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Chapter 1

Metagenomics as a Tool for Enzyme Discovery:
Hydrolytic Enzymes from Marine-Related
Metagenomes

Ana Popovic, Anatoly Tchigvintsev, Hai Tran, Tatyana N. Chernikova,
Olga V. Golyshina, Michail M. Yakimov, Peter N. Golyshin, and
Alexander F. Yakunin

Abstract This chapter discusses metagenomics and its application for enzyme
discovery, with a focus on hydrolytic enzymes from marine metagenomic libraries.
With less than one percent of culturable microorganisms in the environment,
metagenomics, or the collective study of community genetics, has opened up a
rich pool of uncharacterized metabolic pathways, enzymes, and adaptations. This
great untapped pool of genes provides the particularly exciting potential to mine
for new biochemical activities or novel enzymes with activities tailored to peculiar
sets of environmental conditions. Metagenomes also represent a huge reservoir of
novel enzymes for applications in biocatalysis, biofuels, and bioremediation. Here
we present the results of enzyme discovery for four enzyme activities, of particular
industrial or environmental interest, including esterase/lipase, glycosyl hydrolase,
protease and dehalogenase.

Keywords Metagenome ¢ Gene library ¢ Gene discovery ¢ Enzyme screening °
Hydrolase

1.1 Introduction to Metagenomics and Its Applications

Prokaryotes constitute the largest fraction of individual organisms on Earth,
accounting for up to 10% separate genotypes, with conservative estimates of up
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to 52,000 microbial species residing in just one gram of soil, and several hundred
to several thousand species in just one millilitre of sea water (Simon and Daniel
2011; Roesch et al. 2007; Kemp and Aller 2004; Ravenschlag et al. 1999; Schloss
and Handelsman 2005). Less than one percent of these microorganisms, however,
are culturable in the laboratory, and amenable to traditional experimental studies
(Giovannoni et al. 1990). Through the advent of metagenomics, we are just now
starting to gain insight into the rich microbial worlds thriving within distinct
habitats. One of the first heralded successes of metagenomics was the discovery of
bacteriorhodopsin in marine bacterioplankton (Beja et al. 2000). This chapter gives
an overview of the importance and applications of function-based metagenomic
studies, and describes enzyme screening of metagenome libraries and findings to
demonstrate what metagenomes have to offer.

1.1.1 Metagenomics and Its Approaches

Metagenomics is the study of community genetics through the extraction and direct
analysis of environmental DNA, most often via creating large or small insert DNA
libraries transformed into E. coli as a surrogate host. It allows us to circumvent
the problems associated with culturing environmental bacteria and to study the bio-
diversity and biogeochemical roles of the communities through sequence analysis
and function-based enzyme screens (Fig. 1.1). The increasingly more accessible
and economical Next-Generation Sequencing platforms and continuous advances
in computational biology allow us to analyse ever larger sets of sequence data,
but prediction and annotation of new genes still relies on sequence similarity
to already characterized genes and pathways in the public databases (GenBank,
UniProt, KEGG, etc.). As a result, 40-50 % of genes in genomes are routinely
labelled as “hypothetical” or proteins of unknown function (Koonin and Galperin
2003; Ferrer et al. 2007; Pelletier et al. 2008). In this scenario, function-based
metagenomics is invaluable. The magnitude of microbial and protein diversity of
marine metagenomes was demonstrated by two landmark papers by Venter et al.,
which together revealed over 500 new species, over 6 million protein encoding
genes, and almost 2000 new protein families with unknown function (Venter
et al. 2004; Yooseph et al. 2007). A more recent high-throughput metagenomics
project identified over 27,000 putative carbohydrate-active genes in the cow rumen
metagenome and demonstrated the presence of glycosyl hydrolase activity in 51 of
90 tested proteins.

The experimental approaches of functional metagenomics include developing
new cultivation methods, meta-transcriptomics, meta-proteomics, meta-metabolo-
mics, and enzyme screening (Rondon et al. 2000; Ferrer et al. 2007; Simon and
Daniel 2011; Uchiyama and Miyazaki 2009). The enzyme screening approach
involves gene expression and directly assaying metagenomic gene libraries for
the ability to modify or hydrolyze a specific chemical substrate. Most often, this
means expressing metagenomic enzymes from native or inducible promoters in E.
coli and detecting enzymatic activity using chromogenic or insoluble substrates in
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Fig. 1.1 Overview of sequence-based and functional metagenomics

agar (Rondon et al. 2000). An alternate approach is to clone environmental DNA
fragments into a lambda phage-based expression vector and to screen for particular
enzymatic activities directly on phage plaques (Ferrer et al. 2005). Enzymatic
screening of metagenome libraries allows mining for new enzyme activities, and
offers the possibility to discover novel families of enzymes with no sequence
similarity to previously characterized enzymes found in BRENDA or Uniprot. It
also offers an immense repository of new enzymes with an incredible variety of
characteristics evolved to accommodate the unique environments that the microbes
reside in.

Screening of metagenome gene libraries has greatly expanded the number of
novel enzymes, including over 130 new nitrilases and many cellulases, carboxyl
esterases, and laccases (Robertson et al. 2004; Lorenz and Eck 2005; Beloqui
et al. 2006). Recently, metagenomes of several extreme environments have also
been explored and revealed a rich biochemical diversity of enzymes adapted to
function under extreme conditions, such as low or high temperatures, low or high
pH, and high salt concentrations (Ferrer et al. 2007). Biochemical and structural
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characterization of these enzymes revealed different molecular mechanisms of
adaptation to extreme environmental conditions (Feller and Gerday 2003; Olufsen
et al. 2005; Siddiqui and Cavicchioli 2006). The potential for enzyme discovery in
metagenomes has not gone unnoticed in the industrial sector, and several companies
such as Diversa, Genencor International (now part of DuPont), Henkel, Degussa
(now Evonik Industries), among others, have already made efforts in this area
(reviewed by Lorenz and Eck 2005). The efforts will only increase as comparative
studies have shown that replacing conventional industrial processes with enzymatic
processes in a multitude of industries have indeed lead to savings and cleaner
production (reviewed by Jegannathan and Nielsen 2013, of Novozymes).

1.1.2 Metagenomics and Enzyme Discovery

Examples of industries which employ enzymatic processes include pulp and paper
production, household detergent production, the textile industry, food and beverage
industries, animal feed production and biodiesel production, among others (Jimenez
etal. 1999; Nguyen et al. 2008; Hemachander and Puvanakrishnan 2000; Saeki et al.
2007; Aly et al. 2004; Osma et al. 2010; Okamura-Matsui et al. 2003; Gado et al.
2009; Monsan and Donohue 2010; Herndndez-Martin and Otero 2008). Novozymes,
which holds a 48 % share of the global market for industrial enzymes, has reported
enzyme business sales up by 5 % in 2013, at 1574 million euros, with the strongest
sales to household care (including most importantly detergents) and bioenergy
industries. They also calculated that customers saved approximately 52 million tons
of CO; (editor Bedingfield 2013). In the trend toward alternative, cleaner, cheaper
and more efficient processes, the potential for enzyme application is great.

Cold-active enzymes offer particular advantages in the household cleaner and
food industries, including primarily energy savings compared to traditional high-
temperature processes, both for consumers, in the case of detergents marketed
for cold-water cleaning, and manufacturing processes (Cavicchioli et al. 2002).
These enzymes maintain high levels of activity and specificity, and many have
the convenient property of being thermolabile, allowing for easy inactivation prior
to subsequent processing steps. As a result of their inherent flexibility, in order
to remain active and mobile at low temperatures, they have been proposed as
candidates for organic synthesis in non-aqueous or mixed aqueous-organic solvents,
where the absence of water stabilizes and inhibits activity of many mesophilic
enzymes. Similarly halophilic enzyme instability in aqueous low salt environments
has made them attractive for non-aqueous synthesis (van den Burg 2003; Sellek
and Chaudhuri 1999; Cavicchioli et al. 2002). Marine environments offer an ideal
opportunity to sample microbial communities which have evolved to thrive at both
cold temperatures and hypersaline conditions.

The Earth’s biosphere is predominantly aqueous (70 % water) and cold (around
5 °C). Marine microorganisms that are able to grow at low temperatures have
evolved different adaptation mechanisms to survive under these conditions.
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Temperature is one of the most important factors for enzyme activity as the
reaction rate can be reduced 30-80 times when the temperature drops from 37
to 0 °C (Lonhienne et al. 2000). To explore the biochemical diversity of marine
metagenomes, we have screened twelve metagenomic libraries from a diverse set of
marine-related environments for one or more of the following hydrolytic functions:
esterase/lipase, glycosyl hydrolase and protease, which have applications in one or
more of the industries listed above, and lastly dehalogenase, which together with the
above mentioned enzyme activities, plays an important role in bioremediation and
detoxification of halogenated organic pollutants (Brisson et al. 2012; Jegannathan
and Nielsen 2013).

1.2 Metagenome Gene Library Preparation

1.2.1 Environments and Library Preparation

Immense sequence diversity has so far been documented in environmental
metagenomes, suggesting significant metabolic and biochemical variety as well
(Dinsdale et al. 2008; Yooseph et al. 2007). To exploit this diversity, we selected
a set of marine-related metagenomes to search for cold-active and salt-tolerant
esterases, lipases, proteases, glycosyl hydrolases and dehalogenases.

We sampled 12 marine-related environments, from communities thriving under
extreme anoxic deep sea conditions (Urania, Kryolo, Medee, Rimicaris Gill
and Gut) or extremely low pHs (Vulcano), to various regions associated with
heavy industrialization and oil-contamination of the Mediterranean or Barents
Sea (Messina, Milazzo, Priolo, Haven, Kolguev, Murmansk). As examples of the
environmental diversity, the Rimicaris Gut and Gill libraries were prepared from
dense bacterial communities inhabiting Rimicaris exoculata shrimp, which lives
on chimney walls of hydrothermal vents in the Mid-Atlantic ridge, over 3 km
beneath the surface (Williams and Rona 1986). The Haven library, though, is
derived from samples of tar collected on the coast of Genoa, Italy, where the
Amoco Milford Haven tanker exploded in 1991 releasing thousands of tonnes of
crude oil. The temperatures of all of selected environments range from 3 to 15 °C
and water salinity ranges from 3.1 to 3.8 %. Selected communities were treated for
1 month with phenanthrene and pyrene (Milazzo, Messina) or crude oil (Kolguev,
Murmansk), prior to extraction of large molecular weight DNA.

Two types of metagenomic libraries were prepared from the marine samples—
large DNA insert (40,000 bases) fosmid libraries and small DNA insert (4000—7000
bases) lambda phage libraries, using commercially available kits (Epicentre’s
CopyControl Fosmid and Stratagene’s, now Agilent’s, Lambda-ZAP). The names
and descriptions of the 12 metagenomic libraries are provided in Table 1.1.
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Table 1.1 Metagenomic libraries prepared and screened for enzyme activity

Metagenomic library | FosmidTotal clones | Lambda-ZAPTotal clones | Notes

Contaminated source

Kolguev N/A 100,000 Crude oil-degrading
Island psychrophilic
community; Barents Sea
Port of N/A 100,000 Crude oil-degrading
Murmansk psychrophilic
community; Barents Sea
Milazzo 50,000 2400 Marine-based
enrichment enrichment cultures with

phenanthrene and
pyrene; Mediterranean

Sea
Messina 21,000 1000 Marine-based
enrichment enrichment cultures with

phenanthrene and
pyrene; Mediterranean

Sea
Priolo 3000 40,000 Anoxic community,
sediment heavy industrialization

and crude/refined oil
contamination; harbor of
Priolo Gargallo, Italy
Haven 9200 25,000 Petroleum

sediment contamination; harbor of
Arenzano, Italy

Specialized environment

Rimicaris 11,100 150,000 Deep sea shrimp

exoculata metagenome;

gut Mid-Atlantic Ridge

Rimicaris 20,000 350,000 Deep sea shrimp

exoculata metagenome;

gill Mid-Atlantic Ridge

Urania N/A 100,000 Deep hypersaline anoxic

basin lake; Mediterranean Sea

interface

Kryos brine 9300 620,000 Deep hypersaline anoxic

interface lake; Mediterranean Sea

Medee 18,432 N/A Deep hypersaline anoxic

basin lake (salinity

interface 170-190 g/1);
Mediterranean Sea,
Cycloclasticus
naphthalene enrichment

Vulcano 3456 N/A Enrichment made from

acidic pool acidic pool sand/gravel;

Mediterranean Sea
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1.2.2 Advantages and Disadvantages of Large and Small DNA
Insert Libraries

Each of the two types of metagenome gene libraries (large DNA insert fosmid
libraries and small DNA insert phage libraries) offers particular advantages and
disadvantages. Although the lambda phage libraries may be converted to phagemid
clones and screened as colonies, one of the biggest advantages to the phage is
lysis of E. coli cells at the end of the infection cycle and release of translated
metagenomic proteins to the extracellular matrix, and consequently the substrate.
Lambda phage are stable for long periods, both at —80 °C and at 4 °C, and
library contamination with other laboratory strains is a smaller concern due to the
specificity of the host—virus interaction. Perhaps most importantly, toxic effects of
metagenomic enzymes generally do not pose problems as they would in cell-based
libraries, since gene expression in cells is only driven during the short interval of
viral infection. In addition, the lambda libraries, although containing small inserts
of on average 4-8 kilobases (4—8 genes), have IPTG-driven expression which allows
for higher concentrations of metagenomic proteins. This is important for phage
screening, since there is only a short window of infection (approximately 50 min
for a wildtype lambda virus) during which the metagenomic genes can be expressed
prior to cell lysis. In screening phage, it is possible to screen large numbers of
clones (600-2000 per 10 cm plate, depending on the substrate) very quickly and
easily. Because the enzyme is released to the extracellular matrix upon cell lysis,
the activity is often seen earlier than with fosmid libraries.

Alternatively, the large insert libraries have the advantage of just that—the
presence of a longer metagenomic DNA insert. In some cases, more than one gene
is required for activity or correct expression and folding of the enzyme of interest,
and fosmid libraries offer the advantage of screening larger gene clusters (up to
50 genes), in many cases entire operons. In the particular cases of two esterases
we have identified during functional screening, we have also found predicted lipase
chaperones immediately downstream of the active genes. Sequencing the genetic
neighbourhood of an active fosmid clone can also offer hints about the native
metabolic role of the enzyme in question, and more accurately predict the taxonomy
of the source organism. Finally, vectors used for cloning large-insert DNA fragments
are typically low copy which, unless induced by engineered copy-control, minimize
effects of toxic genes (Taupp et al. 2011) and allow basal expression levels
from native promoters, avoiding inclusion body formation often associated with
overexpression in E. coli.

1.3 Agar-Based Enzyme Screens for Hydrolytic Enzymes

Agar plate-based screening of metagenomic libraries provides a direct and simple
approach to mine for industrially useful enzymes that function under diverse
conditions—low temperature, extreme pH, nonaqueous, anoxic, hypersaline, among
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Fig. 1.2 Agar-based enzymatic screening of metagenomic libraries. Panels show positive hits on
fosmid or phage library screens as follows: (a) Glycosyl hydrolase positive fosmid (i) and phage
(ii and iii) clones screened on carboxymethyl cellulose. (b) Skim milk screens for protease and
glycosyl hydrolase activities, on fosmid libraries with and without a pH indicator (i and ii), and
on phage libraries (iii). (c) Esterase or lipase positive fosmid (i) and phage (ii) hits screened on
tributyrin. (d) Lipase positive fosmid (i) and excised phagemid (ii) clones screened on olive oil. (e)
Fosmid clones positive for dehalogenase activity

others. This method has successfully produced a large number of novel esterases,
lipases, proteases, glycosyl hydrolases, laccases, and other enzymes (Lorenz and
Eck 2005; Ferrer et al. 2009; Steele et al. 2009). Below we describe the five screens
we have used to screen up to 100,000 clones per experiment using Lambda-ZAP
or over 6000 clones for all activities using fosmid libraries. Examples of enzyme
screens and positive clones are shown in Fig. 1.2.

1.3.1 Esterases and Lipases

We use two substrates to screen for esterase and lipase activity. A commonly used
substrate for detection of esterase or lipase activity is the simple ester tributyrin.
To specifically detect lipase activity, we use olive oil, which is comprised primarily
of the long carbon chain (C >16) triglyceride esters oleic acid, linoleic acid and
palmitic acid. The screens are adapted from previously published protocols (Kok
et al. 1993; Kouker and Jaeger 1987).

In fosmid screens, the substrates, 1 % tributyrin and 3 % olive oil, are emulsified
with 0.5 % gum arabic in standard Luria-Bertani (LB) broth and agar plate media
containing appropriate antibiotics. The clones, containing metagenomic DNA, are
grown in LB in microtiter plates for several hours, plated on substrate plates using
96-pin or 384-pin replicators and incubated overnight at 37 °C. Emulsified tributyrin
gives a turbid appearance to the plates, and hydrolysis by esterases or lipases is seen
as a clearing or halo around the colony, or plaque in phage screening (Fig. 1.2c).
In the case of olive oil plates, 0.001 % w/v Rhodamine B dye is also added to the
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plates, and activity is detected as orange fluorescence under UV light (Fig. 1.2d),
presumably caused by formation of complexes of Rhodamine B molecules and the
hydrolyzed fatty acids (Kouker and Jaeger 1987). During phage screening, phage
clones are preincubated with host cells, added to several millilitres of soft LB-
agar containing emulsified tributyrin and gum arabic, and plated on LB-agar plates,
containing 1 mM IPTG, overnight at 37 °C.

All plates are kept for an additional 2—4 days at room temperature to 37 °C, and
monitored for positive clones.

1.3.2 Glycosyl Hydrolases

One rather simple color-based method to screen for glycosyl hydrolase activity uses
carboxymethyl cellulose as a substrate and Congo red dye as an indicator (adapted
from Teather and Wood 1982). In this assay, 0.3 % carboxymethyl cellulose is added
to conventional plate media (for fosmid screening) or to soft LB-agar (for phage
screening), and cells or phage are plated as described in the screen above. After 2—4
days, cellulose is stained with a 0.1 % Congo red solution, and unstained haloes are
observed around positive colonies (Fig. 1.2a).

1.3.3 Proteases

The skim milk-based agar screen has been proposed for detecting proteases in soil
metagenome libraries (Rondon et al. 2000). In these screens, 1 % skim milk is
added to LB-agar plates for colony screening, and 3—4 % skim milk is added to soft
LB-agar for phage library screening, as described for screens above (adapted from
Rondon et al. 2000). Activity is detected as a clearing in the turbidity (Fig. 1.2b),
as the protease degrades milk proteins, mostly caseins. Later, Jones et al. showed
that skim milk screens can also detect the metagenomic clones expressing glycosyl
hydrolases or releasing acid (Jones et al. 2007). Therefore, to some screens we have
added pH indicator dyes (0.5 mM phenol red and/or bromothymol blue) to increase
sensitivity and detect the acidic shift during hydrolysis of casein by proteases or
lactose by glycosyl hydrolases (Jones et al. 2007). In order to distinguish proteases
from glycosyl hydrolases, we rescreened positive clones from the skim milk assay
on plates containing X-gal. In pH based assays, including also the assay described
below for dehalogenases, however, we have found a higher tendency for false
positives, and positive clone genes must be further tested to ensure the enzymatic
activity is present.
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1.3.4 Dehalogenases

Detection of dehalogenase activity has been described using a variety of haloalkane
and haloacid substrates (Holloway et al. 1998). The basic concept involves freeing
the halogen (e.g. chloride or bromine) from the substrate and detecting the ensuing
pH change with an indicator dye, which results from haloacid formation (HCI, HBr,
etc.). The described agar based screen is set up in a similar way to those of the other
activities above with the following changes. Colonies or phage are plated on LB-
agar plates containing 0.5 mM phenol red and/or bromothymol blue pH indicator
dyes, but no substrates. After overnight incubation, or in the case of fosmid libraries,
possibly after 2-3 days of incubation, a mixture of melted 0.4 % agarose, 20 mM
EPPS buffer (pH 8.0) and a 2.5 mM combination of haloalkanes and haloacids,
such as bromoacetic acid, 3-bromo-2-methylpropanoic acid, iodoacetic acid, ethyl-
3-(bromomethyl)propanoate, 3-dibromopropanol, 1-iodopropane, is layered on top
of the colonies or phage. The plates are incubated at 30 °C, and checked every few
minutes for colour change (Fig. 1.2e). The pH change on solid media is short lived
as a result of diffusion, therefore requires close monitoring.

In the above described screens, we have found phage particularly useful for
screens involving turbid substrates (tributyrin or skim milk), as well as color-based
end-point assays (such as the glycosyl hydrolase screen described above). Positive
plaques are difficult to spot in screens involving transient colour changes, such as the
dehalogenase screen. For these screens, liquid-based microplate assays with fosmid
or excised phagemid libraries are perhaps best.

1.4 Screening and Sequencing Results for Marine
Metagenome Libraries

1.4.1 General Functional Screening Statistics

Over 1.3 million clones from the 12 described marine-related metagenomic libraries
were screened for esterase/lipase, glycosyl hydrolase, protease and dehalogenase
activities, yielding 545 positive hits. Over half of these were putative esterases or
lipases identified with tributyrin screens, the quickest and most successful assay,
followed by glycosyl hydrolases, putative proteases or glycosyl hydrolases from
skim milk screens, and finally dehalogenases (Table 1.2). The tributyrin plate screen
for esterases and lipases is the most common metagenomic screen, which depending
on the metagenomic library has been reported to have a hit rate in the range of 1
positive per 5 to 4000 Mb of DNA screened (Lorenz and Eck 2005; Steele et al.
2009; Uchiyama and Miyazaki 2009). In our work, this screen produced 1 hit
per 9 Mb of screened DNA (Table 1.3), which is within the reported range. The
glycosyl hydrolase and dehalogenase screens produced comparable frequencies of
positive hits (1 hit per 28.4 and 23.9 Mb DNA, respectively). The highest frequency
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Table 1.2 Enzyme screening statistics for marine metagenomic libraries

Esterase/lipase Glycosyl hydrolase | Protease Dehalogenase
Metagenomic library Screened | Positive | Screened ‘ Positive | Screened | Positive | Screened | Positive
Contaminated source
Kolguev (phage) 154,000 |30 111,500 |5 8200 6 - -
Murmansk (phage) 108,000 | 41 103,000 | 9 - - - -
Milazzo (phage) 20,000 8 15,000 0 24,000 0 - -
Messina (phage) 24,000 18 - - 25,000 3 - -
Priolo (phage) 118,500 |5 54,000 0 - - - -
Haven (phage) 36,800 11 94,500 4 16,000 2 - -
Specialized environment
Rimicaris Gill (fosmid) | — - 8400 27 8400 38 8400 17
Rimicaris Gut (phage) | 137,500 |7 - - - - - -
Rimicaris Gill (phage) | 21,100 8 - - - - - -
Urania (phage) 90,800 36 130,000 |5 - - - -
Kryos (fosmid) - - 3456 49 3456 16 3456 17
Medee (fosmid) 4992 147 4992 0 4992 1 4992 0
Vulcano (fosmid) 1920 32 3456 1 3456 2 3456
Total 717,612 | 343 528,304 | 100 93,504 |68 20,304 |34

Table 1.3 Frequency of positive hits (hit per Mb of DNA screened)®

Metagenomic library ‘ Esterase/lipase ‘ Glycosyl hydrolase ‘ Protease ‘ Dehalogenase
Contaminated environment

Kolguev (phage) 1/20.5 1/89.2 1/5.5 -

Murmansk (phage) 1/10.5 1/45.7 - -

Milazzo (phage) 1/10 0 0 -

Messina (phage) 1/5.3 - 1/33.3 -

Priolo (phage) 1/94.8 0 - -

Haven (phage) 1/13.3 1/94.5 1/32 -

Specialized environment

Rimicaris Gill (fosmid) |- 1/12.4 1/8.8 1/19.8

Rimicaris Gut (phage) |1/78.6 — — -
Rimicaris Gill (phage) | 1/10.5 — — -

Urania (phage) 1/10.1 1/104 - -
Kryos (fosmid) - 1/2.8 1/8.6 1/8.1
Medee (fosmid) 1/1.4 0 1/200 0
Vulcano (fosmid) 1/2.4 1/138 1/69 0
Total 1/9.1 1/28.4 1/16.2 1/23.9

2For calculation of hit frequency, an average of 4000 bp/phage clone and 40,000 bp/fosmid
clone were used
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of positive esterase hits (1 hit per 1.4 Mb DNA) was obtained from the Medee
fosmid library, whereas the Kryos fosmid library produced the highest frequencies
of positive glycosyl hydrolase and dehalogenase clones (1 hit per 2.8 and 8.1 Mb
DNA, respectively) and the Rimicaris Gill and Kryos fosmid libraries revealed the
highest frequencies of positive hits on skim milk screens (1 hit per 8.8 and 8.6 Mb
DNA, respectively) (Table 1.3). In some libraries, the high frequency of positive
hits can be explained by the presence of multiple copies of a limited number of
positive genes (redundancy) as was revealed by DNA sequencing (see below), or
a high propensity for false positives in enzyme activity screens using transient pH
changes.

1.4.2 Clone Sequencing

Due to the size differences between phagemids (on average 4-7 kilobases) and
fosmids (on average 40 kilobases), we used different strategies for sequencing
the positive clones. Simple gene walking was used to sequence phagemids. This
approach, however, would have been tedious and impractical for fosmids. Fosmid
DNA samples were pooled into mixtures of 40-100 clones and submitted for Next
Generation sequencing by Illumina. The massive amount of sequence data obtained,
the substantial decrease in cost of this sequencing platform, and the increasing
number of companies offering the service have made this approach practical.
In theory, it is possible to obtain 1000x sequence coverage for samples of 500
pooled fosmids, assuming 200 million reads per lane (Genome Quebec, personal
communication), however one must keep in mind inevitable downstream problems
of contig assembly, including overlapping clones, underrepresented sequences,
short-sequence DNA repeats, or stretches of DNA inherently difficult to sequence.
For these reasons, we were relatively conservative in our DNA pool sizes. There
are a variety of assemblers for Illumina data (Velvet, ABySS, DNASTAR). We
used Geneious, a powerful sequence analysis program, which uses a Velvet based
algorithm for sequence assembly. In order to trace the assembled contigs to
particular clones, we also sequenced the ends of each fosmid. In lieu of end
sequencing, it is also possible to barcode the fosmids, in house or at added expense
by the sequencing companies.

We obtained sequences for most isolated phage and phagemid positives and
50 % of our fosmids. Open reading frames were predicted and annotated using
a combination of Geneious’ gene prediction, Glimmer, BLASTx and MG-RAST.
Gene annotation is laborious and requires significant manual curation to accurately
resolve and annotate predicted overlapping open reading frames. Genes with
predicted enzyme activities of interest were cloned and rescreened in standard E.
coli expression vectors. Where the putative enzyme could not be identified through
sequence-based searches, multiple, if not all, genes were cloned and retested.

Sequencing revealed a high proportion of marine hydrocarbon degrading bacteria
in the tested metagenomic libraries. Murmansk and Kolguev libraries both had
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a large proportion of the bacterium Alcanivorax borkumensis, an oil-degrading
bacterium. The deep sea Urania library had predominantly Marinobacter aquaeolei
and Marinobacter hydrocarbonoclasticus, the most abundant sea dwelling bacteria
capable of degrading oil or other hydrocarbons, or species with high nucleotide sim-
ilarity to these. Finally, a majority of positive clones isolated from the Medee deep
sea basin were predicted to contain DNA from one or more of the marine polycyclic
aromatic hydrocarbon degrading Cycloclasticus species. Positive hits isolated from
libraries with geographical proximity showed some overlap, as expected, with seven
enzymes recovered from both Murmansk and Kolguev screening, two enzymes from
Milazzo and Messina libraries, and the same Cycloclasticus enzyme isolated from
Messina, Vulcano as well as the Medee libraries.

In our experience, one quarter of all initially cloned metagenomic genes could be
expressed in E. coli and purified sufficiently for biochemical analysis. Quite often,
it became necessary to clone protein fragments and remove predicted N-terminal
signal peptides or transmembrane domains, identified using prediction programs
such as TMHMM or SignalP. Based on sequence, nearly one half (45 %) of the
experimentally confirmed metagenomic esterases were predicted to have N-terminal
signal or transmembrane sequences. A combination of removing these sequences
and using chemical chaperones, such as sorbitol or glycerol, for recombinant protein
expression (Prasad et al. 2011), greatly aided in obtaining soluble proteins.

1.4.3 Sequence Analysis of Esterase Positive Genes

Thirty-nine so far cloned and confirmed esterases from marine-related metagenomes
belong to a diverse set of protein families (Fig. 1.3). As expected, a majority (70 %)
is predicted as o/B-hydrolase family proteins, the largest proportion belonging

Fig. 1.3 Protein family Peptidase S9 (1)

prediction for 39 confirmed Patatin-like phospholipase (1) Unknown (1)

esterases Lipase bact N (1) \ o/B-hydrolase 1 (1)
DUF3089 (1)  \ /
Cyclase (1) N

Carboxylesterase (2)

B-lactamase (4) a/B-hydrolase 3 (20)

a/B-hydrolase 6 (5)

a/B-hydrolase 5 (1)
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to the a/B-hydrolase 3 family. Four enzymes are predicted P-lactamases, two
carboxylesterases, and the remaining are a predicted lipase, patatin, and interest-
ingly a predicted cyclase, prolyl oligopeptidase, DUF3089 family protein and one
completely unknown.

Most of the biochemically characterized o/B-hydrolases contain a Ser-His-Asp
catalytic triad in the active site. Sequence analysis of the identified o/B-hydrolases
and carboxylesterases reveals conserved GxSxG motifs, suggesting the positions
of the catalytic Ser residues, as well as several conserved candidates for the His
and Asp residues of the catalytic triad. The B-lactamases each have the typical
N-terminal SxxK motif, as well as a conserved Tyr and an additional GxSxG
or GxSxx near the C-terminus described for Family VIII esterases (reviewed by
Hausmann and Jaeger 2010). The predicted lipase, patatin and DUF3089 proteins
also show conserved GxSxG motifs and several conserved His and Asp residues
suggesting that these proteins also belong to serine hydrolases. The enzyme of
unknown protein family (internally identified as MGS0084) shares low sequence
similarity (20-23 % of sequence identity) with only four predicted proteins in Gen-
bank and Uniprot. These proteins have several conserved Ser residues suggesting
that these sequences might represent another family of Ser-dependent hydrolases.
Finally, both esterase and peptidase activities have been previously detected in
select serine proteases, specifically prolyl oligopeptidases predicted to contain an
a/p hydrolase fold (Wang et al. 2006). It was found that a single conserved Arg
residue can discriminate between the two enzymatic activities. The active residues
of the latter enzymes will need to be confirmed through mutagenesis.

Thus, while a majority of the lipolytic enzymes so far mined belong to one of the
well-known esterase families, a significant 4 (10 %) are either unknown or predicted
to have alternate activities. For esterases from characterized families, we have the
opportunity to compare and study particular amino acid substitutions or structural
changes that confer psychro or halophilicity.

1.4.3.1 Case Example of Venturing into Novel Sequence Space

MGS0012, one of several enzymes isolated in our functional assays that were
predicted as domains of unknown function, shares 99 % sequence identity with
a predicted hypothetical protein from Kordiimonas gwangyangensis, an organism
isolated in the Gwangyang Bay of Korea capable of degrading high-molecular-
mass polycyclic aromatic hydrocarbons (Kwon et al. 2005). It also shares 40 %
sequence identity with another recently and independently isolated soil metage-
nomic enzyme EstWSD (Uniprot K9RYBO), which exhibits salt tolerant and solvent
tolerant activities (Wang et al. 2013). It is particularly useful that as we isolate
and annotate new enzymes in functional metagenomics, we can extend these
findings and predictions through protein sequence space to other interesting and
environmentally important organisms. A protein sequence alignment (Fig. 1.4)
shows that MGS0012 and EstWSD, predicted members of the DUF3089 family,
share sequence similarity with uncharacterized proteins from Dehalococcoides
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Fig. 1.4 Sequence alignment of the conserved Ser motif in identified metagenomic carboxyl
esterase MGS0012 and DUF3089 family proteins

ethenogenes (Q3Z26Q3), an organism known to reductively dechlorinate the ground-
water pollutants tetrachloroethene and trichloroethene (Maymo-Gatell et al. 1997),
Parvibaculum lavamentivorans (ATHXP8), a microbe which degrades the commer-
cial laundry surfactant linear alkylbenzenesulfonate (Schleheck et al. 2000), and
proteins from various species of Sphingomonas (F3WXIJ6), some of which are
known to degrade aromatic compounds (Fredrickson et al. 1991, 1995; Baraniecki
et al. 2002). In fact, MGS0012 has >30 % sequence identity to 197 proteins in
Uniprot. Thus slowly, but surely, we are venturing into novel sequence space, and
making progress into those 40 % hypothetical or uncharacterized proteins currently
in the database.

1.5 Biochemical Properties of Carboxyl Esterases
from Marine Metagenomes

Eight genes encoding metagenomic carboxyl esterases were cloned for overexpres-
sion in E. coli and purified using affinity chromatography. Detailed biochemical
characterization of these enzymes revealed a high prevalence of cold-adapted
activity and salt tolerance, in accordance with the microbial environment. The
enzyme activities of purified proteins were assayed using a set of p-nitrophenyl ester
substrates with different acyl chain lengths (C2—-C16). They were also tested for
temperature optimum, pH preference, as well as salt and organic solvent tolerance,
in addition to the substrate specificity.

The metagenomic carboxyl esterases were active over a broad pH range at 30 °C
(pH 7-9). These enzymes display a wide range of chain length preferences, ranging
from acyl chain length C2 (pNP-acetate for MGS0109) to C8 (pNP-octanoate for
MGS0010). The preference for short acyl chain substrates is typical of carboxyl
esterases (Hausmann and Jaeger 2010). However, two enzymes, MGS0012 from
the Messina library and ABO1197 from the oil-degrading Alcanivorax borkumensis
of the Murmansk library, exhibit high activity (up to 30 pmoles/min per mg
protein) against the C16 pNP-palmitate, a model substrate used for lipase activity.
However, the preferred substrates for these two enzymes are a-naphthyl acetate
(61 pmoles/min per mg protein) and pNP-valerate (nearly 300 pmoles/min per mg
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Table 1.4 Biochemical characteristics of purified metagenomic carboxyl esterases

Metagenomic Activity | Optimal | Activity
Clone library Predicted Pfam | Optimal temp | at 4 °C salt conc | 0 M NaCl| 2 M NaCl
MGS0006 | Messina a/B-hydrolase 3 | 30 °C 55 % oM 100 % 3%
MGS0010 | Messina B-lactamase 30°C 32 % >3.5M 100 % 144 %
MGS0012 | Messina DUF3089 40°C 9 % 2M 100 % 187 %
MGS0018 | Rimicaris Gill | a/B-hydrolase 3 | 30 °C 37 % oM 100 % 9 %
MGS0105 | Kolguev B-lactamase 15°C 41 % oM 100 % 0%
MGS0109 | Kolguev a/B-hydrolase 6 |30 °C 50 % oM 100 % 0 %
ABO1197 | Murmansk a/B-hydrolase 6 |30 °C 66 % oM 100 % 40 %
ABO1251 | Murmansk Carboxylesterase | 35 °C 46 % oM 100 % 23 %

protein), respectively. A weak lipase activity was also detected for MGS0012 in an
agar-based olive oil assay, which contains 50-80 % oleic acid (C18).

Temperature optima for seven out of eight enzymes were found to range from
15 to 35 °C, with 32-66 % activity at 4 °C (Table 1.4) suggesting that these
proteins are cold-adapted (psychrophilic) enzymes. MGS00012 alone showed an
optimal temperature of 40 °C, and only 9 % activity at 4 °C, reminiscent of a
mesophilic enzyme. As intracellular salt concentrations vary species by species,
and can differ from external salt concentrations (Oren 2002; Christian and Waltho
1961, 1962), we would expect enzymes recovered from different species to reflect
these differences. For the eight characterized metagenomic enzymes (Table 1.4),
we found a range of salt effects on activity including stimulation and various levels
of inhibition. As shown in Table 1.4, three enzymes were completely inhibited by
2 M salt (MGS0006, MGS0105 and MGS0109), while the activity of two other
enzymes was stimulated by addition of NaCl, and in fact have optimal activity at
2 M or over 3.5 M concentrations (MGS0012 and MGS0010, respectively). The
remaining enzymes show intermediate salt tolerance and lie on various points along
this spectrum. Thus, many carboxyl esterases from marine metagenomes are cold-
adapted enzymes showing different levels of salt resistance.

1.6 Conclusion

In summary, enzymatic screening of metagenomic marine libraries identifies genes
from diverse organisms and protein families with enzymatic properties that reflect
the environmental conditions of the microbial community. Most of the esterases
we have biochemically characterized are halotolerant or halophilic, cold adapted
enzymes, as one would expect for proteins from a marine environment. We have
identified several esterases which belong to uncharacterized families or proteins
annotated to have alternate functions, which could not have been identified through
sequence analysis alone.
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Since only 40 % of enzymes from environmental DNA have been suggested
to express in E. coli, (Gabor et al. 2004), this leaves a large proportion of the
environmental gene pool unsampled during a standard enzyme activity screen,
missing some potentially very exciting enzymes. In order to increase physiologic
and metabolic diversity and therefore close this expression gap, multi-host shuttle
vectors have already been designed for expression in Bacillus subtilis, Pseudomonas
putida, Streptomyces lividans, and Rhizobium leguminosarum (Martinez et al. 2004;
Staskawicz et al. 1987; Troeschel et al. 2012; Li et al. 2005; Wexler et al. 2005).
Enzymatic screening of metagenomic libraries expressed in these hosts revealed
different gene expression profiles indicating that additional metagenomic enzymes
can be identified using this approach. For example, these hosts have successfully
identified a novel alcohol/aldehyde dehydrogenase in R. leguminosarum, and
multiple hemolytic clones that were active in S. lividans but not E. coli.

Presently, DNA sequencing and sequence-based studies of metagenomes far
outpace functional metagenomic studies. As the computational load has now fallen
on improving high-throughput annotation of thousands of metagenomes, functional
studies offer us a targeted approach to find the needles in the haystack. Activity
based studies remain crucial in identifying novel enzymes and enzyme families,
and allow us to isolate and clone those genes which we know can be expressed
in industrially-relevant hosts from gigabases of environmental DNA. Selecting
appropriate environmental communities enriched in the activities we wish to mine
for, and being creative in designing screens to identify enzymes with desired
characteristics are key in the field.
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Chapter 2
Investigating Bacterial Protein Synthesis
Using Systems Biology Approaches

Alla Gagarinova and Andrew Emili

Abstract Protein synthesis is essential for bacterial growth and survival. Its study
in Escherichia coli helped uncover features conserved among bacteria as well as
universally. The pattern of discovery and the identification of some of the longest-
known components of the protein synthesis machinery, including the ribosome
itself, tRNAs, and translation factors proceeded through many stages of successively
more refined biochemical purifications, finally culminating in the isolation to homo-
geneity, identification, and mapping of the smallest unit required for performing the
given function. These early studies produced a wealth of information. However,
many unknowns remained. Systems biology approaches provide an opportunity to
investigate protein synthesis from a global perspective, overcoming the limitations
of earlier ad hoc methods to gain unprecedented insights. This chapter reviews
innovative systems biology approaches, with an emphasis on those designed
specifically for investigating the protein synthesis machinery in E. coli.

Keywords Bacteria * E. coli * Protein synthesis ¢ Translation * Ribosome bio-
genesis ¢ Systems biology ¢ Ribosome profiling * Synthetic genetic array e
Genetic interaction * Proteomics

Bacterial protein synthesis is an adaptive, multi-step process performed by the
ribonucleoprotein machinery, consisting of the ribosome and a multitude of fac-
tors and accessory components (e.g. tRNA) that translate nucleic acid sequences
encoded by different messenger RNAs (mRNAs) into the corresponding sequences
of cognate amino acids in response to changing cellular demands. Due to evo-
lutionary conservation of many aspects of protein synthesis, the enteric microbe
Escherichia coli played a key role in understanding both prokaryotic and eukaryotic
translation. For instance, mRNA was first identified as the template for protein
synthesis in E. coli (Astrachan and Volkin 1958; Brenner et al. 1961; Gale and
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Folkes 1955) and E. coli was the first organism for which the genetic code was
deciphered (Adams and Capecchi 1966; Brenner et al. 1965; Bretscher et al.
1965; Clark and Marcker 1966; Ganoza and Nakamoto 1966; Khorana et al. 1966;
Lamborg and Zamecnik 1960; Last et al. 1967; Lengyel et al. 1961; Weigert and
Garen 1965). This chapter will focus on E. coli protein synthesis because this is
the best-studied bacterium and because of the important role this model organism
has played in elucidating bacterial protein synthesis components, concepts, and
mechanisms.

Early studies of bacterial protein synthesis relied on low throughput biochemical
approaches and forward genetic screens to identify components of the protein
synthesis machinery and investigate pertinent mechanisms (e.g. see Capecchi 1967a,
b; Fakunding and Hershey 1973; Helser et al. 1971, 1972; Noll and Noll 1972; Sabol
and Ochoa 1971; Sabol et al. 1970; Scolnick et al. 1968; Sparling 1970). Although
many pivotal discoveries and breakthroughs were made using these conventional
approaches, many unknowns about bacterial protein synthesis components and
mechanisms remain (see Kaczanowska and Ryden-Aulin 2007 and below). At
the same time, in the best annotated and studied bacterium, E. coli, about a
third of its genes still lack experimental annotations (Hu et al. 2009). It is not
surprising, therefore, that with the advent of systems biology approaches they
are increasingly frequently being applied to the study bacterial protein synthesis,
effectively complementing earlier approaches and circumventing their limitations.

Because protein synthesis is a complex, dynamic, and adaptive process, with
many unknowns, diverse systems biology approaches are used to tackle this system
from various perspectives. These approaches can be roughly categorized based on
the kinds of information they collect and thus how they approach the study of
bacterial protein synthesis. Methods in the first category approach protein synthesis
by looking at translated messages (see Sect. 2.1); the second category includes
genetic and proteomic methods that are aimed at identifying new components of
the protein synthesis machinery and exploring component functions (see Sect. 2.2).
These categories are not exclusive and can be combined to gain even greater insights
about bacterial protein synthesis, as will be discussed below.

2.1 Systematic Investigation of Translated Messages Provides
Insights into the Functioning of Bacterial Protein
Synthesis Machinery

Taniguchi et al. (2010) used a fluorescent protein fusion library to measure
mRNA and protein abundances for over 1000 proteins in E. coli on single cell
level. The study revealed that mRNA and protein levels within a cell did not
correlate well for any given gene (Taniguchi et al. 2010). Since most cellular
processes are accomplished by proteins, this finding emphasizes the insufficiency
of transcript abundance studies and the concurrent need to understand translation
and translational regulation of gene expression for understanding cellular dynamics
and processes.



2 Investigating Bacterial Protein Synthesis Using Systems Biology Approaches 23

Ingolia et al. (2009, 2012) developed ribosome profiling for investigating
translation by looking at mRNA translated in vivo. The approach was first developed
in yeast and then adapted to E. coli. Ribosome profiling, briefly, involves capturing
translating ribosomes along with their target mRNAs; then nuclease footprinting is
performed, during which all mRNAs not protected by the ribosomes are degraded;
the short mRNA fragments protected by the ribosomes are then isolated and
used in creating next generation deep sequencing libraries, which are sequenced
(Ingolia et al. 2009, 2012). The obtained sequencing reads identify regions occupied
by the ribosomes with nucleotide resolution and provide quantitative occupancy
measurements, while preserving coding strand information (Ingolia et al. 2009,
2012). Oh et al. applied ribosome profiling to E. coli (Oh et al. 2011). The resulting
map was reported to permit monitoring gene expression and defining protein
coding sequence boundaries (Oh et al. 2011). Furthermore, it revealed nonuniform
ribosome occupancy between and within genes, with average differences in gene
expression levels spanning staggering five orders of magnitude (Oh et al. 2011).
The authors also used affinity purification in combination with ribosome profiling
(Fig. 2.1) to describe quantitatively and for the first time the substrates of co-
translational chaperone trigger factor (Oh et al. 2011). For example, it was found
that trigger factor recruitment is delayed until approximately 100 amino acids have
been added to the growing polypeptide (Oh et al. 2011). Furthermore, trigger factor
exhibited preference for interacting with nascent outer-membrane proteins (Oh et al.
2011).

Li et al. (2012) applied ribosome profiling to E. coli and evolutionarily distinct
Bacillus subtilis. The authors combined ribosomal profiling with the use of differing
growth conditions, an engineered ribosome and a reporter gene system to address
a long-standing question about why translation rates differ between genes (Li et al.
2012). The genetic code is degenerate, meaning that multiple codons encode the
same amino acid. Some codons and tRNAs are present in the cell at lower frequency.
Proteins containing rare codons are less frequent, leading to speculations that
ribosomes pause at these rare codons because of lower tRNA frequencies, which
in turn leads to lower translational efficiency (see Gingold and Pilpel 2011). Many
models where developed to quantify and describe these effects (see Gingold and
Pilpel 2011 and references therein). However, surprisingly, Li et al. (2012) found
that under nutrient-rich conditions ribosomes do not slow down at rare codons.
Instead, approximately 70 % of the strong pauses occur at Shine-Dalgarno-like
sequences within the coding regions of mRNA (Li et al. 2012). Bacterial translation
typically initiates with the interaction between the Shine-Dalgarno sequence of
mRNA upstream of the protein-coding region and the anti-Shine-Dalgarno sequence
of 16S ribosomal RNA (rRNA), which places the codon for the first amino
acid in the position suitable for translation initiation (Li et al. 2012; Shine and
Dalgarno 1975). Li et al. (2012) demonstrated increased ribosomal occupancy at
Shine-Dalgarno-like sequences within protein-coding regions of mRNA and that
it was not due to the instances of internal initiation of translation. The authors
proposed that the rare, Shine-Dalgarno-like codons were evolutionarily disfavored
and the tRNA abundances adjusted through evolution to these codon adaptations
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Fig. 2.1 Schematic of ribosome profiling procedure for quantifying translated mRNA by deep
sequencing. In this example of selective ribosome profiling, mRNAs from all ribosomes or
from ribosomes with nascent polypeptides bound to trigger factor (TF) chaperone are analyzed.
Subsequently, the two sets of sequences are compared to characterize TF function. See main text
for references and details

(Li et al. 2012). While frequent appearances of Shine-Dalgarno-like sequences
would hinder growth, strategically placed translational pause sites can help ensure
proper nascent peptide folding, targeting, translation, and transcription. Indeed,
Fluman et al. (2014) analyzed the same data and found that Shine-Dalgarno-like
elements trigger strategic pauses during the translation of membrane proteins.
Fluman et al. (2014) further demonstrated that these pauses correlate with better
folding of overexpressed membrane proteins, further reinforcing the shift in the
perception about codon adaptation and evolution.

Ribosome profiling was similarly essential for dispelling the misconception
about the mechanism through which macrolide antibiotics inhibit protein synthe-
sis. Macrolides are large antibiotics binding the large ribosomal subunit inside
the peptide exit tunnel (Wilson 2009). It has long been thought that macrolide
antibiotics inhibit translation by blocking the peptide exit tunnel so that several
initial amino acids are translated but once the growing polypeptide reaches the
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macrolide, which blocks its exit, no further elongation can take place, with peptide
and macrolide occupancy of the exit tunnel being mutually exclusive (Wilson 2009).
If this were the mode of macrolide action, ribosome profiling experiments following
maximal inhibition of translation by a macrolide antibiotic would reveal arrest of
translation near the nascent peptide’s N-terminus. Kannan et al. (2014) found three
common patterns of macrolide action in their ribosome profiling experiments for
each of the two macrolides they tested. The effect of macrolide action matched
the expected pattern for one group of genes (Kannan et al. 2014). However, the
patterns observed for two other groups could not be explained by the existing
model (Kannan et al. 2014). Translation of the second group of genes remained
unaffected by macrolides; site-specific arrest of translation at positions past the
N-terminal region was observed for the third group of genes (Kannan et al. 2014).
Search for sequence specificity in arrest sites of this third group revealed specific
and distinct features (Kannan et al. 2014). These features were roughly placed near
the peptidyl transferase center rather than at the peptide exit tunnel (Kannan et al.
2014). Biochemical mapping and in vitro experiments confirmed that the sites of
macrolide-induced translation arrest were defined primarily by the nature of amino
acids present in the peptidyl transferase center (Kannan et al. 2014). Since some
such macrolide-dependent stall sites were apparently missed, and since in vitro and
in vivo inhibition patterns did not always mirror each other (Kannan et al. 2014),
additional, possibly yet undiscovered, factors may come into play during in vivo
protein synthesis.

Ribosome profiling was also used in a number of other studies. For example,
it was used to investigate translation following bacteriophage lambda infection
(Liu et al. 2013), to examine the consequences of the loss of poorly characterized
elongation factor 4 (Balakrishnan et al. 2014), and to investigate the function of
elongation factor P (EF-P) (Elgamal et al. 2014; Hersch et al. 2014; Woolstenhulme
et al. 2015). Biochemically, EF-P was shown to be required for efficient elongation
of translation across polyproline stretches (Doerfel et al. 2013; Ude et al. 2013).
However, EF-P loss results in a minor growth defect despite many essential genes
containing such motifs (Zou et al. 2012). Ribosome profiling helped reconcile and
explain these seemingly opposing observations, expanded the understanding of the
role of EF-P, and improved the understanding of translation (Elgamal et al. 2014;
Hersch et al. 2014; Woolstenhulme et al. 2015).

Although only a limited number of publications used ribosome profiling so far,
this approach clearly demonstrated its vast potential for future discoveries. For
example, the approach offers a unique opportunity to query the functions of some
conserved, yet dispensable rRNA or ribosomal protein (r-protein) modifications,
whose functions thus far could not be successfully discerned (Kaczanowska and
Ryden-Aulin 2007; Sergiev et al. 2012). When combined with appropriate genetic
and environmental perturbations, ribosome profiling may represent a particularly
powerful tool not only for investigating and understanding translation, but also for
examining other biological phenomena, such as stress adaptation.

Continued and expanded application of ribosome profiling requires addressing
the limitations of the approach as it relates to the system at hand. For example,
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elongation in E. coli is extremely fast, making capturing bacterial polysomes
challenging without the rapid filtration and flash freezing before cell lysis (Li et al.
2012; Oh et al. 2011), which should therefore continue to be used in E. coli ribosome
profiling studies. The limitation still present in all herein discussed ribosome
profiling studies (Balakrishnan et al. 2014; Elgamal et al. 2014; Hersch et al. 2014;
Li et al. 2012; Liu et al. 2013; Oh et al. 2011; Woolstenhulme et al. 2015) is that
highly-translated sequences were the only ones that could be reliably mapped and
analyzed. In the future, less abundant translated sequences may be captured and
investigated by ribosome profiling if highly abundant sequences are depleted (Labaj
et al. 2011) or if specific low-abundance sequences are selected (Levin et al. 2009),
for instance, before the nuclease footprinting step.

2.2 Identifying New Components of the Bacterial Protein
Synthesis Machinery and Investigating the Functions
of Known Components

E. coli is the best annotated bacterium (Hu et al. 2009). Nonetheless, about one third
of the protein-coding genes, including those that are essential or broadly conserved,
lack experimental annotations (Hu et al. 2009). Given the many unknowns about
protein synthesis, at least some of uncharacterized genes may affect this process.
In an effort to facilitate gene function discovery for these ‘orphan’ unannotated
E. coli genes, Hu et al. (2009) performed a thorough survey of the affinity-
purification/mass spectrometry data encompassing nearly six thousand physical
associations. In addition, the authors generated a comprehensive, high-quality map
of genome context associations, encompassing nearly 75 thousand links and derived
from gene co-conservation, gene fusion, and other data (Hu et al. 2009). Integration
and analysis of the data helped assign orphans to specific biological processes,
including protein synthesis (Hu et al. 2009). The effect of deleting two such
orphans on protein synthesis was experimentally tested and verified (Hu et al. 2009),
highlighting the utility of high-throughput datasets for investigating bacterial protein
synthesis.

Sergiev et al. (2012) compiled data from various high-throughput datasets,
including gene co-conservation and co-expression, phenotypic similarity between
single gene deletion mutants across a variety of growth conditions, and protein
physical association data with the aim of identifying uncharacterized genes whose
products may affect or participate in rfRNA modification. Each of the datasets
contributed new and unique associations to the rRNA modification machinery of
E. coli (Sergiev et al. 2012), which likely attests to the complementarity of different
kinds of systems biology data in facilitating the understanding of bacterial protein
synthesis. Vlasblom et al. (2015) compiled 48 biological networks from various
literature sources to facilitate gene function discovery and exploration in E. coli
in an accessible and user-friendly GeneMANIA (Mostafavi et al. 2008) format.
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The compilation was experimentally verified to be useful for predicting genes
affecting protein synthesis (Vlasblom et al. 2015). This resource will likely continue
to be extremely useful. However, additional systematic systems biology studies
need to be undertaken to create a more comprehensive framework for continued
discoveries in the field of bacterial protein synthesis. Among published datasets,
interactions and relationships most relevant to the study of protein synthesis are
underrepresented, as will be described in the following two sections.

2.2.1 Genetic Interactions for Investigating Bacterial
Protein Synthesis

Only 303 of the 4453 protein coding genes of E. coli are essential for growth under
standard laboratory conditions (Baba et al. 2006). This low percentage (7 %), rela-
tive, for example, to yeast, a eukaryote with approximately 19 % gene essentiality
(Giaever et al. 2002), suggests a high degree of functional buffering against loss-of-
function mutations. Genetic buffering complicates the study of molecular functions:
when a functionally redundant or a genetically buffered gene is deleted, only a
muted phenotype indicative of a biological role may be observed in the absence
of a secondary ‘modifier’ mutation (e.g. a growth defect may be apparent only
in a sensitized genetic background). In such circumstances, mutations in two or
more functionally overlapping genes may be necessary to reveal participation in a
biological process that is subject to extensive functional redundancy.

The fact that several protein synthesis machinery components were discovered
as genetic determinants in sensitized backgrounds suggests that the E. coli protein
synthesis machinery is functionally buffered. For example, ad hoc forward genetic
screens were used in the discovery of post-transcriptional modifications of 16S
rRNA and the corresponding enzyme-encoding genes under conditions of inhibited
translation in the presence of the antibiotic kasugamycin (Helser et al. 1971, 1972;
Sparling 1970); the discovery of ribosomal proteins S4, S5, and S12 as being
important for translational fidelity in the presence of spectinomycin (Carter et al.
2001; Ogle et al. 2002; Spahn and Prescott 1996); and the discovery of ribosome
biogenesis factors that become essential at low and/or high temperatures in certain
genetic backgrounds. For instance, rimN—encoding a ribosome maturation factor—
was discovered as a suppressor of a temperature sensitive mutation in release
factor 1, which is involved in the termination of translation (Kaczanowska and
Ryden-Aulin 2005). RbfA and RimJ—two other ribosome biogenesis factors—
were discovered as suppressors of temperature sensitive mutations in 16S rRNA
and ribosomal protein S5, respectively (Dammel and Noller 1995; Roy-Chaudhuri
et al. 2008). These examples demonstrate that genetic interactions can identify
new protein synthesis genes. Genetic interactions can also help explore and define
functions for translation genes. For example, Campbell and Brown (2008) combined
yjeQ deletion with single mutations in each of pre-selected protein synthesis genes.
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Based on the observed phenotypes, the authors concluded that yjeQ was likely
involved in the biogenesis of the small ribosomal subunit of E. coli (Campbell and
Brown 2008). This prediction was later verified by orthogonal approaches (Jomaa
et al. 2011; Leong et al. 2013).

Synthetic genetic interaction screens, investigating pair-wise interactions
between genes, systematically combine mutations and identify interacting genes
by comparing the observed double mutant fitness measurements to expected
measurements, which are determined based on the fitness of the corresponding
single mutants (Mani et al. 2008). For example, according to the multiplicative
model of genetic interactions (Mani et al. 2008), the fitness of the double mutant
is expected to equal the product of the corresponding single mutant measurements
(Fig. 2.2a). When the observed fitness is significantly less than or greater than
expected, the two genes are said to be linked by aggravating or alleviating genetic
interactions, respectively (Fig. 2.2a). Genetic interaction maps can help discern
gene functions and pathway relationships (see example in Fig. 2.2b—e).

One systematic genetic interaction screening approach, termed eSGA (for E. coli
Synthetic Genetic Arrays (Butland et al. 2008)), produced most of the currently
available genetic interaction data for E. coli. The approach exploits bacterial mating,
or conjugation, as well as successive rounds of robotic pinning, colony growth,
and selection to construct arrays of double mutants from defined arrays of marked
E. coli single gene deletion mutants (Butland et al. 2008). The fitness of single
and double mutants is measured by measuring colony sizes and the interacting
genes are identified (Butland et al. 2008). This approach has been successful in
defining pathways, predicting gene functions, and describing the rewiring of genetic
interactions in response to changing environments (Babu et al. 2011a, b, 2014;
Butland et al. 2008). The latest and largest eSGA-based study investigated genome-
wide genetic interactions of 163 E. coli genes and identified a new gene affecting
protein synthesis despite the fact that protein synthesis genes were underrepresented
among the selected 163 queries, with only three ribosome biogenesis factors, one
elongation factor, and one tRNA synthetase having been screened (Babu et al.
2014). This highlights the potential of systematic genetic interaction studies for
making new discoveries about bacterial translation. A variety of systems biology
approaches for investigating genetic interactions in E. coli and other bacteria exist
(see Gagarinova and Emili 2012 for review). Their systematic application in a
variety of relevant conditions should continue improving the understanding of
bacterial protein synthesis.

2.2.2 Proteomic Approaches for Investigating Bacterial
Protein Synthesis

Most cellular processes are accomplished by proteins, which rarely act alone.
The translation process and the ribosome itself are amazing examples of dynamic
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Fig. 2.2 The use of genetic interactions for investigating functional relationships. (a) Multiplica-
tive model for scoring genetic interactions. The extent to which mutations in two genes jointly
impact growth rate may be evaluated by measuring single and double mutant fitness. One way
to estimate fitness is to measure the colony sizes of mutants arrayed on plates. Each of the
colonies is quantified, with the wild type strain being assigned an arbitrary fitness of one unit.
In the example shown, the single mutants, Aa and Ab, have the fitnesses a and P, respectively,
equaling 0.5 relative to the wild type. The double mutants are denoted as AaAb, with fitness afy.
When two mutations are combined, according to the multiplicative model of genetic interactions,
the double mutant is expected to have the af fitness of 0.25 (aff = a X ) if the two genes do
not interact (i.e. are functionally unrelated, or neutral). However, when a functional relationship
connects the two genes, either a worse than expected (aff <0.25) or better than expected (af > 0.25)
double mutant fitness is likely to be observed. The two genes are then said to have aggravating
or alleviating genetic interactions, respectively. (b—e) Genetic interactions can help predict gene
functions and delineate pathway relationships. Pathways ‘ab’ (consisting of genes ‘a’ and ‘b’)
and ‘xy’ (consisting of genes ‘x’ and ‘y’) buffer each other and contribute to the same essential
process. (b, ¢) Inactivating either pathway by a single mutation may slow growth but will not
abolish viability. (d) However, when both pathways are abolished, the cell can no longer survive.
The two inactivated genes will be said to show an extreme example of an aggravating genetic
interaction—i.e. synthetic lethality. (e) When all combinations of pair-wise mutations for the two
pathways are interrogated, the resulting pattern of genetic interactions will delineate pathways.
Aggravating interactions will be observed between buffering pathways. Since perturbing two or
more components in the same pathway may not result in further fitness reduction than seen upon
single gene loss, alleviating interactions between genes within the same pathway will be observed.
If the function of one of the genes (e.g. gene ‘x’) in this pathway map were unknown, its function
and participation in pathway ‘xy’ could be predicted based on the aforementioned pattern of genetic
interactions. See main text for references and details
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molecular cooperation. Correspondingly, biochemical protein-centric approaches
have played key and pivotal roles in protein synthesis research. For example,
successive improvements and applications of proteomic techniques were essential
for identifying the 21 and 34 r-proteins of the small 30S and the large 50S ribosomal
subunits, respectively (Kaltschmidt and Wittmann 1970). They were also essential
for identifying and characterizing the various translation factors that transiently or
stably interact with various components of the translation machinery to synthesize
proteins (Capecchi 1967a, b; Fakunding and Hershey 1973; Noll and Noll 1972;
Sabol and Ochoa 1971; Sabol et al. 1970; Scolnick et al. 1968). These early studies
benefited from the high abundance of the protein synthesis machinery components
they investigated. Newer methods that are continually being developed permit
deeper querying of the protein synthesis machinery.

Affinity purification with subsequent mass spectrometry (AP/MS) can be used to
map protein—protein interactions (PPI) corresponding to high- and low-abundance
endogenous protein complexes (Fig. 2.3). From among all prokaryotic organisms,
this approach has been most extensively applied to E. coli (Babu et al. 2009; Butland
et al. 2005; Hu et al. 2009). For typical E. coli AP/MS studies, briefly, strains
with individually epitope-tagged proteins are constructed; each epitope-tagged bait
protein, along with its stable PPI partners, is affinity purified; all purified proteins
are then identified by mass spectrometry and interactions between each bait protein
and its interacting partners are mapped (Babu et al. 2009; Butland et al. 2005;
Hu et al. 2009; Zeghouf et al. 2004). Such typical AP/MS studies are limited to
stable complexes. Since the purification procedures are not perfect in eliminating
all high-abundance co-purifying proteins, false positive identifications may be
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made (Nesvizhskii 2012). The strength of systematic genome-wide AP/MS studies
compared to single purifications is that common contaminants can be identified and
filtered out (Nesvizhskii 2012).

While the analysis of high throughput E. coli AP/MS data allowed identifying
new, previously uncharacterized proteins affecting protein synthesis (Hu et al.
2009), these data likely do not capture the entire repertoire of physical associations
underlying translation. One reason for this is that many known PPIs, required for
efficient translation, are transient and therefore may be overlooked. Cross-linking
interacting proteins before in AP/MS should help recover transient interactions
(Kim et al. 2012). Another limitation is due to the confounding abundance of many
core translation components, which typically represent the most abundant proteins
during exponential growth (Taniguchi et al. 2010). Exponentially growing E. coli
contain about 90,000 ribosomes per cell, which constitute up to approximately half
of the microbial dry mass (Kjeldgaard and Gausing 1974; Tissieres and Watson
1958). Such highly abundant proteins may frequently co-purify with unrelated baits
and distinguishing their true interactions from irrelevant co-purifications can be
difficult. Therefore, new ribosome biogenesis or translation factors may be obscured
in standard AP/MS studies.

Biochemical pre-fractionation of ribosomal components can help overcome
some of the AP/MS limitations, providing additional insights. Briefly, fractions
are separated by sucrose gradient ultracentrifugation and fractionation (Fig. 2.4a);
then quantitative mass spectrometry approaches identify and determine protein
abundances in each of the fractions (Fig. 2.4b). Fractionation can separate the
peaks consisting primarily of the small 30S and the large 50S subunits of the
ribosome, the 70S ribosome, as well as the polysomes (Fig. 2.4a). Since ribosomal
proteins are sequentially incorporated into each of the ribosomal subunits during
ribosome biogenesis, analysis of sequential fractions, along with relative or absolute
quantitation, can allow for molecular reconstruction of the in vivo assembly process
(Chen et al. 2012; Chen and Williamson 2013; Jiang et al. 2007; Sykes et al.
2010). For example, in vivo maps of normal ribosome biogenesis, generated
by using fractionation and mass spectrometry, are largely consistent with the in
vitro assembly maps, which were produced and refined over decades (Chen and
Williamson 2013; Guo et al. 2013; Kaczanowska and Ryden-Aulin 2007; Xu and
Culver 2010). At the same time, analysis of fractions from cultures grown in low
temperature revealed that several late-binding proteins were underrepresented in
subunit peaks but were present in 70S ribosomes, likely indicating the delayed
addition of these proteins at low temperature (Jiang et al. 2007). Furthermore,
combining fractionation and quantitative proteomic analysis with pulse-labeling
helped investigate not only the incorporation of ribosomal proteins but also their
exchange during normal bacterial growth (Bunner et al. 2008; Chen et al. 2012;
Chen and Williamson 2013) as well as during growth in the presence of neomycin,
which causes the accumulation of 30S precursor particles (Sykes et al. 2010).

Extending the analysis beyond ribosomal proteins helped find new ribosome-
associated proteins in addition to recovering known ribosome biogenesis and
translation factors (Chen and Williamson 2013; Jiang et al. 2007). For example,



32 A. Gagarinova and A. Emili

a 708
=

A260

Polysomes

3
>

'Sucrose gradlent

Sining durg .‘.” RN Ngrepdyinion

of each fraction

subunit assembly:
Early
305 { Intermediate
Late
Early
Relative protein
: abundance:
Intermediate
50S § * w= High
Late : Low
L i
Other proteins: —_———=_c

Fig. 2.4 A diagram of fractionation and quantitative proteomics approach for investigating protein
synthesis. (a) Ribosomal particles are separated in sucrose gradient by ultracentrifugation and
fractionation. A hypothetical absorbance trace is shown; 30S and 50S subunit, 70S ribosome,
and polysomal peaks are highlighted. (b) Quantitative or semi-quantitative analyses of the protein
contents of each of the selected fractions can help identify and quantify ribosome-associated factors
and ribosomal proteins. The figure highlights the groups of ribosomal proteins that are added at
early, intermediate, and late stages of ribosome biogenesis. Not all ribosomal proteins or ribosome-
associated factors are shown. See main text for references and details

the protein YbeB was identified as a novel ribosome-associating factor by Jiang
et al. (2007). Subsequent work by Hauser et al. (2012) demonstrated that it is a
ribosome silencing factor, necessary for efficient adaptation to stationary growth and
to the shift from rich to poor growth medium. Despite the demonstrated usefulness
of the aforementioned studies for investigating protein synthesis in normal and
altered growth conditions, none identified the full complement of known translation
or ribosome biogenesis factors (Chen and Williamson 2013; Jiang et al. 2007),
indicating incomplete coverage. This may be due to the transient nature of many of
the interactions, essential for protein synthesis (see Kaczanowska and Ryden-Aulin
2007 for review). An additional complication is that large, unrelated complexes
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co-sedimented with ribosomal components (Jiang et al. 2007) and the corresponding
proteins would need to be excluded in studies aiming to identify new translation
and ribosome biogenesis factors. The increasing sensitivity and detection range of
new mass spectrometry instruments and selective application of cross-linking with
improved fractionation or affinity purifications can help recover all known factors to
characterize their functions in addition to discovering new ones, while eliminating
unrelated contaminants. Standard and modified proteomic approaches, applied to
the study of protein synthesis in wild type and mutant strains, grown in standard
and altered conditions will provide new insights about translation.

2.3 Outlook and Conclusions

Bacterial protein synthesis has been the subject of intense investigations since the
middle of the last century. Plethora of information about this system has since
been accumulated. However, much still remains unknown. Ribosome biogenesis
and translational fidelity are two of the many areas, where the new systems biology
approaches will likely be essential for finding answers to the multitude of pending
questions.

In vivo, ribosome biogenesis starts concomitantly with the synthesis the three
E. coli TRNA molecules—S35S, 16S, and 23S, which are transcribed together as
large precursor molecules from each of seven operons (Kaczanowska and Ryden-
Aulin 2007). Each precursor is then cleaved, modified, and processed in a series
of enzymatic steps coupled to ribosomal subunit assembly facilitated by ribosome
biogenesis factors, wherein over 50 r-proteins are sequentially incorporated to
form the functional ribosome (Kaczanowska and Ryden-Aulin 2007; Srivastava and
Schlessinger 1990).

Despite this apparent complexity, E. coli ribosome maturation is highly efficient
in vivo, being accomplished in less than 2 min during fast growth (Lindahl 1975).
Although far less efficient, in vitro assembly is also possible (Xu and Culver
2010), indicating that all information needed for ribosome assembly is contained
within its components. However, unlike in vivo assembly, in vitro assembly depends
on pre-processed ribosomal components and requires long incubation steps and
non-physiological conditions (Guo et al. 2013). While in vitro experiments have
generated ribosomal subunit assembly maps and insights into the cooperative nature
of r-protein binding (Hamacher et al. 2006; Mizushima and Nomura 1970; Nierhaus
and Dohme 1974), it is clear that in vivo assembly involves not only known but
also yet unknown factors (Shajani et al. 2011). Similarly, while many aspects of
rRNA processing have been meticulously and carefully elucidated, the enzyme(s)
responsible for the processing of the 3" end of 16S rRNA and the 5’ ends of 23S and
5S rRNA remain unknown (Kaczanowska and Ryden-Aulin 2007). Taken together,
these observations point to the existence of yet unidentified cellular components
playing a role in ribosome biogenesis.
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Another aspect of protein synthesis—translational fidelity—has gathered some
attention but is still poorly understood. Translational fidelity can vary significantly
even within the range of normal physiological conditions—for example, depending
on the nutritional status of the cell (O’Farrell 1978). Various sources of ‘error’
may contribute to the overall accuracy of translational fidelity. These include tRNA
mischarging (Cramer et al. 1991) and errors made by the ribosome, such as (1)
non-canonical interpretation of the genetic code (Farabaugh 1996; Jorgensen et al.
1993); (2) loss of the reading frame through frameshift (Baranov et al. 2002)
or slippage (Gallant and Lindsley 1998; Herr et al. 2000; Huang et al. 1988;
Weiss et al. 1990), whereby ribosome skips a normally translated region of mRNA
without translating it; and (3) processivity errors, whereby the nascent polypeptide
is released prematurely (Janssen and Hayes 2012; Jorgensen and Kurland 1990;
Keiler and Lee 2010; Keiler et al. 1996; Menninger 1976).

Instances of programmed translational errors and observations of sequence
context affecting the frequencies of ‘misreading’ of the mRNA by the ribosome
have been proposed to contribute to proteome diversity, particularly for low-
abundance polypeptides (Alam et al. 1999). Thus, non-canonical interpretations
by the ribosome are sometimes referred to as ‘recoding’ (Baranov et al. 2002).
Recoding types were investigated to various depths, with specific environmental
or sequence determinants having been discovered for each type of recoding. For
example, ribosomes can slip over “hungry codons”, which encode amino acids
whose availability is limited, and continue translating at a cognate downstream
codon (Gallant and Lindsley 1998). In an extreme example of programmed slippage,
during the synthesis of a topoisomerase encoded by the bacteriophage T4, 50
nucleotides are omitted in order to synthesize the correct full-length protein product
(Herr et al. 2000; Huang et al. 1988; Weiss et al. 1990). The sequence of amino acids
joined prior to the slippage event (Weiss et al. 1990), nucleic acid sequence context
(Farabaugh 1996; Gallant and Lindsley 1998; Herr et al. 2000; Huang et al. 1988;
Stahl et al. 2002; Weiss et al. 1990), and physiological context (Gallant and Lindsley
1998) can affect the likelihood of slippage. For all of these errors, the mechanistic
dependencies and potentially new regulators remain unclear.

New factors affecting ribosome biogenesis and translation may be identified and
their roles investigated by systematic genetic interaction screens (see Sect. 2.2.1)
or by proteomic approaches (see Sect. 2.2.2). Ribosome biogenesis or translation
factors, associating with pre-ribosomal or ribosomal particles, are best targeted by
proteomic approaches, separating the various ribosomal particles by fractionation.
The capture of these factors may be further improved, for example, by purifying
the particles of interest by AP/MS after fractionation and by using cross-linking to
retain transient interactions (see Sect. 2.2.2). Some modifications of ribosomal RNA
and proteins as well as some ribosomal features have currently no known roles in
protein synthesis (Golovina et al. 2012; Kaczanowska and Ryden-Aulin 2007). To
investigate the roles of these modifications in ribosome biogenesis, null mutants
can be constructed and used in the fractionation-based proteomics experiments
(see Sect. 2.2.2), while the effects of the same mutations on translation can be
examined using ribosome profiling experiments (see Sect. 2.1). The individual and
combined roles of translation and ribosome biogenesis factors can be examined in
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similar detail by examining mutants with single and multiple mutations in genetic,
proteomic, and ribosome profiling experiments.

The potential effects of physiologically-relevant and stress conditions on the
aforementioned and other aspects of protein synthesis are even less well under-
stood. Since the rate of peptide bond formation, temperature, and growth rate
exhibit mutual dependencies (Asato 2005), better understanding of protein synthesis
requires investigating it in a variety of relevant conditions. Given that many
aspects of the protein synthesis machinery are retained through evolution (Carter
et al. 2001; Liebman et al. 1995; Ogle et al. 2002; Spahn and Prescott 1996;
Watanabe 2010), the discoveries made in E. coli should help understand translation
in other species, including those that cannot be easily manipulated or cultured
in the laboratory settings. Better understanding of translation will help harness it
for biotechnological applications (Han et al. 2004; Hochkoeppler 2013; Lee and
Lee 2005; Waegeman and Soetaert 2011) and may provide additional avenues
of developing antimicrobials (Comartin and Brown 2006), which is particularly
relevant in view of the increasing drug resistance in the clinic.
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Chapter 3
Biology and Assembly of the Bacterial Envelope

Karine Dufresne and Catherine Paradis-Bleau

Abstract All free-living bacterial cells are delimited and protected by an envelope
of high complexity. This physiological barrier is essential for bacterial survival
and assures multiple functions. The molecular assembly of the different envelope
components into a functional structure represents a tremendous biological challenge
and is of high interest for fundamental sciences. The study of bacterial envelope
assembly has also been fostered by the need for novel classes of antibacterial agents
to fight the problematic of bacterial resistance to antibiotics. This chapter focuses
on the two most intensively studied classes of bacterial envelopes that belong to
the phyla Firmicutes and Proteobacteria. The envelope of Firmicutes typically
has one membrane and is defined as being monoderm whereas the envelope of
Proteobacteria contains two distinct membranes and is referred to as being diderm.
In this chapter, we will first discuss the multiple roles of the bacterial envelope and
clarify the nomenclature used to describe the different types of envelopes. We will
then define the architecture and composition of the envelopes of Firmicutes and
Proteobacteria while outlining their similarities and differences. We will further
cover the extensive progress made in the field of bacterial envelope assembly over
the last decades, using Bacillus subtilis and Escherichia coli as model systems for
the study of the monoderm and diderm bacterial envelopes, respectively. We will
detail our current understanding of how molecular machines assure the secretion,
insertion and folding of the envelope proteins as well as the assembly of the
glycosidic components of the envelope. Finally, we will highlight the topics that
are still under investigation, and that will surely lead to important discoveries in the
near future.
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3.1 Introduction

3.1.1 The Multiple Functions of the Bacterial Envelope

The bacterial envelope is a complex structure that surrounds and delimits all
free-living bacterial cells. Its integrity is essential for bacterial survival, division,
morphogenesis, adaptation and pathogenesis. The envelope provides the bacterial
shape and protects bacterial cells against variations in osmotic pressure and external
insults (Silhavy et al. 2010; Holtje 1998). It enables influx of nutrients and
cofactors required for bacterial cell metabolism, and efflux of toxins (Silhavy et al.
2010; Piddock 2006). It drives energy production through the generation of an
electrochemical proton gradient via the electron transport chain. This allows the
formation of the proton motive force in the cytoplasmic membrane (Nelson 1994;
Taylor 1983) and the production of cytoplasmic ATP by oxidative phosphorylation
(Harold 1972; Maloney et al. 1974). The envelope acts as an interface between
the bacterial cells and the environment, and is the first site of contact with the
hosts. It allows signal sensing and transduction, thus mediating cell signaling for
stress response and adaptation to continuously changing extracellular conditions
(Jordan et al. 2008; Raivio 2005; Utsumi 2008). It also confers adherence, motility
and effector secretion for bacteria-host interactions (Jordan et al. 2008; Wooldridge
2009; Harshey 2003; Thanassi et al. 2012; Haiko and Westerlund-Wikstrom 2013).
Bacterial envelope components are in turn recognized by host innate immune
receptors as signs of invasion (Li et al. 2013; Ramos et al. 2004; Raetz and Whitfield
2002; Dziarski and Gupta 2005; Royet and Dziarski 2007).

3.1.2 Nomenclature and Types of Bacterial Envelopes

This chapter focuses on the architecture, components and assembly of the two
most intensively studied classes of envelopes that belong to the phyla Firmicutes
and Proteobacteria. The members of those phyla are commonly referred to as
being Gram-positive and Gram-negative, respectively. This classification is based
on the capacity of the bacteria to retain a primary dye in their envelope after
a decolorization step according to the staining procedure developed by Christian
Gram and published in 1884 (Bartholomew and Mittwer 1952). The envelope of
Firmicutes typically contains a thick layer of cell wall that retains the primary dye
and is thus referred to as being Gram-positive. The envelope of Proteobacteria
includes a thin layer of cell wall that is protected by an additional membrane
named the outer membrane (Fig. 3.1). The decolorizant used in the Gram staining
protocol disrupts the outer membrane and removes the primary dye from the
envelope of Proteobacteria that is therefore classified as being Gram-negative
(Beveridge 2001). Even though the Gram stain procedure has been extremely useful
for bacterial identification and diagnostic for over a century, it is more relevant to
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define bacterial envelope architecture with the number of membranes than with the
staining properties of bacterial cells (Sutcliffe 2010). In this chapter, the envelopes
of Firmicutes and Proteobacteria that respectively have one and two membranes
will be referred to as being monoderm and diderm (Fig. 3.1). For an overview of
the architecture and components of the envelope in the different bacterial phyla, we
refer the readers to the excellent review by lain C. Sutcliffe (Sutcliffe 2010) and to
the Bergey’s Manual of Systematic Bacteriology (Boone et al. 2001).

3.2 Architecture and Components of the Envelope
in Firmicutes and Proteobacteria

In the following sub-sections, we will define the architecture of the envelopes
in Firmicutes and Proteobacteria, detail the nature of their core components and
explain their importance in bacterial physiology. The assembly of the described
core components into functional envelopes will be addressed in Sect. 3.3. The
organization and assembly of motility devices such as the flagella (Chevance and
Hughes 2008) and of virulence factors such as secretion systems (Wooldridge 2009)
in the envelope as well as the formation of a protective capsule (Whitfield 2006;
Fagan and Fairweather 2014; Beveridge and Graham 1991) is beyond the scope of
this chapter.

3.2.1 The Envelope of Firmicutes (Monoderm)

Most members of the phylum Firmicutes such as Bacillus subtilis have an envelope
composed of a cytoplasmic or inner membrane surrounded by a thick layer of cell
wall facing the external environment (Fig. 3.1a). The inner membrane delimits the
cytoplasmic content of bacterial cells and is formed of a symmetrical bilayer of
phospholipids. In the model system B. subtilis, this bilayer is typically made of 30 %
of the zwitterionic phospholipid phosphatidylethanolamine and 70 % of the anionic
phospholipid phosphatidylglycerol (van der Does et al. 2000). It also contains
the polyisoprenoid lipid carrier named undecaprenyl-phosphate (undecaprenyl-P)
required for envelope assembly, saccharidic linkage units for teichoic acids as
well as integral a-helical proteins and lipoproteins (Silhavy et al. 2010). These
proteins assure many functions such as the formation of a proton gradient via
the electron transport chain, the production of cytoplasmic ATP by oxidative
phosphorylation, the transport of nutrients inside the cytoplasm, the detection
of extracellular signals and the export of envelope components across the inner
membrane (Facey and Kuhn 2010). In Firmicutes, the cell wall is mainly composed
of peptidoglycan and teichoic acids. The peptidoglycan layer is a network of long
glycan chains made of alternating units of N-acetylglucosamine (GIcNAc) and N-
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acetylmuramic acid (MurNAc) cross-linked by short peptide bridges (Holtje 1998).
This macromolecular network is organized as an exoskeleton around the inner
membrane and constitutes the major structural component of the bacterial envelope.
It confers the bacterial shape and provides rigidity, flexibility and strength necessary
for all free-living bacterial cells to grow and divide while withstanding their high
internal osmotic pressure (Typas et al. 2012). Peptidoglycan is the site of attachment
of surface proteins that interact with the extracellular environment (Dramsi et al.
2008) (Fig. 3.1a). Members of the phylum Firmicutes contain two types of teichoic
acids in their envelope: wall teichoic acids (WTAs) and lipoteichoic acids (LTAs)
that are respectively anchored in the peptidoglycan layer (Brown et al. 2013)
and in the outer leaflet of the inner membrane (Reichmann and Grundling 2011)
(Fig. 3.1a). These glycopolymers typically consist of a disaccharide linkage unit and
an anionic chain of polyglycerolphosphate or polyribitolphosphate decorated with
saccharides and positively charged D-alanyl esters. WTAs are a major constituent of
the envelope of Firmicutes and account for about 50 % of the cell wall material
(Hancock 1997; Sewell and Brown 2014). They are critical determinants of the
bacterial surface charge and hydrophobicity (Brown et al. 2013). WTAs are involved
in the regulation of cell division and peptidoglycan biosynthesis, and are particularly
important for morphogenesis in rod-shaped bacteria like B. s