimulation of
expression at the protein level, context dependency between the DNA sequence of
each specific UTR and the concomitant coding sequence of each model gene appeared
to somehow influence the final transcript level. Moreover, the increase in transcript
amount was not always correlated to the level of protein production (Table 3).
Specifically, the LII-10 variant resulted in about 3-fold stimulation of transcript
accumulation of both celB and pelB-ifn-a2bs, but the corresponding protein levels did
not change proportionally. The smaller fold improvement in transcript accumulation of
both celB and pelB-ifn-a2bs (compared to more than 13-fold stimulation of the bla
transcript amount) indicates again a certain degree of gene-specificity, but also
possible coding sequence constraints when it comes to enhancing expression of

already well-expressed genes.
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Table 4 Relative transcript levels for bla, celB and pelB-ifn-a2bs when expressed from Pm using
different UTR variants. For each transcript, all values are compared to the original UTR (wt),
arbitrarily set to 1.

UTR bla transcript celB transcript pelB-ifn-a2bs transcript
variant level® level? level?

wt 1.0+0.0 1.0+0.0 1.0+0.2
Li-10* 5.6+0.1 3.0+£0.3 3.6+0.8
Li-12* 49+0.4 1.6+0.1 3.2+0.3

Lv-3 13.7+1.1 29x0.1 14+0.1

Lv-4 11.4+04 1.6+0.2 0.8+0.1

! The accumulated bla transcript levels were collected from (30). 2 The experiments were
performed as described in Table 3.

In addition to the 5°-UTR, in-frame additions of short DNA sequences
corresponding to 5 fusion partners to poorly expressed genes have been reported to
positively affect the expression level (115, 243). Here, the same random mutagenesis
strategy was used for two model 5" fusion partners; specifically for the DNA sequence
of a consensus translocation signal peptide (CSP) and a 23 codons long sequence
originating from the celB gene (Paper Il and lll, respectively). The main difference
between these 5 fusion partners is related to their sequence function. Whereas CSP is
involved in translocation of the mature protein into the periplasm, the celB gene
encodes a cytoplasmic protein. In the second case the translocation process was
therefore excluded as a potential parameter affecting the protein production level.

To identify optimized sequence variants, antibiotic resistance genes were used as
the reporters of expression from the XylS/Pm system. Screening of CSP random library
was carried out by using bla and in that manner the procedure was also coupled to the
protein translocation into periplasm. For screening of random library of celB;;
sequence the aac(3)-1V gene was used, coding for cytoplasmic aminoglycoside-(3)-
acetyltransferase IV that can inactivate apramycin. In Paper Il, a collection of
optimized CSP-based signal sequences was reported and found to increase the
expression of two additional model genes: up to 8-fold at the active protein level for
phoA (coding for alkaline phosphatase) and up to 3-fold at the total protein level for

ifn-a2bs (during high-cell density cultivation), as compared to the CSP wild type. In
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Paper lll, an optimized DNA sequence of celB,; (termed celBp;;) was reported to lead
up to 4-fold stimulation of the protein production level of ifn-a2bs and three other
human genes, coding for the medically important granulocyte-colony stimulating
factor (G-CSF), granulocyte macrophage-colony stimulating factor (GM-CSF) and tumor
necrosis factor (TNF-ala). In contrast to CSP, celB-based fusion partner was stimulating
the corresponding protein production levels independent of translocation. In
summary, the studies reported in Papers I-l1ll showed that targeting the DNA sequence
of the 5" end with random mutagenesis approach can be a powerful optimization step
in the process of improving recombinant protein production.

The same model gene, ifn-a2bs, and its expression from the XylS/Pm system was
investigated in all three studies (Paper I-lll) together with a reference for high-level
expression at the protein level, the fusion gene pelB-ifn-a2bs (243). It should be noted
that the protein production of ifn-a2bs was in all three studies found below detection
level of a Western blot unless a 5” fusion partner (pelB, CSP- or celB-based) was used.
Comparison of the protein production levels of ifn-a2bs, when different DNA
sequences (corresponding to specific variants of 5'-UTR/pelB, CSP or celB,3) were used,
showed that the fold improvements relative to pelB-ifn-a2bs are in all cases very
similar (Table 5). It therefore appears that optimization of DNA sequences
corresponding to the 5'-terminal of ifn-a2bs mRNA has certain limitations, when it
comes to maximum attainable protein production level, presumably due to other

limiting factors characteristic of this specific gene.

Table 5 Relative protein production levels of ifn-a2bs, when expressed from Pm (E. coli RV308,
0.5 mM m-toluate) containing combinations of either LII-12 or the wild type UTR and different
5" fusion partners.

gene 5-UTR 5’ fusion partner IFN-a2b protein level
ifn-o2bs wt None not detectable
pelB-ifn-a2bs wt pelB 1

pelB-ifn-a2bs LI-12 pelB 3-4

S2-ifn-a2bs* wt $2 (CSP variant) 2-3

celBp-ifn-a2bs wt celBpi; 3-4

! Results obtained under high-cell density fermentation conditions.
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3.1.2 The outcome of codon usage optimization of the 5° coding sequence
appears to be strongly gene-dependent
In addition to the random mutagenesis, a codon usage optimization strategy was
undertaken to evaluate the role of codon bias of the 5 coding sequence in shaping
expression levels of selected genes (Paper lI-1V). Two different experimental designs
for constructing and screening of synonymous codon libraries were used and both
implied that the protein amino acid sequence remains the same. In the first case, the
advantage of the near linear relationship between the expression level of the bla
reporter and the host ampicillin tolerance was again exploited. The DNA sequence of
either CSP (Paper Il) or the native bla translocation signal (Paper IV) was cloned in
frame with the rest of the bla gene encoding the mature part of the periplasmic -
lactamase (Figure 11). Even though the same gene was used as the reporter in both
libraries, the “wild type” expression level (measured as ampicillin tolerance of the
DH5a host) differed more than 5-fold (0.15+0.02 g/L for native bla and 1.00+0.20 g/L
for CSP, under induced conditions of 20 uM m-toluate). This difference indicates that
the CSP sequence confers more effective bla expression, translocation of the
corresponding protein or a combination of both, compared to that of the native bla
sequence.

Comparison of the best performing mutants obtained from screening of either
the CSP or the native bla signal synonymous library (designated Si and SlI, respectively)
indicated that the codon usage of the CSP sequence is close to optimal. The Si2 variant
of the CSP sequence (with changes in the 3™ codon (Lysin: AAA to AAG), 8" codon
(Leucin: TTA to TTG) and 13" codon (Leucin: TTA to TTC)) and C19 variant of the bla
wild type signal (with changes in the 2™ codon (Serine: AGT to TCT) and 8" codon
(Valin: GTC to GTT)) resulted in similar ampicillin tolerance levels of the corresponding
DH5a host cells (1.90+0.20 g/L and 1.50+0.20 g/L, respectively, induction of Pm with
20 UM m-toluate). The assumption that CSP has an already optimized DNA sequence
for high-level expression of downstream fusion genes is based on the relatively smaller
improvement of ampicillin tolerance level of the corresponding host cells caused by

CSP variants (up to 90% of the original CSP). On the other hand, variants of the bla
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native signal caused up to 10-fold increase in the ampicillin tolerance levels of the

corresponding host cells, as compared to the bla wild type level.

a) CSP CATATGAAAAAAAAATTATTGGC GTTAGCCTTGTTAGCGTTATTGTTTAACGGCGLGCAGGCCATGE
b) blawt CATATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTICGCCATGS
Ndel Ncol BstAPI
N |
D TS
xylS mBT1T2 Pm+UTR bla tLPP

Figure 11 Schematic representation of the expression related features of two vectors carrying
either the CSP Si library (a) or the SiI library of the native bla translocation signal sequence (b).
TS — translocation signal; Pm+UTR, positively regulated promoter with associated UTR; xylS,
gene encoding the Pm activator; bla, ampicillin resistance gene encoding mature part of 8-
lactamase; tLPP, transcriptional terminator; rrnBT1T2, bidirectional transcriptional terminator.
Details of nucleotide sequence corresponding to the CSP and bla native translocation signal are
displayed above the plasmid maps with Ndel and Ncol unique restriction sites in italics.

Interestingly, during screening of both synonymous libraries a high occurrence of
mutants with non-synonymous mutations was observed, even though these were not
intended (unpublished data). This could be explained to be the result of efficient
selection of infrequently occurring unintended mutations introduced during
oligonucleotide synthesis or cloning. Furthermore, results from screening of two
different libraries of CSP; one with completely randomized sequence (described in the
previous chapter) and the Si library containing only synonymous codon changes
suggested that there is likely a roof when it comes to improving gene expression
through synonymous mutations. This could be attributed to unknown intrinsic features
of the sequence itself, perhaps also at the amino acid level (Paper II).

In a second investigation of the effect of synonymous codon changes, ifn-a2bs
was chosen as the model gene (Paper lll). Because no effective screening system for
improved ifn-a2bs expression was available, a bioinformatic approach was used for

both synonymous library generation and its subsequent characterization. In such in
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silico library constructions the number of included synonymous codons exponentially
increases with each additional codon (281). For ifn-a2bs, mutating the first 12 codons
would yield 3 686 400 different synonymous variants, while 15 codons would yield 235
929 600 variants. Not only does the generation of large combinatorial libraries in silico
represents a computational challenge, competent screening parameters that would
result in identification of sequence variants conferring high-level expression are
currently still elusive (112, 281). Nevertheless, an unstructured mRNA sequence near
RBS (corresponding to high folding energy) and infrequent synonymous codon usage
has been suggested to positively influence translation (260, 279). Accordingly, a
combinatorial synonymous library of the first 9 codons of ifn-a2bs was first generated
in silico and then several ifn-a2bs variants with either the highest folding free energy of
the mRNA region comprising nucleotides -32 to +30 (+1 is the adenine of the
translation start codon) or most rare codons in the modified region, were selected.
Subsequent analysis of DH5a strains expressing the selected 5° coding sequence
variants of ifn-a2bs (induction of Pm with 0.5 mM m-toluate) showed no detectable
increase in protein production. Interestingly, however; a significant improvement (up
to 8-fold) in accumulated transcript level could be observed, as compared to the
amount generated from the original ifn-a2bsgene. One possible interpretation of this
is that the amounts of protein produced from this particular gene (under the
conditions used) are not limited by the amounts of transcript, but by some sequence
features negatively influencing processes downstream of transcription. In agreement
with this suggestion is the observation that the use of a 5" fusion partner (pelB, celB-
based or CSP-based) was many-fold more effective in stimulating ifn-a2bs expression
at the protein level than the in silico codon usage optimization, but at the same time
displayed similar transcript levels. In summary, codon optimization strategies that
included two model genes (bla and ifn-a2bs) and were carried out in two different
ways, could not outperform approaches by which the 5 coding sequence (CSP or
celBy3) was randomized also at the amino acid level, when considering the protein

production level.
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3.1.3 Mutating DNA sequences corresponding to the 5° coding region can
result in stimulation of the rate of transcription
The total amount of each mRNA in a cell is determined by the rates of synthesis and
decay (27, 144), and therefore any potential stimulation of transcript level might stem
either from more stable mRNA, faster rate of transcription or a combination of both.
By using the bla gene as reporter for the XylS/Pm expression system, Berg et al., 2009,
examined the contribution of transcription rate and mRNA stability for a case of
increased transcript production caused by specific mutations in the 5-UTR (LV-2
variant). Based on several indirect experiments, the authors suggested the stimulation
of the rate of transcript accumulation as the underlying reason for increased bla
transcript amounts. More direct evidence for these interesting findings was provided
by a novel qRT-PCR based method for monitoring recombinant mRNA decay kinetics
(the inducer wash out method) introduced in Paper IV.

The determination of the decay of two bla mRNAs (containing either the wild
type UTR or LV-2 variant) confirmed the increase in the rate of transcript accumulation
as the dominating mechanism leading to the enhanced bla gene expression. In
addition to LV-2, another variant (LII-11) that stimulated the bla gene expression both
at the transcript and protein levels (30) (8-fold and 20-fold, respectively) was tested.
The corresponding bla gene mRNA stability could not be distinguished from the
stability of bla mRNA containing the wild-type (or LV-2) UTR (Table 6). These results
illustrated that despite the variation in bla expression at the transcript and protein
level, caused by mutating the DNA sequence of associated 5-UTR, mRNA stability can
stay unchanged. Similar UTR-based stimulation of transcript accumulation kinetics
cannot be ruled out also in case of pelB-ifn-a2bs fusion and celB, discussed in chapter

3.1.1.
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Table 6 Relative mRNA decay rates for three pairs of bla transcripts, as determined by the
inducer wash out method.

Transcripts compared in

parallel Decay rates® Transcript level®
bla® (wt UTR) vs bla (LV-2 UTR)  0.14 (0.13-0.17) vs 0.13 (0.12-0.16) 1.00 vs 9.78
bla® (wt UTR) vs bla (LII-11 UTR)  0.16 (0.16-0.17) vs 0.17 (0.16-0.21) 1.00 vs 4.88
bla® vs bla (C19) 0.16 (0.14-0.18) vs 0.19 (0.15-0.23) 1.00 vs 4.66

! Decay rates were computationally estimated by using methodology described in Paper IV.
95% confidence intervals are given in brackets.

2 Accumulated transcript level are given compared to the wild type (arbitrary set to 1), at time
point 0 minutes after inducer wash out.

® pIB11 expression construct (described in (30))

* pBSP1bla expression construct (described in Paper I1)

The mRNA stability was further studied in the context of synonymous codon
changes of the 5" coding sequence of bla. The above described C19 variant of the bla
gene (Chapter 3.1.2), was found as a suitable candidate for comparison of its mRNA
decay kinetics with the wild type bla mRNA. Similarly to the bla associated 5°-UTR
variants, mRNA stability was not significantly affected (as jugged from the
mathematically determined relative decay rates listed in Table 6) despite more than 4-
fold increase in transcript accumulated levels. The overall findings from Paper IV are
suggesting that DNA sequence corresponding to the 5’-terminal of mRNA can have a
rather big impact on transcription itself. Couple of studies described that the DNA
sequence of the lac operator (binding site for the Lac repressor that is located in the
5°-UTR) resembling a promoter —10 consensus (TATAAT) can induced o’%-dependent
transcriptional pausing (40, 199). In case of the tryptophanase operon, RNA
polymerase pause sites have been described in the 220-nucleotides long spacer region
(separating the coding regions of TnaC leader peptide and TnaA tryptophanase) and
implicated in coupling of translation with transcription presumably through allowing
time for a ribosome to bind to the transcript and begin translation (101). One
possibility is therefore that mutations within either the 5-UTR or the bla coding region
affect pause sites in the wild-type bla DNA sequence in a way that is stimulatory for

transcription.
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3.1.4 5’-terminal fusions can confer more stable mRNA for poorly expressed
heterologous genes
Analogous to the analysis of stimulation of gene expression caused by mutating the 5
UTR or the bla 5" coding sequence, examination of the stimulatory effect of several 5°
fusion partners was carried out (Paper lll, Paper IV). Sletta et al. (2007) described
stimulation of the gm-csf gene expression at the transcript and protein levels by 5
fusion of the ompA translocation signal sequence. To determine whether the increase
in transcript levels originates from stimulation of transcript synthesis or more stable
MRNA, the inducer wash-out method was again employed (Paper IV). The addition of
the ompA fusion partner was found to lead to a 3-fold decrease in the corresponding
mMRNA decay rate. Furthermore, a similar effect (about 2-fold reduction in the mRNA
decay rate) was observed for the pelB translocation signal sequence, when used as 5°
fusion to ifn-a2bs. Thus, in these two specific cases the use of translocation signal
sequence as 5’ fusion partner led to enhanced transcript stability of the corresponding
recombinant genes.

The importance of the translocation function (via ompA and pelB) for efficient
protein production was indirectly examined on a model example of ifn-a2bs (Paper Ill).
A major finding of that study was that a 5’-terminal coding region of the well-
expressed celB gene can replace pelB as an effectively 5° fusion partner, stimulating
the protein production of ifn-a2bs to a similar level. The stimulation of ifn-a2bs
expression was highest when using celB-based fusions of 20-25 codons, resulting in
more than 7-fold and at least 60-fold stimulation in transcript and protein levels,
respectively. In order to have characterization also at the level of mRNA stability, one
of the best performing celB-based 5 fusion partners was used for determination of
relative mRNA decay rate by the inducer wash-out method. Both the experimental
data and their subsequent mathematical fitting supported up to 2-fold reduction in
MRNA decay rate for the construct expressing ifn-a2bs with in-frame 5° celB fusion.

Addition of a 5" fusion partner may result in changes of, for example; mRNA
secondary structure, RNaseE-mediated mRNA decay and also protein folding (115,

243). The observed increase in the rate of transcript accumulation and prolonged
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mRNA half-lives may predict a possible protection of the transcripts by translating
ribosomes due to more efficient translation initiation, as was previously observed in
other studies (132, 272). In accordance with those reports, 5° fusion partners were
found to stimulate both mRNA stability and expression at the protein level. However,
considering the observed multifold expression differences at the protein level, it
appears likely that improvement in mRNA stability is a secondary effect of better
translation, and that the primary reason for the very big increase in protein production

is strongly improved translation.

3.2 Comparison of the performance of commonly used protein expression
systems for E. coli
Recombinant protein production is to a great extent an empirical process. It is mostly
because of various features of each specific protein coding sequence, which limit the
upper level of expression by control mechanisms that are still not fully understood
(112). However, appropriate selection of expression host, vector and culturing
conditions can greatly aid in accomplishing effective expression (125, 223, 245). It was
therefore of interest to compare how commonly used expression cassettes (comprised
of specific inducible promoters and their accessory regulatory proteins) together with
their recommended hosts, can influence the expression outcome. It is generally
believed that different expression systems respond in a difficult to predict way towards
each individual heterologous gene and its protein product. However, comparative
studies characterizing such systems with respect to their relative performance towards
selected model genes are still limited in numbers (256, 283). The prediction value of
such studies is also often restricted unless all or most of the potential parameters
influencing protein expression (e. g. vector design, host genetic make-up) are kept the

same.

3.2.1 Evaluation of four expression cassettes based on the host RNA

polymerase and one based on a bacteriophage T7 RNA polymerase
The last study included in this thesis (Paper V) was based on a set of identical vector

backbones containing the regulator/promoter regions of XylS/Pm, XyIS/Pm ML1-17 (a
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Pm variant), Lacl/Py., AraC/Pgap and the bacteriophage-based Lacl/Pr7,c expression
system (also known as the T7 RNA polymerase/promoter system, hereafter referred to
as T7). For the performance evaluation, five genes coding for luciferase, an antibody
fragment fused in frame to alkaline phosphatase (scFv173-2-5-AP), green fluorescent
protein (GFP), human growth hormone (HGH) and interleukin-1RA (IL-1RA),
respectively, were selected as models for their distinct properties.

The results revealed many expression system and model gene specific features
and, most importantly, that none of the expression systems was in all evaluated
aspects superior to the others. While the T7 system had an apparent advantage by its
capacity for producing large amounts of transcript, this potential was often not
reflected at the translational level as judging from determination of the protein levels
by enzymatic assays and SDS-PAGE analysis. This disparity was likely due to limitations
in the protein production and/or folding capacity of the host cell. The advantage of
XylS/Pm and the AraC/Pgap systems was on the other hand low basal expression level
and at the same time high inducibility. Basal expression can be also reduced for the T7
system, but then a special expression host harboring the lacl’ gene, whose mutated
promoter increases Lacl repressor expression 10-fold (46), is required. It should be
noted that the ratio between the induced and the uninduced expression levels was
protein dependent, with a relatively small induction window for toxic svFv173-2-5-AP
(1.2-25) and large for luciferase (60-3,000). The XylS/Pm system was, as expected,
found to be host-independent, in contrast to the T7 system functional dependency on
a strain with a chromosomal copy of the T7 polymerase gene and the requirement of
the AraC/Pgap system for a strain unable to metabolize the expression inducer,
arabinose. Although Lacl/P;, produced the least amount of protein in four out of five
investigated cases, results from flow cytometry analysis indicated that this system
might give rise to fast production kinetics. Such feature may be of some value for
example for production of proteins with low stability.

The comparison of the most commonly used expression systems revealed that
an expression system needs to be evaluated for each specific case and that the

observed differences in performance between the various systems are likely a direct
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consequence of the properties of the expression cassettes. By taking into account the
relevant features characteristic of each expression cassette together with specifics of a
desired protein to be produced, it might eventually become easier to make the best
choice with respect to the goal of achieving high protein production either in

functional, soluble form or non-functional, but high yield form such as inclusion bodies.

3.2.2 Accumulation and decay kinetics of recombinant mRNAs are
influenced by the expression cassette used
The response to the inducer addition of two IPTG-inducible expression systems;
Lacl/P:cand T7, was studied by previously published gRT-PCR based methodology (30),
and compared to the accumulation kinetics of transcripts originating from the XyIS/Pm
system (induced by m-toluate) (Paper IV and unpublished results). The results showed
that each of the systems affects transcript accumulation in a way that correlates with
the type of transcription regulation the systems are subjected to.

Two E. coli ER2566 strains, harbouring expression vectors containing the /L-
1RA; gene (coding for interleukin-1RA) that was governed either by the T7 or Pm
promoter, were used to inspect the kinetics of the recombinant transcript
accumulation. The positive regulation of the Pm promoter by the XylS transcriptional
factor, which involves regulator dimerization before activation of transcription (36),
was characterized by a gradual increase in accumulated transcript level for the first 20
minutes after induction, consistent with previous findings (30). In contrast, the T7
system was characterized by a 15 minutes lag period before the onset of a rapid
accumulation phase, presumably reflecting the time needed to first synthesize the T7
polymerase (whose gene is encoded by the host genome and its transcription is
activated by IPTG) (Paper IV). Yet another type of accumulation kinetics was observed
with the negatively regulated (by the Lacl repressor) P;,c promoter. Even though
different E. coli strains were used for the Lacl/P:,c and XylS/Pm systems (NEB Express Ig
and DH5aq, respectively), the same recombinant transcripts were measured (gm-csf
and ompA-gm-csf) and therefore an indirect comparison could be made (Figure 12).

The NEB Express Iq strain was employed because of significantly reducing the
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background expression level from the Py, promoter, one of the prerequisites for the
functionality of the inducer wash-out method. The transcript accumulation from the
Lacl/P:4c system displayed rapid accumulation kinetics and reached saturation within a
few minutes. One way of interpreting this is to assume that the DNA binding property
of the Lacl repressor is immediately inactivated by the addition of the IPTG inducer,
providing fast access for the host RNA polymerase. Correspondingly, the establishment

of the XyIS/RNA polymerase complex may be formed by a slower kinetics.
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Figure 12 Accumulation kinetics for gm-csf and ompA-gm-csf transcripts produced from the a)
P:.c or b) Pm promoter. All transcript amounts are represented relative to the gm-csf
accumulated transcript level at time 60 min, arbitrarily set to one. Solid lines represent the best
fit to the data calculated according to the mathematical model described in Paper IV.
Expression of the gm-csf and ompA-gm-csf genes was carried out in NEB Express g and DH5a
strains harboring Lacl/Ptac (0.5 mM IPTG) and XylS/Pm (0.5 mM m-toluate), respectively.

The decay kinetics of the recombinant mRNAs produced from the Lacl/P;,cand
T7 systems was also analyzed by the inducer wash-out method (Paper IV). In the T7
system an apparent and expected slow decay rate was observed. This is almost
certainly due to the continued presence of the T7 polymerase after inducer wash-out,
so that transcript production to a significant extent continues throughout the time-
frame of the experiments. However, indirect comparison of decay kinetics of gm-csf
transcripts (with and without ompA 5’ fusion partner) produced either from P, or Pm
(expression strains DH5a and NEB Express Iq, respectively) suggested that almost

identical mMRNAs can have different decay rates when produced in different expression
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systems. In contrast to the XylS/Pm system, the transcripts produced by the Lacl/Pyqc
system seemed to decay more rapidly, with about 3-fold increase in relative decay
rates of both gm-csf and ompA-gm-csf (Paper IV). Even though the ratio of transcript
decay rates (ompA-gm-csf versus gm-csf) was found similar when using XylS/Pm or
Lacl/P:qc (about 3 fold), the P:,c promoter apparently led to 2-fold higher transcript
production of ompA-gm-csf relative to gm-csf (3.4+0.3 and 7.4+0.5 for Pm and Py,
respectively). Direct comparison of gm-csf and ompA-gm-csf transcripts production
from the two expression systems could determine whether different amounts are
produce from Pm and P, promoters. One of the plausible reasons of different decay
kinetics is the presence of each promoter cognate 5°-UTR and its individual influence
on recombinant mRNA stability (10, 37, 88). In conclusion, these investigations of
accumulation and decay showed that the use of different expression systems results in
characteristic kinetic properties of recombinant transcript and likely also in slightly

different mRNA stability.

3.3 Detailed analysis of the transcript and protein levels as a first step in an
efficient optimization of recombinant gene expression
The comparative analysis of five bacterial expression systems (Paper V) showed that in
many cases the final protein level is positively correlated with the level of transcripts.
This is presumably also the underlying reason for the prevalent observation that
protein production often positively correlates with the copy number of an expression
vector (32, 50, 242). However, maximizing transcript production does not
automatically lead to efficient protein production. The work in this thesis particularly
illustrated this point on the inefficient protein production from several human genes
(such as ifn-a2bs and gm-csf) unless a fusion partner was added (Papers Ill and IV) and
on the exceptionally transcriptionally active T7 system (168), which often produces
large amounts of insoluble and inactive (unfolded) protein (the case of luciferase
described in Paper V). That the mRNA concentration is not always a good proxy of
protein levels was further documented by the 5" coding sequence variants of ifn-a2bs

(Paper Ill). Thus, among all proteins there is a high probability that efficient expression
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will face major problems due to coding sequence-specific features, and these problems
can often not be solved in a satisfactory way by modifying features of the expression
cassette only.

Several recent studies described genome-wide expression at the mRNA and
corresponding protein levels and for the most part only limited correlations have been
reported (173, 271). Specifically for E. coli, correlation of protein levels with mRNA
abundance data obtained using SAGE and DNA microarrays, suggested that about half
of protein levels are determined by transcriptional regulation (170). Although these
studies are not directly related to recombinant protein production, the fact that
processes downstream of transcription could explain as much variation in protein
levels as mRNA levels themselves did, should put especially expression-related
features of coding sequences into the forefront of heterologous gene expression
optimization strategies.

Unfortunately, only a handful of studies investigated more systematically coding
sequence variables and also their findings do not completely agree with each other.
Among the first was a systematic analysis of effects of codon variation on heterologous
expression of green fluorescent protein, eGFP (160). A library of 154 synonymous
genes was expressed in E. coli and the corresponding eGFP protein levels showed 250-
fold variation across the library (measured as fluorescence intensity). Multivariate
analysis of the results suggested that the majority of the differences in eGFP levels are
caused by mRNA folding near the translation start side. Although the experimental
design during the library construction aimed to produce variations in GC content and
codon adaptation index (CAl), no significant correlation was found between eGFP
production and these variables.

Another quantitative description of the relationship between protein production
levels and the coding sequence was given by Allert et al. (2010). The authors created
285 genes encoding three different proteins (120, 39 and 126 gene variants) with
alteration in GC% and CAl (based on observed codon biases in natural E. coli genes)
and determined the corresponding expression levels in vitro using E. coli extracts. The

study revealed that expression is strongly dependent on the presence of high A/T
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content and low secondary structure in the 5” coding region. In a third approach, in
which the gene engineering was based on systematic sampling and machine learning
(279), no correlation between predicted mRNA structure near the 5" end and
heterologous gene expression was observed. In this study, two sets of 40 gene variants
(encoding two commercially valuable proteins) were expressed in E. coli and the
corresponding protein levels varied from undetectable to 30% of cellular protein.
Multivariate analysis of parameters reported to affect expression identified that the
amount of protein produced was strongly dependent on the codons used to encode a
subset of amino acids. However, this subset did not contain the most abundant codons
in highly expressed E. coli proteins (often described by high CAl of the gene), but rather
codons that are predominantly read by tRNAs most charged during amino acid
starvation.

The examples above, together with the results of this thesis, illustrate that there
are indeed many ways a coding sequence can influence its expression. Figure 13
summarizes all sequence-based determinants that have been identified to influence
gene expression to date. Besides the notoriously mentioned 5” end of a gene that
influences efficiency of all basic processes of expression (transcription, mRNA
turnover, translation) also the determinants of elongation speed of both transcription

and translation has been shown to influence expression levels (166, 290).
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CODING SEQUENCE PARAMETERS INFLUENCING RECOMBINANT GENE EXPRESSION

DNA
GC% content Transcriptional terminators
DMNA recombination sites Transcription factor recognition sites
Transcription
RNA degradation motifs Ribosomal pausing at Shine-
mRNA RNase sites Dalgarno like sequences
mRNA secondary structure  Codon usage frequency
J Codon pair context Rare codons clusters
Decay lran5|ation Transcriptional pause sites
Protein - Biological Function
' Folding

Decay

Figure 13 Summary of coding sequence features at the DNA and mRNA level that can influence
recombinant protein expression. Protein abundances are determined by a balance of regulation of both
mRNA and protein production and turnover. Each protein’s coding sequence significantly contributes to
this regulation through the sequence features that can either enhance or reduce rates of transcription,
mRNA degradation or translation. Based on (112, 210, 281).

The gene coding sequence appears to influence its own expression at multiple
levels and to varying extent. Moreover, it often appears to be one of the most critical
determinants of the protein production level. At the same time, the determination of
gene expression at the transcript level in Paper | and llI-V suggests that efficient
transcription is an essential requirement for high level heterologous gene expression.
Vogel and Marcotte (2012) recently proposed a model explaining why the mRNA
concentration in a cell may or may not be a good indicator of detectable protein
expression. According to this model the probability of observing a given protein can be
expressed as a function of mRNA abundance that has symmetrical sigmoid shape; if
MRNA levels are below a certain threshold the protein level remains below detection
limit, but then the likelihood of detectable protein rises sharply at higher mRNA levels
(271). The results of another study reporting a large dynamic range of protein
concentrations in a cell (136) further supported this idea of a stochastic switch
between ‘on” and ‘off” states that is dependent on the level of mMRNA.

The choice of expression cassette that supports production of large amounts of
recombinant transcript can therefore be seen as one of the first steps on the way to

efficient heterologous gene expression. Nonetheless, to meet the numerous
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challenges presented by specific coding sequences can still be a difficult task. While the
number of potentially useful regulator/promoter systems is expanding, more work is
needed to characterize particular systems and optimize their elements with respect to
different classes of heterologous proteins, especially those difficult to express such as
insoluble and toxic to the host. A detailed description of an expression outcome at the
level of transcript production/degradation and protein production/degradation could
be then used to establish what level represents the main bottleneck and which should
then be the target for optimization.

In this thesis work the ifn-a2bs gene represented a model of a heterologous gene
which has been codon optimized (243) but still cannot not be efficiently expressed
without a 5 fusion partner (Paper lll).There exists a vast number of different nucleic
acid sequences that can be translated into the same amino acid sequence, and among
such sequences few might confer high-level expression (281). However, without an
effective screening system and intensive testing of potential candidates, finding the
desired gene variant is almost unachievable. The rapid development of gene synthesis
technologies with combination of experimental testing of expression levels and
description of the observed correlations promises certain advancement. Eventual
building up of a collection of credible coding sequence parameters (defined in a certain
context and under specific expression conditions) may in the future serve as the basis
for gene design principles as well as provide direction for gene improvement actions
(280). In the end this may lead to rational design of gene sequences that are efficiently
expressed.

In a more short-term perspective an often promising alternative way to improve
the yield of protein is to join it to a fusion partner, as demonstrated in Paper lll.
Today’s abundance of convenient fusion tags allows for multiple options when
assessing expression-related issues (60, 176). In addition, testing in parallel of several
host strains with engineered properties for enhanced recombinant protein production
as well as testing diverse culturing conditions has a good chance of resulting in a better

expression outcome.
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4 CONCLUDING REMARKS AND PERSPECTIVES

Despite intensive research efforts over many decades and by numerous groups in both
academia and industry, recombinant protein production is still often dependent on
trial and error approaches. The outcomes frequently depend on the unique
characteristics of the targeted protein and its gene coding sequence, the expression
system used, growth media and host selection. For this reason, most production
processes go through a series of optimization steps (i.e. each protein needs individual
optimization) before obtaining satisfactory levels. The work presented in this thesis
focused on the 5’-terminal of recombinant genes, one of potential targets for
optimization, since this genetic region is a main contributor determining the level of
expression at the transcript and protein level.

The generation and characterization of optimized DNA sequences of the Pm
promoter associated 5°-UTR and of the 5" fusion partners, emphasized that random
mutagenesis combined with competent selection system can be used for successful
optimization of recombinant protein production. Moreover, the effects of introducing
changes into the 5’-terminal of several recombinant genes appear to be gene specific
and also to some degree dependent on the sequence context. The overall findings are
suggesting that a collection of improved genetic elements could serve as an effective
strategy for increasing protein production of potentially any gene of interest. In vitro
sequence mutagenesis that utilizes mutated oligonucleotides might also be adapted
for larger regions (currently up to 120 nucleotides long) comprising of several genetic
elements. This could limit often unpredictable effects of context dependency between
DNA sequences, as for example described in this work for the 5°-UTR and the
neighboring coding sequence.

The analysis of several recombinant genes expression presented in this work was
facilitated by the development of new methodology for monitoring recombinant
mRNA decay, based on the wash out of transcriptional inducer combined with gRT-
PCR. This non-invasive method is likely to give more reliable results than the already

established approaches based on global blocking of transcription. The cases used to
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establish the method demonstrated several different means of expression regulation
associated with the mRNA 5’-terminal. The case of ifn-a2bs illustrated that despite the
capacity of the Pm promoter to generate large amounts of transcripts, inefficient
translation initiation of bacterial ribosomes on the mRNA is most likely the reason for
the lack of detectable protein production. The basis for this conclusion came from
studying the effects of using pelB and celB-based 5 fusion partners for ifn-a2bs
expression on the respective mRNA amount and stability. Although a slight increase in
MRNA stability of the respective fusion genes was identified, the use of 5" fusion
partners appeared to directly modulate translation, while observed increase in
transcript amounts and improved stability is presumably a secondary effect of the
improved translation.

In contrast to the mRNA stabilization effect caused by inserting a 5 fusion,
specific synonymous mutations in the coding sequence of bla and ifn-a2bs seemed to
act by stimulating the rate of transcription. Transcriptional regulation of gene
expression is believed to be mainly exerted through the DNA sequence of a promoter,
but as it appear, also the sequence of the promoter associated 5-UTR and within a
gene itself can influence, presumably both positively and negatively, transcription and
consequently protein production.

From the results of this work, it is evident that the 5" end of recombinant genes
affects expression in a complex way and many different techniques should be used for
monitoring all levels of the process. A detailed analysis of the functionality of all steps
involved in the determination of the level of recombinant protein production would
allow better formulated approaches for expression optimization, adapted to each
specific case. Eventually, once the number of such detailed analyses have been carried
out for a sufficient number of cases, methods for optimization of recombinant gene

expression based on rational design strategies will probably become possible.
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By using the strong and inducible Pm promoter as a model, we recently reported that the B-lactamase
production (encoded by bla) can be stimulated up to 20-fold in Escherichia coli by mutating the DNA
region corresponding to the 5-untranslated region of mRNA (UTR). One striking observation was the
unexpected large stimulatory effect some of these UTR variants had on the bla transcript production
level. We here demonstrate that such UTR variants can also be used to improve the expression level of the
alternative genes celB (encoding phosphoglucomutase) and inf-a2b (encoding human cytokine interferon
a2b), which both can be expressed to high levels even with the wild-type Pm UTR DNA sequence. Our data
indicated some degree of context dependency between the UTR DNA and concomitant recombinant gene
sequences. By constructing and using a synthetic operon, we demonstrated that UTR variants optimized
for high-level expression of probably any recombinant gene can be efficiently selected from large UTR
mutant libraries. The stimulation affected both the transcript production and translational level, and
such modified UTR sequences therefore clearly have a significant applied potential for improvement of
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recombinant gene expression processes.
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1. Introduction

The 5’-untranslated region (the UTR) of bacterial mRNAs is
well-known to be critical for efficient translation, and the features
generally believed to be important are the SD sequence (Shine and
Dalgarno, 1974)and A/Urichness, which serves to minimize the for-
mation of strong secondary structures in the ribosome binding site
(Kozak, 2005; Simonetti et al., 2009). Ribosomes seem to prefer-
ably bind to unstructured regions of the mRNA (Gu et al., 2010;
Nakamoto, 2006). It was recently found (Kudla et al., 2009) that
synonymous mutations in the coding region of the gfp gene encod-
ing Green fluorescence Protein (GFP) causing tight folding of the
mRNA molecule in the ribosome binding site (including the UTR),
correlated strongly with a reduction in the GFP protein production
level. Thisindicated a context dependency between the UTR and the
gene to be expressed. On the other hand, 5'-stabilizing elements in
mRNAs which are usually located in the UTR and involve elements
such as stem-loop structures, are believed to be critical for the
mRNA stability because the first endonucleolytic cleavage seems to
be the rate-limiting step in mRNA turnover (Condon, 2007; Picard
et al., 2009). Thus, UTRs can presumably affect mRNA translation
in several different ways.

* Corresponding author. Tel.: +47 98 28 39 77; fax: +47 73 59 69 95.
E-mail address: trygve.brautaset@sintef.no (T. Brautaset).

0168-1656/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.jbiotec.2011.07.012

Besides the well documented role of UTRs for translation it
has recently been shown that the UTR DNA region can also influ-
ence the transcriptional process. Mutations near the transcriptional
start site can affect the start site selection and thus influence the
gene expression levels (Walker and Osuna, 2002; Lewis and Adhya,
2004). The about 25bps 5'-part of the UTR DNA region (the ini-
tial transcribed region) has been shown to influence the promoter
escape efficiency of the Escherichia coli RNA polymerase in vitro
(Hsu et al., 2006). Also, sequences similar to the —10 promoter
element (TATAAT) in UTRs have been demonstrated to induce
a 07%-dependent transcription pause after the promoter escape
(Brodolin et al., 2004; Nickels et al., 2004; Hatoum and Roberts,
2008) and thus reduced transcription.

We previously integrated the inducible and 632 /038-dependent
Pm promoter (Marqués et al., 1999) and its cognate UTR together
with its positive regulator gene xyIS into minimal replicon broad-
host-range expression vectors (the pJBn vectors) based on the
RK2 plasmid (Blatny et al., 1997a,b). These vectors have many
favourable properties (for a review see Brautaset et al., 2009), and
one of them (pJB658) has been used to produce industrial lev-
els of several medically important recombinant proteins in E. coli
under high-cell densities (Sletta et al., 2004, 2007). Surprisingly,
we recently found that the expression of B-lactamase (encoded by
bla) from wild-type Pm can be stimulated up to 20-fold by mutat-
ing the Pm UTR DNA region, and such effects appeared to be partly
or for some UTR sequences mainly due to stimulated transcript
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production. This work demonstrated that UTR DNA coding
sequences can have major effects on transcription level and that
they should be regarded important mutational targets for improv-
ing bacterial expression systems (Berg et al., 2009). We later used
an analogous approach to isolate UTR variants causing strongly
reduced expression level of recombinant genes from Pm. The lat-
ter UTR variants represented valuable metabolic engineering tools
for fine-tuning of the expression level of a complex biosynthetic
pathway at physiologically relevant levels, enabling controlled
heterologous production of the Cso carotenoid sarcinaxanthin in
E. coli (Lale et al., 2011). A general observation made was that the
induction ratio of the Pm promoter with the isolated UTR variants
remained high, which is an advantage for any applications using
this promoter system.

The purpose of this study was to further explore to what extent
such improved Pm UTR DNA variants can lead to stimulated expres-
sion of any gene of interest (GOI) other than bla, and to investigate
the sequence context dependency between the UTR DNA sequence
and the concomitant recombinant gene to be expressed.

2. Materials and methods
2.1. Bacterial strains and growth media

E. coli DH5«x (Bethesda Research Laboratories) was used as gen-
eral cloning host and as host for recombinant expression of celB
and bla genes. E. coli NovaBlue (Novagen) was used as host for the
construction and screening of the UTR mutant library (LV). E. coli
RV308 (ATCC 31608) was used as host for recombinant expres-
sion of inf-a2b. E. coli cells were generally grown in L broth (10g/L
tryptone, 5g/L yeast extract, and 5 g/L NaCl) or on L agar (L broth
with 15g/L Agar), while HiYe medium was used for the inf-a2b
gene expression analyses (Sletta et al., 2007). For general cloning
experiments cells were grown at 37 °C. For expression experiments,
recombinant cells were grown at 30 °C and induction of the Pm/xyIS
system was done by adding m-toluic acid as indicated. Kanamycin
(50 pg/mL) was added as appropriate.

2.2. Vector constructions

Plasmid pLB11 is a pIB11 (Berg et al., 2009) derivative in which
the Ndel/BamHI fragment containing bla was substituted with
the Ndel/BamHI fragment containing the celB coding region from
pJB658celB (Blatny et al., 1997b).

Plasmid pKOT1 is a pIB11 derivative in which a 37 bp synthetic
fragment containing a Pacl restriction site, and a translational
stop overlapping the translational start of bla was inserted at
the 5-terminal end of the bla gene. This insertion was done by
amplifying the bla gene from pIB11 by PCR with the primer pair 5'-
TCATGAACATATGTTATTTCTCTTTCTTAAAAATATTTAATTAAATAAT-
GAGTATTCAACATTTCCGTGT-3' and 5'-AGCTAGAGGATCCCCGG-
GTA-3" and subsequent cloning of the Ndel/BamHI digested (Ndel
and BamHI restriction sites are underlined in the primers, and
the Pacl restriction site and overlapping stop/bla start codon are
written in bold) PCR product into the corresponding sites of pIB11.

Plasmid pKOlcelB is a pKO1 derivative with the
celB  coding region cloned downstream of Pm. The
celB gene was amplified from pLB11 with the primer
pair 5'-GAGTCATGAACATATGCCCAGCATAA-3 and 5-
ATGGAATCATITAATTAAATAGCCAGCGTT-3, and end digested
with Ndel and Pacl (restriction sites are underlined in the primers)
prior to ligation into the corresponding sites of pKO1.

The pelB-inf-a2b-c-myc-his6 coding region was PCR-amplified
from plasmid pINF30SpelB (Sletta et al., 2007) by using the primer
pair 5-AAGAAGCGGATACAGGAGTG-3’ (binds upstream of the Ndel

site) and 5'-CTTGGTACCTTGTTCGGCCGGAT-3'. The resulting DNA
fragment was digested with Ndel and Kpnl (restriction site under-
lined in the primer), and ligated into the corresponding sites of
plasmid pIB11 (substituting the bla coding region), yielding plasmid
pVK1. A copy-up version of pVK1 (pVK1cop271) was constructed
by substituting the SexAl/Pvull fragment containing the trfA gene in
pVK1 respectively, with the corresponding fragment from plasmid
pJBphOx-271 (Sletta et al., 2004).

2.3. Standard DNA manipulations

A modified RbCl protocol (www.promega.com) was used for
the transformation of E. coli. Plasmids were isolated by using Wiz-
ardPlus SV minipreps DNA purification kit (Promega) or Qiagen
plasmid midi kit (Qiagen), and enzymatic manipulations were
performed as described by the manufacturers. PCRs were per-
formed using the Expand high fidelity PCR system kit (Boehringer
Mannheim) for cloning purposes, and the polymerase Dynazymell
(Finnzymes) for generation of templates for DNA sequencing.
Prior to DNA sequencing the PCR products were treated with
the enzyme mixture ExoSaplt (USB). DNA sequencing was per-
formed with the ABI PRISM BigDye sequencing kit (Applied
Biosystems), and analyzed using an Applied Biosystems 3130 XL
DNA sequencing machine (Applied Biosystems). Alternatively, the
sequencing analyses were purchased from Eurofins MWG operon
(www.eurofinsdna.com).

2.4. Construction of the LV Pm UTR DNA mutant library

The pKO1lcelB LV Pm UTR DNA mutant library was con-
structed essentially by using the similar approach as for the
LIl Pm UTR DNA mutant library (Berg et al., 2009), except
that the doping percentages of the nucleotide mixtures were
modified. The numbers in the oligonucleotide sequence (5'-
CATGT1211411411433134214311CA-3’) indicate nucleotide mix-
tures with the doping percentages: 1=79% A, 7% C, G,and T; 2=79%
C,7%A,G,andT;3=79%G, 7% A, C,and T; 4=79% T, 7% A, C, and G.
Approximately 300,000 E. coli transformants were obtained for the
LV library.

2.5. Using the synthetic operon for the selection of optimized UTR
variants

E. coli cells harboring the pKO1celB LV Pm UTR DNA mutant
library was screened on solid agar plates containing different
ampicillin concentrations as described previously (Winther-Larsen
et al., 2000; Berg et al., 2009). The DNA sequence of the UTR
variant LV-3 and LV-4 were determined by using the primer
5'-CTATCAAACCGGACACGTTTATCGTGGTTATGC-3'. PCR products
were used as templates for the sequencing reactions generated
with the primer pair 5-GATGTAGAAAGGCGCCAAGTC-3" and 5'-
TGGTCAGCGAGGAACCACGATG-3'. The selected UTR variants were
reconstructed by cloning annealed newly synthesized oligonu-
cleotides with the specific mutations representing each UTR variant
into plasmid pLB11. The reconstructed UTR variants were con-
firmed by DNA sequencing.

2.6. Quantification of recombinant proteins by enzyme assays
(B-lactamase and CelB), SDS-PAGE (CelB) and Western blot
(INF-a:2b)

For the analysis of recombinant protein production levels by
enzymatic assays and SDS-PAGE, exponentially growing cells were
induced with m-toluic acid as described above (Section 2.1), cell
growth continued for 4-6 h, and crude extracts were prepared and
assayed for CelB and (-lactamase enzyme activities as described
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previously (Winther-Larsen et al., 2000). All enzyme assays were
repeated at least twice, and measurements were carried out with
minimum three technical recurrences. For SDS-PAGE analysis cell
extracts were prepared as described in Sletta et al. (2007), except
for that the lysis of cell samples was done by sonication 4 x 90s,
with 30s cooling periods (Branson Sonifier, 30% duty control, 3
output control). Total protein concentration was determined with
the Bio-Rad Detergent-Compatible Protein Assay (Bio-Rad Labora-
tories, Hercules, CA, USA) as described by the manufacturers. 10 g
total protein was loaded in each well and separated under dena-
turing conditions using 12% SDS-PAGE gels followed by Coomassie
blue staining. Qualitative detection of INF-a2b protein was per-
formed by using Western blot as described in Sletta et al. (2007),
and the cell extract were prepared as described above for SDS-PAGE
analysis.

2.7. RNA isolation, cDNA synthesis, and transcript quantification
by qRT-PCR

For the analysis of transcript production levels by quan-
titative real-time PCR (qRT-PCR), recombinant strains were
cultivated as described in Section 2.6. RNA isolation, cDNA
synthesis and two-step qRT-PCR were performed and ana-
lyzed as previously described (Berg et al, 2009). PCR cycles
were 95°C for 10min, followed by 40 cycles of amplification
(95°C for 15s; 60°C for 1min). Primer pairs used for tran-
script quantification were 5'-ACCAGCTTCAATGAAAACCACAT-3’
and 5'-CGCCCTTGCGGTAATCG-3’ for celB, 5'-
ACGTTTTCCAATGATGAGCACTT-3’ and 5'-TGCCCGGCGTCAACAC-3’
for  bla, and 5-CGAGACCCCGCTGATGAA-3' and 5'-
CAGATACAGGGTGATACGCTGAAA-3' for inf-a2b. The kanamycin
resistance gene, which is present on all plasmids, was used as a nor-
malizer by using primer pair 5'-TACCTTTGCCATGTTTCAGAAACA-3’
and 5'-AATCAGGTGCGACAATCTATCGA-3'.

2.8. Insilico translation initiation rate predictions

For the prediction of translation initiation rates, the mRNA
region —32/+57 (base+1 is the adenine of the translation initi-
ation codon) of the wild-type Pm UTR and the Pm UTR variants
were analyzed using the reverse engineering tool of the RBS
calculator website (http://voigtlab.ucsf.edu/software/) devel-
oped by the Voigt lab (Salis et al., 2009). The wild-type mRNA
sequences were (translation initiation codon underlined): 5’'-
AACATGTACAATAATAATGGAGTCATGAACATATGCCCAGCATAAGC-
CCATTTGCCGGCAAGCCGGTCGATCCGGACCGTCTTGTCAAT-3"  for
celB and 5'-AACATGTACAATAATAATGGAGTCATGAACATATGAAAT-
CCCTATTGCCTACGGCAGCCGCTGGATTGTTATTACTCGCGGCCCAG-
CCG-3’ for inf-a2b. Extending the coding region sequence beyond
the length described here did not have any effect on the predictions
of the translation initiation rate.

3. Results and discussion

3.1. Previously isolated Pm UTR DNA variants can confer further
increase of celB gene expression, but mainly at the transcriptional
level

By using a combinatorial mutagenesis strategy, we previously
isolated six different Pm UTR DNA sequence variants (UTR variants),
LII-7 to LII-12, that strongly stimulated recombinant expression of
B-lactamase (up to 20-fold) encoded by the bla gene (Berg et al.,
2009). The UTR variants were in these cases selected directly on
the basis of their ability to stimulate the expression of this partic-
ular gene. Interestingly, even though these UTR variants seemed

to lead to a significant increase at the translational level (signifi-
cantly higher stimulation at the protein product level compared to
that of the accumulated transcript level), the SD sequence (GGAG)
remained intact in all UTRs. The latter should indicate that the SD
sequence is close to optimal for efficient translation. To further
investigate the impact of these findings it was of interest to unravel
if the UTR variants can also be used to increase the expression level
of any gene of interest (GOI) from Pm, or whether there is a con-
text dependency such that the stimulatory effects are selective for
bla only. We have previously shown that the phosphoglucomutase
gene, celB, originating from Acetobacter xylinum, can be expressed
to very high levels (clearly visible bands on SDS-PAGE of crude cell
extracts) from the wild-type Pm/xylS cassette in E. coli (Blatny et al.,
1997b). Furthermore, high CelB levels determined by SDS-PAGE
were correlated with corresponding high CelB activities, demon-
strating that this protein can be expressed to very high levels in
soluble and active form. We have therefore used celB as a valuable
reporter gene in several studies aiming at developing expression
tools for various biotechnological applications (Bakke et al., 2009;
Berg et al., 2009; Lale et al., 2011).

Motivated by the challenge of improving an already established
high expression level, we tested if any of the six LIl UTR variants can
be used to further improve celB expression from Pm. Plasmid pLB11
was constructed by substituting the bla coding region in plasmid
pIB11 (Berg et al., 2009) with the celB coding region, and the wild-
type Pm UTR DNA sequence in plasmid pLB11 was substituted with
each of the LII-7 to LII-12 UTR variants (Fig. 1A). All plasmids were
transformed to E. coli and the resulting recombinant strains were
analyzed for celB expression at both the transcript (QRT-PCR) and
protein levels (CelB activity assay) under induced (2 mM m-toluic
acid) conditions. The six UTR variants all stimulated celB transcript
accumulation (up to 3.0-fold, LII-10), relative to what was obtained
with the corresponding wild-type Pm UTR (Fig. 1B). Interestingly,
the transcript accumulation was not accompanied by a correspond-
ing stimulation at the protein level, even though the LII-10 UTR
mutant gave rise to an about 50% increase relative to wild-type
UTR. These observations indicated to us that the UTR mutants may
act in a gene-independent way, but that the celB gene is translated
with a close to optimal efficiency, even based on a wild-type UTR
from Pm.

Alternatively, there exist other UTR variants that are even more
optimal for celB transcription and translation, but these were not
found in previous experiments because they were selected on the
basis of their efficiency to stimulate expression of bla.

3.2. Construction of a synthetic operon enabling selection of UTR
variants optimized for efficient expression of any GOI

To experimentally investigate the alternative hypotheses
described above, we needed to develop a new selection tool to iden-
tify Pm UTR variants adapted to any GOL In the previous studies we
found it very useful that there is a good correlation between the bla
expression level and the corresponding ampicillin tolerance level
in E. coli host cells (Berg et al., 2009; Bakke et al., 2009), and we
therefore tried to make use of this feature also in the new screening
system. A plasmid designated pKO1 was constructed (Fig. 2), and in
its expression cassette the mechanism of translation reinitiation is
utilized (Adhin and van Duin, 1990; André et al., 2000). In pKO1, bla
is as before used as a reporter gene, but by inserting an upstream
GOlI, it is possible to select for increased expression level of in prin-
ciple any gene. The GOl can be inserted at the ATG start downstream
of Pm and the bases corresponding to the stop codon (TAA) of this
gene overlaps the start codon ATG of the bla gene (generating the
sequence TAATG). In this way, the GOl and bla are co-transcribed as
one single mRNA molecule from Pm and translation initiation of bla
relies on the translation efficiency of the upstream GOI. Any de novo
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Fig. 1. celB transcript level and CelB activity level of recombinant E. coli cells as a function of different Pm UTR variants. (A) Sequence of the Pm UTR DNA sequence (including
the translational start codon) and the previously identified UTR variants LII-7 to -12 (imported from Berg et al., 2009). The putative Shine-Dalgarno sequence is written in

bold. Deletion mutations are indicated by short horizontal lines. (B) celB transcript (white) and CelB activity (grey) levels. The values are relative to that of the cells containing
the wild-type Pm UTR DNA sequence (pLB11), arbitrarily set to 1, and are the average of at least two biological recurrences. The error bars show the deviation between them.
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Fig. 2. Map of the synthetic operon plasmids pKO1 and pKO1celB. The restriction sites shown are unique. bla, gene encoding 3-lactamase; celB, gene encoding phosphoglu-
comutase; Km?, kanamycin resistance gene; trfA, gene encoding the essential replication protein; xylS, gene encoding the activator XylS; oriV, origin of vegetative replication;
oriT, origin of transfer; ¢, bidirectional transcriptional terminator; rrnBT1T2, bidirectional transcriptional terminator. Details for the transcriptional and translational initiation
regions of Pm are displayed above the plasmid map for pKO1 (i) and pKO1celB (ii). To obtain the overlapping translational stop and bla start, a region encoding four amino
acid residues were introduced at the 3'-terminal end of celB. Nucleotides in lowercase were randomly mutagenized by the use of a mixed oligonucleotide solution. The
transcriptional start site for the Pm promoter in pKO1 and pKO1celB is assumed to be identical to their parental plasmid pIB11 (Berg et al., 2009).
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translation initiation of bla is minimized due to the lack of a com-
petent SD sequence upstream of this gene (see Fig. 2). Accordingly,
any genetic manipulations causing increased transcription and/or
increased translation of the GOI should lead to increased transcrip-
tionand/or increased translation of bla, with concomitant increased
ampicillin tolerance level of the host cells. A similar approach using
the tetR gene for selection has been used to identify an efficient
translation initiation site for expression of the human RACK1 gene
in E. coli (Zhelyabovskaya et al., 2004).

To test the functionality of this synthetic operon, celB was
again chosen as the GOI, and the resulting vector pKO1celB and
the control vector pKO1 (Fig. 2) were transformed into E. coli for
expression analyses. The maximal ampicillin tolerance levels under
induced (2 mM m-toluic acid) conditions of E. coli (pKO1) and E. coli
(pKO1celB) were approximately 200 pg/mLand 900 pg/mL, respec-
tively, confirming that the presence of celB caused a strong increase
in the B-lactamase production level. Despite of some background
bla expression from pKO1, it appeared likely that pKO1celB can be
used as a tool to select for UTR variants specifically optimized for
high-level expression of celB.

3.3. Screening of UTR libraries in the synthetic operon revealed
new variants stimulating celB expression

A new Pm UTR mutant library (designated LV) was gener-
ated in pKO1celB by the use of randomly mutated synthetic
oligonucleotides, and established in E. coli. The resulting library
was screened with respect to increased ampicillin tolerance level
relative to the control strain, E. coli (pKO1celB), under induced
conditions (2 mM m-toluic acid). Two promising candidates with
vectors carrying UTR variants LV-3 and LV-4 were selected and their
UTR DNA sequences were determined (Table 1). To rule out that
the observed improved phenotypes of the recombinant strains are
caused by mutations outside the UTR DNA regions, LV-3 and LV-4
were resynthesized and cloned into pLB11. The celB expression lev-
els of the corresponding recombinant strains were measured under
induced (2 mM m-toluic acid) conditions (Table 1). The celB tran-
script production level was increased about 3-fold (LV-3) compared
to the wild-type UTR, similar to the best result obtained with the LII
UTRvariants (LII-10, see above). At the protein level the stimulation
level was also similar (1.5-fold) to that observed for the best UTR
variant obtained previously (LII-10). These results confirmed that
the synthetic operon can be used to select for UTR DNA variants that
cause improved expression level of celB and probably also any other
GOI, but also indicate that for celB the potential for improvement
of the wild-type UTR is probably exhausted by the best of both the
previously available and new UTR mutations. We noticed that for
UTR variant LV-4 the CelB protein production level was reduced to
0.7-fold compared to when using the wild-type UTR, possibly indi-
cating that a given UTR in the synthetic operon context in some
cases may lead to a different effect on expression after transfer to
the single GOI context. It is tempting to speculate that changes in
mRNA structure play a role in this.

To verify that differences in measured CelB activities truly corre-
spond to the respective CelB expression levels in vivo, cell extracts
were prepared from the recombinant cultures and analyzed by SDS-
PAGE. The results clearly showed that there is a good correlation
between enzyme activity and expression level of CelB, thus con-
firming that this protein is produced into soluble active form in all
strains tested (Fig. 3).

For reporter gene celB, the overall production results obtained
with the most efficient UTR variants from the LV (LV-3) and
from the LII (LII-10) libraries were similar, while the mutations
in these two UTR variants were different. We believe that these
results strengthen the hypothesis that the wild-type Pm UTR DNA
sequence is close to optimal for the translation of celB, and that
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Fig.3. SDS-PAGE analysis of recombinant strains expressing CelB from different UTR
variants. Crude extracts were prepared from recombinant cell cultures as described
in Section 2 and samples containing 10 g protein were run on SDS-PAGE. Lanes: 1,
molecular weight standard; 2, negative control (cells harboring plasmid pIB11); 3,
UTR variant LII-7; 4, UTR variant LII-8; 5, UTR variant LII-9; 6, UTR variant LII-10; 7,
UTR variant LII-11; 8, UTR variant LII-12; 9, UTR variant LV-3; 10, UTR variant LV-4;
11, wild-type UTR. The position of CelB (55 kDa) is indicated with an arrow.

changes in the UTR sequence that lead to enhanced transcription
are likely to reduce the translational efficiency per transcript. The
overall conclusion is still that the synthetic operon can be used as a
screening tool for any GOI, but that the final outcome is dependent
on gene-specific characteristics.

3.4. LV UTR variants can strongly stimulate bla expression levels
independent of celB

The LV UTR variants affected celB expression mainly by caus-
ing increased transcript accumulation levels, and accordingly we
predicted that they could likely be used to increase the transcript
production level of any GOI To test this, the wild-type Pm UTR
DNA sequence in plasmid pIB11 (carrying bla under control of Pm)
was substituted with the LV-3 and LV-4 UTR variants, and recom-
binant E. coli cells harboring the resulting plasmids were analyzed
under induced (2 mM m-toluic acid) conditions with respect to bla
expression (Table 1). The bla transcript levels were increased about
14- and 11-fold, respectively, and the corresponding 3-lactamase
production levels were increased about 13- to 14-fold, compared to
the values obtained with the wild-type Pm UTR (pIB11). This obser-
vation is consistent with the assumption that LV-3 and LV-4 mainly
act by stimulating transcription (as suggested above), in contrast to
the LII-10 UTR variant, which to a greater extent stimulate transla-
tion. The more limited increase in accumulated transcript amounts
for this mutant may instead be the result of mRNA stabilization due
to increased translation efficiency.

It has been reported that sequences similar to the —10 promoter
element (TATAAT) in UTRs can promote ¢’°-dependent transcrip-
tion pause after the promoter escape (Brodolin et al., 2004; Nickels
etal., 2004; Hatoum and Roberts, 2008) and thus reduced transcrip-
tion. Immediately upstream of the Pm SD sequence there is a similar
motif (AATAATAAT) and several of the selected UTR mutations are
in this region (see Fig. 1A and Table 1). It was thus plausible to sug-
gest that the effects of such mutations might at least partly be due
to reduced pausing and concomitant more efficient transcription.

3.5. Pm UTR variants can be used to further improve the high
production level of the medically important cytokine
interferon-a2b

We recently demonstrated that UTR variants specifically
selected for low-level gene expression could be successfully applied
to control heterologous production of the industrially important
Csp carotenoid sarcinaxanthin in E. coli (Lale et al., 2011). To also
address the applied potential of modifying the UTR DNA region
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Table 1

Accumulated celB and bla transcript production levels (qQRT-PCR) versus CelB and B-lactamase protein production levels (enzyme activity assays) by using different Pm UTR

DNA variants.

Pm UTR DNA variant DNA sequence (5'-3")2 Relative Relative CelB Relative accumulated Relative Bla
accumulated celB protein/activity bla transcript protein/activity
transcript production level
production level

Wild-type caacatgtacaataataatggagtcatgaacatatg 1.0 £ 0.0 1.0+ 0.1 1.0 £ 0.0 1.0 £ 0.0

LII-10° caacatgtaccacaataatggagttttgaacatatg 3.0+03 1.5+0.1 5.6 +£ 0.1 16.2 £ 0.9

LV-3 caacatgtacaataatacaggaacaatgaacatatg 29+ 01 1.6 £ 0.1 13.7 £ 1.1 134 + 0.3

LV-4 caacatgtacaatcataccagagtaatgaacatatg 1.6 +£0.2 0.6 £ 0.2 114+ 04 13.7+1.2

4 Mutations giving rise to the identified UTR DNA variants are written in bold and underlined.
b The relative accumulated bla transcript and B-lactamase protein production levels are collected from Berg et al. (2009).

for high-level gene expression, we chose to test the ifn-a2b gene
encoding the medically important human cytokine interferon-a2b
(IFN-a2b). We previously showed that the Pm/xyIS system could be
used to express high levels (0.6 g/1) of IFN-a2b in E. coli under high-
cell density conditions (Sletta et al., 2007). This result relied on an
ifn-a2b coding sequence that was genetically optimized for expres-
sion in E. coli, and fusion of the translocation signal sequence, pelB,
at the 5’-end of the synthetic ifn-a2b gene. All detectable IFN-a2b
was present as insoluble protein. Here we wanted to test if the ifnn-
a2b expression level from Pm could be increased by using improved
UTR variants, and for this purpose plasmid pVK1 was constructed,
which is identical to pLB11 except that celB is substituted with the
pelB-inf-a2b-c-myc-his6 gene fusion (Sletta et al., 2007).

In order to mimic previously optimized expression conditions
for this particular protein, E. coli RV308 was chosen as the host and
0.5 mM toluic acid was used for the induction of Pm, as described
by Sletta et al. (2007). To simplify Western blot analyses we also
substituted the wild-type trfA gene of plasmid pVK1 with the
mutant trfAcop271C gene (Blatny et al., 1997a), resulting in plas-
mid pVK1cop271 with an estimated 4-5-fold increased plasmid
copy number compared to parental plasmid pVK1. Moreover, this
isthe same vector copy number as used for IFN-a2b production pre-
viously (Sletta et al., 2007). The wild-type Pm UTR DNA sequence
in pVK1cop271 was then substituted with UTR variants LII-10, LII-
12, LV-3, and LV-4, and all plasmids were transformed into E. coli
for expression analyses. Interestingly, the LII-10 variant stimulated
transcript accumulation from inf-a2b about 3.3-fold compared to
that of the wild-type Pm UTR (pVK1cop271; Fig. 4A). Also, the LII-12
and to some degree the LV-3 variant, resulted in increased tran-
script accumulation, while this was not the case for the LV-4 variant.
The LII-12 UTR variant stimulated INF-a2b production level about
3-4-fold compared to the wild-type Pm UTR under the conditions
tested, as judged from Western blot (Fig. 4B). The remaining three
tested UTR variants displayed only minor or no positive effects
on the recombinant IFN-a2b production levels compared to the
wild-type Pm UTR (data not shown). In all cases, all detectable IFN-
a2b protein was produced as insoluble proteins similar as reported
previously (Sletta et al., 2007). Summarized, these data clearly
demonstrated that access to a small collection of stimulatory Pm
UTR variants is sufficient to identify variants that improve produc-
tion processes of presumably most proteins, including proteins of
medical importance.

3.6. Insilico translation initiation rate predictions of the UTR
variants correlate partly with the corresponding experimental
data

Based on the results presented here and elsewhere (see Sec-
tion 1), it seems like the UTR or the corresponding DNA region can
significantly influence both the transcript and protein production
levels in E. coli. However, the underlying mechanisms of the effect
displayed by the different Pm UTR variants on the celB and ifn-o2b

gene expression remained unclear, and it was difficult to predict
how the different UTR DNA variants affect the expression levels of
different genes. It is not for example obvious why an increase in
the ifn-a2b transcript production level lead to an increase in the
INF-a2b protein production for the LII-12 UTR but not for the LII-
10 UTR, while both these UTR variants led to an increase in both
the transcript and protein production levels for the celB gene. Thus,
there clearly exist a context dependency between the UTR DNA and
the coding sequence of the gene to be expressed, and the strength
of the secondary structures in the mRNA is believed to be a key
determinant as well. To analyse this further, we therefore used the
RBS calculator (Salis et al., 2009) to predict the translation initia-
tion rate of an existing ribosome binding site sequence (including
effects of any secondary structures in this region) for the UTR DNA
variants combined with both the celB gene and the ifn-a2b gene
(Table 2). Interestingly, the overall results of the translation ini-
tiation rate predictions correlated well with the experimentally
determined protein product levels, except for the LII-10 and LV-
3 DNA variant with celB and the LV-4 DNA variant with the inf-a2b
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Fig.4. inf-a2b transcript production levels (A) and accompanying IFN-a2b produc-
tion levels (B) of recombinant E. coli cells as a function of different Pm UTR variants.
(A) The values are relative to that of the cells containing pVK1cop271 (wild-type
Pm UTR DNA sequence) arbitrarily set to 1, and are the average of at least two bio-
logical recurrences. The error bars show the deviation between them. (B) Western
blot of total amount of INF-a2b protein produced by recombinant E. coli strains con-
taining either the wild-type Pm UTR DNA sequence (pVK1cop271; lanes 1-3) or the
LII-12 DNA variant (lanes 4-7). The relative amount of total protein loaded on the
corresponding protein gel is displayed below the Western blot, for which a relative
amount of total protein of 1 equals 60 pg.
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Table 2

Relative in silico translation initiation rate prediction and its accuracy from the RBS
Calculator (Salis et al., 2009) for the different UTR DNA variants combined with
either the celB or the ifn-a2b gene.

Pm UTR DNA celB inf-a2b

variant
Relative Satisfactory ~ Relative Satisfactory
translation accuracy? translation accuracy?
initiation rate initiation rate
prediction prediction®

Wild-type 1.00° Yes 1.00 Yes

LiI-7 0.84 Yes ND¢ -

LII-8 1.00 No ND -

LII-9 1.79 Yes ND -

LII-10 0.67 No 0.64 Yes

Li-11 0.87 No ND =

LII-12 1.48 Yes 141 Yes

LV-3 0.41 Yes 0.73 Yes

Lv-4 0.32 No 0.14 Yes

@ Satisfactory accuracy signifies a successful analysis (Yes), or alternatively an
unsatisfactory analysis (No), the latter means that the analysis might be of low qual-
ity because the mRNA sequence around this start codon is expected to fold slowly
to its equilibrium (see Salis et al., 2009).

b Wild-type UTR is here set to 1.0, for further details see text.

¢ ND is not determined.

gene. Based on these results, it seems like even though both the
LII-10 and LII-12 DNA variants lead to a significant stimulation of
the inf-a2b transcript production level, the LII-10 variant is less
favourable for efficient translation compared to both the wild-type
and the LII-12 UTR.

4. Conclusions

In the present study we investigated and extended previous
studies regarding the importance of the UTR DNA region as an
important target for manipulations aiming at optimizing and max-
imizing heterologous protein production in E. coli. We managed to
significantly increase the expression levels of two new and already
well expressed genes from the strong Pm promoter by mutating its
UTRDNA sequence. In particular, the new data supported our recent
discovery that the UTR DNA region can have a strong impact on
the transcript production level of recombinant genes in E. coli, and
that there is a certain degree of context dependency between the
UTR and the concomitant GOI coding sequence that determines the
final GOl expression level. An important finding is that the improve-
ments (fold relative to wild-type) of expression resulting from UTR
modifications are highly gene-dependent, presumably due to some
other limiting factors characteristic of each gene. Nevertheless,
within these limitations a small set of UTR mutants appears to work
for most genes, simplifying identification of sequences that work
close to optimal for any GOL Our results confirm that the UTR DNA
region plays a very complex role in controlling the levels of gene
expression, but also that in an applied context efficient screening
systems can be used to eliminate the need for a full understanding
of the underlying molecular mechanisms, similar to what has been
observed in protein engineering. Further research should probably
focus on the combination of this knowledge and a better under-
standing of the role of the gene coding sequences themselves in
determining the absolute levels of expression of the final protein
product.
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Correction to the legend of Figure 3

Correct Legend:

SDS-PAGE analysis of recombinant strains expressing CelB from different UTR variants. Crude
extracts were prepared from recombinant cell cultures as described in Materials and Methods
and samples containing 10 ug protein were run on SDS-PAGE. Lanes: 1, molecular weight
standard; 2, negative control (cells harboring plasmid pIB11); 3, wild-type UTR; 4, UTR variant
LII-7; 5, UTR variant LII-8; 6, UTR variant LII-9; 7, UTR variant LII-10; 8, UTR variant LII-11; 9, UTR
variant LII-12; 10, UTR variant LV-3; 11, UTR variant LV-4. The position of CelB is indicated with
an arrow.
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