
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Synthetic Biology approaches for improved protein production in the bacterium
Bacillus subtilis

Falkenberg, Kristoffer Bach

Publication date:
2021

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Falkenberg, K. B. (2021). Synthetic Biology approaches for improved protein production in the bacterium
Bacillus subtilis.

https://orbit.dtu.dk/en/publications/6a53e290-79bd-462f-84e3-3dd6d618698d


DTU Biosustain
The Novo Nordisk Foundation Center for Biosustainability

Synthetic Biology 
approaches for improved 
protein production in the 
bacterium Bacillus subtilis

PhD thesis
March 2021

By Kristoffer Bach Falkenberg





Synthetic Biology approaches for improved

protein production in the bacterium

Bacillus subtilis

PhD thesis

Kristoffer Bach Falkenberg

Novo Nordisk Center for Biosustainability

Technical University of Denmark

March 2021



Synthetic Biology approaches for improved protein production in the bac-

terium Bacillus subtilis

PhD thesis written by Kristoffer Bach Falkenberg

Supervised by Senior Scientist Morten H. H. Nørholm

© Kristoffer Bach Falkenberg PhD thesis 2021

Novo Nordisk Foundation Center for Biosustainability

Technical University of Denmark

All rights reserved



Preface

This thesis is written as part of the fulfilment of the requirements to obtain a PhD degree at

the Technical University of Denmark. The work presented is conducted between April 1st 2018

and March 31st 2021 in the Microbial Evolution and Synthetic Biology group headed by Morten

H. H. Nørholm at the Novo Nordisk Foundation Center for Biosustain, Technical University

of Denmark, Kgs. Lyngby, Denmark. The project was part of the Harnessing the Oxidative

Power of Enzymes (HOPE) consortium, with partners at Copenhagen University and the Novo

Nordisk Foundation Center for Protein Research. Funding was provided by the Novo Nordisk

Foundation (grant no. NNF17SA0027704).

Kristoffer Bach Falkenberg

Kgs. Lyngby, March 2021

i



Popular science summary

Today’s society depends on oil-based resources for a long range of everyday products. The as-

sociated greenhouse gas emissions have well-documented adverse effects on the climate and the

environment, which supports life on planet earth. Thus, transforming society from being de-

pendant on oil-based resources into a sustainable bio-based alternative, is arguably the most im-

portant challenge of the 21st century. Lignocellulosic biorefineries are promising candidates as

alternatives to oil-based processes for producing fuels and chemicals. However, breaking down

the polymers found in this type of biomass into fermentable sugars, constitutes a significant tech-

nical challenge. This challenge has yet to be truly solved, and hinders the broad implementation

of lignocellulosic biorefineries. They key to solving this challenge, could lie within the family of

enzymes known as Lytic Polysaccharide Monooxygenases. These enzymes oxidise the biomass

polymers, thereby increasing the effectiveness of already available enzyme cocktails. Unfortu-

nately, our knowledge about these enzymes is still relatively limited, and more research is re-

quired for unlocking their true potential. The scientific progress of the field and the industrial

utilisation of the enzymes, both depend on the generation of enzyme batches containing high

concentrations of the desired enzymes. This can be achieved through heterologous protein pro-

duction in microbial hosts, one of the most popular being the bacterium Bacillus subtilis. How-

ever, bottlenecks in gene expression can be a limiting factor for the success of production efforts,

ultimately resulting in failed projects in both academic and industrial settings. In order to avoid

and remove such bottlenecks, engineering concepts from the field of Synthetic Biology can be

applied to optimise production strains.

This thesis aims to provide the reader with a general understanding of how Lytic Polysac-

charide Monooxygenases can benefit the transition into a bio-based society, and how Synthetic

Biology approaches can be employed to optimise production of these and other enzymes. The

thesis is accompanied by publications, which are examples of methods that can improve work-

flows and production titers of heterologous proteins in B. subtilis.
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Populærvidenskabeligt resumé

Dagens samfund afhænger af oliebaserede ressourcer til produktion af en lang række hverdagspro-

dukter. De tilknyttede drivhusgasemissioner har veldokumenterede skadelige virkninger på kli-

maet og miljøet, der understøtter liv på jorden. Derfor er transformationen af samfundet fra

at være afhængig af oliebaserede ressourcer til et bæredygtigt biobaseret alternativ, uden tvivl

den vigtigste udfordring i det 21. århundrede. Lignocellulosebioraffinaderier er lovende kandi-

dater som alternativer til oliebaserede processer til produktion af brændstoffer og kemikalier.

Nedbrydningen af de polymerer der findes i denne type biomasse til fermenterbare sukker-

arter, udgør dog en betydelig teknisk udfordring. Denne udfordring er endnu ikke løst i et

bredt omfang og hindrer den videre implementering af lignocellulosebioraffinaderier. Nøglen

til at løse denne udfordring, kan ligge hos familien af enzymer kendt som Lytic Polysaccharide

Monooxygenases. Disse enzymer oxiderer biomassepolymererne, og øger derved effektiviteten

af allerede tilgængelige enzymcocktails. Desværre er vores viden omdisse enzymer stadig relativt

begrænset, og det kræver mere forskning for at frigøre deres sande potentiale. Feltets videnska-

belige fremskridt og den industrielle udnyttelse af enzymerne, afhænger begge af produktion af

enzymbatches med et højt indhold af de ønskede enzymer. Dette kan opnås gennem heterolog

proteinproduktion i mikrobielle værter, en af de mest populære værende bakterien Bacillus sub-

tilis. Dog kan flaskehalse i genekspression udgøre en begrænsende faktor for succesen af en

produktionsindsats, og i sidste ende resultere i mislykkede projekter i både akademiske og in-

dustrielle sammenhænge. For at undgå og fjerne sådanne flaskehalse, kan koncepter fra Syntetisk

Biologi anvendes til at optimere produktionsstammer.

Denne afhandling har til formål at give læseren en generel forståelse af, hvordanLytic Polysac-

charide Monooxygenases kan gavne overgangen til et biobaseret samfund, og hvordan syntetisk

biologi kan anvendes til at optimere produktionen af disse og andre enzymer. Afhandlingen er

ledsaget af publikationer, der er eksempler på metoder der kan forbedre arbejdsgange og resul-

tater ved produktion af heterologe proteiner i B. subtilis.
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Introduction and outline

Since the industrial revolution human-caused greenhouse gas (GHG) emissions has risen sig-

nificant, leading to accumulation of the gases in the atmosphere. A strong body of evidence

has established this to be the main driver of the climate changes observed during the last few

decades1. Models predict that failure to significantly reduce emissions of GHGs in the coming

years, will have consequences on a global scale, including ocean acidification, loss of freshwa-

ter resources, reduced agriculture yields, increased frequency and severity of extreme weather

events, spread of diseases, and loss of landmass, ecosystems, and biodiversity, amongst many

others2.

By far the biggest contribution of anthropogenic GHG emissions originates from fossil fuel com-

bustion and industrial processes related to the extraction and refinement of fossil resources in

oil refineries1. Thus, In order to mitigate climate changes society must abandon the dependency

on fossil resources and transition towards sustainable alternatives. This is arguably the most im-

portant challenge of the 21st century. While today’s society is still largely dependent on fossil

resources for the supply of fuels for transport and heating, it also relies on them for the produc-

tion of platform chemicals for industries within food, plastics, and medicine3. Thus, the efforts

for replacing of fossil resources must also account for these material streams4.

Biorefineries are promising alternatives to oil refineries. They have the potential to displace a

significant proportion of the processes currently supported by fossil resources, through trans-

formation of renewable natural resources and waste streams into useful chemicals4 (Figure 1).

A range of different material streams can serve as input for biorefineries, although these are also

subject to sustainability assessments. E.g. biorefineries relying on edible biomass as input, have

been criticised for leading to adverse socioeconomic effects in the area where a plant is built6,7.

This problem is mitigated by so called 2nd generation biorefineries, which are defined by the re-

liance on non-edible biomass. Furthermore, this type of biorefineries is often associated with

reduced land use, since they can utilize by-products and otherwise wasted resources8. Lignocel-

lulosic biomass is the most abundant resource for 2nd generation biorefineries9,10, although the

recalcitrant nature of this type of biomass constitutes a significant technical challenge for its effec-
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Figure 1: Schematic overview of value streams in oil- and biorefineries. The resources are shown near the edges, the
products in the center, and waste streams are shown in the top (CO2) and bottom (other waste types). The resources
for biorefineries are coloured according to5. Icons are source under creative commons licenses.

tive utilisation11. A truly viable solution to this problem has yet to be developed, although recent

advances in enzyme- and pretreatment technologies has brought biorefineries close to economic

feasibility12. New developments in the enzyme field of Lytic Polysaccharide Monooxygenases

(LPMOs) are especially promising13. These enzymes can break the most recalcitrant chemical

bonds of the biomass polymers by oxidation, rendering the biomass more accessible to other en-

zymes and ultimately increases the effectiveness of enzymatic pretreatment. LPMOs may well be

the key to unlocking the true potential of 2nd generation biorefineries, and we could be standing
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stand on the verge of a biological revolution of the current manufacturing methods.

Microbial cell factories are often employed as catalysts in biorefineries, for converting resources

into products through fermentation14. Furthermore, the vast majority of enzymes needed for

pretreatment of biomass are produced in microbes15. The ability to engineer microbial cell fac-

tories is therefore vital instruments in materialising the vision of a bio-based circular economy.

In recent years the research field concerning engineering biology, known as Synthetic Biology,

has gained momentum. Synthetic Biology employs concepts from other engineering fields, such

as standardisation, modularity, minimisation, prototyping, modelling and automation, to build

andmanipulate biological systems16. Examples of some of themost notable achievements in this

field are production of the antimalarial drug artemisinin in Escherichia coli and Saccharomyces

cerevisiae17, the creation of the first truly synthetic organism JCVI-syn1.018, engineering of aCO2

fixation pathway in E. coli19, and the development of deep learning methods for solving protein

structures20. The field is developing at a rapid pace, and could hold the key to solving many of

the problems faced in today’s society, including the issue of developing sustainable production

methods21.

Bacillus subtilis is one of the most widely used production hosts in industry, especially for pro-

duction of proteins22. The organism has been used for producing proteins for several decades23,

however has only recently been introduced into a Synthetic Biology context24. The currently

available toolbox for B. subtilis contains vector standards25,26, genetic parts libraries27–30, Clus-

tered Regularly Interspaced Short Palindromic Repeats (CRISPR) tools31–35, genome-scale dele-

tion libraries36, computational models37,38, to mention a few. In academia, B. subtilis has been

used for the production of a range of proteins22, however has so far only been used for the pro-

duction of LPMOs in a single published study39. This is most likely an indication of the limited

amount of labs, actively working with B. subtilis. Increasing the accessibility of tools and proto-

cols, could be a way of encouraging more labs to harness the potential of B. subtilis for protein

production tasks. Furthermore, developing tools and methods which can be used by industry

could lead to a higher project success rate, and thereby more and better enzyme products on the

market.

The work conducted in this thesis, aims to optimise production of LPMOs (and other indus-

3



trially relevant proteins) in B. subtilis, through the framework of Synthetic Biology. Part of the

work focuses on the development of methods that decrease the build time of genetic constructs,

effectively increasing the volume of designs that can be constructed in a given time frame. The

other part of the work focuses on development of methods for optimising production and secre-

tion of proteins in B. subtilis. To increase the future value of the work, the developed methods

and materials are made publicly available with the hope that it may serve as part of a foundation

for future developments.

Chapter 1 is an introduction to sustainability, and how biotechnology fits into a sustainable bio-

based future. The chapter focuses on lignocellulosic biomass as a platform for sustainable chem-

ical production, and how LPMOs could be instrumental for the success of this approach. Paper

1 and 2 relates to this chapter. Paper 1 concerns the development of a colormetric assay for cel-

lulose and starch-active LPMOs, and paper 2 details the development of a universal cloning and

expression platform for LPMOs.

Chapter 2 focuses on Synthetic Biology as an engineering field, and describes the different aspects

of the discipline. Paper 3 relates to this chapter, which details the development of a novel standard

for building shuttle vectors for B. subtilis and other Gram-positive host organisms.

Chapter 3 describes recombinant protein production in B. subtilis. The chapter presents the cur-

rent model for gene expression in B. subtilis, and how the different mechanisms influences pro-

tein production. Furthermore, the chapter highlights common bottlenecks in the gene expres-

sion machinery, and how the framework of Synthetic Biology can be utilised to avoid or alleviate

them. Paper 4 and 5 relates to this chapter. Paper 4 describes the development of a method for

building and screening signal peptide libraries, as a method for optimising secretion in B. sub-

tilis. Paper 5 details the establishment of approaches for decoupling growth and production in

B. subtilis.
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Chapter 1

The role of Biotechnology in a Sustainable society

1.1 Global sustainability

1.1.1 Environmental sustainability

Current human activities are destabilising natural systems, and could result in abrupt global

changes in earth’s environment in the future. This may render the planet incapable of support-

ing the living conditions required for many of the species inhabiting planet earth, including the

human population40. Human activities have such a profound influence on the natural systems,

that the geological research society recently began operating with a new period (called “the An-

thropocene epoch”), where humans are being regarded as a dominating force in the planetary

system41. The limits within which humans can continue to thrive and develop without being at

the risk of inducing large scale environmental changes, are manifested in the planetary bound-

aries concept pioneered by researchers from the Stockholm Resilience Centre42. Estimates sug-

gest that current practices are crossing at least 3 out of 9 of these boundaries43 (Figure 2A). It is

therefore clear that we must abandon the business-as-usual paradigm and adopt more environ-

mentally sustainable practices.

1.1.2 Sustainable development

The transition towards a sustainable society, cannot be truly sustainable if it happens at the cost

of social and economic sustainability44,45. Consequently, the word “Sustainability” covers a long

range of issues, including poverty, hunger, education, equality, energy, infrastructure, climate,

natural resource, and many others. This was concretised by the adoption of the 17 Sustainable

DevelopmentGoals (SDGs) (Figure 2B) by theUnitedNations (UN)members as part of the 2030

agenda46. Each goal focuses on different aspects of sustainability, and provides indicators to what

degree a specific goal is being fulfilled. The SDGs serve as a tangible framework for sustainable

development that applies to governments, organisations, companies, and citizens.
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A

B

Figure 2: (A) The status of the planetary boundaries. Copied with permission. Credit: J. Lokrantz/Azote based on
Steffen et al. 2015 43. (B) The 17 SDSs as set forth by the UN in 2015. Copied with permission from Wikimedia
commons. Credit: MariaGershuni.
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1.2 Sustainable Biotechnology

Technologies developed within the field of Biotechnology have the potential to be part of the an-

swer to achieving many of the SDGs. Examples of this include combating hunger by increasing

the resilience, yield and nutritional value of crops47–49, improving world health care through the

development of new treatments and pharmaceuticals50, decreasing the environmental impacts

of the construction and packaging industry by providing new materials51,52, increasing the ac-

cess to clean water by improving waste water treatment methods53, and improving conditions

for the life on land and in the sea by decreasing the environmental strain of agricultural prac-

tices54–56. In the context this thesis, it has potential to contribute to the maturation of 2nd gen-

eration biorefineries, thereby leading to decreased environmental and socioeconomic impacts

from manufacturing4,6,7.

1.3 Lignocellulosic biorefineries as a mean for sustainable

manufacturing

As mention in the introduction, biorefineries have the potential to radically change manufac-

turing methods by relying on sustainable natural resource, as opposed to fossil resources used

by many of the current manufacturing methods. Of the resources compatible with biorefineries,

lignocellulosic biomass, such as corn stover, sugarcane bagasse, forestry waste, and straw from

cereal grains, is by far the most abundant with an estimated 181.5·109 tonnes being produced

on the planet annually57. Together with the low price and sustainable supply, this makes ligno-

cellulose a highly attractive substrate for 2nd generation biorefineries58. The main constituents

of lignocellulose are the three natural polymers which make up the majority of plant cell walls:

lignin, hemicellulose, and cellulose. These polymers interact to form the complex architecture

of the cell wall matrix, which differs in structure and composition depending on the source59.

Thus, in order to understand the biomass, it is important to understand the chemical nature of

these polymers (Figure 3).
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1.3.1 Lignin

Lignin is a highly complex polymer of the phenylpropanoid units: p-coumaryl, coniferyl, and

sinapyl alcohol held together by different of chemical bonds60. Lignin is generally believed to

function as a “glue” bonding the different biomass components together59.

1.3.2 Hemicellulose

Hemicelluloses consists of a homo- or heteropolymer of β-(1,4) linked D-glucose, D-xylose, or

D-mannose units, with a degree of polymerisation (DP) of 100-200. The backbone is often dec-

orated with short lateral chains of pentose or hexose moieties (such as D-xylose, L-rhamnose, L-

arabinose, D-glucose, D-mannose, D-galactose, and D-fucose), uronic acids (e.g. D-glucuronic

and D-galacturonic acid), or acetyl groups57,61,62.

1.3.3 Cellulose

Cellulose consists of a linear chains of β(1-4)-linked D-glucose residues, with a DP of 500–

140063. The cellulose chains form higher order structures through intricate intra- and inter chain

hydrogen-bond networks resulting in a crystallin arrangement of the polymers.

1.3.4 Interactions between the biomass polymers

The polymers in lignocellulosic biomass interact in a hierarchical manner, with cellulose and

hemicelluloses interacting weakly through hydrogen bonds64, and lignin polymers binding co-

valently to hemicelluloses to form the lignin-carbohydrate complex (LCC)65. Lignin is known to

interfere with degradation of cellulose and hemicellulose through immobilisation of enzymes, by

blocking interactions between enzymes and polymers, and through toxicity effects in microor-

ganisms57. Hemicellulose is also thought to coat cellulose fibrils, thereby interfering with degra-

dation of this fraction62. Thus, the lignocellulose matrix is naturally resistant to degradation,

and constitutes an immense obstacle to its utilization11,57.
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Figure 3: The chemical structures of lignin, hemicellulose and cellulose. Examples of the three different lignin
monomers are coloured according to the type. The hemicellulose polymer is an example of an acetylated glucoro-
noxylan. In the the cellulose polymer, the intra- and inter chain hydrogen-bonds are shown with dotted lines. All
figures are copied with permission from Wikimedia commons. Credits: Smokefoot (lignin structure), Yikrazuul
(hemicellulose structure), AndreyKva and Pintor4257 (cellulose structure).

1.3.5 Utilization of lignocellulosic biomass

Due to the complexity of the lignocellulose matrix, the separation of the different polymers is

therefore often a critical factor in the effective utilization of the biomass. This can be achieved by

a range of methods, and recent advances has rendered this a routine unit operation66. Despite

the potential of lignin as a source of aromatic compounds, the current commercial processes

are still limited to using this fraction for heating and power generation through combustion67.

However, valorisation of the lignin fraction is currently subject to extensive research68. Hemicel-

lulose has also historically been treated as a side stream due to the heterogeneous nature and lack
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of compatibility with conventional yeast fermentations69, however progress has been made on

the issue in recent years70. Due to the heterogeneity of both the backbone and the side chains of

hemicellulose, a range of different enzyme activities are needed for its effective depolymerisation

into fermentable sugars71. Several chemical methods achieve near theoretical hydrolysis yields

of hemicellulose57,72, however the processes must be carefully optimised in order to avoid the

formation of degradation products such as furfurals, which inhibit downstream fermentation

processes59. Since the sugar monomers in cellulose (glucose) are directly compatible with mi-

crobial fermentations in existing biorefinery platforms, most processes focus on the utilization of

this fraction73. Chemical hydrolysis of cellulose is limited to about 50% effectiveness, and enzy-

matic depolymerisation is therefore themost commonmethod used for this fraction72. However,

the native form of cellulose is highly resistant to enzymatic depolymerisation, and processing of

untreated cellulose is therefore also ineffective74,75. In order to effectively utilise this fraction, the

polymers must be converted from the native form into a form which is accessible to enzymes.

The factors influencing the accessibility of cellulose can be divided into structural factors, such

as crystallinity, DP, available surface area, particle size, and porosity, and chemical factors, such

as the presence of lignin, hemicellulose, and other enzyme inhibitors57. The ideal pretreatment

method provides easily digestible cellulose, without the formation of inhibitory compounds, has

a low energy demand, and does not use expensive, toxic or unrecyclable catalysts59,76. Pretreat-

ment methods are classified in four categories: physical (size reduction by grinding, chopping,

and milling), biological (treatment with live organisms that degrade the biomass), chemical (re-

actionwith chemicals, such as acids, bases, solvents or ionic liquids), and physicochemical (treat-

ment with steam, pressure changes, or solvents). A combination of pretreatment strategies is

generally applied in order to enhance the fractioning and improve the utilisation of the biomass

fractions59. The classical model of enzymatic cellulose degradation regards cellulases as themain

actors. This class encompasses three distinct types of enzymes: Endoglucanases (EG) cleaving in-

terchain glycosidic bonds at random, processive exoacting cellobiohydrolases (CBH) that moves

along cellulose chains and release cellobiose (glucose dimers), and β-glucosidases (βG) which

cleave the glycosidic bond in cellobiose producing glucose monomers77. The cellulases operate

in a synergistic manner, resulting in the combination of enzymes beingmore active than the sum

of their individual activities78. This is believed to be an effect of the nicks produced by the EGs
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acting as binding sites for CBHs, and thereby facilitating the breakdown in a cascading man-

ner79,80. An overview of the model is shown in Figure 4. The active site of most cellulases resides

in grooves or tunnels within the enzyme structure81,82, and thus require the individual cellulose

chains to be isolated which demands energy83. In the case of EGs, this means that the cellulose

must be in an amorphous (non-crystallin) conformation in order to facilitate cleavage of the gly-

cosidic bonds. This renders the process inefficient and despite considerable efforts in improve-

ment of enzymes, fermentation hosts, and pretreatment processes in recent years, this is still the

main obstacle hindering the broad implementation of lignocellulosic biorefineries11,13,84–87.

1.4 Lytic Polysaccharide Monooxygenases

1.4.1 Discovery and diversity

In 2010 a new class of cellulose degrading enzymes were discovered, which became known as

Lytic Polysaccharide Monooxygenases (LPMOs)88,89. LPMOs were initially classified as family

61 glycoside hydrolases (GH61) and carbohydrate-binding module family 33 proteins (CBM33)

in the carbohydrate active enzymes (CAZy) database90, however after the discovery of their ox-

idative nature LPMOs were reclassified into the auxiliary activities (AA) categories AA9 and

AA1091. Recent findings have expanded this to include an additional five distinct classes of LP-

MOs: AA1192, AA1393, AA1494, AA1595, and AA1696. The first LPMOs were found in bacte-

ria, however they have subsequently also been found in a broad range of organisms, including

fungi97, insects95, algae98, slime models99 and even viruses100.

1.4.2 Biological function

For most native LPMO producing organisms, they are believed to be associated with wood and

chitin degradation as means of utilising these polymers for nutrients. however, other functions

including antifungal101 and virulence factors for both plant and even animal pathogens has also

been found102–104, thus LPMOs or LPMO inhibitors may be potentially interesting molecules for

pest control or as therapeutic drugs95,105. Researchwithin the field of LPMOs is still in its infancy,

and thus more functions may have yet to be undiscovered.
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1.4.3 Structure and reaction mechanism

LPMOs are fundamentally different from “conventional” cellulases. They employ an oxidative

mechanism to cleave the glycosidic bonds in cellulose either at the C1 position producing lac-

tones that are spontaneously converted into aldonic acids, or at the C4 position producing ke-

tones that are spontaneously converted into gemdiols. LPMOs with both activities have also

been characterized99,106. The oxidation is facilitated by the coordination of a copper ion, which

is bound in the conserved “histidine brace” motif, found in all LPMOs83. Reduction from Cu(II)

to Cu(I) is necessary to activate the LPMO before catalysis. It has been demonstrated that LP-

MOs are compatible with a range of different reductants for this reaction, including small organic

molecules88, phenolic compounds107, lignin108, enzymes109, and even light mediated by chloro-

phyl110. The exact mechanism of how the oxidation of the substrate occurs is still subject to

controversy, however both monooxygenases activity where O2 acts as co-substrate, and perox-

ygenase activity where H2O2 acts as a co-substrate, have been demonstrated. In the absence of

substrate LPMOs react with O2 to produce H2O2 in a process known as the futile cycle. This

is indirectly used to quantify LPMO activity in some activity assays39,111,112. This type of assay

is often preferred over direct activity assays, since factors such as the complexity of the prod-

ucts, autoxidation, and insolubility of the substrates, make direct assays technically challenging

to develop113. Using enzyme samples generated in our lab, our collaborators developed a colori-

metric assay for cellulose active LPMOs compatible with high-throughput screening. The details

are found in Paper 1.

1.4.4 Substrate specificity

Although only cellulolytic LPMOs have been described in this work so far, chitin-active LPMOs

were also discovered early in the history of the field114. Furthermore, new types of LPMOs act-

ing on other polysaccharides, such as starch, xyloglucan, cellodextrins, and glucomannan, have

subsequently been discovered102, broadening the potential for LPMOs in biorefinery settings.

An important feature of LPMOs is the flat substrate binding surface harbouring the active site,

which allows them to act upon crystallin substrates83,115. Evidence suggests that LPMO-induced

oxidation of cellulose disrupts the structure of the cellulose fibers, and facilitates CBH binding
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in a similar manner to EGs116,117 (Figure 4). Addition of LPMOs to commercially available cel-

lulase cocktails has shown to significantly increase their effectiveness and reduce the price of the

enzymatic depolymerasation of cellulose118,119. As a result, some speculate that LPMOs could be

the key to the successful commercialisation of lignocellulosic biorefineries89,102.

Crystallin region Amorphous region Crystallin region

Cellulose

Cellobiose

Glucose

CBH

βG

EG CBH

LPMO

Figure 4: Schematic representation of the model for biomass degradation. EGs and LPMOs create nicks in the
cellulose chains in the amorphous and crystallin regions, respectively. These nicks facilitate the binding of CBHs,
which degrades the cellulose in a processive manner into cellobiose. The released cellobiose is then subsequently
degraded into glucose by βGs. Abbreviations: EG= Endoglucanase, CBH=Cellobiohydrolase, βG= β-glucosidase,
LPMO = Lytic Polysaccharide Monooxygenase.

1.4.5 Production of LPMOs

Research and utilisation of any enzyme type ultimately depends on the generation of batches con-

taining high concentrations of pure protein, and LPMOs are no exception. Such enzyme batches

containing LPMOs are frequently produced in various heterologous hosts. Bacterial LPMOs are

commonly expressed in E. coli, while LPMOs of eukaryotic origin are commonly expressed in

Komagataella phaffii (formerly known as Pichia pastoris) or filamentous fungi. Inconsistencies

in cloning and expression strategies employed by different research groups, can lead to low pro-

duction yields, incorrectly processed enzymes, and even issues when comparing data generated

using different enzymes samples120. To mitigate these issues, we developed a platform for stan-

dardised cloning and expression of LPMOs, dubbed “LyGo”. The details are found in Paper 2.
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1.5 Alternative technologies to utilization of lignocellulosic

biomass

The most common approach for degrading cellulose in biorefineries, is the utilisation of free

enzymes as described in this chapter. However, several alternatives have been developed. These

include technologies such as the utilization of natural121,122 or synthetic123–125 cellulosomes, and

gasification of the biomass to syngas and subsequent chemical or biological conversion126,127.
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Chapter 2

Synthetic Biology - Biology meets Engineering

2.1 Introduction to Synthetic Biology

The technological applications of biological materials, today known as Biotechnology, has been

exercised for millennia. In its infancy, living organisms were utilised for producing food prod-

ucts such as cheese, bread, wine, beer, kombucha, vinegar, and kefir. Carl von Linné’s ground-

work on taxonomical classifications of species in the 18th century, was the beginning of the

systematic study of biological systems128. Gregor John Mendel’s work on the transferability of

genetic information in the middle of the 19th century laid the foundation for other milestone

studies, such as Charles Darwin’s Theory of Evolution, the discovery of deoxyribonucleic acid

(DNA) by Robert Koch, and the discovery of antibiotics by Alexander Flemming129. In the last

part of the 20th century a new era of Biotechnology emerged. This era is characterised by the

field transitioning from focusing on describing and utilising already existing biological func-

tions, into creating new ones. This new field was recently dubbed “Synthetic Biology”, and many

attribute its existence to the landmark study on the lac operon in E. coli by François Jacob and

Jacques Monod, where they correctly predicted the modularity and programmability of gene

expression130. The basis for the practical aspects of the field was laid with the application of re-

striction enzymes to create recombinant DNA which awarded Werner Arber the Nobel prize in

Physiology or Medicine 1978131, the development of the first cloning vector by Cohen and Boyer

et al.132, and the development of the polymerase chain reaction (PCR) technique in the 1980s by

Kary Mullis133–135. Although these methods were developed more than half a century ago, they

are still routinely used in biolabs all around the world. The last few decades have seen a radical

increase in the pace at which it is possible to obtain and manipulate genetic material, which to a

large degree has been attributed to the drastic reduction in price for reading andwritingDNA136.

The interest in the field is currently at an all time high, with the number of articles being pub-

lished each year surpassing 5000 in 2020 (Figure 5). The field is currently undergoing radical

changes due to the developments in robotics and software tools, which are paving the way for
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fully automated laboratories and the use of big data to engineer and understand biological sys-

tems. In practical terms, this means what would take years to accomplish today may very well be

performed in only amatter of days in the near future137,138. So while the 20th century is popularly

known as “the Century of the Atom”139, the 21th century may very well become known as “the

Century of Cell”136,140.
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Figure 5: The number of articles containing the keyword “Synthetic Biology” published per year since 1985. Data
was generated using PubMed’s search engine.

2.2 The principles of Synthetic Biology

The principal idea behind synthetic biology is that any biological system can be reduced to a

combination of functional elements, which can be rearranged or modified to create new system

properties. The functional elements in Synthetic Biology can be everything from genetic parts,

e.g. promoters, ribosome binding sites (RBSs), genes, terminators, protein domains, entire pro-

teins, and even whole cells, depending on the context141. In order to effectively build biological

systems with predictable behaviours, it is helpful to adopt concepts from other well-established

engineering disciplines.

2.2.1 Standardisation

Standardisation is a cornerstone of many engineering disciplines, and relates both to the design

and performance of an entity or a system. The field of Synthetic Biology has seen a surge in

the number of developed standards during the recent years, relating to how biological systems
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and parts are built, measured, reported, communicated, and shared. Standardization of DNA

assembly decreases the time it takes to build a genetic design, and allows for genetic designs to

be replicated accurately and data to be directly compared across laboratories142. The standard-

isation of DNA assembly methods began with the BioBrick143 and BglBrick144 standards in the

2000s. Numerous assembly standards exist today, such as Standard European Vector Architec-

ture (SEVA)142, Modular Cloning (MoClo)145, DNA assembly with thermostable exonuclease

and ligase (DATEL)146, Twin-Primer Assembly (TPA)147, Universal Loop (uLoop)148, and many

others. Standards compatible with Gram-negative bacteria, such as E. coli and P. putida are well

developed, however only a few standards are compatible with building shuttle vectors for Gram-

positive bacteria such as B. subtilis. In order to rectify this, we developed a new vector standard

for B. subtilis and other Gram-positive bacteria, called ProUSER2.0. The standard is highly cus-

tomisable, compatible with both integrative and replicative vectors, and utilises the ProUSER

method149 for creating scarless promoter-gene fusions. The details are found in paper 3.

Standardisation of the way specifications of parts and relationships between them are docu-

mented and communicated is critical for realising complex designs in any engineering field. This

is especially important if the project requires several persons to cooperate. A few examples of

such standards are process flow diagrams which describe equipment andmaterial flows in chem-

ical engineering150, technical drawings which are used to specify dimensions and functions in

mechanical and civil engineering151, coding flowcharts which are used in data- and software en-

gineering to describe the structure of computer algorithms152, and circuit diagrams which are

used in electrical engineering to describe the connections between components in an electrical

circuit153 (Figure 6). With the rising number of genetic designs being created every year, the

ability to communicate the specifications of these efficiently and effectively is becoming increas-

ingly important. This was recently standardised with the introduction of the Synthetic Biology

Open Language (SBOL).This language consists of a controlled vocabulary relating words to con-

cepts, a set of schematic glyphs for visualising designs, and a data standardwhich allows for direct

comparison of different parts or circuits. The standard allows scientist and engineers to commu-

nicate genetics designs both in electronic format across programs and computers and verbally in

writing to colleagues or other organisations154–157.

Characterisation of biological parts and systems is at the core of Synthetic Biology. However,
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Figure 6: Examples of standards for visually communicating designs and specifications in different engineering
fields. Top left shows a process flow diagram for the production of ethyl benzene from ethylene and benzene (gen-
erated with help from Mathias Risager Wright based on Luyben (2011)158). Top right shows a technical drawing of
a Guitarra portuguesa, also known as an English or a Portuguese guitar (copied with permission from the the Li-
brary of Congress. Credit Sidney Robertson Cowell and Joseph H. Handon). Bottom left shows an electrical circuit
diagram of a class H amplifier (copied with permission from Wikimedia commons. Credit Yves-Laurent). Bottom
right shows a schematic representation of the lacI/tetR toggle switch from Gardner et al. (2000)159 (the diagram
was inspired by McLaughlin et al. (2020)157 and drawn according to SBOL3).

the methods used varies between labs, potentially causing ambiguities when comparing parts or

systems characterised by different labs160. Thus in order to to facilitate interlaboratory com-

muncation, it is useful to standardise the way data is recorded and shared. Several standardised

protocols and measurement principles have been developed comparison of measurements for

e.g. cellular fluorescence161, optical density162, and transcription- and translation rates163. Fur-

thermore, protocol repositories such as protocols.io, facilitate good protocol writing practices,

version tracking, and sharing164. Additionally, standards for minimal information requirements

for metadata has been developed for different types of data sets160. An advantage of lab automa-

tion and laboratory management software is that the performed operations and metadata can

be automatically logged, and provided together with the data from the experiments. Several in-
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formation databases including EcoCyc165, SubtiWiki166, GenBank167, the Protein Data Bank168

organise recorded data on a broad range of systems and entities.

2.2.2 Modularity

As mentioned above, the modular nature of functional parts is at the core of Synthetic Biology.

This is the basis for many assembly standards, some of which have compatible parts collections

ranging in the hundreds and even thousands of parts. One of the largest parts collections is the

Registry of Standard Biological Parts169. The collection was founded by Massachusetts Institute

of Technology in 2003, in conjunction with the start of the International Genetically Engineered

Machine (iGEM) competition. The impressive size of the catalogue ismainly thanks to the annual

iGEM competition, which has teams from around the world generate and characterise new parts

for the collection. Other noteworthy collections include the SEVA 3.0 database170, the Virtual

Parts Repository (VPR)171, and the Joint BioEnergy Institute Inventory of Composable Elements

(JBEI-ICE)172.

2.2.3 Minimisation

An important tool in engineering is minimisation, where a system is reduced to the principal

components in order to simplify its apprehension and manipulation. Cellular systems are no-

toriously complex. They operate with layers of redundancy173, are inherently noisy174, commu-

nicates through non-linear interactions in large interconnected networks consisting of multiple

information carriers175,176, and even changes over time177. The ideal chassis for Synthetic Biology

would only contain the functions necessary for the organism to be viable in the desired environ-

ment, and would allow the user to plug in modules to expand the cellular functions as desired.

Efforts to achieve such aminimal organism, follow two overall approaches: a top-down approach

and a bottom-up approach: The top-down approach starts with an already existing system, and

systematically reduces the number of functions within it. Currently, genome-reduced versions of

E. coli178, B. subtilis179, Corynebacterium glutamicum180, Pseudomonas putida181, S. cerevisiae182,

Mycoplasma mycoides183, and a few other organisms exists. However, these strains are still yet to

be broadly adopted mainly due to reduced fitness of the genome-reduced strains184. The current

record for the smallest genome is held by JCVI-syn3.0, which is a synthetic organism based onM.
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mycoides. Its genome consists of 473 genes 149 of which are annotated as ”unknown function”,

providing a hint to just how incomplete our current understanding of biology is. The bottom-up

approach aims to reverse engineer cells from a minimal set of components in vitro. The field

focuses on the organisational properties of different molecules185, manipulating vesicle contents

usingmicrofluidics186, and utilises cell-free systems tomimic replication and gene expression187.

The field has successfully reconstituted many naturally occurring phenomena, however integrat-

ing several function to yield a self-sustaining system remains an unattained target186.

2.2.4 Modelling

Models are used by engineers to predict the performance of a system before resources are spent

realising the design. In Synthetic Biology, modelling is used to predict behaviours of both na-

tive and engineered systems, including fluxes in steady state metabolism (e.g. in black box mod-

els188, metabolic control analysis models189, metabolic flux analysis models190, and genome scale

metabolic models191), gene expression in gene regulatory networks192,193, protein-protein or

protein-molecule interactions194,195, spacial structures of macromolecules such as proteins20 or

ribonucleic acids (RNAs)196, communication in microbial consortia197, etc. The growing use of

big data and machine learning algorithms in these models is vastly increasing their accuracy and

complexity, and is moving the field towards a new paradigm of de novo biological design137,198.

2.2.5 Automation

The bottleneck in many Synthetic Biology projects, is the time it takes to build and tests new

designs. Until now, the vast majority of the laboratory tasks performed within Synthetic Biol-

ogy have been conducted by manual labour. This generally suffers from two issues: (i) limited

throughput due to cognitive or time constrains, and (ii) inconsistencies arising from both human

errors and differences in techniques199. Robotising repetitive laboratory tasks can significantly

decrease the time between a new design is generated, and benchmark data have been generated.

Combining this with automated algorithms for data visualisation and analysis allows for incred-

ible development speeds, and vastly increases the solution space which is practically possible to

explore for a given problem200.
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2.3 Prototyping

Due to the uncertain nature of engineering, most engineering disciplines have evolved to rely

on iterative prototyping, called Design-Build-Test (DBT) cycles. In this framework, new de-

signs are being generated based on the knowledge gained from previous designs. This allows

for exploring the solution space of a problem in an efficient manner. Examples of this is the

iterative nature of the work of a software engineer compiling and testing code until the desired

functions have been implemented, or a mechanical engineer building prototypes using comput-

erised numerical controlled (CNC) machining or 3D printing and testing these before the final

design is chosen. The practicality of this framework relies heavily on rapid prototyping. The

timeframes required to complete a DBT cycle in these examples range in the seconds to minutes

for coding and hours to days formachining. In contrast, a complete DBT cycle (or Design-Build-

Test-Learn (DBTL) cycle as it is more popular known (Figure 7)) in a Synthetic Biology context

is in the timeframe of weeks to months, perhaps even years depending on the system and ob-

jectives199,201. Infrastructures known as “Biofoundries” implement the principles described in

the previous section to decrease this timeframe significantly, and vastly increase the number of

designs which can be tested in parallel. Themajor downsides of the Biofoundry framework, is re-
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Figure 7: Schematic representation of the DBTL cycle. The cycle represents the iterative nature of engineering bio-
logical systems, that relies on each cycle providing information for the next design. The figure was based on shapes
originally created by SimpleIcon, FreePik, Eucalyp, and monkik, and sourced under creative commons licenses.
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liability issues of lab automation hardware199 and the significant capital investment required for

setting up the infrastructure200. However, investments and organisation around these capabil-

ities have expanded tremendously in recent years137,199,202, which is establishing the foundation

for Biofoundries becoming versatile engineering platforms in the future. An example of an op-

erational DBTL pipeline has been described by Carbonell et al. (2018)203.

2.3.1 Design

The design phase relates to the design of new strains, pathways, enzymes, consortia, etc. This is

often done by relying on datasets from knowledge databases, data generated in past DBTL cy-

cles, or theoretical hypotheses. The data or hypothesis is often formulated into in silico models,

which can suggest new designs and even predict the performance of these before they are mate-

rialised199. The design phase also contains planning of the assembly strategy, and will often rely

on standard parts and assembly standards in order to simplify and streamline the process. Here,

reliable characterisation of the parts in a given collection is crucial for achieving the desired sys-

tem behaviour. Computer aided design (CAD) is used extensively in the design phase in other

engineering fields, however genetic engineering is often done manually using relatively simple

tools. With the advancement of automation the pace at which engineers can generate new de-

signs will likely become a bottleneck, and new approaches will be required204. In the last couple

of years, several CAD services for genetic engineering has emerged, including programs such as

Cello205, j5206, iBioSim207, and GenoCAD208. Many of these only require engineers to generate

designs on a parts or even device level, instead of a DNA level as is often done today.

2.3.2 Build

Thebuild phase relates to the realisation of the design. The classical approach consists of sourcing

parts from repositories, laboratory stocks, or primary sources. However, with the advancement

of custom de novo synthesis of DNA or proteins, it is becoming increasingly common to order

these from commercial vendors136. Synthesis is still relatively expensive, however the price has

been decreasing tremendously in recent years209. Although it is currently only practical to syn-

thesise DNA sequences of a few thousand basepairs and short peptides, it will likely become

feasible to synthesise entire plasmids, proteins, or perhaps even genomes and proteomes in the
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near future if this trend continues210,211. de novo synthesis of other molecules, such as RNA and

lipids, may also become available in the future. Custom synthesis services are especially practical

if the design is entirely synthetic, e.g. non-natural genes, protein variants, or synthetic promoter

or RBS sequences for tuning expression199. Following the sourcing of the parts, they are assem-

bled e.g. into larger DNA molecules, which are often validated by sequencing. As discussed

earlier, this is often done according to a specific assembly standard. This step is immensely time

consuming and error-prone, and some estimates suggests that engineers spend more than half

of their time on this step199. Since this phase generally consists of a repetition of a few basic op-

erations (e.g. pipetting, heating, cooling, shaking, plating, etc.), it lends itself well to automation

by liquid handling robots and microfluidics201,203.

2.3.3 Test

The test phase relates to generating data from the designed entities, such as production titers

from a cultivation of a cell factory or characteristics of specific molecules, e.g. thermostability

or activity or an enzyme variant. Most biological systems can be characterised in the context of

four “omes”: genomics (on DNA level), transcriptomics (on RNA level), proteomics (on pro-

tein level), and metabolomics (on metabolite level)212. Some of the most prevalent technolo-

gies within the different omcis are: next-generation sequencing (NGS) in genomics and tran-

scriptomics, and gas chromatography (GC), liquid chromatography (LC), mass spectrometry

(MS), Raman spectroscopy (RS), and nuclear magnetic resonance (NMR) for proteomics and

metabolomics. This phase also lends itself to automation, such as computerised cultivation con-

trol, automated sampling, and on-line monitoring. Recent advances within high-throughput

multi-omics workflows, has significantly increased the throughput and data resolution of this

phase199. Flow cytometry or fluorescence-activated cell sorting (FACS) is often used in applica-

tions where it is possible to couple the desired output to a fluorescent signal213, through fluores-

cent protein (FP)-tagging of proteins, biosensors214 or fluorescent antibodies215. This technology

allows for screening of thousands of cells per second on single-cell level216.

2.3.4 Learn

The learn phase relates to analysing the data generated in the test phase, and is the ultimate goal of
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the DBTL cycle. The first step in this phase should ideally be statistical data validation to ensure

the quality of the data217. Subsequently, the data is visualised and analysed to extract information

from it which can be used to inform future designs. This can be performed either manually

on a case-to-case basis, or automated where the data is handled by predefined scripts199. The

analyses may either be purely statistical comparisons or include more advanced models. With

the growing amount of data generated from DBTL cycles137, increasing computational power

available198, and increased availability of auxiliary tools218, it is becoming increasingly popular

to feed the data intomachine learningmodels. This type of model can analyse large and complex

datasets, and will often identify patterns that other models tend to overlook219.
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Chapter 3

Recombinant protein production in bacterial cell fac-

tories

Enzymes are proteins that accelerate the rates of chemical reactions, by providing alternative re-

action pathways with lower activation energies220. Today, enzymes are employed in a range of

processes, including beer brewing, textile fabrication, leather production, baking, paper recy-

cling, production of animal feed, as active pharmaceutical ingredients, and for biomass degrada-

tion in biorefineries (as discusses in Chapter 1). They are generally preferred over chemical cata-

lysts due to their low energy requirements, short reaction times, and nontoxic and biodegradable

nature221. On the other hand, factors such as product or substrate inhibition, high production

costs, and sensitivity to reaction conditions may reduce the attractiveness of using enzymes in

some cases222. The size of the global enzymes market was estimated at just under 10 billion USD

in 2019, and is expected to reach almost 15 billion USD by 2027223. When industrial Biotech-

nology was still in its infancy most enzymes were extracted from plant tissue or animal organs,

however today the vast majority of industrial enzymes are produced in microbial hosts by sub-

merged fermentations. Microbes are often preferred since they are generally easy to manipulate,

have simple nutritional requirements, are compatible with large scale submerged processes, and

are resistant towards process changes. These characteristics allows for production of high titer

batches in short timeframes and with few by-products, ultimately leading to cheap and reliable

processes15,223,224. A large fraction of the industrial enzymes on the market are produced in a

production hosts from the Bacillus genus. This is mainly due to the organisms excellent fer-

mentation characteristics and natural ability to secrete proteins into the extracellular medium22.

Secretion is often a preferred trait in industry since it simplifies the downstream process design

and reduces the risk of co-purifying unwanted host proteins225–227 (Figure 8). B. subtilis is one

of the most preferred organisms in this genus in both academia and industry, due to its genetic

accessibility and status as model organism for Gram-positive bacteria. TheDevelopment of tools

and methods for increasing the protein production capabilities of B. subtilis is therefore of great

interest in both academia and industry22,223,228.
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Figure 8: Flow diagram showing the overall steps in a typical microbial protein production process. Each box in
the diagram is a distinct step containing one or more unit operations. The figure was adapted from Singh et al.
(2016)225.

3.1 Basic model of gene expression

Protein production ultimately depends on the molecular mechanisms of gene expression. This

process converts the information stored in the genetic code of DNA into functional protein

molecules which can carry out objectives, e.g. regulating the expression of other genes, convert-

ingmetabolites, translocatingmolecules acrossmembranes, or fighting off competing organisms.

Gene expression is regulated as a response to environmental conditions, which is critical for the

resource efficiency and ultimately survival of any organism229. The process of gene expression

is a result of three sub-processes: (i) Transcription of DNA to messenger RNA (mRNA), (ii)

translation of mRNA to a polypeptide chain, (iii) folding of the polypeptide chain to produce

a functional protein. In some cases, proteins are also subject to transport into the extracellular

environment. Since this thesis focuses on protein production in B. subtilis, this chapter aims to

provide insight into the mechanisms as they are believed to function in this organism.

3.1.1 Transcription

Transcription is the conversion of a specific DNA sequence (a gene) into mRNA. The first step in

this mechanism is the formation of the RNA polymerase (RNAP) holoenzyme, composed of the

RNAP core enzyme and a σ factor. The σ factor interacts with specific DNA sequences upstream

of a gene thereby positioning the RNAP relative to the gene. The σ factor is therefore one of the

determining factors for which genes are transcribed. B. subtilis, as well as other bacteria, rely
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on a range of specialised σ factors to coordinate expression of multiple genes in regulatory pro-

grams230. SubtiWiki currently lists 19σ factors encoded by theB. subtilis genome, which facilitate

gene expression associated with typical growth and proliferation (σA), stress responses (σB, YvrI-

YvrHa), adaptation to nutrient depletion (σC), chemotaxis and motility (σD), cell differentiation

(σE,σF, σG, σH, and σK), expression of extracellular degradative enzymes (σL), etc.166,230–233. The

DNA sequences recognised by σ factors are known as “promoters”, and have specific sequence

motifs depending on the σ factor. The most well-studied sigma factor, the household σ factor

σA interacts with promoters at the -35 and -10 positions (relative to the transcription start site

(TSS)), and has the consensus sequences “TTGACA” for the -35 element and “TATAAT” for

the -10 element. Other σ factors recognise different sequences at different positions relative to

the TSS229,232. The -35 element (or equivalent sequence) constitutes the boarder of the core pro-

moter sequence, however transcription can also be stimulated by upstream sequences known as

upstream promoter (UP) elements. Additionally, axillary proteins, known as transcription fac-

tors (TFs), can stimulate (activators) or block (repressors) the interaction between the σ factor

and the promoter, allowing for very precise control of gene expression in response to environ-

mental signals229. The RNAP holoenzyme binds DNA in a closed conformation, known as the

RNA polymerase closed complex (RPc). The binding of DNA favours a conformational change,

resulting in the formation of the RNA polymerase open complex (RPo). This conformational

change separates the DNA strands from approximately position -11 to +3 relative to the TSS

thereby forming the “transcription bubble”234. The free nucleotides on the non-coding strand

in the transcription bubble, serve as template for the transcript starting at the +1 position. The

RNAP initiates elongation and moves along the DNA strand in the 5’→ 3’ direction, sliding the

transcription bubble along the DNA. The elongation complex is initially unstable, potentially

resulting in abortive transcripts. However, the formation of longer transcripts and the release

of the σ factor stabilises the elongation complex230,234–236. Once the mRNA transcript is com-

plete, the transcription is terminated. In procaryotes, this is generally performed by two different

mechanisms: Rho-dependant and Rho-independent termination. Rho-dependant termination

only plays a minor role in B. subtilis237, and thus will not be discussed here. Rho-independent

termination depends on a terminator signal, which forms a stem-loop-stem structure in the RNA

molecule once transcribed followed by a stretch of thymines. This hairpin structure causes the
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RNAP to stall, and the low binding affinity between the adenine residues on the template strand

and the corresponding uracil residues in the transcript, destabilise the elongation complex. These

factors ultimately cause the RNAP to dissociate from the DNA, thereby terminating transcrip-

tion238,239. An overview of the described mechanisms can be seen in Figure 9.

RNA polymerase holoenzyme

RNA polymerase open complex (RPo)

Transcription 

bubble

     mRNA

Formation of the 

RNAP holoenzyme 

Binding to DNA

Elongation
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Activator Repressor

Initiation
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TSS
Core promoter sequence
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hairpin

RNA polymerase core enzyme

RNA polymerase closed complex (RPc)
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Figure 9: Schematic overview of the different mechanisms involved in transcription. The RNAP holoenzyme is
formed by the association of the σ factor and the RNAP core enzyme. The σ factor facilitates the binding the -35
and -10 elements of promoters, which can be stimulated or blocked by activators and repressors, respectively. The
RNAP holoenzyme is bound to DNA as RPc, however the binding to DNA favours a conformational change in the
RNAP holoenzyme forming the RPo and the transcription bubble. Once transcription has been initiated, the RNAP
moves along the DNA sliding the transcription bubble along with it, while using the non-coding strand as template
for RNA synthesis. Once a terminator sequence is transcribed it forms a stem-loop-stem structure which stalls the
RNAP and destabilises the elongation complex, causing transcription to terminate.
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3.1.2 Translation

Translation is the conversion of the gene sequence present in the synthesised mRNA into a

polypeptide chain. The process is facilitated by nucleoprotein particles, known as “ribosomes”,

which coordinate amino acid carrying transfer RNAs (tRNAs). Initiation of translation, starts

with the a small ribosomal subunit recruiting three initiation factors (IFs): IF1, IF2, and IF3.

IF1 and IF3 are situated in the A site and E site of the 30S subunit, respectively, where they fa-

cilitate the docking of the initiator tRNA (N-Formylmethionine (fMet)-tRNAfMet) in the P site.

Docking into this site is unique for the initiator tRNA, as all other aminoacyl-tRNAs (aa-tRNAs)

are docked in the A site. This complex recognises the RBS located in the 5’ untranslated region

(5’ UTR) of the mRNA. The kinetic of this binding is to a large extent determined by the com-

plementarity between the Shine-Dalgarno (SD) sequence, situated approximately 10 base pairs

upstream of the start codon and the anti-SD (aSD) sequence in the 3’ end of the 16S ribosomal

RNA (rRNA) found in the 30S subunit. The aSD sequence of B. subtilis, and many other bacte-

ria is “CCUCC” thus making the consensus SD sequence “GGAGG”240. The codon recognition

between the start codon and the anti-codon on the initiator tRNA, facilitates the isomerisation

of the 30S pre-initiation complex (PIC) into the 30S initiation complex (IC). This conformation

allows for the recruitment of the large ribosomal subunit (50S), forming the complete ribosome

(70S) PIC. This binding and the hydrolysis of guanosine triphosphate (GTP) by the GTPase do-

main of IF2 induces a conformational change in IF2 which releases IF1 and IF3 and promotes

the binding of the two ribosomal subunits. This conformational change also releases the initiator

tRNA and allows IF2 to dissociate from the complex, forming the 70S IC241–243. This allows the

elongation factor thermo unstable (EF-Tu) to recruit aa-tRNAs to the ribosome. In order to en-

code enough information for the 20 natural amino acids, each amino acid is coded for in codons

of three base pairs. If the the aa-tRNA anti-codon recruited by EF-Tu matches the codon triplet

of the mRNA present in the A site the binding triggers GTP hydrolysis by EF-Tu. This loads the

aa-tRNA in the ribosome, while the EF-Tu dissociates from the ribosome. The aa-tRNA loaded

in the A site and the peptidyl-tRNA (or fMet-tRNAfMet if this is the first elongation cycle after

initiation) in the P site react to form a peptide bond between the peptide chain and the amino

acid. This reaction transfers the peptide chain to the tRNA in the A site, which now also con-

tains the amino acid of this tRNA. Afterwards, the ribosomemoves relative to themRNA and the
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Figure 10: Schematic overview of the different mechanisms involved in translation. The process begins with initia-
tion, where the 30S subunit recruits the three IFs, the initiator tRNA, the mRNA, and finally the 50S subunit. Upon
hydrolysis of GTP, the final 70S IC is formed. Elongation starts with recruitment of a aa-tRNA by EF-Tu. If the
recruited aa-tRNA corresponds to the codon triplet, the fMet residue reacts with the aa residue on the the newly
arrived tRNA and is released from the fMet-tRNA. The ribosome now translocates relative to the mRNA and the
tRNAs with the help of EF-G. This prepares the complex for another round of recruitment of a tRNA, peptide-bond
formation, and translocation. By the end of the second cycle the fMet-tRNA is ejected from the complex. This cycle
continues until the ribosome reaches a stop codon on the mRNA. Termination is initiated by the recognition of a
stop codon by RF1 or RF2. This facilitates the hydrolysis of the ester bond in the peptidyl-tRNA complex, leading
to the release the peptide chain. Afterwards, the bound RF1/RF2 molecule is released by RF3, and the ribosome
complex is disassembled by the RRF and EF-G, allowing the individual components to be used in a subsequent
translation events.

tRNAs in the 5’→3’ direction on the mRNA, in a process known as translocation. This motion

moves the A site tRNA to the P site, the P site tRNA to the E site, and ejects the E site tRNA

from the ribosome. This process is promoted by the elongation factor G (EF-G), at the expense

of GTP. The dissociation of EF-G leaves the ribosome ready for another round of elongation.
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This cycle continues until the ribosome encounters a stop codon. Stop codons are recognised

by release factors (RFs) RF1 and RF2 by conserved recognition motifs. The ester bond of the

peptidyl-tRNA complex is then hydrolysed by the peptidyl transferase domain of the ribosome,

with the help of the GGQ motif of the bound RF. This reaction allows the peptide chain to disso-

ciate from the ribosome. RF3 releases the bound RF1/RF2 from the ribosome, and the ribosome

recycling factor (RRF) and EF-G triggers the disassembly of the ribosome, which also releases

the bound mRNA and tRNAs. The individual components are now free to assemble and initiate

new rounds of translation241,243. An overview of the described mechanisms can be seen in Fig-

ure 10. In prokaryotes, translation occurs co-transcriptionally, meaning that the ribosome binds

the mRNA while transcription is still progressing. Furthermore, a single molecule of mRNA can

be occupied by several ribosomes forming a structure known as a “polysome”241.

3.1.3 Folding

After a polypeptide chain has been produced, folding into a specific 3D structure is required in

order to form a functional protein or enzyme. The mechanisms of how the primary structure

(order of amino acids) of a polypeptide chain governs the secondary structure (local folds such as

helices and sheets) and ultimately the tertiary structure (overall 3D structure), and possible qua-

Primary structure Secondary structure Tertiary structure Quaternary structure

Figure 11: The four levels of a protein structure. The primary structure is the amino acid sequence, the secondary
structure is the local organisation into sheets and helices, the tertiary structure is the overall 3D shape of the entire
protein, and the tertiary structure is the organisation of multiple amino acid chains. In the tertiary structure, the
individual chains are coloured differently. The shapes in the figure is sourced and edited with permission from
Wikimedia commons. Credit: Mariana Ruiz Villarreal.
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ternary structure (interactions between several polypeptide chains) of a protein (Figure 11), have

been subject of extensive research for many decades. The main contributing factors have been

narrowed down to hydrogen bonds, van der Waals interactions, covalent bonds (i.e. disulfide

bridges), backbone angle preferences, electrostatic interactions, and hydrophobic/hydrophilic

interactions244,245. The latter dominates the folding in the early stages in a process known as

”the hydrophobic collapse”, where the hydrophobic amino acids come together and forms a hy-

drophobic core structure. The remaining forces stabilises the correct conformation and desta-

bilise incorrect ones246. This process is intrinsically difficult to simulated since each each amino

acid has multiple degrees of freedom. Thus, the total size of the conformational space grows

exponentially with the length of the polypeptide chain. For example, the relatively small pro-

tein lysozyme (144 amino acids) would have 3286 (≈ 10136, which is more than the number of

atoms in the observable universe!247) possible discreet configurations248, assuming only 3 sta-

ble backbone angles and two degrees of freedom per amino acid (which are probably both vast
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Figure 12: Schematic representation of the energy landscape analogy of protein folding. The protein follows en-
ergetically favoured trajectories towards energy minima. Some trajectories result in trapped intermediate states,
which may lead to misfolding and aggregation. The fate of these states can be rescued by chaperones, which en-
ergetically favour folding trajectories towards the native state. The peptide/protein molecules were sourced from
Wikimedia commons with permission. Credit for the protein structures: Thomas Splettstoesser, credit for the chap-
erone structure: Vossman.
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underestimations for any protein system). Thus, if all configurations are to be checked compu-

tationally (or indeed by nature), protein folding would require astronomical timescales instead

of the millisecond to second timescales observed in natural systems. This is a result of protein

folding being kinetically favoured. This concept can be visualised as the conformational space

being an energy landscape where the protein follows certain energetically favoured trajectories

towards the most stable state through a set of intermediate states249,250 (Figure 12). Under cer-

tain circumstances a polypeptide might get trapped in a local minima on this energy landscape.

These states require reorganisation by auxiliary folding partners, known as chaperones (e.g. the

GroEL/GroES complex and disulphide isomerases), to stabilise intermediate states which favour

folding into the native state and hinder proteinmisfolding251 (Figure 12). Proteinmisfolding ex-

poses hydrophobic patches on the surface of protein which interacts with other proteins causing

them to aggregate. As a result, protein misfolding follows second order reaction kinetics, and

must therefore be tightly regulated in living cells in order to maintain a functional proteome252.

3.1.4 Transport

Transport refers to the translocation of proteins across biological membranes. This process is

important for proteins which carries out functions in the extracellular environment, such as

degradation of polymeric substrates253, cell adhesion254, cell-to-cell communication255, and sup-

pressing the growth of competing organisms256. Asmentioned, secretion of the target protein is a

desired feature for an industrial process, since it can improve the cost-effectiveness of a processes.

Organisms in the Bacillus genus are recognised for their ability to secrete high amounts of pro-

teins. This is generally attributed to the evolutionary benefit obtained by degrading extracellular

polymers in the soil environments, which are the natural habitat of many Bacilli. Furthermore,

the simple cell architecture of Gram-positive bacteria means that proteins only have to traverse a

single membrane, in contrast to two membranes in Gram-negative bacteria227. B. subtilis is the

most well-studied of these organisms, and therefore constitutes amodel system for protein secre-

tion. In B. subtilis (andmost other organisms), proteins aremarked for secretion by the synthesis

of short N-terminal extensions known as signal peptides (SPs), which are removed after translo-

cation. These peptides are divided into three distinct domains: A positively charged N-domain

at the N-terminal, a hydrophobic H-domain in the middle with a high frequency of helix break-
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Figure 13: The topology of SPs in B. subtilis. SPs are divided into three distinct domains: A positively charged
N-domain, a hydrophobic H domain and a C-domain containing the SPase cleavage site.

ing residues (glycine or proline), and a C-domain containing the SPase cleavage motif (AXA↓

for most SPases) in the end. The general topology of SPs in B. subtilis is shown in Figure 13.

Most secreted proteins are translocated through the general secretion (Sec) pathway, which fun-

nels the polypeptide through the secretion machinery as it emerges from the ribosome. A small

number of proteins are secreted in their native state through the twin-arginine translocation (Tat)

pathway or by translocationmediated by adenosine triphosphate (ATP)-binding cassettes (ABC)

transporters. Proteins are tagged for secretion through these alternative pathways by slight vari-

ations in the SPs: SPs associated with the Tat pathway have a RR motif (hence the name) and SPs

associated with ABC-mediated transport lack the H-domain. Additionally, B. subtilis employs

a specialised system for translocating proteins associated with genetic competence (ComGC,

ComGD, ComGE, and ComGG) to the outer membrane. The SPs associated with this pathway

are topologically similar to those of the Sec and Tat pathway, however contain a KGF motif at

the -2 to +1 position relative to the SPase cleavage site. Lastly, B. subtilis targets lipoproteins to

the extracellular side of the membrane through a specialised pathway. SPs associated with this

pathway are shorter and contain a distinct cleavage motif known as a lipobox227,257–259. The Com

and the lipoprotein pathways are niché pathways without much industrial relevance, thus only

the Sec, Tat, and ABC pathways will be discussed in detail here. For proteins secreted through

the Sec pathway, the SP interacts with the signal recognition particle (SRP) shortly after emerg-

ing from the ribosome. The SRP arrests translation, until it interacts with its membrane bound

receptor FtsY. FtsY relocates the SRP-ribosome compelx to the Sec translocon, comprised of the

SecYEG channel, the SecDF accessory complex, and the SecAmotor protein. UponGTP hydrol-

ysis, the SRP-FtsY complex dissociated from the stalled ribosome, and it is delivered it to the Sec

translocase complex allowing for translation to resume. As the polypeptide chain emerges from

the ribosome it is directly funneled through the membrane spanning pore of SecYEG by SecA at

the expense of ATP. The protein is delivered into the extracellular environment in an unfolded

state where it may interact with chaparones, such as the peptidyl-prolyl cis/trans isomerase PrsA
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or the thiol-disulfide oxidoreductases BdbB/C/D in order to fold into its native form260,261. As

mentioned, the the Tat pathway is capable of translocating fully folded proteins. Recognition

of the SP by TatC initiates the translocation event, by facilitating the formation of transmem-

brane TatA complexes. The exact mechanism of the translocation event is not well understood,

however hypotheses suggests that it may be through either pore formation or local membrane

weakening262. It is generally agreed upon that the the proton motive force is providing the en-

ergy necessary for the translocation. Only four known proteins (PhoD, EfeB, QcrA, and YkuE)

Ribosome

mRNA

SP
SRP

Extracellular

environment

Cytoplasm

Cell membrane

FtsY

SecYEG

SecA SecDF

TatC

TatA 

oligomers

H+

H+

H+

H+

H+

H+

H+

ABC 

transporter

GTP GDP

ATP

ADP

ATP ADP

Unfolded protein

Folded protein

Folded protein
Unfolded protein

Figure 14: The three main secretion pathways in B. subtilis. For proteins secreted through the Sec pathway, the
SP is recognised by the SRP as it emerges from the ribosome. The SRP stalls translation and interacts with FtsY.
After relocation to the Sec translocon, FtsY and the SRP are released upon GTP hydrolysis and translation resumes.
The Sec translocon funnels the emerging polypeptide chain through the membrane spanning pore, and drives the
translocation through hydrolysis of ATP. As a result, the protein is delivered to the extracellular environment in an
unfolded configuration, and folds into its native form in there. The Tat and ABC pathways both mediate secretion
of folded proteins. For the Tat pathway, the SP is recognised by TatC which facilitates formation of TatA oligomers.
The exact mechanism of the translocation event has yet to be elucidated, however it has been established that the
proton motive force is the driving force. Very little is known about the mechanism of protein translocation by ABC
transporters in B. subtilis, yet the translocation is mediated by hydrolysis of ATP, as the name suggests.
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are naturally transported through the Tat pathway in B. subtilis262. Like the Tat translocase, ABC

transporters are capable of transporting fully folded proteins across the cell membrane. This

class of transporters naturally transports smaller peptides, such as labtibiotics and pheromones.

As the name suggests, the driving force behind these transporters is the hydrolysis of ATP, how-

ever the specific mechanism behind the transport is not well understood258. An overview of the

three pathways is shown in Figure 14. In addition to the mentioned pathways, some evidence

suggests the existence of a post-translational Sec pathway mediated by the potential SecB ho-

mologue CsaA227, and non-classical secretion pathways263,264. However, the exact mechanisms,

influence, and validity of these pathways are yet to be established265,266.

3.2 Strain engineering approaches for optimising protein pro-

duction

In order to achieve high production titers in a protein production process, it is critical that each

of the individual mechanisms involved in gene expression is functioning effectively. If a specific

mechanisms constitutes a bottleneck, this will often result in poor production titers and ulti-

mately failed projects in both academic and industrial contexts. A plethora of tools has been

developed to avoid and alleviate such bottlenecks. In this part, examples of these tools will be

presented and discussed. Furthermore, parallels will be drawn to how these were implemented

in the work presented by the papers in accompanying this thesis.

3.2.1 Transcriptional optimisation

In order to achieve high expression of a gene it is important to maximise the number of tran-

scription events per time unit. This can be achieved by choosing a strong natural promoter, such

as PgroES
267, Pveg

268, P43
269 or Pylb

270, to drive transcription of the target gene. Other approaches

utilise synthetic promoters27 or even screening of synthetic promoter libraries271. Furthermore,

rational promoter engineering, such as changing the -35 and -10 sites to consensus sequences

and manipulating UP elements272, can improve transcription. Arranging promoters in a tan-

dem configuration, allows for increasing promoter strength in B. subtilis. This can both be done

using multiple binding sites for one σ factor, or binding sites for multiple sigma factors ensuring
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expression in a range of conditions29. Inducible promoters that allow for controlled expression

upon the addition of inducer molecules are desirable options in the case of toxic gene products

or if the production applies a metabolic burden on the production host. Often used promoters

in this category are PxylA
273, Pgrac100

272, and PspaS
274. Constitutive promoters can be converted to

inducible promoters by transplanting operator sites or other functional components from an in-

ducible promoter275. Increasing the gene copy number can increase expression by simply allow-

ing for several expression events to occur at different locations. This can be achieved by inserting

the expression cassette on a plasmid, however due to the high maintenance cost and instability

issues this is rarely a desirable solution276,277. Alternative solutions include integrating several

expression cassettes onto the genome278 or combining genome integration and plasmid-based

expression279.

Most of the work presented in the papers utilise the strong constitutive promoter system

consisting of the α-amylase promoters from B. licheniformis and B. amyloliquefaciens and the

promoter and RNA stability sequence from the IIIA crystal protein from B thuringiensis. These

promoters are arranged in a tandem architecture to produce the PamyL-PamyQ-PcryIIIA-cryIIIAstab

promoter system from Rasmussen et al. (2000)280 and Jensen et al. (2010)281. For simplicity, the

promoter system is renamed to P3P. In paper 3, the P3P system is compared to the commonly

used constitutive promoter Pveg . Additionally, the paper describes the characterisation of the

four inducible promoters: PmanA, PmtlA, PxylA, and PtetA.

3.2.2 Translational optimisation

Effective translation of the produced transcripts can be achieved in several ways. The classical

method involves choosing a consensus SD sequence, however several other factors also influence

translation. The 5’UTR sequence upstream of the SD affects both mRNA stability and the ac-

cessibility of the SD. Translation rates can be increased by introducing mRNA structures which

block RNAse attacks and expose the SD sequence282,283. The sequence immediately downstream

of the SD (including the first few codons) also has a substantial impact on the translational per-

formance of a given transcript. Engineered RBS-gene fusions essentially randomises these se-

quences which may lead to inefficient translation. The sequence can be optimised by creating

and screening libraries of variants284,285 or by computational approaches286. Another factor to

37



consider when introducing heterologous genes into a host is codon usage. Since most organisms

only operate with 20 amino acids and the amino acids are coded in base pair triplets, some amino

acids can be coded by several codons (known as the degeneracy of the genetic code). All organ-

isms have specific preferences for some codons over others. This arises from differences in the

abundance of individual tRNAs287, and these relative differences changes from organism to or-

ganism. This can lead to a slow elongation rates when attempting to express a heterologous gene

with a codon usage that does not match that of the production host. A common approach to cir-

cumvent this limitation is to recode the gene to align the codon usage of the gene with the codon

preference of the host organism. Several algorithms has been developed for this, including Ge-

neOptimizer288, %MinMax289 and COOL290. Most of the available algorithms are based on the

codon adaptation index (CAI)291, however some them also take factors such as GC content288

and mRNA292 stability into account. Alternative approaches include mimicking the codon opti-

mality of individual codons according to the optimality of the codon in the native organism, in

an attempt to facilitate correct folding of the protein293. Despite the concept of codon optimising

being several decades old, rational prediction of the relative performance of different sequences

still remains illusive294,295. Other approaches such as disrupting mRNA structures by separate

translation events through a bicistronic design (BCD)296 or fusing a poorly translated protein to

the C-terminal of a well translated protein can also be employed to optimise translation297.

Asmentioned, the P3P promoter system used in the papers contains the RNA stabilisation se-

quence from theCryIIIA protein ofB thuringiensis. Themechanismof this sequence is unknown,

however it has been hypothesised to be caused with an additional RBS situated approximately

100 bp upstream from the TSS280. In the cases presented in paper 1, 2, 4, and 5, the R0 RBS from

Guiziou et al. (2016)27 containing the consensus SDwere used. The ProUSERmethod presented

in paper 3 dictates the RBS as it is hardcoded into the vectors. In this case, the RBS contains a

consensus SD followed by a spacer used as cloning overhang for creating promoter-gene fusions.

Paper 2 contains comparisons of native and recoded sequences of several LPMO encoding genes.

The paper both identifies cases where the codon variation increases production tiers, and also

the opposite. Due to the seemingly random nature of codon optimisation, it is often a productive

approach to screen several codon variants besides the native sequence in order to find an optimal

solution.
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3.2.3 Post-translational optimisation

Since the misfolding of proteins follows second order reaction kinetics, misfolding of a small

fraction of a highly expressed protein can lead to a chain reaction causing large fractions of the

protein population to misfold. Minimising misfolding can therefore be a crucial factor to con-

sider in protein production. A common approach to optimise this is co-expression of native

or heterologous chaperones298,299. Since different proteins may require different folding mecha-

nisms or favour interactions with specific chaperones, optimising this is often done on a case-by-

case basis. Furthermore, folding and stability can be enhanced by directly changing the amino

acid sequence of the protein, either by rational or random approaches300, or by fusing the protein

to a highly soluble folding partner301.

Paper 2 both describes the co-expression of chaperones and the use of a ubiquitin solubility

tag for production of LPMOs intracellularly in E. coli.

3.2.4 Translocational optimisation

Optimising secretion is crucial for efficient export of the produced protein, and avoiding the

formation of protein aggregates in the cytoplasm. SPs are relatively easy to predict302, however

the performance of a given SP-protein pair cannot be correlated with any of the metrics gener-

ated by current prediction algorithms303. Furthermore, a signal peptide which leads to effective

secretion of a particular protein does not necessarily have the same outcome when fused to dif-

ferent protein. In practice, this context dependancy means that efforts to find well performing

SP-protein pairs have to be repeated each time a new protein is to be produced. Current best

practices for solving this involve building and screening of small subsets304 or large libraries

consisting of several hundred native or heterologous signal peptides303,305. However, with the

advancement machine learning methods these libraries could be expanded to include libraries

of synthetic sequences, rendering the design space virtually infinite306. Other approaches for op-

timising secretion include over-expression of genes in the secretion machinery307–309 or fusing

the target protein to a highly secreted protein263,310.

The problem of pairing SPs with proteins is addressed several times throughout the papers

presented in this thesis. In paper 2x a subset of four signal peptides are screened for producing
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the LPMOs BatLPMO10 and LsAA9A. In paper 3 a small library of 32 signal peptides is screened

for production of an α-amylase and BatLPMO10, demonstrating the non-transferable nature of

SPs. In paper 4, we attempt to build a high-throughput workflow for building and screening SP

libraries. The cloning method is compatible with oligo libraries and allowed for the construction

of a library consisting of 1117 SP sequences from various Bacillus species. The screeningmethod

is based on NanoLuc® Binary Technology (NanoBiT), and allows for screening of protein titers

in a semi high-throughput manner independently of the native activity of the target protein.

3.2.5 Other approaches

A range of other approaches have been employed to optimise protein production. A classical

approach is knocking out the extracellular proteases produced by B. subtilis. This is the major

features of the WB600311, WB700312, and WB800313 strains, and the more recent KO7 strain

(Zeigler D.R., unpublished). Another approach involves decoupling of growth and production.

This allows for shifting cellular resources from accumulation of biomass to the target product.

This has successfully been employed in E. coli to increase protein production titers314–316, and

also constitute a promising method for B. subtilis. Other approaches include removal of lysis or

sporulation associated genes317,318, reprogramming of central carbonmetabolism319 and general

process optimisation through improvement of media and growth conditions320.

Throughout the papers presented in this thesis, KO7-S (a non-sporulating derivative of KO7)

is employed routinely for protein production tasks. Paper 5 presents the development of several

strategies for achieving growth decoupling in B. subtilis. The strategies includes chemical in-

hibition and CRISPRi-mediated knockdown of essential genes. The media used for high titer

production experiments throughout the papers, is the Cal18-2 media. This media is very rich

and allows for high cell density cultivations, thereby increasing production titers.

Achieving production of a target protein at high titers relies on all of the mechanisms involved

in gene expression to be performing effectively. Thus, optimisation should ideally be performed

in an iterative framework of identifying and alleviate bottlenecks (not unlike the DBTL cycle

discussed in Chapter 2 (Figure 7)). Thus, a high performing strain is most likely the result of

multiple optimisation efforts throughout the gene expression process, combining several of the

mentioned approaches.
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Concluding remarks

The field of Synthetic Biology is in a unique position to develop solutions for the transition into

sustainable practices. This is true for range of issues regarding sustainability, such as health-

care, agriculture, and biodiversity. One such solution is improving the current manufacturing

methods through the implementation of biorefineries, as discussed in this thesis. This has the

potential to overhaul current oil-based manufacturing methods, however significant challenges

still limit their adoption. The biggest challenge is to effectively depolymerise the cellulose found

within lignocellulosic biomass. This is is critical for the utilisation of this type of biomass, and

the problem has yet to be truly solved. However, the recent addition of LPMOs in cellulytic en-

zyme cocktails holds great promise as a viable solution. In order to contribute to the research

and utilisation of LPMOs, we developed a universal cloning and expression platform. The plat-

form allows the user to employ a screening approach to the development of production strains,

which is an effective tool for finding optimal expression strategies and thereby increase produc-

tion titers. Proteins produced using this platformwere used in the development of a colorimetric

LPMO assay, allowing for activity screening of cellulytic LPMOs in a high-throughput manner.

This assay has the potential to facilitate high-throughput screening of both production strains

and enzyme variants in protein engineering applications.

Synthetic Biology is still a relatively young field and has yet to fulfil its true potential. Integrating

concepts from other engineering fields into Synthetic Biology, has the potential to significantly

increase the speed of development within the field. This could pave the way for the broad im-

plementation of bio-based solutions in today’s society, however the immaturity of supporting

technologies is still limiting. One of the concepts used extensively in Synthetic Biology is stan-

dardisation of genetic parts and assembly methods. In order to contribute to this we developed

the ProUSER2.0 standard. This standard allows for highly customisable construction of shut-

tle vectors for Gram-positive bacteria, such as B. subtilis. In the study, the developed vectors

were used to build expression vectors for two industrially relevant proteins, an α-amylase and

an LPMO, and optimise their secretion through screening of a SP library consisting of 32 SPs.

The area of Synthetic Biology regarding protein production aims to generate strains producing
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high amounts of target proteins. The success of these projects, ultimately depends on all of the

mechanisms within gene expression functioning well. Bottlenecks in the process could mean

low production titers, and thereby failed projects. Several methods to avoid and alleviate bottle-

necks have been developed. In order to expand this toolbox we developed twomethods: The first

method allows for optimising secretion of the target protein by building and screening libraries

of signal peptide variants. The build method is compatible with custom oligo libraries, and can

therefore contain hard-to-source or even synthetic sequences. The screening method is ubiqui-

tous and activity independent, and allows for screening protein titers in a semi high-throughput

manner. This method lends itself to automation, and could become a valuable platform in a bio-

foundry setting. The second method redirects the metabolic fluxes from biomass accumulation

to protein production, by decoupling growth and production. This is achieved through chemi-

cal inhibition or CRISPRi-mediated gene knockdown of enzymes/genes within the pyrimidine

biosynthesis pathway. This method has potential to increase protein production titers in aca-

demic as well as industrial contexts.

All of the methods described in the papers should be considered as small contributions to the

greater contexts of Synthetic Biology. Hopefully other researchers will find them useful, and will

enable the construction of strains for sustainable applications in the future.
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METHODOLOGY

Colorimetric LPMO assay with direct 
implication for cellulolytic activity
Søren Brander1, Stine Lausten2, Johan Ø. Ipsen2, Kristoffer B. Falkenberg3, Andreas B. Bertelsen3, 
Morten H. H. Nørholm3, Lars H. Østergaard4 and Katja S. Johansen1* 

Abstract 

Background: Lytic polysaccharide monooxygenases (LPMOs) are important industrial enzymes known for their cata-
lytic degradation of recalcitrant polymers such as cellulose or chitin. Their activity can be measured by lengthy HPLC 
methods, while high-throughput methods are less specific. A fast and specific LPMO assay would simplify screening 
for new or engineered LPMOs and accelerate biochemical characterization.

Results: A novel LPMO activity assay was developed based on the production of the dye phenolphthalein (PHP) 
from its reduced counterpart (rPHP). The colour response of rPHP oxidisation catalysed by the cellulose-specific LPMO 
from Thermoascus aurantiacus (TaAA9A), was found to increase tenfold by adding dehydroascorbate (DHA) as a co-
substrate. The assay using a combination of rPHP and DHA was tested on 12 different metallo-enzymes, but only the 
LPMOs catalysed this reaction. The assay was optimized for characterization of TaAA9A and showed a sensitivity of 
15 nM after 30 min incubation. It followed apparent Michaelis–Menten kinetics with kcat = 0.09  s−1 and KM = 244 µM, 
and the assay was used to confirm stoichiometric copper–enzyme binding and enzyme unfolding at a temperature 
of approximately 60 °C. DHA, glutathione and fructose were found to enhance LPMO oxidation of rPHP and in the 
optimized assay conditions these co-substrates also enabled cellulose degradation.

Conclusions: This novel and specific LPMO assay can be carried out in a convenient microtiter plate format ready for 
high-throughput screening and enzyme characterization. DHA was the best co-substrate tested for oxidation of rPHP 
and this preference appears to be LPMO-specific. The identified co-substrates DHA and fructose are not normally 
considered as LPMO co-substrates but here they are shown to facilitate both oxidation of rPHP and degradation of 
cellulose. This is a rare example of a finding from a high-throughput assay that directly translate into enzyme activity 
on an insoluble substrate. The rPHP-based assay thus expands our understanding of LPMO catalysed reactions and 
has the potential to characterize LPMO activity in industrial settings, where usual co-substrates such as ascorbate and 
oxygen are depleted.

Keywords: Lytic polysaccharide monooxygenase, Enzyme assay, Phenolphthalein, Dehydroascorbate, High 
throughput, Cellulose
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Background
Lytic polysaccharide monooxygenases (LPMOs) break 
down polysaccharides, but they are different from most 
lytic enzymes in the sense that they do not have a sub-
strate-binding groove, tunnel or pocket [1, 2]. Instead, 
LPMOs have a flat, unrestricted binding site that allows 
bulky and insoluble substrates such as crystalline 
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polysaccharides to bind to the active site [3]. The active 
site is defined by a copper ion that is bound by a N-ter-
minal histidine, an internal histidine and the N-terminus 
in a conformation that is known as the copper histidine 
brace [4]. The catalytic mechanisms of LPMOs are still 
the subject of scientific debate. However, it is gener-
ally accepted that LPMO activity requires an electron-
donating co-substrate (also called an electron donor or 
a reducing agent), an electron-accepting co-substrate 
 (O2 or  H2O2), and a copper co-factor to oxygenate and 
thus break the internal glycosidic bonds of polysaccha-
rides [5]. Significantly, LPMOs work in synergy with 
polysaccharide hydrolases and thereby accelerate the 
decomposition of complex biomaterials such as ligno-
cellulose. LPMOs have been shown to degrade isolated 
polysaccharides such as cellulose [6], chitin [7, 8], starch 
[9] and xylan [10] in the presence of electron-donating 
co-substrates such as ascorbate, gallic acid or the liquid 
fraction from hydrothermally pretreated lignocellulose 
[4]. The products are oxidised and un-oxidised poly- and 
oligosaccharides.

Product analysis of LPMO activity on an insoluble 
oligosaccharide substrate is time consuming and often 
requires several hands-on steps and lengthy HPLC pro-
tocols [11]. Mass spectroscopy and gel-based methods 
[4] have also provided evidence for LPMO catalysis of 
glycosidic bonds in recalcitrant polysaccharides. Such 
advanced methods can be left out if very detailed infor-
mation about the product profile is not required. This is 
for instance the case when LPMOs are assayed in com-
bination with cocktails of hydrolytic enzymes for full 
saccharification of lignocellulose [12]. Monosaccharide 
quantification by HPLC, traditional colorimetric reduc-
ing sugar assay [13, 14], or Brix analysis [15] may be 
sufficient in such studies. Production of oxidised poly-
saccharides is a hallmark of LPMO activity and methods 
to specifically quantify these products have been devel-
oped. In one method, the increased nickel affinity of oxi-
dised sugars was used in a colorimetric assay [16] and, 
in another method, these sugars were hydrolysed to the 
monomeric form and quantified by the D-gluconic acid 
assay kit from Megazymes [17].

In the absence of a polysaccharide substrate, LPMOs 
produce  H2O2 in an uncoupled reaction with suit-
able electron donors such as ascorbate [18–20].  H2O2 
can be quantified in a peroxidase-coupled assay with 
Amplex® Red substrate [21]. Reaction progress data can 
be conveniently obtained directly by fluorescence spec-
trophotometry, e.g., in a microtiter plate format. How-
ever, the method is prone to false positives from free 
copper, which produces  H2O2 at a higher turnover fre-
quency (TOF) than LPMO-bound copper [22, 23]. In 
an alternative approach, assays to quantify the intrinsic 

peroxidase-like activity of LPMOs have been developed 
using 2,6-dimethoxyphenol (DMP) [24] or the oxidised 
form of it (hydrocoerulignone) [25] as substrate. These 
are very sensitive and high-throughput assays that can 
be used to compare LPMO containing samples of similar 
composition, e.g., during enzyme purification or for tem-
perature stability tests. However, they require great care 
to prevent unwanted cross-linking and autoxidation reac-
tions to take place. These DMP assays do not correlate 
with the enzymatic activity on polymeric substrates such 
as cellulose. Figure 1a illustrates known LPMO reactions.

Here we describe the development of a simple colori-
metric assay that correlate with lytic activity of LPMOs 
on cellulose. We hypothesized that a good oligosaccha-
ride mimic would have to be organic, hydrophilic, and 
contain a labile hydrogen. Triarylmethanes appeared to 
be good candidates due to their bulk, colour, and their 
central methyl group, where deprotonation is stabilized 
by the three aromatic rings. Reduced phenolphthalein 
(rPHP) is a colourless triarylmethane that is used in 
forensic science to indicate the presence of blood resi-
dues. Trace amounts of haemoglobin in a blood stain 
readily catalyse the oxidation of rPHP in 0.1 M  H2O2 at 
pH 12 to give a strong pink signal within 10  s, in what 
is known as the Kastle–Meyer presumptive blood test 
[26] (see Fig. 1b). In this study, we show that LPMOs can 
oxidise rPHP at neutral pH through a mechanism that 
is enhanced by dehydroascorbate (DHA). The product 
is the well-known pH indicator phenolphthalein (PHP) 
which is quantified in a stable and sensitive enzyme assay.

Results
Initial screening for chromogenic LPMO substrates
Reduced and colourless counterparts of some triaryl-
methane dyes; PHP, fluorescein, phenol red, crystal vio-
let and thymolphthalein, were readily obtained by boiling 
with zinc dust using a protocol similar to the prepara-
tion of the Kastle–Meyer reagent (Fig. S1). Of the tested 
dyes, rPHP showed the best stability against autoxi-
dation, and was thus selected for optimization as an 
LPMO assay substrate. The initial colour screens showed 
slow enzyme-dependent oxidation of rPHP to PHP in 
the absence of ascorbate. The commercially available 
2,7-Dichlorofluorescin diacetate (DCFH-DA) is an exam-
ple of a triarylmethane, where enzyme-dependent oxida-
tion is only slightly faster than autoxidation (Fig. S2).

Figure  2a shows progress curves for the oxidation 
of rPHP to PHP in citrate phosphate buffer at pH 7.25 
catalysed by 300 nM of the cellulose active LPMO from 
Thermoascus aurantiacus (TaAA9A). Under these con-
ditions, the reaction proceeds with a reaction rate of 
0.0029   s−1, which makes for a significant but very slow 
assay. In one experiment, 100 µM ascorbate was included 
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to investigate the potential effect of this known LPMO 
electron-donating compound. Surprisingly, the effect of 
ascorbate was complete inhibition of the rPHP oxidising 
reaction. The disappearance of ascorbate was followed by 
measuring the specific absorption band at 265  nm (Fig. 
S3) and this result is discussed further below. In paral-
lel with the ascorbate experiments, the effect of 100 µM 
DHA on rPHP oxidation by 300 nM TaAA9A was tested. 

The result was an increase in the production of PHP by a 
factor of ten to a reaction rate of 0.030  s−1. The enhancing 
effect stops after 45 min and is followed by a slow phase 
similar to the reaction without DHA. The DHA depend-
ent activity spurred us to further develop rPHP oxidation 
as a convenient spectroscopic LPMO assay.
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Fig. 1 Schematic overview of reagents and products of relevance in the present work. a Illustration of the generally accepted reaction paths for 
cellulose-specific LPMOs. The reaction is preceded by the reduction of the active site copper by an electron donor, here exemplified by ascorbate. 
(i) When no substrate is present, the cuprous LPMO is reoxidised by the electron acceptor  O2 and produces  H2O2 which can be quantified, e.g., 
using the peroxidase-based Amplex® Red fluorescence assay. (ii) When cellulose substrate is present,  O2 or  H2O2 is used as the electron acceptor to 
oxygenate and ultimately cleave the cellulose to produce a mixture of un-, C1- or C4-oxidised sugars of various lengths. Soluble products can be 
separated by HPLC. (iii) In the presence of DMP or the related hydrocoerulignone,  H2O2 is the preferred electron acceptor to oxidise the substrate 
to the colorimetric coerulignone, which can be measured by absorption at 469 nm. b Illustration of the interconversion between PHP and rPHP as 
utilised for the Kastle–Meyer presumptive blood test in forensic science. The Kastle–Meyer reagent is first prepared by reducing PHP with zinc dust, 
and it is then applied to, for instance a textile swab with 0.1 M  H2O2 at pH 12. An immediate pink colour indicates the presence of blood



Page 4 of 13Brander et al. Biotechnol Biofuels           (2021) 14:51 

The specificity of the rPHP enzyme assay
The enhanced rPHP oxidising activity of TaAA9A with 
DHA was surprising and raised the question of whether 
other enzymes react in a similar way. Figure 2b shows 
the rPHP oxidising activity of seven LPMOs, a copper 
chaperone as one negative control, and a his-tagged 
protein as a second negative control. Two laccases 
and horseradish peroxidase were also tested as these 
enzyme classes generally oxidise phenolic compounds, 
as exemplified by their positive response in the DMP 
assay [24], and they are also likely candidates to oxi-
dise rPHP. (See the Materials and methods section for 
details of names and sequence identifiers.) All LPMOs 
tested oxidise rPHP in a DHA dependent reaction. 
However, the DHA-enhancing effect on the two chi-
tinolytic LPMOs SmAA10 and BatAA10 was small. The 
starch specific LPMO AnAA13 stands out with a rela-
tively large rPHP oxidation without DHA. The copper 
chaperone PfCopC binds copper in a histidine brace 
similar to LPMOs, but has been shown not to oxidise 
ascorbate under similar conditions [23]; neither does 
it oxidise rPHP. His-tags for protein purification bind 
copper with  KD < 1 nM [27] and might give rise to false 
positives in a redox assay. MYB28 is a non-enzymatic 
protein that was expressed and purified with a his-tag 
and, as expected, it did not oxidise rPHP. The laccases 
(CotA) and (MtL) as well as horseradish peroxidase 
(HrP) did oxidise rPHP; however, the rPHP oxidising 

activity of these enzymes was not enhanced by DHA. 
Under the conditions investigated, the DHA-dependent 
oxidation of rPHP to PHP appears to be LPMO specific.

Effect of pH and buffer on rPHP oxidising activity 
of TaAA9A
Several buffer compositions; ethylmorpholine, MOPS, 
citrate, phosphate, citrate–phosphate and citrate–phos-
phate-borate were tested to investigate potential buffer 
effects and to determine the optimum pH for the assay 
(Fig. S4a, b). The response of the assay increased mono-
tonically with pH and we decided to continue develop-
ment of the LPMO assay using citrate–phosphate buffer 
at pH 7.25. This condition showed good assay response 
and stability. The effect of ionic strength was tested by 
addition of NaCl in range of concentration 0–2  M. The 
assay response is unchanged in the 0–0.1 M range after 
which it starts to decline (Fig. S4c). Similarly, the assay 
response is stable to changes in the buffer concentration 
(Fig. S4d).

Dose response of assay components
First, the concentration of TaAA9A was determined by 
quantitative amino acid. This method is time-consuming 
but reputable and precise. In this case, the enzyme con-
centration calculated from tryptophan absorption values 
at 280  nm was 30% higher than this quantitative HPLC 
method. The assay activities of Cu-TaAA9A samples at 
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various ratios between copper and enzyme were tested 
and showed a titration point at stoichiometric loading 
(Fig.  3a). This observation confirms that the catalysed 
reaction is dependent on the copper at the copper-histi-
dine brace and it also indicates a stable assay that is not 
significantly affected by free copper. Ethylenediaminetet-
raacetic acid (EDTA) and bicinchoninic acid (BCA) have 
very high binding affinities for copper, but the addition of 
100 µM of either chelator did not interfere with the assay 
at all (Fig. S5a). This is in agreement with the previously 
reported copper binding affinity of TaAA9A with  kD < 1 
pM [4].

The assay response was linear with Cu-TaAA9A con-
centration up to 300  nM. At higher concentrations of 

enzyme another assay component becomes limiting 
(Fig. 3b). The insert in Fig. 3b shows the raw assay read-
ings from 16 independently prepared samples at either 
0  nM or 15  nM together with σ = 1.645 demarcations 
that correspond to 90% of their populations in a nor-
mal distributed sample set. The two populations do not 
overlap and thus set the sensitivity of the assay to 15 nM 
Cu-TaAA9A with 5% of samples expected to be false neg-
atives. Breslmayr et al. also used this criterion to define 
the lower limit of detection in the DMP assay [24, 25]. In 
combination, the two limits show that the rPHP assay is 
sensitive and linear in the range of 15–300 nM TaAA9A. 
In an attempt to prolong the fast phase of the rPHP oxi-
dation, we turned to investigate dose–response of DHA 
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on rPHP oxidation. Oxidation of rPHP, by 300  nM 
TaAA9A in 30  min, at various DHA concentrations is 
shown in Fig. 3c. The assay response increases with DHA 
concentration until it reaches a plateau between 50 and 
250 µM after which the response starts to decrease. The 
non-monotonic dependency on DHA complicates kinetic 
analysis as it is uncertain whether DHA is saturated in the 
assay; however, a traditional Michaelis–Menten kinetic 
analysis was attempted by varying the concentration of 
rPHP at a constant concentration of 100 µM DHA. The 
concentration of rPHP was determined from a standard 
curve of PHP solutions in reaction conditions, and the 
reaction rates interpolated from single point measure-
ments (Fig. S6). The assay output fits well to the model 
with  KM = 244 µM and  kcat = 0.09  s−1 as shown in Fig. 3d.

The temperature profile of rPHP oxidation can be used 
to identify new LPMO co‑substrates
Having established that the rPHP assay is a sensitive and 
specific LPMO assay, we wanted to investigate if it is also 
indicative of activities relevant to the industrial applica-
tion of these enzymes. Figure  4a shows the results of a 
slightly modified assay in which the samples were incu-
bated in a thermocycler with a gradient of temperatures 
in the range 40–80  °C for just 10 min. The temperature 
profile of the rPHP reaction showed an optimum at 
60 °C, which is close to the reported melting temperature 
of TaAA9A of 62°C [22]. This assay is clearly depend-
ent on the thermal stability of the enzyme. Using this 

version of the assay, we tested a few other compounds 
with potential to enhance oxidation of rPHP by TaAA9A 
instead of DHA. Ascorbate quenched the assay at all tem-
peratures, while the milder reductant glutathione (GSH) 
enhanced rPHP oxidation at all temperatures. Glucose 
did not affect the assay response (data not shown). How-
ever, fructose, another monosaccharide, did enhance the 
oxidation of rPHP by TaAA9A at temperatures higher 
than 40  °C. All monosaccharides are reducing in, e.g., 
Fehling copper solution in highly alkaline conditions, but 
at circumneutral pH fructose is the better reductant [28]. 
In this aspect, ascorbate, GSH and fructose exhibit differ-
ent behaviour as reductants and the temperature profiles 
provides a visual tool to inspect these differences that are 
not apparent from just measurements at 40 °C. The rela-
tively wide temperature profile can be explained by the 
reported ability of TaAA9A to refold after heat treatment 
[22].

Degradation of cellulose by TaAA9A in the rPHP assay 
conditions
The enhanced rPHP oxidation with DHA and inhibi-
tion hereof with ascorbate is in contrast to the expected 
effects in a cellulose degradation experiment. In the 
light of this discrepancy, we moved to investigate how 
the rPHP assay conditions affected degradation of phos-
phoric acid swollen cellulose (PASC). Figure  4b shows 
the high-performance anion-exchange chromatography 
(HPAEC) chromatograms of saccharide products after 
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degradation of 0.4% PASC by 0.75  µM TaAA9A incu-
bated at pH 7.25 with GSH, DHA, or ascorbate for 1  h 
and fructose for 23  h. Ascorbate and GSH enabled the 
degradation of cellulose as shown by a pattern of both 
unoxidised and oxidised oligomeric products. Fructose 
and DHA were also able to facilitate cleavage of cellulose 
by TaAA9A, albeit at a relatively low rate. Another series 
of experiments showed that DHA enable cellulose cleav-
age at pH > 5 and fructose at pH > 7 (Fig. S7).

The role of oxygen and  H2O2 in DHA‑enhanced oxidation 
by TaAA9A
The effect of varying the concentration of  O2 or  H2O2 
on rPHP oxidation was also tested. For this experiment, 
the TaAA9A catalysed oxidation of rPHP was studied 
in a combination of conditions with and without ascor-
bate, DHA,  O2, and  H2O2 (Fig.  5a). A small increase in 
the DHA-dependent rPHP oxidation was seen when add-
ing  H2O2, while ascorbate stop the oxidation both with 
and without  H2O2. Surprisingly, the rPHP oxidation with 
DHA was equally efficient when carried out in an anaero-
bic glovebox or in normal atmosphere. This is in contrast 
to the  O2 limited oxidation of ascorbate by TaAA9A as 
demonstrated by a linear relationship between  O2 con-
centrations at rate of ascorbate oxidation (Fig. S8). The 
effect of these conditions on TaAA9A degradation of 
PASC was then tested. Samples with 0.4% PASC, 0.75 µM 
TaAA9A, and 1  mM ascorbate or 1  mM DHA, were 
prepared in strict anaerobic conditions. Samples were 
split in two, one part was taken out of the glovebox and 
incubated in normal atmosphere, and the other incu-
bated anaerobically at 50  °C for 23  h. Figure  5b shows 
the HPAEC data for the PASC degradation in normal 

atmosphere , and samples with ascorbate or DHA as co-
substrates produce similar degradation profiles. A clear 
set of peaks corresponding to not-oxidised products are 
seen. Also, the two-times oxidised sugars are prominent 
products, while C4 oxidised products are hardly detect-
able. The HPAEC chromatograms for the anaerobic con-
dition (Fig.  5c), show only small amounts of products 
with ascorbate as co-substrate. However, the sample with 
DHA as co-substrate produced roughly 50% not-oxidised 
products compared to the aerobic condition but no 
C4-oxidised and two-times oxidised products.

The role of ascorbate and DHA in rPHP oxidation 
by TaAA9A
The distinct absorption at 265  nm by ascorbate can be 
used to quantify the concentration of ascorbate in solu-
tion. The absorbance at this wavelength was followed 
during the incubation of rPHP reaction mixtures until 
the addition of the stop buffer to the samples described 
in Fig. 2a. Under these conditions, it took about 10 min 
for the 100 µM ascorbate to be completely oxidised (Fig. 
S3a). This is probably the result of the uncoupled reaction 
of TaAA9A with ascorbate and  O2 to produce  H2O2 and 
DHA [23]. Thus, a general antioxidant effect of ascorbate 
appears to be inconsistent with the complete inhibition 
of rPHP oxidation for at least 120 min by ascorbate. Both 
the slow and fast phase of the reaction were inhibited and 
the most plausible explanation is that TaAA9A was mod-
ified. Indeed, ascorbate appeared to result in degradation 
of TaAA9A as shown by SDS PAGE (Fig. S3b).
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Discussion
The rPHP assay is a fast and sensitive method
The product of this assay is the well-known pH indica-
tor PHP, and the enzyme activity can be quantified after 
only 30 min of incubation by measuring the absorption at 
552 nm. The assay is highly sensitive and reliably detects 
levels of TaAA9A down to 15  nM. The rPHP substrate 
used is very stable in solution and can tolerate heat and 
extreme pH, which is a crucial factor in the making of a 
robust assay. Another important factor is that presence of 
free copper does not affect the assay output. This allows 
determination of, not only the LPMO activity and stabil-
ity, but also the relative enzyme copper loading and the 
concentration of active LPMO.

Kinetic parameters for rPHP oxidation by TaAA9A
We have shown that rPHP is a substrate for LPMOs 
from families AA9, AA10, and AA13. The kinetic con-
stants were determined for TaAA9A and the calculated 
 kcat of 0.09   s−1 is similar to the TOF of ascorbate oxida-
tion (0.14   s−1) reported for this enzyme [23]. It is like-
wise very similar to the  kcat for the cleavage of glucosidic 
bonds by another fungal LPMO, namely LsAA9A [1]. The 
maximum oxidation rate of rPHP by TaAA9A thus pro-
gresses at a rate similar to the oxidation of other known 
substrates. The apparent  KM of 244 µM for the rPHP sub-
strate exceeds the fixed concentration of the co-substrate 
DHA, and may, therefore, not reflect the actual bind-
ing affinity. A similar problem was encountered in the 
peroxidase-like assays described by Breslmayr et al. [24, 
25], where they were unable to saturate the reaction with 
 H2O2. At 100  µM  H2O2 they reported  KM in the range 
3.6–100 mM for hydrocoerulignone or DMP substrates. 
Comparison of apparent  KM values suggests that rPHP is 
a better-matching substrate. Values of  kcat around 0.1  s−1 
are much lower than the 10  s−1 reported for cleavage of 
glucosidic bonds when using  H2O2 as that co-substrate 
[29]. The addition of  H2O2 to the rPHP assay mixture 
under ambient conditions increased the amount of PHP 
produced in 30 min, but only by about 20%. Anoxic con-
ditions do not seem to have any effect on the oxidation of 
rPHP by TaAA9A. In fact, neither  O2 nor  H2O2 appear 
to be essential for the reaction when DHA is used as the 
co-substrate.

rPHP assay informs on the cellulolytic activity of LPMOs
Surprisingly, the rPHP assay does not work with the com-
monly used electron-donating co-substrate ascorbate, 
which is otherwise known to reliably promote LPMO 
degradation of cellulose. This can be explained by insta-
bility of TaAA9A towards ascorbate under the given 
conditions. However, the oxidation of rPHP is instead 
enhanced by DHA, which is a product of ascorbate 

oxidation. DHA will thus be readily available in cellulose 
assays in which ascorbate is co-substrate. In the light of 
the new-found reactivity with LPMO, we investigated 
whether DHA could also promote cellulose degradation. 
It was found that DHA is a reasonable co-substrate for 
cellulose cleavage by TaAA9A acting on both cellulose 
and rPHP substrate with similar pH profiles. In addi-
tion, DHA was able to promote cellulose degradation in 
anaerobic conditions, while ascorbate was unable. This 
could have a profound impact on how cellulose assays 
are interpreted in the future. It appears that the DHA-
dependent rPHP activity is more than simply a side activ-
ity, but actually infers understanding of how the enzyme 
behaves on the complex cellulose substrate. Interestingly, 
the anaerobic cellulose degradation with DHA produced 
a HPAEC profile with hardly any peaks from oxidised 
sugars.

LPMO specific assay
A total of 12 different enzymes were tested in the rPHP 
assay, and only the seven LPMOs showed increased 
activity when co-incubated with DHA. The rPHP assay, 
therefore, has the potential to be an LPMO-specific activ-
ity test. A distinction was seen between AA9, AA10, and 
AA13 LPMOs, where the cellulose specific fungal AA9 
LPMOs showed the highest activity. This may reflect an 
intrinsic higher activity of these enzymes, but can also be 
the result of the assay being optimized for TaAA9A. The 
two LPMOs with the least assay response was SmAA10 
and BatAA10, two chitin active bacterial LPMOs. This 
difference in assay response may reflect a better binding 
of rPHP to cellulose or starch active LPMOs. Another 
structural difference that can explain the smaller DHA-
effect by SmAA10 and BatAA10 is found at the copper 
binding site. Copper in the chitinolytic LPMOs has a 
phenylalanine ligand in the distal position, while the rest 
of the tested LPMOs have a tyrosine. It is possible that 
the tyrosine sidechain enables an internal electron path-
way to a co-substrate site, where, e.g., DHA can bind.

To further validate the rPHP assay as an alternative to 
cellulose assay, we investigated the surprising observation 
that fructose also enhanced the rPHP oxidising activity of 
TaAA9A, albeit at a concentration ten times higher than 
DHA. The use of fructose as co-substrate in the cellulose 
assay resulted in oligosaccharide under similar conditions 
given by the rPHP assay. The two assays both showed that 
fructose-driven LPMO activity required a pH higher than 
7 to provide a significant product yield, while the effect of 
DHA started at pH higher than 5. The fact that we could 
use the rPHP assay to identify new activity conditions for 
TaAA9A, and then successfully use the same parameters 
in a cellulose degradation assay, shows that the rPHP 
assay has the potential to expand our understanding of 
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the primary activity of LPMOs and not only their side 
activities.

rPHP is a cellulose mimic
rPHP was initially chosen for investigation as a poten-
tial LPMO substrate, because it can mimic the chemi-
cal principles of LPMO cleavage of glucosidic bonds. 
Specifically, rPHP is a large flat molecule with a central 
weak C-H bond from which an LPMO might abstract 
the hydrogen in what resembles the initial attack on 
cellulose. The observed similarity between rPHP and 
cellulose as LPMO substrates indicates that such a 
mimicry is reasonable. Figure  6 outlines a hypotheti-
cal reaction path for LPMO oxidation of rPHP together 
with a simplified reaction path for cellulose degrada-
tion that show how the two reactions can be explained 
by similar mechanisms. DHA is a somewhat unstable 
compound and it is possible that one of the degrada-
tion products is the actual compound that reacts with 
LPMO [30]. Further investigations are needed to char-
acterize the role of DHA, but in principle it can pro-
vide both electron donors and acceptors. The rPHP 
assay represents new enzymatic activity without prior 
description, but in preparation of this manuscript, we 
discovered the work by Kalinich et al. who reports how 
gamma rays induce oxidation of the E-vitamin mimic 
Trolox that subsequently goes on to abstract a hydro-
gen from 2,7-dichlorofluorescin diacetate (DCFH-DA) 
and ultimately oxidise it [31]. Their system resembles 
the rPHP assay with DCFH-DA being a reduced triaryl 

methane similar to rPHP and the oxidised Trolox being 
a counterpart to DHA. Indeed, we found that DCFH-
DA is also a substrate of TaAA9A in the presence of 
DHA (Fig. S2) Their work supports the rPHP assay 
hydrogen abstraction mechanism but it clearly war-
rants further investigation.

The DHA‑dependent LPMO activity is industrially relevant
The finding that LPMOs have different activities on 
ascorbate and DHA has more applied implications. 
When loading an LPMO with copper in the labora-
tory, it is easy to (accidentally or intentionally) overload 
the enzyme resulting in extra solvated copper. This is 
problematic in otherwise well-defined assays that use 
ascorbate as co-substrate. This is because ascorbate will 
readily react with free copper and  O2 to produce DHA, 
 H2O2, and several derived compounds [32]. This makes 
for a highly unpredictable composition of reagents in the 
assay. The DHA-enhanced oxidation of rPHP does not 
suffer from such complications.

Industrially relevant enzymatic saccharification stud-
ies indicate that LPMOs improve the monosaccharide 
yield even after days of incubation [12, 33]. These stud-
ies also showed that the content of dissolved  O2 in the 
reaction mixture must be tightly controlled. The DHA-
dependent LPMO activity points to a relatively slow but 
sustained LPMO reactivity that is not limited by the 
content of dissolved  O2 or the activated oxygen species 
 H2O2.  (H2O2 has attracted much attention as an alter-
native LPMO co-substrate, but its expected lifetime in a 
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complex reaction mixture is short, and its applicability as 
a co-substrate in a biomass reactor is debated [34, 35]). 
It is possible that other oxidised compounds than DHA 
have a similar effect on LPMO activity and thus enable 
prolonged LPMO activity. In a biomass reactor the co-
substrates that enable LPMOs are derived from lignin 
and the existence of oxidised lignin compounds that acti-
vate LPMOs have been hinted at in the literature. For 
example, laccases and phenol oxidases can oxidise lignin 
monomers and enhance the LPMO catalysed degrada-
tion of cellulose in reactions taking place over 1–3 days 
[36, 37]. Another line of studies suggests that small lignin 
compounds enable LPMO activity by mediating electron 
transfer from bulk lignin [38]. However, the redox poten-
tials of different lignin fractions and LPMOs were later 
measured [39] and the formal values imply that the sug-
gested reversible electron transfer mechanism would run 
in reverse and produce oxidised lignin compounds with-
out reducing the LPMO. It may well be, that the relatively 
slow LPMO activity, show-cased by rPHP oxidation, is 
a good proxy for LPMO reactions relevant to industrial 
settings.

Conclusion
The LPMO assay described in this paper is reliable and 
high-throughput ready. The assay is based on the oxida-
tion of rPHP to form the pink PHP dye, and the activity 
can be measured after 30 min of incubation. The assay is 
sensitive to 15 nM LPMO but insensitive to free copper, 
making it a useful tool for comparing LPMO samples and 
determining copper loading profiles and in situ tempera-
ture profiles.

The assay uses DHA as a co-substrate to specifically 
enhance oxidation of rPHP by LPMOs. This DHA-
dependent effect was observed for cellulose and starch 
degrading LPMOs from families AA9, AA10 and AA13, 
while the two chitinolytic AA10s tested showed limited 
DHA-enhancement of PHP production.

The assay was used to identify DHA and fructose as 
co-substrates for LPMO activity, and the identified con-
ditions were transferable to also induce activity with cel-
lulose as the substrate. In this aspect, the rPHP assay is a 
rare example of a secondary activity assay that can pro-
vide information on the primary activity.

This rPHP-based assay also suggests that LPMOs can 
function as catalysts even at very low concentrations of 
 O2 or  H2O2 co-substrates. This is interesting as LPMOs 
are used commercially in reactions that proceed over 
several days, where such reactants may rapidly become 
depleted. The LPMO assay thus has the potential to char-
acterise this slower LPMO activity, which is relevant in 
industrial settings.

Methods
Materials and enzymes
All chemicals were of the highest purity grade avail-
able and purchased from Sigma-Aldrich (Saint Louis, 
USA), unless otherwise stated. Glacial acetic acid, hydro-
gen peroxide and fructose were purchased from Merck 
(Darmstadt, Germany).

LPMOs from Thermoascus aurantiacus (TaAA9A), 
UniProtKB: G3XAP7, Thermothielavioides terrestris 
(TtAA9), UniProtKB: D0VWZ9, Lentinus similis 
(LsAA9A), UniProtKB: A0A0S2GKZ1, Aspergillus nidu-
lans (AnAA13), UniProtKB: Q5B1W7, as well as the 
laccase from Myceliophthora thermophila (MtL), Uni-
ProtKB: G2QFD0 were kind gifts from Novozymes A/S 
(Bagsværd, Denmark). LPMOs from Bacillus atrophaeus 
(BatAA10), UniProtKB: A0A0H3E2X6, Serratia marces-
cens (SmAA10), UniProtKB: O83009, Thermobifida fusca 
(TfAA10A), UniprotKB: Q47QG3 were expressed using 
the “LyGo” platform as previously described [40]. Cop-
per chaperone from Pseudomonas fluorescens (PfCopC), 
UniProtKB: A0A0D0TME7 [23] and laccase from Bacil-
lus subtilis (CotA), UniProtKB: H8WGE7 [41] were 
expressed heterologously in Escherichia coli as previously 
described. All enzymes were purified to homogeneity 
before use. Horseradish peroxidase (HrP) was purchased 
from Sigma-Aldrich and used without further purifica-
tion. LPMO concentrations were quantified after acid 
hydrolysis and separation of individual amino acids by 
ion-exchange chromatography [42].

A stock solution of rPHP was created by reducing PHP 
with zinc dust. For this, 1 g PHP, 4 g zinc dust, and 2.6 g 
NaOH were suspended in 200  mL water and boiled for 
20  h with reflux. The rPHP solution was neutralized 
with 4 mL glacial acetic acid and boiled for another 2 h. 
The solution was brought to room temperature and zinc 
oxide was removed by decanting the rPHP solution into 
a new flask. Some fresh zinc dust was added to the rPHP 
and it was stored at 4  °C for over a year without loss of 
activity. The rPHP concentration was determined to be 
16 mM by first oxidising a 1.25% solution to completion 
by HrP and comparing absorption at 552 nm to a stand-
ard curve for PHP (Fig. S6).

rPHP is commercially available under the trivial name 
phenolphthalin and we purchased a vial from Glentham 
Life Sciences (Corsham, UK). Activity of this commercial 
rPHP was similar to what we observed for the in-house 
prepared compound, although the assay response was 
lower.

LPMO activity assay protocol
The rPHP assay went through several stages of optimiza-
tion. However, during the preparation of this manuscript, 
the experiments were repeated using the optimized assay 
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conditions: triplicates of 200 µL of 0.3 µM Cu-TaAA9A, 
200  µM rPHP, 25  mM citrate–phosphate buffer at pH 
7.25 and 100  µM DHA were incubated in a microtiter 
plate well for 30 min at 40  °C with shaking at 450  rpm. 
The assay colour was developed by adding 50 µL 1  M 
 Na2CO3 at pH 10.3, and the absorption measured at 
a wavelength of 552  nm on a BioTek Synergy H1 plate 
reader. The components were combined in parts of 50 µL 
from fourfold concentrated stocks. Prior to the experi-
ments the LPMOs stocks were incubated over night at 
4  °C with stoichiometric amounts of  CuCl2. This opti-
mized assay condition was used as the core setup on 
which further characterisation of the assay was carried 
out by altering one or two parameters as described in the 
text. Some of the conditions needs further elaboration.

Progress curve
The rPHP assay is discontinuous and the progress curves 
were measured by starting a series of technical replicate 
reactions and stopping them at different timepoints. 
These samples were not incubated in a thermomixer but 
rather inside the plate reader (preheated to 40  °C). At 
pre-programmed timepoints, the plate reader measured 
the ascorbate absorption at 265 nm before injection of 50 
µL 1 M  Na2CO3 to specified wells, shook the plate for 4 s 
and read the PHP absorption at 552 nm.

Lower limit of detection
The lower limit of assay sensitivity was determined by 
analysis of 16 independently prepared samples. In prac-
tice, four assay plates were set up over the course of 2 
days, each plate with four samples containing 0, 10 or 
15  nM TaAA9A. Each sample was copper loaded indi-
vidually and all pipetting carried out using a single chan-
nel pipette. Fresh stock of DHA was used for each plate. 
Standard deviations at σ = 1.645 were calculated using 
the STDEV function in Microsoft Excel 2016.

Michaelis–Menten kinetics
rPHP concentrations were varied and the resulting assay 
measurement used in kinetic analysis using the Michae-
lis–Menten model: v = E0 × kcat [rPHP]/(KM + [rPHP]), 
where v is the rate of PHP formation and  E0 the enzyme 
concentration. rPHP oxidation was assumed to be linear 
with time for all concentrations of rPHP and the conver-
sion factor v =  A552/(1.6 ×  10–2 µM−1 × 30 min) was used 
(Fig. S6).

Temperature optimum and enzyme stability
For the determination of the temperature profile of 
TaAA9A in the assay, the assay was scaled down to 100 µL 
and mixed in a PCR tube. The reactions were incubated 
in a thermocycler with temperature gradient capability 

in three runs: 40–60  °C, 50–70  °C, and 60–80  °C. After 
10  min incubation, the tubes were put on ice and the 
reaction stopped with 25 µL 1 M  Na2CO3. The samples 
were withdrawn from the PCR tubes and transferred to 
a low-volume microtiter plate for absorption measure-
ments. Data showed that there was a significant edge 
effect from the thermocycler gradient and the outer data 
points were omitted giving a total of 30 data points in 
each series.

Cellulose degradation
Duplicate mixtures of 0.75 µM Cu-TaAA9A, 0.4% PASC, 
25  mM citrate phosphate buffer at pH 7.25 and various 
co-substrates (total 200 µL) were incubated at 50 °C with 
shaking at 850  rpm. The co-substrates ascorbate, DHA, 
glutathione, and fructose were added at concentrations 
of 1  mM, and the reaction mixtures were incubated for 
1 h or 23 h. After incubation, the reactions were stopped 
by the addition of 50 µL 0.5  M NaOH and then passed 
through a 0.45  µm filter. The released saccharides were 
analysed by HPAEC on an ICS 5000 equipped with a 
PAD detector (Dionex, Sunnyvale, CA, USA) and a Car-
boPac PA1 column. Chromatography was carried out fol-
lowing the method of Westereng et  al. [11]. Briefly, the 
saccharides were eluted in 0.1 M NaOH with a non-line-
arly increasing amount NaOAc.

Anaerobic experiments
rPHP and cellulose assays were investigated in anaerobic 
environment. In preparation of the experiments, buffer, 
substrates, enzyme and stop solutions were placed with 
mild agitation in a rigid acrylic glovebox (Belle Technol-
ogy UK Ltd) and the box was purged with  N2 gas for at 
least 1 day. On the day of experiment, DHA and ascorbic 
acid were dissolved in the already purged buffer. During 
the experiments, the build-in oxygen meter showed val-
ues of 20–40 ppm  O2.

Detailed rPHP assay protocol
Step 1: Prepare an assay buffer: Dissolve 6  g 
 Na2HPO4-7⋅H2O in 200 mL milliQ water and add citric 
acid to pH 7.25. Prepare a 800  µM rPHP solution. Pre-
pare a 40  mM DHA solution (43.5  mg in 5  mL milliQ 
water) and dilute to 400  µM. Remaining DHA can be 
aliquoted and stored frozen. Prepare a stop solution: Dis-
solve 5.25 g  Na2CO3 and 4.2 g  NaHCO3 in 100 mL milliQ 
water and check that the pH is 10.3.

Step 2: Prepare enzyme solution: Equal volumes of 
2.4  µM apo-enzyme and 2.4  µM  CuCl2 are mixed and 
incubated overnight at 4 °C.

Step 3: Prepare an assay mix by combining equal vol-
umes of assay buffer, rPHP solution, and DHA solution. 
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In a microtiter plate, add 50 µL of LPMO sample to each 
well in a microtiter plate, and initiate the assay with 150 
µL of the assay mix. Incubate the plate at 40 °C for 30 min 
while shaking at 450 rpm.

Step 4: Add 50 µL of stop buffer to each well and a pink 
colour will appear. Measure the absorption at 552  nm 
shortly after.
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5 ABSTRACT: Environmentally friendly sources of energy and chemicals are essential constituents of a sustainable society. An
6 important step toward this goal is the utilization of biomass to supply building blocks for future biore!neries. Lytic polysaccharide
7 monooxygenases (LPMOs) are enzymes that play a critical role in breaking the chemical bonds in the most abundant polymers
8 found in recalcitrant biomass, such as cellulose and chitin. To use them in industrial processes they need to be produced in high
9 titers in cell factories. Predicting optimal strategies for producing LPMOs is often nontrivial, and methods allowing for screening
10 several strategies simultaneously are therefore needed. Here, we present a standardized platform for cloning LPMOs. The platform
11 allows users to combine gene fragments with 14 di"erent expression vectors in a simple 15 min reaction, thus enabling rapid
12 exploration of several gene contexts, hosts, and expression strategies in parallel. The open-source LyGo platform is accompanied by
13 easy-to-follow online protocols for both cloning and expression. As a demonstration of its utility, we explore di"erent strategies for
14 expressing several di"erent LPMOs in Escherichia coli, Bacillus subtilis, and Komagataella phaf f ii.
15 KEYWORDS: protein production, expression vector, cloning, lytic polysaccharide monooxygenase, LPMO

16 ! INTRODUCTION
17 Lytic polysaccharide monooxygenases (LPMOs) are carbohy-
18 drate active enzymes that oxidize glycosidic bonds in recalcitrant
19 biopolymers, such as chitin and cellulose.1!3 Owing to the
20 chemistry and architecture of the substrate binding surface,
21 LPMOs generally act more readily on crystalline substrates
22 compared to glycoside hydrolases (GHs).1,4 LPMO-induced
23 cleavage weakens the structure of the biomass and facilitates
24 attack by other enzymes in a cascading mechanism.5,6

25 Consequently, the addition of LPMOs has been shown to
26 increase the sacchari!cation e#ciency of commercially available
27 cellulose cocktails.3,7 Furthermore, LPMOs and LPMO-like
28 proteins are involved in the virulence of plant8 and animal
29 (including human) pathogens.9 These factors make LPMOs
30 highly interesting from both an industrial and academic
31 perspective.
32 Heterologous expression is essential for characterization and
33 industrial production of LPMOs, and they have been produced
34 in a range of organisms.10 However, multiple expression
35 strategies are rarely explored or compared and previous e"orts

36to standardize cloning into expression vectors in the LPMO !eld
37have been limited.11 Ideally, a comprehensive strategy enables
38simultaneous exploration of several strategies including, for
39example, di"erent production hosts, gene sequence variants,
40signal peptides for secretion or localization within the hosts, and
41solubility- and a#nity tags, etc. Such a work$ow would bene!t
42from a simple standardized DNA editing approach and a diverse
43and accessible vector collection, which in addition would
44facilitate collaborations, automation, and data comparison.
45Here, we describe an open-source platform, called “LyGo”
46(lytic polysaccharide monooxygenase golden gate cloning). The
47platform includes functionally validated expression vectors for
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48 three widely used protein production host: Escherichia coli,
49 Bacillus subtilis, and Komagataella phaf f ii (formerly known as
50 Pichia pastoris), and is accompanied by easy-to-follow online
51 protocols for cloning and expression in each of the organisms. It
52 is our hope that the community will embrace, share, and expand
53 the collection in the future. To demonstrate how the LyGo

54platform can be utilized, we explore a variety of expression
55strategies in the three production hosts. In all cases, the
56expression strategies show signi!cant di"erences in perform-
57ance, thus underlining why this type of synthetic biology
58resource is useful for improving production yields and for
59enabling sustainable biotech.

Figure 1. Schematic overview of LyGo. (A) In the LyGo cloning procedure, LyGo fragment and vector are mixed with SapI restriction enzyme and T4
ligase, then digested and ligated in a 15min reaction, and subsequently transformed into a ccdB sensitive E. coli strain. This way, undigested or religated
products are eliminated by ccdB counter selection. The assembly method allows for simultaneous assembly into many expression vectors, and thereby
facilitates exploration of multiple expression strategies in parallel. SapI recognition sites (orange), conserved histidine- (green), and stop codons (red)
are shown in the LyGo-fragment, -cassette, and -vector. (B) An overview of the current collection consisting of 14 LyGo vectors for E. coli, B. subtilis,
and K. phaf f ii.
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60 ! RESULTS
61 LyGo Cloning Enables E!cient and Scarless Assembly
62 of Expression Vectors. Inspired by Golden Gate cloning12

63 and the Electra Vector System (ATUM, Newark, CA, USA), the
64 LyGo platform utilizes the type IIS restriction endonuclease
65 SapI to generate compatible DNA fragments. Because SapI cuts

66outside its recognition sequence, this allows for scarless
67assembly of DNA fragments containing LPMO-coding
68sequences (called “LyGo fragments”) into compatible ex-
69 f1pression vectors (called “LyGo vectors”, Figure 1). SapI-
70treatment of a LyGo fragment creates three-nucleotide single
71stranded overhangs corresponding to the codon of the N-

Figure 2. LPMO production using the LyGo platform. (A) Titers from cytoplasmic expression of four di"erent LPMOs in E. coli BL21(DE3) and the
SHu%e strain. (B) Titers from periplasmic expressions of BatLPMO10, TfLPMO10A, and ScLPMO10B in E. coli with a range of di"erent signal
peptides. (C) Titers and activity from periplasmic expression of LsAA9Awith di"erent signal peptides. (D) Activity of the surface displayed LsAA9A of
E. coli using the C-terminal construct (pLyGo-Ec-7) in liquid culture (left) and directly on LB agar plates using AZCL-HEC as a substrate (right). (E)
Activity and detection of LPMOs expressed on the surface and subsequently cleaved o" the surface of E. coli using the N-terminal construct (pLyGo-
Ec-8). Activity of the cleaved LsAA9A analyzed by the AZCL-HEC assay (left) and detection of His6-tagged ScLPMO10B by Western blot using an
anti-His tag antibody (right). TEV protease was titrated in to release the surface displayed protein. (F) Titers of BatLPMO10 variants encoding the
native sequence and a codon variant secreted from B. subtilis. (G) Activity of LsAA9A variants encoding the native sequence and a codon variant
secreted fromB. subtilis. A representativeWestern-blot of each variant is shown below. (H)Titers and activity of LsAA9A encoding the native sequence
and a codon variant in the Mut+ and MutS phenotypes secreted from K. phaf f ii. The densitometry analyses were performed by InstantBlue stained
protein bands on an SDS-PAGE gel from biological duplicates. A representative gel picture is shown for each case; the raw data are shown in Figures S3,
and S5 to S10. The molecular weights of the proteins are 19.6 kDa for BatLPMO10, 21.3 kDa for TfLPMO10A, 20.7 kDa for ScLPMO10B, and 25.2
kDa for LsAA9A. EV = empty vector, N.D. = not determined.
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72 terminal histidine (essential for the activity of LPMOs13) and a
73 stop codon in the 3! end. LyGo vectors contain a cloning
74 cassette harboring a ccdB counter selection marker14 $anked by
75 SapI recognition sites (called a “LyGo cassette”). Upon SapI
76 digestion, the LyGo cassette is released from a LyGo vector,
77 leaving single stranded overhangs complementary to the
78 digested LyGo fragments (Supporting Information, Figure
79 1A). This design ensures that any LPMO gene-of-interest,
80 upon treatment with SapI and T4 ligase, can replace the cloning
81 cassette without leaving cloning scars in the !nal vector. When a
82 LyGo vector is combined with a LyGo fragment the SapI
83 recognition sites are eliminated, and in vitro the correct assembly
84 reaction is therefore favored over religation of the LyGo cassette.
85 Should any background vectors persist, the resulting trans-
86 formants are selected against in vivo by the presence of the ccdB
87 gene (Figure S1B,C).
88 Digestion and ligation are performed in a one-pot reaction at
89 room temperature and can be completed in 15 min with
90 assembly e#ciencies ranging from 60 to 100% (Figure S1D),
91 and positive clones are easily identi!ed, for example, by colony
92 PCR. The assembled DNA can be transformed directly into E.
93 coli, following routine protocols.15 The assembly is not
94 dependent on DNA ampli!cation or puri!cation, which can
95 be time-consuming, error-prone, and ine#cient. The e"ortless-
96 ness of the assembly allows the user to clone into many vectors
97 simultaneously, and thereby explore several expression strategies
98 in parallel (Figure 1A). In this work we present 14 LyGo vectors
99 (Figure 1B), but a clear strength of this vector design is that any
100 vector can be “LyGo-!ed” simply by removing unwanted SapI
101 recognition sites and inserting the LyGo cassette. This allows
102 users to utilize their favorite vectors and to contribute to the
103 collection. An example of how to “LyGo-fy” a vector is shown in
104 Supplementary Note S1. A detailed overview of the current
105 vector collection is shown in Table S3.
106 Exploring Protein Localization Strategies in E. coli
107 Using LyGo. E. coli is an important model organism in
108 molecular biology, and a popular expression host for bacterial
109 LPMOs.10 Proteins can be produced in di"erent cellular
110 compartments in E. coli, each strategy with its own advantages
111 and disadvantages. To explore di"erent approaches, we
112 developed a range of vectors for producing LPMOs in three
113 di"erent cellular compartments of E. coli: The cytoplasm, the
114 periplasm, and attached to the surface of the cell (Figure 1A).
115 The LyGo vectors were tested with four di"erent LPMOs:
116 Thermobif ida fusca TfLPMO10A,16 Streptomyces coelicolor
117 ScLPMO10B,17 BatLPMO10 from Bacillus atrophaeus,18 and
118 LsAA9A from Lentinus similis.19 TfLPMO10A, ScLPMO10B,
119 and BatLPMO10 were chosen because they previously were
120 produced successfully in E. coli.16!18 LsAA9A was chosen as an
121 example of a fungal enzyme and because it had the added bene!t
122 of being compatible with a simple chromogenic assay (based on
123 AZCL-HEC) available.20 LsAA9A was codon-optimized, while
124 the native sequences of the bacterial LPMOs were used.
125 Cytoplasmic Expression. We based a vector for
126 cytoplasmic expression (pLyGo-Ec-1) on the pET39b backbone
127 encoding an N-terminal ubiquitin solubility tag, a poly His-tag,
128 and a TEV cleavage site21 (Figure S2A), which together has the
129 potential to facilitate soluble expression, puri!cation, and
130 cleavage to release the N-terminal histidine. After facilitating
131 these di"erent functions, this design leaves the LPMO untagged
132 after TEV cleavage, and the enzyme should not be a"ected in
133 activity assuming that the active site can form after TEV
134 cleavage.

135The four di"erent LPMO genes were inserted into pLyGo-Ec-
1361, transformed into E. coli BL21(DE3), and expression induced
137in the late exponential phase by the addition of IPTG followed
138by incubation for 20 h at 18 °C with shaking. Since
139TfLPMO10A, ScLPMO10B, and LsAA9A all contain disul!de
140bonds, we also expressed them in the disul!de-bond enhancing
141strain E. coli SHu%e.22 Using this setup, we observed that the
142di"erent LPMOs were produced at titers ranging from
143 f2approximately 100 to 800 mg/L (Figure 2A and Supplementary
144Figure S3), and that the disul!de containing LPMOs expressed
145considerably better in the SHu%e strain. However, the SHu%e
146strain grew to lower density, which reduced the di"erence in
147volumetric titers produced by the two strains.
148It was possible to isolate all LPMOs by immobilized metal
149a#nity chromatography (IMAC), but only TfLPMO10A
150showed the expected fragmentation pattern after treatment
151with TEV protease. The processed TfLPMO10A separated from
152the ubiquitin tag and the TEV protease by reverse IMAC
153puri!cation (Figure S4A). Afterward the enzyme was copper-
154loaded overnight and incubated with phosphoric acid swollen
155cellulose (PASC) and ascorbate for 25 h and analyzed using high
156performance liquid chromatography with pulsed amperometric
157detection (HPLC-PAD). The assay showed a clear appearance
158of peaks corresponding to soluble oligosaccharides as observed
159previously for active LPMOs.23 Furthermore, these peaks were
160absent when incubating the substrate with CuCl2 or with the
161noncatalytic Cu(II) chaperone CopC from Pseudomonas
162f luorescens SBW25 (PfCopC)24,25 (Figure S4B). This demon-
163strates cellulolytic activity from TfLPMO10A LPMO-contain-
164ing samples. Correct processing was con!rmed by quantitative
165amino acid analysis (Table S1) Together, these results show that
166this expression system constitutes a viable strategy for producing
167active LPMOs in the cytoplasm of E. coli, although the e#ciency
168of the crucial TEV cleavage step varies depending on the speci!c
169LPMO.
170Periplasmic Expression. Di"erent signal peptides are
171known to in$uence translocation and folding kinetics of di"erent
172proteins in an unpredictable manner.26,27 Thus, the screening of
173several di"erent signal peptides is often key for optimizing
174expression and secretion into the periplasm. We based LyGo
175vectors for periplasmic expression (pLyGo-Ec-2 to pLyGo-Ec-6)
176on a pET28a(+) vector28 harboring sequences encoding the
177signal peptides MalESP, OmpASP, PhoASP, and PelBSP that target
178proteins to the periplasm post-translationally via the Sec-
179pathway. In addition, we included the DsbASP signal peptide as a
180representative of the cotranslational SRP-pathway, as it
181previously has been shown to increase secretion of some
182proteins29,30 (Figure S2B). In an attempt to ensure high
183production titers, the translation initiation regions (TIRs)
184embedded in the coding sequence of the signal peptides were
185replaced with the optimized versions described by Mirzadeh et
186al.31 (Figure S2B).
187The four LPMO constructs were transformed into BL21-
188(DE3) and expression induced in late exponential phase by the
189addition of IPTG and incubated for 20 h at 18 °C with shaking,
190except for BatLPMO10 because pilot experiments showed
191improved expression at 30 °C. All the LPMOs were successfully
192expressed with titers of at least 40 mg/L culture (Figure 2B,C,
193and Figures S5 to S8). The di"erent signal peptides varied in
194performance for the di"erent LPMOs, although PelBSP showed
195the best overall performance. The periplasmic fractions
196collected from the expression of LsAA9A were subjected to
197AZCL-HEC activity assay (Figure 2C), which showed that all
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198 constructs produced functional versions of the enzyme with a
199 good correlation between protein titer and enzymatic activity.
200 This provides a demonstration that a fungal LPMO can be
201 produced in a functional state in a bacterium using the LyGo
202 platform.
203 Surface Display and Shaving. Surface display systems are
204 useful tools for variant screening32 and whole cell catalysis.33

205 Furthermore, controlled release from the membrane, as
206 presented by Ahan et al.,34 could be used as a method for
207 selectively purifying the protein of interest. These concepts were
208 materialized into two di"erent designs: A C-terminal and an N-
209 terminal fusion construct, which were both tested using
210 LsAA9A. The pLyGo-Ec surface display vectors were based on
211 a pBAD expression vector, which had previously been used for a
212 surface display.35

213 The C-terminal construct (pLyGo-Ec-7) uses the C-terminal
214 translocation unit of the Neisseria gonorrheae autotransporter
215 IgA protease (C-IgAP) and a single domain antibody (nano-
216 body, NB), and should display active LPMOs (i.e., with the N-
217 terminal histidine exposed) on the surface by fusing the NB to
218 the C-terminus of the LPMO.35 The C-terminal tag is obviously
219 not compatible with the stop codon overhang in the standard
220 LyGo design, so this overhang was changed to the !rst codon of
221 a TEV site (glutamate, GAA) (Figure S2C). The LsAA9A-
222 encoding DNA sequence was cloned into this vector and
223 transformed into BL21(DE3). Expression was induced with L-
224 rhamnose in the midexponential phase, and the LPMO was
225 produced for 24 h followed by functional AZCL-HEC assays in
226 both liquid culture and agar plate format (Figure 2D). The titer
227 was too low for detection by SDS-PAGE stained by InstantBlue,
228 but with both functional assays activity was observed from the
229 surface displayed LsAA9A, con!rming that this design has the
230 potential to be used for variant screening and whole-cell
231 catalysis.
232 The N-terminal construct (pLyGo-Ec-8) uses a hybrid
233 protein, consisting of the Lpp signal peptide and residues 66
234 to 180 of the outer membrane protein OmpA, and displays the
235 LPMO as a fusion between the LPMO N-terminus and the
236 OmpA C-terminus.35 Furthermore, a sequence encoding a TEV
237 site was inserted between the LyGo cassette and the LppSP-
238 OmpA coding sequence, to allow for the release of the LPMO
239 and the N-terminal histidine from the fusion protein upon
240 treatment with TEV protease (Supplementary Figure S2C).
241 LsAA9A was cloned into the construct, expressed (as described
242 above), and released into the medium by the addition of TEV
243 protease. Following a centrifugation step, the supernatant was
244 subjected to the AZCL-HEC assay. A small increase in LPMO
245 activity was observed indicating some successful cleavage and
246 release of the surface displayed LsAA9A (Figure 2E, left).
247 However, due to the low signal observed in the assay, we
248 speculate that TEV cleavage of LsAA9A is ine#cient, as
249 observed for LsAA9A TEV fusions expressed in the cytoplasm.
250 To more convincingly demonstrate the surface “shaving”, we
251 therefore decided to display and cleave a His-tagged version of
252 ScLPMO10B with the same approach. Cleavage was induced by
253 di"erent concentrations of puri!ed TEV protease (Figure 2E,
254 right). Immunoblotting of the cleavage reaction mix with an
255 anti-His tag antibody (!-His) showed that the fraction of
256 anchored ScLPMO10B decreased while the fraction of free
257 ScLPMO10B increased with increasing TEV concentrations.
258 Together, this shows that LyGo vectors can facilitate functional
259 surface display of LPMOs and that these can be released from
260 the surface in a simplistic puri!cation procedure.

261Exploring the E"ects of Signal Peptides and DNA
262Sequence Variants in B. subtilis. Bacteria in the Bacillus
263genus are industrially relevant, due to desirable traits such as
264high capacity for secreting proteins, ability to grow on
265inexpensive carbon sources, GRAS status, and robustness in
266industrial settings.36!38 B. subtilis is widely used in both industry
267and academia, and the recent advances in standardizing genetic
268parts and strain libraries40,42,44,45 make it an attractive protein
269production host.
270LyGo plasmids for B. subtilis (pLyGo-Bs-1 to pLyGo-Bs-4)
271were constructed based on the integrative plasmid pBS293C-
272amyE from the Bacillus SEVA sibling collection.40 Two SapI sites
273were removed from the backbone, and the LyGo cassette was
274inserted downstream of a triple promoter PamyL-PamyQ-PcryIIIA"
275cryIIIAstab

46 and a predicted strong ribosome binding site (R0
276from Guiziou et al.45). Like that in E. coli, signal peptide
277performance in B. subtilis is di#cult to predict,47 so we decided
278to generate four di"erent plasmids with di"erent signal peptides:
279AmyLSP from Bacillus licheniformis,39 AmyQSP from Bacillus
280amyloliquefaciens,41 AprESP from Bacillus clausii,43 and BatLP-
281MO10SP from Bacillus atrophaeus.18 Initially, the plasmids were
282constructed similarly to the E. coli counterparts, but while
283assembling these we observed an unusual high number of frame-
284shift mutations in ccdB, despite the use of a ccdB-tolerant E. coli
285DB3.1. We hypothesized that this could be the result of toxicity
286caused by increased expression of ccdB from P3P or other
287upstream sequences in the cloning host. To mitigate this, a stop
288codon was introduced in-frame with the signal peptide after the
289upstream SapI site, followed by a terminator from the BioBrick
290collection (BBa_B1002)48 (Figure S2D). This updated design
291allowed for assembly of constructs with an intact ccdB gene in
292the LyGo cassette.
293In addition to screening di"erent signal peptides for, the
294pLyGo-Bs vectors were utilized to assess the expression of two
295di"erent sequence variants of each of the sequences encoding
296BatLPMO10 and LsAA9A: The native sequence and a sequence
297codon-optimized for B. subtilis. The resulting plasmids were
298transformed into the extracellular protease- and sporulation
299de!cient B. subtilis KO7-S strain, thereby integrating the
300expression cassettes into the amyE locus by homologous
301recombination. The cells were grown in Cal18-2 media for 72
302h at 20 °C. The cells were harvested by centrifugation, and the
303supernatants were analyzed by SDS-PAGE. BatLPMO10 was
304produced at concentrations ranging from approximately 0.5 to 2
305g/L in the supernatant (Figure 2F and Figure S9). The signal
306peptides caused signi!cant variation in expression levels, with
307the native BatLPMO10 signal peptide producing the highest
308amount of protein. The presence of LsAA9A in samples was
309barely detectable on SDS-PAGE gels stained by InstantBlue
310(data not shown). Thus, a His-tag was added to the sequences
311allowing for sensitive detection by Western blotting. Addition-
312ally, the activity of LsAA9A was assayed using the AZCL-HEC
313assay. The codon optimized variant was expressed at higher
314levels than the native sequence, roughly showing double the
315yield and activity compared to the native sequence (Figure 2G).
316The di"erent signal peptides only yielded minor di"erences in
317activity, except for AprESP that performed poorly. Together,
318these results demonstrate that the pLyGo vectors can be utilized
319to produce and optimize secretion of functional LPMOs from
320both fungal and bacterial origin in B. subtilis and that industrially
321relevant (g/L) levels can be reached.
322Exploring the E"ects of Signal Peptides and Sequence
323Variants in K. phaff ii. The methylotrophic yeast K. phaf f ii is
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324 the most frequently used yeast species for production of
325 recombinant proteins. This is due to its ability to grow to high
326 cell density, to express recombinant genes in a tightly controlled
327 manner, and to e#ciently secrete proteins.49!52 Despite its
328 biotechnological importance and wide use in industry, relatively
329 few genetic tools are readily available. However, K. phaf f ii has
330 proven to be a promising production host for carbohydrate
331 active enzymes such as LPMOs,10,53!56 and could be a valuable
332 addition to the LyGo platform.
333 LyGo vectors for K. phaf f ii (pLyGo-Kp-1 and pLyGo-Kp-2)
334 were created based on the pPIC9K plasmid hosting the
335 methanol-inducible PAOX1 promoter. A multiple cloning site
336 downstream of the !-mating factor presequence (!-MFSP) from
337 Saccharomyces cerevisiae57 was replaced by the LyGo cassette,
338 and a SapI site was removed from the backbone by site-directed
339 mutagenesis. A second vector (pLyGo-Kp-2) was designed, in
340 which !-MFSP was replaced with the !-amylase signal peptide
341 (AmySP) from Aspergillus niger (PichiaPink Secretion Signal Kit,
342 Thermo Fisher) (Figure 2E).
343 Two sequence variants of the gene encoding LsAA9A were
344 cloned into the two pLyGo-Kp vectors: the native sequence and
345 a sequence variant codon optimized for K. phaf f ii. The resulting
346 plasmids were linearized and integrated into K. phaf f iiGS115.58

347 This type of integration results in two distinct phenotypes: Mut+

348 and MutS, which have been shown to impact recombinant
349 protein production.59 In total, this leads to eight di"erent strain
350 variants. Protein production was performed over 4 days at 28 °C
351 with daily addition of methanol, before the cells were harvested
352 and the supernatants were analyzed by SDS-PAGE. LsAA9Awas
353 produced at concentrations up to approximately 0.3 g/L (Figure
354 2H). The expression was largely una"ected by codon variation
355 and strain genotype, and a trend was that the !-MFSP signal
356 peptide produced at higher levels than AmySP. Protein amounts
357 were found to correlate poorly with the cellulolytic activity
358 measured by the AZCL-HEC assay (Figure 2H): despite the
359 relatively low production titers from the Mut+ strain harboring
360 LsAA9A with the AmySP, the sample showed the highest overall
361 activity. In summary, the K. phaf f ii LyGo platform expands the
362 possibilities of the LyGo platform to include screening of
363 expression strategies in an eukaryotic host.

364 ! DISCUSSION
365 Progress in the LPMO !eld ultimately depends on the
366 availability and quality of the enzyme samples used in di"erent
367 laboratories. Thus, failed or low titer expression is a limiting
368 factor for advancement in the !eld. Typically, most research
369 groups will work with a limited number of expression strategies,
370 and may sometimes fail in expressing a speci!c gene or accept
371 low-titer samples. The LyGo platform provides easy access to a
372 range of expression strategies that can be explored in parallel in
373 order to increase the likelihood of high-titer and high-quality
374 expression. Furthermore, standardization of the cloning and
375 expression work$ows may improve sample uniformity and
376 comparability of results across di"erent laboratories. To
377 facilitate the use of LyGo, the vectors are available through
378 Addgene (Figure 1B), and detailed protocols are available at the
379 online platform protocols (Figure S11).
380 In this work we demonstrate that LyGo can be used for
381 identifying an optimal expression context for di"erent LPMOs
382 in three di"erent organisms. For E. coli, we developed expression
383 vectors for cytoplasmic, periplasmic, and surface expression.
384 Cytoplasmic expression is the most common strategy for the
385 production of heterologous proteins in E. coli,60 and is often

386advantageous over other expression strategies as it mitigates the
387need for screening signal peptides and has the potential to result
388in product yields exceeding 50% of the total cellular protein
389amounts.61 Furthermore, cytoplasmic expression supports the
390use of several genetic tools such as coexpression of chaperones62

391and folding sensors,63 as demonstrated in this work using the E.
392coli SHu%e strain. However, cytoplasmic expression is not the
393most obvious strategy for production of LPMOs for two reasons:
394(1) a functional LPMO requires an N-terminal histidine
395residue,13 not the start-codon-encoded methionine in standard
396cytoplasmic expression strategies. (2) LPMOs frequently
397contain disul!de bonds,64 which are not readily formed in the
398cytoplasm of E. coli due to the reducing environment.65

399We mitigated the !rst issue by inserting an N-terminal tag,
400which can be removed by TEV cleavage leaving an N-terminal
401histidine residue and demonstrated how this results in an
402untagged and functionally active LPMO. Furthermore, an N-
403terminal tag has several potential advantages: It can enhance
404expression and solubility of the fusion protein, and it can allow
405for puri!cation by IMAC puri!cation for both initial separation
406prior to TEV cleavage and for subsequent removal of the tag and
407the TEV protease. Finally, it could quench unwanted oxidations
408within the production host, which may lead to production of
409reactive oxygen species.66 Similar methods have been used to
410express a range of LPMOs,67!70 although none of thesemethods
411take advantage of a solubility tag. Unfortunately, we did not
412observe any TEV cleavage for BatLPMO10 and LsAA9A,
413potentially due to steric hindrance at the ubiquitin/LPMO
414interface, while ScLPMO10B was not produced su#ciently in
415scale-up to purify the required amounts for TEV-cleavage. Thus,
416this strategy is not a one-size-!ts-all strategy for LPMOs. On the
417other hand, we were able to express and e"ectively TEV-cleave
418TfLPMO10A at signi!cantly increased titers compared to the
419same LPMO expressed by the periplasmic expression strategy,
420demonstrating that this is an attractive strategy for preparing
421high titer samples of LPMOs.
422To facilitate formation of disul!des, we expressed LPMOs in
423the E. coli SHu%e strain, which enhances the formation of
424disul!de bonds in the cytoplasm.22 This signi!cantly improved
425the overall titer of TfLPMO10A, but had little e"ect on the titers
426of ScLPMO10B and LsAA9A due to the poorer growth of the
427Shu%e strain.
428Periplasmic expression is a popular strategy for expressing
429LPMOs in E. coli,10 as it naturally provides the means for N-
430terminal processing and disul!de bond formation. However,
431secretion has previously been shown to constitute a bottleneck
432resulting in low yields.71 Furthermore, this strategy often
433requires laborious screening of di"erent signal peptides in order
434to optimize performance.31 To simplify such a work$ow, we
435provide vectors for screening several signal peptides in parallel,
436thereby reducing the time and e"ort required for this type of
437optimization. Of the tested signal peptides, we found PelBSP to
438consistently perform the best. It is unclear whether this is a
439prevalent property of PelBSP, or an anecdotal observation due to
440the small number of tested LPMOs.
441Production of proteins on the surface generally su"ers from
442similar bottlenecks as periplasmic expression. A previous study
443has shown that di"erent signal peptides a"ect the display
444e#ciency of the N-terminal surface display construct.35 In the
445speci!c case of LPMOs, while the N-terminal surface display
446construct ensures proper processing, the C-terminal surface
447display construct requires cleavage by TEV protease for the
448LPMO to be active. Unfortunately, in line with our observations
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449 from cytoplasmic production, TEV cleavage of LsAA9A was
450 ine#cient, providing a cautionary tale that the C-terminal
451 surface display construct might not be suitable for all LPMOs.
452 While TEV protease can be produced at low cost in E. coli,
453 simultaneous production of a surface displayed TEV protease
454 might present an attractive extension of the system.
455 For B. subtilis and K. phaf f ii we both explored the e"ect of
456 signal peptides and sequence variants. As observed many times
457 previously, the results from B. subtilis expression show that both
458 signal peptides and codon optimization e"orts in$uence
459 expression in a protein-dependent manner. This underlines
460 the usefulness of a simple and e#cient platform for exploration
461 of expression strategies and importantly our pLyGo-Bs vectors
462 showed capabilities to express functional LPMOs at industrially
463 relevant titers.
464 The K. phaf f ii LPMO production from pLyGo vectors also
465 showed variations in performance between signal peptides,
466 codon variants, and phenotypes, but with complex interplay
467 between these factors. Furthermore, the production titers and
468 measured activities were found to correlate poorly. One
469 explanation could be the promiscuity in the processing of the
470 !-MFSP signal peptide,72,73 leading to ine#cient release of the
471 N-terminal histidine, but it is also possible that the high
472 concentration of copper sulfate used in the AZCL-based assay
473 was suboptimal for a proper quantitative readout.
474 In addition to expressing LPMOs at di"erent titers, di"erent
475 hosts can also give rise to di"erent protein modi!cations (such
476 as methylation and glycosylation74). The choice of organism(s)
477 can therefore be a strategy to optimize protein stability,
478 solubility, or activity75, or as a means to study the importance
479 of these modi!cations. Some fungal LPMOs have been found to
480 be selectively methylated at the N-terminal histidine.3 This
481 modi!cation has been suggested to protect the enzymes from
482 oxidative inactivation,74 although this is still actively being
483 investigated. The LyGo platform currently supports the
484 nonglycosylating and nonmethylating hosts E. coli and B.
485 subtilis, and the glycosylating and nonmethylating host K.
486 phaf f ii. A methylating host would therefore be a valuable future
487 addition to the platform, as LyGo then would cover the most
488 important modi!cations for LPMOs.
489 It is our hope that the community will adopt and expand the
490 LyGo platform with vectors and protocols for additional
491 expression strategies. For this, careful design of the LyGo
492 vectors is necessary. During construction of the pLyGo vectors,
493 we learned that building constructs with ccdB is sensitive to the
494 context of the LyGo cassette!possibly due to increased
495 expression of ccdB facilitated by upstream sequences. In one
496 case, this was solved by inserting an in-frame stop codon and a
497 terminator in the pLyGo-Bs vectors (Figure S2). Future
498 additions to this or similar vector collections should consider
499 this potential issue early in the design phase.
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Abstract 

Versatile DNA assembly standards and compatible, well-characterised part libraries are essential tools 

for creating effective designs in Synthetic Biology. However, to date, vector standards for Gram-positive 

hosts have limited flexibility. As a result, users often revert to PCR based methods for building the 

desired genetic constructs. These methods are inherently prone to introducing mutations, which is 

problematic considering vector backbone parts are often left unsequenced in cloning workflows. To 

circumvent this, we present the ProUSER2.0 toolbox, a standardized vector platform for building both 

integrative and replicative shuttle vectors for Gram-positive hosts. The ProUSER2.0 vectors consist of a 

ProUSER cassette for easy and efficient insertion of cargo sequences and six exchangeable modules.  

Furthermore, the standard is semi-compatible with several previously developed standards, allowing 

the user to utilize the parts developed for these. To provide parts for the toolbox, seven novel integration 

sites and six promoters were thoroughly characterized in Bacillus subtilis. Finally, the capacity of the 

ProUSER2.0 system was demonstrated through the construction of signal peptide libraries for two 

industrially relevant proteins. Altogether, the ProUSER2.0 toolbox is a powerful and flexible framework 

for use in Gram-positive bacteria. 

 

Introduction 

The Gram-positive model bacterium, Bacillus subtilis, has obtained a status as a robust workhorse for the 

production of various industrially relevant proteins and value added chemicals for multiple industries, 

including agriculture, food and feed, bio-fuels, and pharma1.  

B. subtilis is particularly interesting as a cell factory due to its capacity to secrete large amounts 

of protein, which is far superior to that of most Gram-negative bacteria. Protein secretion occurs mainly 

through the signal peptide dependent Sec and Tat pathways2. Although extensively studied, rationally 



   

 

   

 

predicting signal peptide sequences leading to high secretion levels of a given protein is currently 

impossible, and current best practices consist of screening libraries of signal peptides3,4,5. Additionally, 

parts such as promoters, ribosome bindings sites (RBSs), genomic integration sites etc., all influence final 

production titers, which highlights the importance of having a modular and customizable vector 

platform accompanied by a library of compatible and well characterized parts. With the advancement of 

Synthetic Biology the range of available molecular tools for B. subtilis has vastly increased, facilitating the 

engineering of the organism6,7,8. However, many tools used for expression in B. subtilis, as well as other 

Gram-positive bacteria, lack the modularity, customizability, and characterization of the tools available 

for Gram-negative bacteria. 

One of the most widely used standards in prokaryotic Synthetic Biology is the Standard 

European Vector Architecture (SEVA) collection9. However, a caveat of the SEVA standard is that it is 

only designed for construction of replicative vectors with a single origin of replication and a single 

resistance marker cassette. It is therefore not directly compatible with construction of shuttle vectors, 

needed for many Gram-positive hosts. To accommodate this, an extension of the SEVA standard was 

recently developed for cloning shuttle vectors for B. subtilis, called the Bacillus SEVA sibling collection10. 

This introduces a Golden Gate cloning11 step which enables insertion of homology regions for subsequent 

genomic integration in B. subtilis, whilst still remaining compatible with the SEVA standard. A drawback 

of this method is that the standard does not allow for the sole exchange of the Gram-positive antibiotic 

marker. Other alternative shuttle vector systems for Gram-positives have been developed, such as the 

pMTL8000012 and the Bacillus BioBrick Box 2.013 collections. However, all of the mentioned standards are 

limited to a single plasmid mode: either replicative or integrative. They further all depend on 

cumbersome and often inadequate cloning techniques based on restriction enzymes for insertion of the 

cargo, in particular when multiple fragments are to be inserted. As a result, many shuttle vectors are built 



   

 

   

 

using PCR based cloning approaches, such as Gibson assembly14 or traditional USER cloning15. This can 

lead to accumulation of mutations in the plasmid backbone, which often remains undetected since these 

parts are typically not sequenced after assembly. 

A variety of both constitutive and inducible promoters have been characterized for B. subtilis. 

This includes both native promoters such as PmtlA16, PmanA17, and Pveg18 as well as heterologous and synthetic 

promoters such as PxylA19, PtetA20, and PamyL-PamyQ-PcryIIIA-cryIIIAstab21 (from hereon called P3P). The 

characterization of these promoters has predominantly been done using β-galactosidase reporter assays 

or by coupling expression to a luminescence or fluorescence output using bulk culture measurements. 

These methods lack the power to resolve heterogeneity between individual cells in the population in 

contrast to the use of fluorescent proteins (FPs) in combination with flow cytometry techniques, which 

allows for identification of differences in outputs on single cell level. However, although flow cytometry 

constitutes a powerful method, the excitation wavelength of the most commonly used FP, green 

fluorescent protein (GFP), is associated with high background fluorescence from other molecules found 

in biological samples22. This negatively affects the sensitivity of measurements, and can result in 

difficulties detecting low fluorescence levels, associated with e.g. basal expression levels of tight 

inducible promoters. Bright red-fluorescent proteins such as mRuby223, might therefore be better 

alternatives despite their relatively slow maturation time. 

 In this paper we present a novel standard for assembly of shuttle vectors, called ProUSER2.0. 

The standard allows for modular exchange of six elements, which can be tailored to the specific needs of 

a given application. The plasmid mode can easily be switched between integrative and replicative, 

allowing for increased freedom in the design. The standard is semi-compatible with both the SEVA 

standard and the pMTL80000 standard, and thus allows for exchange of promoters and cargos from the 

existing standards to be incorporated into ProUSER2.0 vectors or vice versa. The promoters and novel 



   

 

   

 

integration sites characterized in this study are provided for easy use within the collection. The standard 

incorporates the previously reported ProUSER cloning approach24, which allows different cargos to be 

easily inserted into the target vectors, without the need for PCR amplification of the backbone. To 

highlight the ease with which constructs can be created with the ProUSER2.0 toolbox, we built and tested 

a signal peptide library to optimize the secretion of two industrially relevant proteins.  

 

Results and discussion 

ProUSER2.0 vectors allow for easy and standardized assembly  

To improve the Synthetic Biology toolbox for B. subtilis we provide a well characterized vector platform 

enabling the user to tailor the plasmids to their specific needs. To accommodate this, the plasmids were 

divided into seven modules : a Gram-negative resistance marker, a Gram-positive resistance marker, a 

Gram negative-origin of replication (ori), an upstream homology arm or spacer sequence, a downstream 

homology arm or gram-positive ori, an origin of transfer (oriT), and finally the cargo site (Figure 1A). 

This design contains all of the modules needed to build shuttle vectors for Gram-positive bacteria, such 

as B. subtilis. The plasmid mode can be switched between integrative and replicative by replacing the 

homology arms with an ori (in place of the downstream homology arm) and a spacer sequence (in place 

of the upstream homology arm). 

PCR amplification of a DNA molecule is prone to introducing errors in the DNA molecules, 

despite the availability of high-fidelity enzymes (Table 1). These errors can cause constructs to 

significantly deviate from the intended designs, and cause unforeseen implications when implemented 

in the host strains. This is specifically problematic, considering backbone parts are often not sequenced 

prior to further use. 

 



   

 

   

 

  Percentage of amplicons with one error 

Polymerase Error rate 1 kbp product 3 kbp product 10 kbp product 

Taq 2.28·10-5 68.4 205.2* 684* 

Pfu 2.8·10-6 8.4 25.2 84.0 

Phusion (HF 
buffer) 

4.4·10-7 1.32 3.96 13.2 

Phusion 
(GC buffer) 

9.5·10-7 2.85 8.55 28.5 

 

 

Table 1: Fidelity and percent of amplicons containing one error after a routine PCR amplification using 

common polymerases, for different sized amplicons. Amplicons with >100% (denoted with *) illustrates 

that several errors are expected in each amplicon. The data was acquired using ThermoFisher Scientific’s 

PCR Fidelity Calculator25, assuming 30 amplification cycles. 

 

The ProUSER2.0 standard circumvents this issue through the use of the nicking-based USER cloning 

approach, called ProUSER24, for making promoter-gene fusions in the cargo module. Here, a cloning 

cassette containing two AsiSI sites and two Nt.BbvCI sites is introduced in front of the promoter. 

Digestion of the plasmids yields two overhangs compatible with USER cloning.  The gene(s) of interest 

is PCR amplified using complimentary USER overhangs, and introduced into the vector by USER 

cloning. It was decided to update the ProUSER cassette by inserting a ~1800 bp spacer fragment (Figure 

1B). This serves to make it easier to distinguish between the undigested and correctly digested plasmid 

in the cloning workflow. The ProUSER2.0 vectors were further designed so that the individual modules 

can be exchanged with modules of the same type, by a simple restriction-ligation workflow. The plasmids 

are designed to be fully compatible with the application module of the pMTL80000 vector series and the 

oriT, gram-negative resistance marker, and cargo site modules of the SEVA collection. This allows the 



   

 

   

 

user to utilize already existing parts from these collections or transfer the ProUSER2.0 cargo site to SEVA 

or pMTL80000 vectors, if desired.  

 

Figure 1: Schematic representation of the architecture of the ProUSER2.0 plasmids cassette. (A) 
schematic representation of the modular structure of the ProUSER2.0 plasmids and the associated 
restriction sites. (B) Comparison of the original ProUSER cassette (top) and the ProUSER2.0 cassette 
(bottom). (C) An overview of the ProUSER2.0 nomenclature. The Gram-negative parts are numbered 
according to the SEVA nomenclature. Amp = ampicillin, Cam = chloramphenicol, Ery = erythromycin, 
Spc = spectinomycin, Kan = kanamycin, US = Upstream, DS = Downstream. “BS” designates that the 
resistance marker is for B. subtilis. a designates that the sequence contains PshAI and SpeI restriction sites, 
and b designates that the sequence contains a XhoI restriction site. 
 

In order to easily translate plasmid names into meaningful concepts, a simple nomenclature was 

implemented. The nomenclature has a SEVA-style characteristic, where numbers represent the different 

modules, with new modules continuously being given the next available number for the given module. 



   

 

   

 

For the sake of simplicity, parts shared with the SEVA collection were given the same numbers. An 

application specific identifier is provided after the plasmid name (e.g. the gene being expressed). As an 

example, ProUSER13111-sfgfp contains an ampicillin resistance marker for E. coli, the pBRR1 origin for E. 

coli, the pHT315 origin for B. subtilis, a chloramphenicol resistance marker for B. subtilis, and a cargo site 

containing the gene encoding superfolder GFP under control of the Pveg promoter. An overview of the 

naming concept and the modules currently available in the vector series is shown in Figure 1C. 

 

Red fluorescent proteins are ideal reporters for B. subtilis 

In order to assess the autofluorescence of B. subtilis, the emission spectra of exponential phase cultures 

were analysed using commonly used excitation wavelengths. The emission spectra of media was also 

measured, and the autofluorescence of the cells was calculated by correcting for the fluorescence of the 

media (Figure 2A). The data shows that B. subtilis is highly autofluorescent at shorter excitation 

wavelengths, used for blue, cyan, green, and yellow fluorescent proteins. In contrast, both the cells and 

the media were found to be almost devoid of autofluorescence at an excitation wavelength of 561 nm, 

which is the excitation wavelength used for many red fluorescent proteins (RFPs) 26. This indicates that 

RFPs are ideal choices as reporters for use in B. subtilis.  

In order to find a suitable RFP for B. subtilis, the characteristics of mCherry, a codon optimized 

version of mCherry (mCherryOPT), and mRuby2 were assessed by expressing the genes under control 

of the constitutive promoter Pveg integrated downstream of glmS. The fluorescence intensities of the 

resulting strains were measured by flow cytometry in a time course experiment. Substantial 

heterogeneity was observed early in the cultivations, with the populations becoming homogeneous after 

6 hours (Supplementary Figure S1). We therefore chose the 6-hour time point for comparison of the RFPs 



   

 

   

 

(Figure 2B). The strain expressing mCherryOPT exhibited an improved signal compared to mCherry, 

however, due to the superior signal strength of mRuby2, this was ultimately chosen as the RFP of choice.  

The isolation of the cargo site was also assessed by transforming a promoter-less RBS-mRuby2 

construct and quantifying the fluorescence of this strain. This analysis showed that the cassette was 

sufficiently isolated to neglect the signal originating from unintentional transcription events (Figure 2C). 

 

Characterizing integration sites distributed throughout the genome for the ProUSER2.0 toolbox 

To facilitate genomic expression, six novel neutral integration sites downstream of the genes glmS, yhgE, 

cheV, yrbD, rsbP, and pyrG, and an integration site replacing the coding sequence of sigF were analysed 

by expressing mRuby2 under control of Pveg from these sites. The integration sites were chosen with the 

aim of reaching an even distribution throughout the genome (Figure 2D). The coding sequence of sigF 

was selected, since a deletion of this gene results in a sporulation deficient strain which can be desirable 

for industrial production27. In an attempt to limit the risk of the integration event affecting the expression 

of the surrounding genes, the homology regions were designed to ensure that the integration cassette 

was integrated between two genes transcribed in opposite direction of the expression cassette. The 

fluorescence intensities of the resulting strains were monitored by flow cytometry in a time course 

experiment, and the 6-hour data points were used for comparison. The results showed that the expression 

levels were dependant on the chromosomal position, with the highest expression level observed close to 

oriC and the lowest around the ter region (Figure 2E and G), in agreement with previous studies10,28. The 

integration sites exhibited homogenous populations, with the exception of cheV and pyrG, which both 

exhibited small subpopulations of high fluorescence (Figure 2F). 
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Figure 2: Characterization of RFPs and expression patterns at different integration sites. (A) 
Autofluorescence spectra of B. subtilis at different excitation wavelengths. (B) Fluorescence intensities of 
strains expressing mCherry, mCherryOPT, and mRuby2 from the 6-hour samples, including a 
background strain control. (C) Analysis of the transcriptional isolation of the expression cassette. 
Fluorescence intensity of strains expressing mRuby2 with and without promoter and RBS, respectively. 
(D) Schematic representation of the position of the individual integration sites in the genome. (E) 
Fluorescence intensity as a function of chromosomal position of the integration sites. The line represents 
a 2nd order polynomial fitted to the values (f(x) = 0.0195x2-7.41x+1473), and the gray area represents the 
95% confidence intervals of the regression. (F) Population data from a representative sample of each 
strain expressing mRuby2 from the different integration sites (G) Fluorescence intensities associated with 
the different integration sites. The bars/points indicate the means of the measured values and the error 
bars indicate standard deviations of 3 biological replicates for the autofluorescence data and 4 biological 
replicates for all other data. 

 

Characterizing two constitutive promoters for the ProUSER toolbox 

Constitutive promoters are often used in B. subtilis for protein production, and for other applications 

where high expression is required and toxicity is not an issue29. In order to provide parts for this, in 

addition to the frequently used Pveg promoter, the P3P promoter was characterized in B. subtilis by 

expressing mRuby2 under its control. The P3P promoter has previously been shown to facilitate 

production of heterologous proteins in large amounts21,30. The expression from the P3P promoter was 

compared to Pveg in a time course experiment. Unexpectedly, the observed growth curves varied 

significantly between strains expressing mRuby2 and the wild-type strain (Figure 3A). Repeating the 

experiment did not resolve this, and it was therefore concluded that this was caused by a biological effect 

rather than an experimental bias. We hypothesized that the significantly larger amounts of mRuby2 

accumulated in the cytoplasm of the strains harbouring the protein under control of P3P compared to Pveg, 

led to a reduction in lag time because the protein may serve as resource storage for the cells during 

stationary phase. Due to this shift, the flow cytometry measurements recorded in exponential phase and 

stationary phase for each strain were chosen for comparison (Figure 3B, C, and D; the chosen data points 

are indicated by orange and purple arrows in Figure 3A). P3P was found to be significantly stronger than 

Pveg in both growth phases, increasing the fluorescence intensity about 42-fold in the exponential phase 



   

 

   

 

and about 13-fold in the stationary phase. This observed increase is probably due to the tandem promoter 

architecture of P3P, which has previously been shown to increase promoter strength31, and it suggests that 

P3P is a good choice for protein production. None of the promoters resulted in the formation of fluorescent 

subpopulations at the chosen time points (Figure 3C, and 3D).  

Escherichia coli is often used as cloning strain, when building constructs for B. subtilis. Leaky 

expression in a cloning strain can result in mutations in the functional parts, especially if the expressed 

gene(s) introduces a stress condition. In order to simulate such unwanted expression in a routine 

cultivation step during cloning, the fluorescence of the E. coli cloning strains was also analysed in 

overnight LB cultures (Supplementary Figure S2A). Here, P3P was found to exhibit significantly reduced 

expression in E. coli compared to Pveg, rendering it a potentially better choice for cloning of genes, which 

are toxic to the cloning strain. 



   

 

   

 

 

Figure 3: Comparison between Pveg and P3P. (A) Growth curves recorded during a time course 
experiment. The orange arrows indicate the exponential phase samples, and the purple arrows indicate 
the stationary phase samples. (B) Fluorescence intensities of the strains in exponential phase and 
stationary phase (logarithmic scale). The bars indicate the means of the measured values and the error 
bars indicate standard deviation of four biological replicates. (C) and (D) Population data for a 
representative replicate of each strain.  

 

Characterizing four inducible promoters for the ProUSER2.0 toolbox 

Inducible promoters are often used in B. subtilis for applications where timing of expression is important. 

Thus, in order to accommodate this in the ProUSER2.0 toolbox, four promising inducible promoters: PxylA, 

PmanA, PmtlA, and PtetA were characterized. Initially we tested two versions of PmtlA; the wildtype PmtlA (long) 
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and a truncated PmtlA version, which has previously been characterized16. PmtlA (long) displayed lower 

expression levels than the truncated PmtlA version (Supplementary Figure S3), and we therefore only 

characterized the latter thoroughly. The operational range of the promoters were first investigated in a 

time course experiment using a plate reader, where the strains were cultured and supplemented with 

inducers in a broad range of concentrations (Supplementary Figure S4). PmanA and PmtlA exhibited binary 

on/off behaviour, and it was therefore decided to perform the final characterization using two induction 

concentrations (no inducer and saturating concentration) for these promoters. In contrast, PxylA and PtetA 

displayed titratable characteristics, and the final characterization of these promoters were therefore 

performed using four induction levels (no inducer, two intermediate concentrations, and saturating 

concentration). Anhydrotetracycline concentrations surpassing 0.1 µg/mL were found to inhibit growth 

in B. subtilis (Supplementary Figure S4), and this was therefore set as the maximum inducer concentration 

for PtetA.  

PmanA, PxylA, and PtetA were found to be highly repressed in the non-induced state, in contrast to PmtlA which 

was found to be relatively leaky in the uninduced state (Supplementary Figure S2B). PmanA, and PtetA 

exhibited high expression levels in the induced state (Figure 4A, C, G), while PmtlA had lower expression 

in the induced state than the other promoters (Figure 4B). The expression levels of PxylA were measured 

on a different flow cytometer, and the values from this experiment can therefore not be compared with 

those of the other promoters. The population data revealed that PmanA showed some heterogeneities in the 

induced population (Figure 4D). PxylA and PtetA both exhibited a high degree of inducibility (Figure 4C and 

G), with PxylA reaching maximum fluorescence intensity after 15 hours, and PtetA reaching maximum 

fluorescence intensity after only 4 hours after induction. The delayed response of PxylA may be an effect 

of the endogenous catabolite repression occurring, when the cultures are grown and induced in the 

presence of glucose. Due to the desirable characteristics of PtetA (low basal expression, high degree of 



   

 

   

 

titratability, high induced expression, and short induction time), the kinetic of the promoter was also 

assessed in LB media. Here, the kinetic were found to be similar to what was observed in M9extra, 

although with a more constant expression from 2 to 8 hours in LB (Figure 4H and J). These findings 

suggests that PtetA is a well-performing inducible promoter useful for a range of conditions.   

The leakiness of the inducible B. subtilis promoters was also compared in overnight LB cultures 

of E. coli (Supplementary Figure S2A). PmanA and PmtlA exhibited intermediate basal expression levels in 

the cloning strain, while PxylA exhibited high basal expression in the cloning strain, despite exhibiting low 

basal expression in B. subtilis. In contrast, PtetA was found to have exceptionally low basal expression in 

the cloning strain, which makes it an excellent choice for applications, where this is critical in the cloning 

host. 
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Figure 4: Comparison of inducible promoters. Median fluorescence intensities for each timepoint during 
the time course experiments for PmanA (A), PmtlA (B), PxylA (C), and PtetA in M9extra (G) and LB (H), 
respectively. Corresponding population data from representative replicates of PmanA (D), PmtlA (E), PxylA 
(F), and PtetA in M9extra (I) and LB (J), respectively. The population data is from the time point of highest 
fluorescence for each individual promoter (t = 10 hours for PmanA and PmtlA, t = 15 hours for PxylA, t = 4 hours 
for for PtetA in M9extra, and t = 8 hours for PtetA in LB, respectively). Note that PxylA was characterized using 
a MACSQuant VYB cytometer, while the other promoters were characterized using a FACS Aria 
cytometer (for logistical reasons), thus the absolute expression levels for PxylA cannot be compared with 
the other promoters. The bars indicate the means of the measured values and the error bars are standard 
deviation of four biological replicates. 
 

The ProUSER2.0 toolbox accommodates efficient construction of vector libraries for optimizing 

secretion 

To demonstrate the applicability and ease of use of the ProUSER2.0 vectors and the toolbox, it was used 

to build expression vectors for production of two secreted proteins: the native α-amylase from B. subtilis, 

AmyE, and the previously characterised Lytic Polysaccharide Monooxygenase (LPMO) from Bacillus 

atrophaeus, BatLPMO10. AmyE was chosen since it constitutes a model protein for expression and 

secretion in B. subtilis32, and can easily be subjected to a functional assay in a semi-high-throughput 

manner33. BatLPMO10 is a chitin-active LPMO that has previously been shown to express well in B. 

subtilis30,34. Furthermore, since the choice of signal peptide is known to have a significant influence on the 

secretion efficiency of a given protein3, both enzymes were screened with a library of 32 signal peptides 

(Supplementary table S5). The 32 signal peptides in the library were chosen based on previous 

secretomics data for B. subtilis2,35,36. Using the ProUSER2.0 platform for construction of signal peptide 

libraries has the advantage of a scarless N-terminus of the target protein, over classical restriction-ligation 

approaches3. This can be critical for target proteins where N-termini are crucial to proper functioning of 

the produced protein, such as LPMOs37. To further ease the cloning approach prior to generating the 

peptide libraries, all signal peptides were converted to having the signal peptide peptidase cleavage 

motif converted to ASA, providing a USER site for fusing the signal peptide to the protein of interest. In 



   

 

   

 

order to assure high expression, the genes and signal peptide-encoding sequences were cloned into the 

pProUSER13312 (integrating in the high-expression integration site, glmS, and with the strong 

constitutive promoter, P3P driving expression).  

As expected, the amount of secreted protein was found to vary significantly between the signal peptides, 

with signal peptide 32 (EglSSP) showing the highest extracellular amylase activity for the AmyE samples 

(Figure 5A, highlighted in dark purple), and signal peptide 31 (CwlOSP) resulting in the most intense 

band on the SDS-PAGE gel for BatLPMO10 (Figure 5B, highlighted in dark orange). 

 

Figure 5: Screening signal peptide variants of AmyE and BatLPMO10. Expression patterns from signal 
peptide variants of (A) AmyE measured by amylase activity of culture supernatant normalized to the 
native signal peptide (AmyESP) with the signal peptide yielding the highest activity (32 = EglSSP) 
highlighted in purple, and (B) BatLPMO10 titers measured by pixel intensities from the associated SDS-
PAGE gel image with the signal peptide yielding the highest pixel intensity (31 = CwlOSP) highlighted in 
orange. Cloning of the signal peptide 4 (EprSP) was unsuccessful for AmyE, thus no data (ND) was 
recorded. The activity data for AmyE are the means from 3 biological replicates, and the error bars are 
the standard deviation from these values. The titers for BatLPMO10 are measured values from single 
replicates. Detailed information for each signal peptide is available in Supplementary Table S4. 
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In agreement with other studies5,39,41,43, the expression patterns with a set of signal peptides are unique 

for individual proteins (Supplementary Figure S5). This underlines why an optimization approach, such 

as the one presented here, is relevant for optimizing production titers. Furthermore, this highlights the 

value of an efficient vector platform that is independent of PCR amplification of the backbone vector. 

 

Conclusion 

In this study, we combine the advantages of restriction-ligation based cloning with the flexibility of the 

USER based ProUSER method, in a highly customisable and easy-to-use vector platform for Gram 

positive organisms, called the ProUSER2.0 toolbox. We established a workflow using mRuby2 for 

characterising genetic parts, and thoroughly characterised seven novel integration sites and six 

promoters (two constitutive and four inducible). Lastly, we demonstrate the capacity of the developed 

toolbox, by constructing expression vectors for AmyE and BatLPMO10 and optimizing their secretion 

using the ProUSER cloning method for generating signal peptide variants. 

 In order to facilitate the implementation of the ProUSER2.0 toolbox by the research community, 

seven vectors with selected parts will be made available through Addgene (Supplementary Table S2). 

Adaptation of the ProUSER2.0 system within the community can allow simple further expansion of the 

current vector set, when additional parts are desired, and we encourage everyone to contribute to the 

collection. 

 

Materials and Methods 

Strains, media, and growth conditions 

Bacterial cells were routinely grown in LB media at 37 °C under shaking at 250 revolutions per minute 

(RPM), or on LB agar plates at 37 °C according to standard protocols38. Cultures used for plasmid prep 



   

 

   

 

were grown in media with double the amount of tryptone and yeast extract. When appropriate, media 

was supplemented with antibiotics (100 µg mL−1 ampicillin (Amp) for E. coli strains, and 5 µg mL−1 

chloramphenicol (Cam), 5 µg mL−1 kanamycin (Kan), 10 µg mL−1 erythromycin (Ery), and 100 µg mL−1 

spectinomycin (Spc) for B. subtilis strains). Characterization experiments were performed with modified 

M9 medium called M9extra (12.8 g L-1 Na2HPO4·7H2O, 3 g L-1 KH2PO4, 0.5 g L-1 NaCl, 1 g L-1 NH4Cl, 2 

mM MgSO4, 0.1 mM CaCl2) supplemented with 60 µM FeCl3, a trace element solution (1.25 µM 

MnCl2·4H2O, 0.21 µM CoCl2·6H2O, 0.85 µM ZnSO4·7H2O, 0.05 µM CuCl2·2H2O, 0,08 µM H3Bo3, 0.105 µM 

NiCl2·6H2O, 0.125 µM NaMoO4·2H2O, 0.3 µM AlK(SO4)2·12H2O), 50 mg L-1 L-tryptophan, and 10 g L-1 

glucose as carbon source. Protein production were either performed in lysogeny broth (LB) media (LB 

broth (Lennox), Sigma-Aldrich, Saint Louis, MO, USA),  or in Cal18-2 media40 (40 g L-1 yeast extract, 1.3 

g L-1 MgSO4·7H2O, 50 g L-1  maltodextrin (DE 13-17 (Sigma-Aldrich, Saint Louis, MO, USA)), 20 g L-1  

NaH2PO4·2H2O, 6.7 mL L-1  Na2MoO4 stock solution (2.0 g L-1 ), 6.7 mL L-1  trace metal solution (consisting 

of 4.48 g L-1  MnSO4·H2O, 3.33 g L-1  FeCl3·6H2O, 0.625 g L-1  CuSO4·5H2O, 7.12 g L-1  ZnSO4·7H2O), and 100 

µL L-1  Pluronic L-61 (Sigma-Aldrich, Saint Louis, MO, USA), adjusted to pH = 6). 

 

PCR amplification, DNA purification, and sequencing 

PCR fragments for USER cloning were generated using Phusion U (Thermo Fisher Scientific, United 

States). Phusion HSII (Thermo Fisher Scientific, United States) was used for sequencing of genomic DNA 

fragments, and OneTaq (New England BioLabs, United States) was used for colony PCRs. Colony PCRs 

for E. coli strains were performed by suspending individual colonies in 20 µL LB media and adding 1 µL 

of the suspended colonies as template in the reaction mixtures. Colony PCRs for B. subtilis strains were 

performed by suspending individual colonies in 20 µL LB media and diluting 10 µL of the suspended 

colonies in 10 µL MilliQ water. Subsequently, the dilutions were stored on ice for 5 minutes, followed by 



   

 

   

 

3 cycles consisting of 1 minute of heating in a microwave at 800 W and 30 seconds on ice. Afterwards the 

dilutions were again stored on ice for 5 minutes and 1 µL of the microwaved dilutions were used as 

template in the reaction mixtures. PCR products were purified using a NucleoSpin PCR clean-up gel 

extraction kit (Macherey-Nagel, Germany), following manufacturer’s instructions. Plasmid DNA was 

purified from E. coli cultures using a NucleoSpin Plasmid kit (Macherey-Nagel, Germany), following 

manufacturer’s instructions. Routine sequencing was performed using a Mix2Seq kit (Eurofins 

Genomics, Luxembourg), following the manufacturer’s instructions. 

 

Plasmid and strains construction 

The ProUSER 2.0 vectors and initial plasmids used for characterization of the promoters and integration 

sites were constructed using USER cloning or USER ligation PCR. USER reactions were performed by 

mixing the different fragments together with 1.2 µL T4 ligase buffer (New England BioLabs, United 

States), 1 µL USER enzyme (New England BioLabs, United States), and DNAse/RNAse free water to a 

total volume of 12 µL. The reaction mixtures were incubated at 37 °C for 25 minutes, followed by another 

25 minutes at 25 °C. Subsequently, 8 µL MilliQ water was added to a total volume of 20 µL, and 5 µL of 

the mix was used directly for transformation. For USER ligation PCRs, 0.8 µL T4 ligase buffer, 1 µL T4 

ligase (New England BioLabs, United States), and 6.2 µL MQ water added, and the mix was incubated 

at RT overnight. 2 µL of the mix was used as template for a PCR amplification, the fragment with the 

correct size was gel-purified and used directly for transformation in B. subtilis. For two ProUSER vectors 

unwanted mutations occurring in the backbone were rescued through digestion and ligation, after which 

they were re-sequenced. mRuby and signal-peptides were amplified with a consensus AGGAGG and a 

7 bp spacer before the start codon. The replicative vectors ProUSER13111 and ProUSER13241 were 

validated by cloning mRuby2 into the plasmids and confirming expression by fluorescence (data not 



   

 

   

 

shown). The temperature sensitivity of pE194ts was also verified as described in other studies (data not 

shown)42 

 

ProUSER 2.0 cloning 

ProUSER 2.0 plasmids were digested by mixing 1 µg plasmid DNA with 1 µL of AsiSI (New England 

BioLabs, United States), 5 µL CutSmart buffer, and DNAse/RNAse free water to a final volume of 50 µL. 

The reactions were incubated at 37 °C for 16 hours followed by inactivation at 80 °C for 20 minutes. 1 µL 

Nt.BbvCI was added to the reactions, which were subsequently incubated at 37 °C for 1 hour followed 

by inactivation at 80 °C for 20 minutes. The desired fragments containing 6 and 8 bp single-stranded 

DNA overhangs were selectively purified by elongated gel purification (1 hour, 100 kV). 1-2 µL (10-20 

ng) of the nicked ProUSER 2.0 plasmids were mixed with PCR amplified cargoes (mRuby2 or signal 

peptides and enzyme of interest), and subsequently USER cloned as described above. To ease the 

workload prior to generating the signal-peptide libraries, all signal peptides were converted to end on 

ASA (see Supplementary Table S4), which enabled combining all signal peptides with a single enzyme 

specific PCR reaction, without modifying the N-terminal of the enzymes.   

 

Transformations of bacterial cells 

E. coli transformations were performed as described previously44. B. subtilis 168 and PY79 and their 

derivatives were transformed with plasmid DNA by natural competence as described elsewere45, 

although without adding histidine to the SM1 and SM2 medium and at least 2 hours of recovery. B. 

subtilis REG19 with mannose catabolism regenerated, and B. subtilis 168 glms::comKS was transformed 

with either plasmid DNA of USER-ligated PCR fragments as described elsewere6, although with the 

recovery time extended to 2 hours. 



   

 

   

 

 

Generation of autofluorescence spectra 

An overnight culture was diluted to an OD600 of 0.1 in M9 media and grown in triplicates to an OD of 0.5. 

The cultures were dispensed in 200 µL aliquots in a black Nunc 96-well plate (Thermo Fisher Scientific, 

United States), and the autofluorescence was measured using a by performing emission spectra scans on 

a Synergy HM1 absorbance and fluorescence reader (BioTek Instruments, United States) with a gain 

value of 100. All data points were measured from unique wells, to avoid bleaching. 

 

Integration sites and promoter characterization experiments 

Single colonies were suspended in 1 mL LB and grown at 37C, 250 RPM during the day. 10 µL culture 

were transferred to 50 mL M9extra media supplemented with 0.02% (w/v) yeast extract, 10 g L-1 glucose, 

50 mg L−1 L-tryptophan, and appropriate antibiotics in 250 mL Erlenmeyer flasks and grown overnight 

at 37 °C, 250 RPM. Overnight cultures were diluted in 50 mL M9extra media supplemented with 10 g L-

1 glucose and 50 mg L-1 L-tryptophan to an OD600 of 0.05 and grown at 37 °C, 250 RPM in 250 mL 

Erlenmeyer shake flasks, in duplicates for initial experiments and quadruplicates for final experiments. 

Inducible promoters were grown until an OD600 of 0.1 before induction. 

 

Sample preparation for flow cytometry 

Cells were fixed by centrifuging 1 mL culture at 6000 g for 10 minutes, removing the supernatant, and 

resuspending the pellet in 500 µL 2% paraformaldehyde in phosphate-buffered saline (PBS) (Thermo 

Fisher Scientific, United States). The samples were left at room temperature for 30 minutes to 2 hours. 

Subsequently the centrifugation step was repeated, the supernatant was removed, and the pellet was 



   

 

   

 

resuspended in 500 µL PBS. The fixed cells were stored at 4 °C until analysis and analysed within 2 weeks 

of sampling. 

 

Quantification of fluorescence 

The fluorescence of the fixed cells in the initial induction experiments were analysed using a Synergy 

HM1 absorbance and fluorescence reader (BioTek Instruments, United States). The samples were 

dispensed in a black Nunc 96-well plate (Thermo Fisher Scientific, United States) in 200 µL aliquots, and 

measured using excitation and emission values of 561 nm and 610 nm, respectively, and a gain value of 

150. The fluorescence of the cells in the final characterization of the integration sites and inducible 

promoters were performed by flow cytometry using a FACS Aria cytometer (BD Biosience, USA) or a 

MACSQuant VYB cytometer (Miltenyi Biotec, Germany). For the FACS Aria cytometer, samples were 

analysed by making appropriate dilutions in FACS Flow. Fluorescence was detected by excitation with 

a 561 nm laser, using a 610/20 nm band-pass and 600 nm long-pass filter set. 50,000 events were recorded 

using the following voltage settings: forward scatter: 236 V, side scatter: 283 V, PE-Texas Red: 700 V. For 

the MACSQuant VYB cytometer the samples were run directly on the cytometer. Fluorescence was 

measured by excitation with a 561 nm laser, using a 615/20 nm band-pass filter. Up to 50,000 events were 

recorded from 200 µL sample using the following voltage settings: forward scatter: 450 V, side scatter: 

425 V, Y2 Channel: 496 V for leakiness measurements and 399 V for all other measurements. Data was 

analysed using Flowjo (Tree Star Inc., Asland, OR). 

 

AmyE and BatLPMO10 production 

A single colony of the desired strain was inoculated in either 600 µL LB in a 96-well plate or 3 mL LB in 

a 24-well plate, supplemented with appropriate antibiotics. The culture was grown O/N at 37 °C with 



   

 

   

 

250 RPM shaking, and back-diluted 1:300 in either 300 µL fresh LB in a 96-well plate (AmyE samples) or 

3 mL fresh Cal18-2 media in a 24-well plate (BatLPMO10 samples). In both cases, the media was 

supplemented with appropriate antibiotics. LB cultures were grown for 16 hours at 37 °C with 250 RPM 

shaking, while Cal18-2 cultures were grown for 72 hours at 20 °C with 250 RPM shaking. The cells were 

harvested by centrifugation at 6000 g for 5 minutes at 4 °C, the pellet was discarded, and the supernatant 

was used for further analysis.  

 

Amylase activity assay 

The assay was adapted from Xiao et. al33. The supernatants were diluted 5x in PBS, and 10 µL of the 

diluted samples were mixed with 40 µL 2 g L-1 starch in 100 mM phosphate buffer (pH = 5.9) solution. 

The reaction mixtures were incubated at 65 °C for 25 minutes and the reactions were stopped by adding 

50 µL 1M HCl. The reactions were mixed 1:1 with an iodine solution consisting of 5 mM I2 and 50 mM 

KI. The background was measured by substituting the sample with PBS. The absorbance values were 

measured at 580 nm, and the relative activity units were calculated as U = (Abs580,background - 

Abs580,sample)/Abs580,AmyESP. 

 

SDS-PAGE analysis 

Samples were mixed 1:1 with sample buffer (8 M urea, 0.0105 % (w/v) bromophenol blue, 5 mM EDTA, 

100 mM Tris-HCl pH 6.8, 4 % (w/v) SDS, and 25 % (v/v) glycerol), and heated to 98 °C for 10 minutes. 10 

µL sample was loaded on a 4−20 % Mini-PROTEAN-TGX gel (BioRad, Hercules, CA, USA) and run for 

160 V for 50 min. Gels were stained for at least 4 hours using InstantBlue Protein Stain (Expedeon Inc., 

San Diego, CA, USA), and destained O/N using demineralized water. Pixel values were calculated using 

the Fiji software46. 
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Supplementary Figure S1 

 

Supplementary Figure S1: Population data for mCherry, mCherryOPT and mRuby2 expressed from 

Pveg. Flow cytometry histograms for several time points for (A) mCherry, (B) mCherryOPT, and (C) 

mRuby2. The data is a representative replicate of each strain. 
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Supplementary Figure S2 

 
Supplementary Figure S2: Leakiness data for the promoters characterized in this study. (A) 

Fluorescence of O/N cultures of the E. coli cloning strains, harbouring the promoters controlling 

expression of mRuby2 simulating the relative leakiness of the promoters in a routine culture step during 

cloning. (B) Fluorescence of B. subtilis expression cultures, harbouring the promoters controlling 

expression of mRuby2. The fluorescence is measured after 6 h of growth. The values in (A) are measured 

on a FACS Aria cytometer and the values in (B) are measured on a MACSQuant VYB cytometer. The bars 

represent the mean of 3 biological replicates, and the error bars are the standard deviations of these 

values. 
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Supplementary Figure S3 
 

 
Supplementary Figure S3: Comparison between the two version of PmtlA. Fluorescence intensity of the 

truncated and wildtype version of PmtlA under induced and uninduced conditions 12 hours after 

induction. The data points are means of 2 biological replicates, and the error bars are the standard 

deviation of these values. 
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Supplementary Figure S4

 
 

Supplementary Figure S4: Initial inducer concentration screening of the promoters. Absorbance and 

fluorescence of cultures of the strains harbouring mRuby2 under control of the different promoters in a 

time course experiment. Note that PxylA was characterized using a MACSQuant VYB cytometer, while the 

others were characterized using a FACS Aria cytometer (for logistical reasons), thus the absolute 

expression levels for PxylA cannot be compared with the other promoters.  The data points are means of 2 

biological replicates, and the error bars are the standard deviation of these values.  
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Supplementary Figure S5 

 

 
 

Supplementary Figure S5: Correlation between the secretion of AmyE and BatLPMO10 for different 

signal peptides. The activity measurements for AmyE as a function of expression titers of BatLPMO10 

for each signal peptide. The line shows a linear regression fitted to the data (f(x) = 1.878·10-5x+1.070), 

which shows a very poor correlation between the two variables (R2 = 0.00553). The broken lines represent 

the 95 % confidence intervals of the regression. The activity data for AmyE are the means of 3 biological 

replicates, and the error bars are the standard deviation of these values. The titers for BatLPMO10 are 

measured values from single replicates.  

  

20000 4000 6000 8000

Pixel intensity (BatLPMO10)

0.0

0.5

1.0

1.5

2.0

2.5

Re
la

tiv
e 

ac
tiv

ity
 (A

m
yE

)



Supplementary Table S2 
Supplementary Table S2: Strains used in this study 

Strain Genotype Source/Reference 
E. coli DH5α-λpir F- φ80lacZ∆M15 ∆(lacZYA-argF)U169 recA1 endA1 

hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relA1 
λ-pir lysogen of DH5α  

Lab collection 

B. subtilis REG19 trpC2, ΔmanPA::ermC, PmtlA-comK-comS 1 

SIJ570 trpC2, PmtlA-comK-comS This work 

B. subtilis 168 trpC2 DSM23778 

B. subtilis KO7-S ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF Zeigler DR, 
unpublished, 
BGSCID1S145 

SIJ578 SIJ570 glmS::Pveg-mCherry::cm This work 

SIJ579 SIJ570, glmS::Pveg-mRuby2::cm This work 

SIJ580 SIJ570, glmS::Pveg-mCherryOPT::cm This work 

SIJ581 trpC2, glmS::manR-PmanA-mRuby2::cm This work 

SIJ584 trpC2, glmS::tetR-PtetA-mRuby2::cm This work 

SIJ587 trpC2, glmS::PmtlA-mRuby2::cm This work 

SIJ588 trpC2, glmS::xylR-PxylA-mRuby2::cm This work 

SIJ595 SIJ570, glmS::cm This work 

SIJ596 SIJ570, glmS::RBS-mRuby2::cm This work 

SIJ597 SIJ570, yhgE::Pveg-mRuby2::cm This work 

SIJ598 SIJ570, rsbP::Pveg-mRuby2::cm This work 

SIJ599 SIJ570, pyrG::Pveg-mRuby2::cm This work 

SIJ600 SIJ570, yrbD::Pveg-mRuby2::cm This work 

SIJ601 SIJ570, cheV::Pveg-mRuby2::cm This work 

SIJ602 SIJ570, ΔsigF::Pveg-mRuby2::cm This work 

SIJ649 trpC2, glmS::P3P-mRuby2::cm This work 

SIJ650 trpC2, glmS::Pmtl-comKS This work 

SIJ616 trpC2, Pmtl-comKS, ΔamyE::sp This work 

AmyE-Sp1 SIJ616, glmS::P3P-AmyESP-AmyE::cm This work 

AmyE-Sp2 SIJ616, glmS::P3P-AprESP-AmyE::cm This work 

AmyE-Sp3 SIJ616, glmS::P3P-BprSP-AmyE::cm This work 

AmyE-Sp5 SIJ616, glmS::P3P-MprSP-AmyE::cm This work 

AmyE-Sp6 SIJ616, glmS::P3P-PelSP-AmyE::cm This work 

AmyE-Sp7 SIJ616, glmS::P3P-PenPSP-AmyE::cm This work 

AmyE-Sp8 SIJ616, glmS::P3P-PhoASP-AmyE::cm This work 

AmyE-Sp9 SIJ616, glmS::P3P-PhoBSP-AmyE::cm This work 

AmyE-Sp10 SIJ616, glmS::P3P-VprSP-AmyE::cm This work 

AmyE-Sp11 SIJ616, glmS::P3P-XynASP-AmyE::cm This work 

AmyE-Sp12 SIJ616, glmS::P3P-YbdNSP-AmyE::cm This work 



AmyE-Sp13 SIJ616, glmS::P3P-YlqBSP-AmyE::cm This work 

AmyE-Sp14 SIJ616, glmS::P3P-YncMSP-AmyE::cm This work 

AmyE-Sp15 SIJ616, glmS::P3P-YoaWSP-AmyE::cm This work 

AmyE-Sp16 SIJ616, glmS::P3P-YocHSP-AmyE::cm This work 

AmyE-Sp17 SIJ616, glmS::P3P-YqxLSP-AmyE::cm This work 

AmyE-Sp18 SIJ616, glmS::P3P-YvgOSP-AmyE::cm This work 

AmyE-Sp19 SIJ616, glmS::P3P-YwaDSP-AmyE::cm This work 

AmyE-Sp20 SIJ616, glmS::P3P-YweASP-AmyE::cm This work 

AmyE-Sp21 SIJ616, glmS::P3P-YwtFSP-AmyE::cm This work 

AmyE-Sp22 SIJ616, glmS::P3P-YxaLSP-AmyE::cm This work 

AmyE-Sp23 SIJ616, glmS::P3P-NprBSP-AmyE::cm This work 

AmyE-Sp24 SIJ616, glmS::P3P-SacBSP-AmyE::cm This work 

AmyE-Sp25 SIJ616, glmS::P3P-SacCSP-AmyE::cm This work 

AmyE-Sp26 SIJ616, glmS::P3P-AbnASP-AmyE::cm This work 

AmyE-Sp27 SIJ616, glmS::P3P-BglSSP-AmyE::cm This work 

AmyE-Sp28 SIJ616, glmS::P3P-YolASP-AmyE::cm This work 

AmyE-Sp29 SIJ616, glmS::P3P-CsnSP-AmyE::cm This work 

AmyE-Sp30 SIJ616, glmS::P3P-BsnSP-AmyE::cm This work 

AmyE-Sp31 SIJ616, glmS::P3P-CwlOSP-AmyE::cm This work 

AmyE-Sp32 SIJ616, glmS::P3P-EglSSP-AmyE::cm This work 

BatLPMO10-Sp1 KO7-S, glmS::P3P-AmyESP-BatLPMO10::cm This work 

BatLPMO10-Sp2 KO7-S, glmS::P3P-AprESP-BatLPMO10::cm This work 

BatLPMO10-Sp3 KO7-S, glmS::P3P-BprSP-BatLPMO10::cm This work 

BatLPMO10-Sp4 KO7-S, glmS::P3P-EprSP-BatLPMO10::cm This work 

BatLPMO10-Sp5 KO7-S, glmS::P3P-MprSP-BatLPMO10::cm This work 

BatLPMO10-Sp6 KO7-S, glmS::P3P-PelSP-BatLPMO10::cm This work 

BatLPMO10-Sp7 KO7-S, glmS::P3P-PenPSP-BatLPMO10::cm This work 

BatLPMO10-Sp8 KO7-S, glmS::P3P-PhoASP-BatLPMO10::cm This work 

BatLPMO10-Sp9 KO7-S, glmS::P3P-PhoBSP-BatLPMO10::cm This work 

BatLPMO10-Sp10 KO7-S, glmS::P3P-VprSP-BatLPMO10::cm This work 

BatLPMO10-Sp11 KO7-S, glmS::P3P-XynASP-BatLPMO10::cm This work 

BatLPMO10-Sp12 KO7-S, glmS::P3P-YbdNSP-BatLPMO10::cm This work 

BatLPMO10-Sp13 KO7-S, glmS::P3P-YlqBSP-BatLPMO10::cm This work 

BatLPMO10-Sp14 KO7-S, glmS::P3P-YncMSP-BatLPMO10::cm This work 

BatLPMO10-Sp15 KO7-S, glmS::P3P-YoaWSP-BatLPMO10::cm This work 

BatLPMO10-Sp16 KO7-S, glmS::P3P-YocHSP-BatLPMO10::cm This work 

BatLPMO10-Sp17 KO7-S, glmS::P3P-YqxLSP-BatLPMO10::cm This work 

BatLPMO10-Sp18 KO7-S, glmS::P3P-YvgOSP-BatLPMO10::cm This work 

BatLPMO10-Sp19 KO7-S, glmS::P3P-YwaDSP-BatLPMO10::cm This work 

BatLPMO10-Sp20 KO7-S, glmS::P3P-YweASP-BatLPMO10::cm This work 



BatLPMO10-Sp21 KO7-S, glmS::P3P-YwtFSP-BatLPMO10::cm This work 

BatLPMO10-Sp22 KO7-S, glmS::P3P-YxaLSP-BatLPMO10::cm This work 

BatLPMO10-Sp23 KO7-S, glmS::P3P-NprBSP-BatLPMO10::cm This work 

BatLPMO10-Sp24 KO7-S, glmS::P3P-SacBSP-BatLPMO10::cm This work 

BatLPMO10-Sp25 KO7-S, glmS::P3P-SacCSP-BatLPMO10::cm This work 

BatLPMO10-Sp26 KO7-S, glmS::P3P-AbnASP-BatLPMO10::cm This work 

BatLPMO10-Sp27 KO7-S, glmS::P3P-BglSSP-BatLPMO10::cm This work 

BatLPMO10-Sp28 KO7-S, glmS::P3P-YolASP-BatLPMO10::cm This work 

BatLPMO10-Sp29 KO7-S, glmS::P3P-CsnSP-BatLPMO10::cm This work 

BatLPMO10-Sp30 KO7-S, glmS::P3P-BsnSP-BatLPMO10::cm This work 

BatLPMO10-Sp31 KO7-S, glmS::CwlOSP-BatLPMO10::cm This work 

BatLPMO10-Sp32 KO7-S, glmS::EglSSP-BatLPMO10::cm This work 

   

 

Supplementary Table S3 
Supplementary Table S3: Plasmids used in this study 

Plasmid Description Source/Reference 
pProUSER13421 ProUSER plasmid containing Pveg, yrbD 

homology regions, and erythromycin 
resistance marker 

This work, 
AddgeneXXXX 

pProUSER13312 ProUSER plasmid containing P3P, glmS 
homology regions, and chloramphenicol 
resistance marker 

This work, 
AddgeneXXXX 

pProUSER13643 ProUSER plasmid containing PmanA and 
manR, sigF homology regions, and 
kanamycin resistance marker 

This work, 
AddgeneXXXX 

pProUSER13244 ProUSER plasmid containing PmtlA, the 
pE194ts ori and kanamycin resistance marker 

This work, 
AddgeneXXXX 

pProUSER13115 ProUSER plasmid for cloning PxylA and xylR, 
the pHT315 ori and kanamycin resistance 
marker 

This work, 
AddgeneXXXX 

pProUSER13536 ProUSER plasmid containing PtetA and tetR, 
yhgE homology regions, and spectinomycin 
resistance marker 

This work, 
AddgeneXXXX 

pProUSER13726 ProUSER plasmid containing PtetA and tetR, 
rsbP homology regions, and erythromycin 
resistance marker 

This work, 
AddgeneXXXX 

pSIJ197 pEMG amp, frt::gm::frt 2 

pSIJ629 Plasmid for integrating Pveg-mCherryOPT 
downstream of glmS 

This work 

pSIJ631 Plasmid for integrating Pveg-mCherry 
downstream of glmS 

This work 

pSIJ632 Plasmid for integrating Pveg-mRuby2 
downstream of glmS 

This work 



pSIJ634 Plasmid for integrating manR-PmanA-mRuby2 
downstream of glmS 

This work 

pSIJ637 Plasmid for integrating tetR-PtetA-mRuby2 
downstream of glmS 

This work 

pSIJ640 Plasmid for integrating an expression 
cassette containing PmtlA-mRuby2 
downstream of glmS 

This work 

pSIJ650 Plasmid for integrating an empty cassette 
downstream of glmS 

This work 

pSIJ599 Plasmid for integrating P3P-mRuby2 
downstream of glmS 

This work 

pSIJ732 Plasmid for integrating the promoterless 
RBS-mRuby2 downstream of glmS 

This work 

pSIJ734 Plasmid for integrating xylR-PxylA-mRuby2 
downstream of glmS 

This work 

pProUSER13312-
AmyESP-AmyE 

ProUSER plasmid for integrating P3P- 
AmyESP-AmyE downstream of glmS 

This work 

pProUSER13312-
AprESP-AmyE 

ProUSER plasmid for integrating P3P-
AprESP-AmyE downstream of glmS 

This work 

pProUSER13312-
BprSP-AmyE 

ProUSER plasmid for integrating P3P-BprSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
MprSP-AmyE 

ProUSER plasmid for integrating P3P-MprSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
PelSP-AmyE 

ProUSER plasmid for integrating P3P-PelSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
PenPSP-AmyE 

ProUSER plasmid for integrating P3P-PenPSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
PhoASP-AmyE 

ProUSER plasmid for integrating P3P-
PhoASP-AmyE downstream of glmS 

This work 

pProUSER13312-
PhoBSP-AmyE 

ProUSER plasmid for integrating P3P-PhoBSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
VprSP-AmyE 

ProUSER plasmid for integrating P3P-VprSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
XynASP-AmyE 

ProUSER plasmid for integrating P3P-
XynASP-AmyE downstream of glmS 

This work 

pProUSER13312-
YbdNSP-AmyE 

ProUSER plasmid for integrating P3P-
YbdNSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YlqBSP-AmyE 

ProUSER plasmid for integrating P3P-YlqBSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
YncMSP-AmyE 

ProUSER plasmid for integrating P3P-
YncMSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YoaWSP-AmyE 

ProUSER plasmid for integrating P3P-
YoaWSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YocHSP-AmyE 

ProUSER plasmid for integrating P3P-
YocHSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YqxLSP-AmyE 

ProUSER plasmid for integrating P3P-
YqxLSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YvgOSP-AmyE 

ProUSER plasmid for integrating P3P-
YvgOSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YwaDSP-AmyE 

ProUSER plasmid for integrating P3P-
YwaDSP-AmyE downstream of glmS 

This work 



pProUSER13312-
YweASP-AmyE 

ProUSER plasmid for integrating P3P-
YweASP-AmyE downstream of glmS 

This work 

pProUSER13312-
YwtFSP-AmyE 

ProUSER plasmid for integrating P3P-
YwtFSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YxaLSP-AmyE 

ProUSER plasmid for integrating P3P-YxaLSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
NprBSP-AmyE 

ProUSER plasmid for integrating P3P-
NprBSP-AmyE downstream of glmS 

This work 

pProUSER13312-
SacBSP-AmyE 

ProUSER plasmid for integrating P3P-SacBSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
SacCSP-AmyE 

ProUSER plasmid for integrating P3P-SacCSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
AbnASP-AmyE 

ProUSER plasmid for integrating P3P-
AbnASP-AmyE downstream of glmS 

This work 

pProUSER13312-
BglSSP-AmyE 

ProUSER plasmid for integrating P3P-BglSSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
YolASP-AmyE 

ProUSER plasmid for integrating P3P-YolASP-
AmyE downstream of glmS 

This work 

pProUSER13312-
CsnSP-AmyE 

ProUSER plasmid for integrating P3P-CsnSP 
AmyE downstream of glmS 

This work 

pProUSER13312-
BsnSP-AmyE 

ProUSER plasmid for integrating P3P-BsnSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
CwlOSP-AmyE 

ProUSER plasmid for integrating P3P-
CwlOSP-AmyE downstream of glmS 

This work 

pProUSER13312-
EglSSP-AmyE 

ProUSER plasmid for integrating P3P-EglSSP-
AmyE downstream of glmS 

This work 

pProUSER13312-
AmyESP-BatLPMO10 

ProUSER plasmid for integrating P3P- 
AmyESP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
AprESP-BatLPMO10 

ProUSER plasmid for integrating P3P-
AprESP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
BprSP-BatLPMO10 

ProUSER plasmid for integrating P3P-BprSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
EprSP-BatLPMO10 

ProUSER plasmid for integratingP3P-EprSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
MprSP-BatLPMO10 

ProUSER plasmid for integratingP3P-MprSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
PelSP-BatLPMO10 

ProUSER plasmid for integrating P3P-PelSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
PenPSP-BatLPMO10 

ProUSER plasmid for integrating P3P-PenPSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
PhoASP-BatLPMO10 

ProUSER plasmid for integrating P3P-
PhoASP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
PhoBSP-BatLPMO10 

ProUSER plasmid for integrating P3P-PhoBSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
VprSP-BatLPMO10 

ProUSER plasmid for integrating P3P-VprSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
XynASP-BatLPMO10 

ProUSER plasmid for integrating P3P-
XynASP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YbdNSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YbdNSP-BatLPMO10 downstream of glmS 

This work 



pProUSER13312-
YlqBSP-BatLPMO10 

ProUSER plasmid for integrating P3P-YlqBSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YncMSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YncMSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YoaWSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YoaWSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YocHSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YocHSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YqxLSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YqxLSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YvgOSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YvgOSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YwaDSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YwaDSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YweASP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YweASP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YwtFSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
YwtFSP-AmyE downstream of glmS 

This work 

pProUSER13312-
YxaLSP-BatLPMO10 

ProUSER plasmid for integrating P3P-YxaLSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
NprBSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
NprBSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
SacBSP-BatLPMO10 

ProUSER plasmid for integrating P3P-SacBSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
SacCSP-BatLPMO10 

ProUSER plasmid for integrating P3P-SacCSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
AbnASP-BatLPMO10 

ProUSER plasmid for integrating P3P-
AbnASP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
BglSSP-BatLPMO10 

ProUSER plasmid for integrating P3P-BglSSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
YolASP-BatLPMO10 

ProUSER plasmid for integrating P3P-YolASP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
CsnSP-BatLPMO10 

ProUSER plasmid for integrating P3P-CsnSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
BsnSP-BatLPMO10 

ProUSER plasmid for integrating P3P-BsnSP-
BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
CwlOSP-BatLPMO10 

ProUSER plasmid for integrating P3P-
CwlOSP-BatLPMO10 downstream of glmS 

This work 

pProUSER13312-
EglSSP-BatLPMO10 

ProUSER plasmid for integrating P3P-EglSSP-
BatLPMO10 downstream of glmS 

This work 

   

 
 

  



Supplementary Table S4 
Supplementary Table S4: Oligoes used in this study 

No. Name Sequence (5’ to 3’) 
1395 Tetr-U-fw ATCGCGUTTAAGACCCACTTTCACATTTAAGTTGT 

1741 PS1_BB-U-rv ACGCGAUCGGCCTCCTGTGTGAAATTG 

1752 PS29_BB-nick-fw ATCGCACCUCAGCGTCGTGACTGGGAAAACCCTG 

1762 Intdel-BB-U_fw ATGCAAGCUCTAAGGAGGATATTCATATGCAAGCT 

1763 Intdel-BB-U_rv ACCTGACUGAAGCAGCTCCAGCCTACA 

1841 Pveg-U-fw ATCGCGUAGAGGAGTTCTGAGAATTGGTATG 

1842 Pveg-U-rv ATCGCCUCAGCTCACTACATTTATTGTACAACACGAG 

1843 lacZ-trunk-fw AGGCGAUCGCAACGTCGTGACTGGGAAAAC 

1895 Seva-ins-U-fw ACCAGCUGGCGCGCCCAGCTGTCTA 

1905 Knockbc-U-fw ACGTGUAGGCTGGAGCTGCTTC 

1906 Knockbc-U-rv AGTGCUTGCATATGAATATCCTCCTTAG 

1910 sigF-down-U-rv AGTCAGGUCGCTTCATAAGCCTGAACAA 

1978 Manr-U-fw ATCGCGUCATAGCAAACTCAAAGAGTATAA 

1979 Manp-U-rv ATCGCCUCAGCTTAAAGTGTGAATAATAAGATCTTGT 

1980 Tetr(BS)-U-rv ATCGCCUCAGCTTACTGCAGGAGCTCAGATCTGT 

1991 Glms-BS-up-fw AGCTTGCAUCAACATGCCGCTTCTGTCTA 

1992 Glms-BS-up-rv AGCTGGUACACCCCTTTAGATAATCTTATCCA 

1993 Glms-BS-down-fw AGCACUTTATGTCCAAAAGCGAAAGAAC 

1994 Glms-BS-down-rv AGTCAGGUTTAGCCTTCGCGTACTCCTT 

1995 Seva-ins-U-rv ACACGUAGCACTATTTAAATCGTAATTATTG 

2016 Mruby2-U-std-fw AGGCGAUAGGAGGAATATACATGGTGTCTAAGGGCG
AAGAG 

2017 Mruby2-U-std-rv AGGTGCGAUTTACTTGTACAGCTCGTCCATCC 

2034 Pmtl-U-fw ATCGCGUCCTGAAACCAGGAGCCTT 

2036 Pmtl-short-U-rv ATCGCCUCAGCAAATATGTTCAGAGAATGATGCT 

2039 yhgEins-up-U-fw AGCTTGCAU GACGGGTCTAAACAGGTC 

2040 yhgEins-up-U-rv AGCTGGUTTATGAAGCCGGCTGTTCT 

2041 yhgEins-down-U-fw AGCACUAGAAAAAGAACTTGTTTCCTTG 

2042 yhgEins-down-U-rv AGTCAGGUCACAACCACATCCGATTAC 

2043 rsbPins-up-U-fw AGCTTGCAUACTCGCCAGAAAGATCCA 

2044 rsbPins-up-U-rv AGCTGGUAACAAAAAAATCCATGAGATGT 

2045 rsbPins-down-U-fw AGCACUTCAGCGTTTCTTTGGAATA 

2046 rsbPins-down-U-rv AGTCAGGUGATTTGCCGGTGAGACTG 

2047 sigFins-up-rv AGCTGGUTAATCCATAACAAATCTCCTTAATTACA 

2048 pyrGins-up-U-fw AGCTTGCAUTCCGAGTGGAAAGAGCTTGT 

2049 pyrGins-up-U-rv AGCTGGUGGAACTTGCCGGAAACAA 

2050 pyrGins-down-U-fw AGCACUTTATGCATACTCTTGCAGAAT 



2051 pyrGins-down-U-rv AGTCAGGUCATGTCCAACAGCACAAG 

2052 YrbDins-up-U-fw AGCTTGCAUGTCTGAATTGCCTGCTGTGA 

2053 YrbDins-up-U-rv AGCTGGUAAAACCGGCACGAGGTCA 

2054 YrbDins-down-U-fw AGCACUTTATGAACGATAGTTTGTATACACT 

2055 YrbDins-down-U-rv AGTCAGGUGCAGCCTTTTTCTTTGCA 

2056 cheVins-up-U-fw AGCTTGCAUATCAGTGCCTCACTCCCA 

2057 cheVins-up-U-rv AGCTGGUTTATTCAATAACATACGTATCCACT 

2058 cheVins-down-U-fw AGCACUATAAAAACAGCCGTTGCCA 

2059 cheVins-down-U-rv AGTCAGGUCGGCATGGGTGTTATTATC 

2060 yhgEins-up-fw GACGGGTCTAAACAGGTC 

2061 yhgEins-down-rv CACAACCACATCCGATTAC 

2062 rsbPins-up-fw ACTCGCCAGAAAGATCCA 

2063 rsbPins-down-rv GATTTGCCGGTGAGACTG 

2064 pyrGins-up-fw TCCGAGTGGAAAGAGCTTGT 

2065 pyrGins-down-rv CATGTCCAACAGCACAAG 

2066 YrbDins-up-fw GTCTGAATTGCCTGCTGTGA 

2067 YrbDins-down-rv GCAGCCTTTTTCTTTGCA 

2068 cheVins-up-fw ATCAGTGCCTCACTCCCA 

2069 cheVins-down-rv CGGCATGGGTGTTATTATC 
2070 Mcherry-opt-U-fw AGGCGAUAGGAGGAATATACATGGTGTCTAAGGGTGA

AGAGGA 
2071 Mcherry-opt-U-rv AGGTGCGAUTTACTTGTATAATTCGTCCATCCCTC 

2094 Ps1-mruby-U-fw ATCGCGUAGGCGATAGGAGGAATATACATGGTGTCTA
AGGGCGAAGAG 

2097 New-Xyl-U-fw ATCGCGUTATGCAGCAATGGCAAGAAC 

2098 Xyl-wosdandgene-rv ATCGCCUCAGCCTTTGATTTAAGTGAACAAGTTTATCC
ATCA 

2179 Amye-tag1-U-fw GGCGAUAGGAGGAATATACATGTTTGCAAAACGATTC
AAA 

2180 Amye-tag1-U-rv AGCACUCGCAGCCGCCGGT 

2181 Apre-tag2_U-fw GGCGAUAGGAGGAATATACATGAGAAGCAAAAAATT
GTGG 

2179 Apre-tag2_U-rv AGCACUCGCAGACATGTTGCTGAAC 

2180 Bpr-tag3_U-fw GGCGAUAGGAGGAATATACATGAGGAAAAAAACGAA
AAAC 

2181 Bpr-tag3_U-rv AGCACUGGCTGCTCCCGGAAACAG 

2182 Epr-tag4_U-fw GGCGAUAGGAGGAATATACATGAAAAACATGTCTTGC
AAA 

2183 Epr-tag4_U-rv AGCACUAGCGAGAGGGCCTATGGT 

2184 Mpr-tag5_U-fw GGCGAUAGGAGGAATATACATGAAATTAGTTCCAAGA
TTC 

2185 Mpr-tag5_U-rv AGCACUTGCCGGTACGCCAAAAGA 

2186 Pel-tag6_U-fw GGCGAUAGGAGGAATATACATGAAAAAAGTGATGTT
AGCT 



2187 Pel-tag6_U-rv AGCACUCGCGCCAGCTGGAGTCAA 

2188 Penp-tag7_U-fw GGCGAUAGGAGGAATATACATGAAGTTGAAAACTAA
AGCG 

2189 Penp-tag7_U-rv AGCACUGGCATGTGTTGAGTTGAAA 

2190 Phoa-tag8_U-fw GGCGAUAGGAGGAATATACATGAAAAAAATGAGTTT
GTTT 

2191 Phoa-tag8_U-rv AGCACUGGCAAAGATTCCAGCTGTA 

2192 Phob-tag9_U-fw GGCGAUAGGAGGAATATACATGAAAAAATTCCCGAA
GAAA 

2193 Phob-tag9_U-rv AGCACUGGCTTCAGGCACACTGCC 

2194 Vpr-tag10_U-fw GGCGAUAGGAGGAATATACATGAAAAAGGGGATCAT
TCGC 

2195 Vpr-tag10_U-rv AGCACUAGCTGCCTGAACGCCCGT 

2196 Xyna-tag11_U-fw GGCGAUAGGAGGAATATACATGTTTAAGTTTAAAAAG
AAT 

2197 Amye-tag1-U-fw GGCGAUAGGAGGAATATACATGTTTGCAAAACGATTC
AAA 

2198 Amye-tag1-U-rv AGCACUCGCAGCCGCCGGT 

2199 Apre-tag2_U-fw GGCGAUAGGAGGAATATACATGAGAAGCAAAAAATT
GTGG 

2200 Xyna-tag11_U-rv AGCACUGGCGGTTGCCGAAAACAA 

2201 Ybdn-tag12_U-fw GGCGAUAGGAGGAATATACATGGTGAAAAAATGGCTT
ATT 

2202 Ybdn-tag12_U-rv AGCACUTGCCGAATACGTAAAGGTAGA 

2203 Ylqb-tag13_U-fw GGCGAUAGGAGGAATATACATGAAAAAAATCGGTTTA
TTG 

2204 Ylqb-tag13_U-rv AGCACUTGCTTGCTGTGCCGGGAA 

2205 Yncm-tag14_U-fw GGCGAUAGGAGGAATATACATGGCGAAACCACTATC
AAAA 

2206 Yncm-tag14_U-rv AGCACUTGCCGCGGGTAAACCTGG 

2207 Yoaw-tag15_U-fw GGCGAUAGGAGGAATATACATGAAAAAGATGTTGAT
GTTA 

2208 Yoaw-tag15_U-rv AGCACUAGCTTCCCCTACATGGATAGT 

2209 Yoch-tag16_U-fw GGCGAUAGGAGGAATATACATGAAGAAGACGATTAT
GTCC 

2210 Yoch-tag16_U-rv AGCACUAGCTCCGAATGCAGTTGT 

2211 Yqxi-tag17_U-fw GGCGAUAGGAGGAATATACATGTTTAAGAAATTACTT
TTA 

2212 Yqxi-tag17_U-rv AGCACUGGCATGTCCATCCAACGGA 

2213 Yvgo-tag18_U-fw GGCGAUAGGAGGAATATACATGAAACGTATTCGTATC
CCA 

2214 Yvgo-tag18_U-rv AGCACUAGCAAAGGACAAAGGGGCA 

2215 Ywad-tag19_U-fw GGCGAUAGGAGGAATATACATGAAAAAGCTTTTGACT
GTCAT 

2216 Ywad-tag19_U-rv AGCACUCGCGGCAGGGGTGACACT 

2217 Ywea-tag20_U-fw GGCGAUAGGAGGAATATACATGCTAAAAAGAACTTC
ATTC 



2218 Ywea-tag20_U-rv AGCACUAGCTTGGCCCGAAGGAAGT 

2219 Ywtf-tag21_U-fw GGCGAUAGGAGGAATATACATGGAAGAACGATCACA
GCGC 

2220 Ywtf-tag21_U-rv AGCACUGGCGCCGACAGAGCCTGC 

2221 Yxalk-tag22_U-fw GGCGAUAGGAGGAATATACATGGTCAAGTCATTTCGT
ATGAAA 

2222 Yxalk-tag22_U-rv AGCACUAGCAGCTGTCGGCTGAAG 

2223 Nprb-tag23_U-fw GGCGAUAGGAGGAATATACATGCGCAACTTGACCAA
GACA 

2224 Nprb-tag23_U-rv AGCACUGGCATGTGTTACAAAAACCA 

2225 Sacb-tag24_U-fw GGCGAUAGGAGGAATATACATGAACATCAAAAAGTTT
GCA 

2226 Sacb-tag24_U-rv AGCACUCGCTTGAGTTGCGCCTCCT 

2227 Sacc-tag25_U-fw GGCGAUAGGAGGAATATACATGAAAAAGAGACTGAT
TCAA 

2228 Sacc-tag25_U-rv AGCACUTGCCGAAAATGCCATAGT 

2229 Abna-tag26_U-fw GGCGAUAGGAGGAATATACATGAAAAAGAAAAAAAC
ATGG 

2230 Abna-tag26_U-rv AGCACUTGCGGGAGCAGCAGAAGT 

2231 Bgls-tag27_U-fw GGCGAUAGGAGGAATATACATGCCTTATCTGAAACGA
GTG 

2232 Bgls-tag27_U-rv AGCACUGGCAGTAGCAGTGACTGCA 

2233 Yola-tag28_U-fw GGCGAUAGGAGGAATATACATGAAGAAGAGAATTAC
ATAT 

2234 Yola-tag28_U-rv AGCACUTGCTTTTGATGAATCAGTGAA 

2235 Csn-tag29_U-fw GGCGAUAGGAGGAATATACATGAAAATCAGTATGCA
AAAA 

2236 Csn-tag29_U-rv AGCACUCGCCGTTTCGCTCATCATCAG 

2237 Bsn-tag30_U-fw GGCGAUAGGAGGAATATACATGACAAAAAAAGCATG
GTTT 

2238 Bsn-tag30_U-rv AGCACUTGCTGAAGCTGCTGGCGCA 

2239 Cwlo-tag31-U-fw GGCGAUAGGAGGAATATACATGAGAAAGAGTTTAATT
ACA 

2240 Cwlo-tag31-U-rv AGCACUTGCAGTTTTACTTGTAAATGGGA 

2241 Egls-tag32-U-fw GGCGAUAGGAGGAATATACATGAAACGGTCAATCTCT
ATT 

2242 Egls-tag32-U-rv AGCACUTGCCGGCGAAGCTATCAT 

2243 Amye-U-fw AGTGCUGAAACGGCGAACAAATCGA 

2244 Amye-U-rv GGTGCGAUTCAATGGGGAAGAGAACCGCT 

2464 P3P.U.Rev 
 

ATCGCCUCAGCATAATACATAATTTTCAAACTGATAA
AATGATTT 

2466 FW_U_VC_ intCm 
 

AGGCGAUGGCGCGCCTGTACAGTCAGGTAGCACGCTG
ATAATCAGCAAGACCACCAACATTTCCACCAATGTAA
AAGCTTTAACCTTAGCCGGCAATAGTTACCCTTATTAT
CAA 



2492 Rev_U_VC_intCm 
 

AGCACUAATATCCTCCTTAGAGCTTGCATAAGAGTGA
GAGTTTTACTATCCTTGATTGAGATGTAGGTTACTAAA
ATTATTTATATTTTCCAGCGGAAAAGGACAACGCGG 

2503 Rev_U_VC_glmSDS ATTCAGAUTTAGCCTTCGCGTACTCCTT 

2555 FW_U_VC2_Prom 
 

ATCTGAAUGGCGCGCCTGTACACAGCTGTCTAGGGCG
GCGGATTTG 

2557 Rev_U_VC2_BB2.1 
 

ATTCAGAUACACCCCTTTAGATAATCTTATCCAAAGGG
G 

2564 REV_U_VC2_Ter 
 

AGGTGCGAUCCTGCAGGCTGGATTCTCACCAATAAAA
AACGCCCGGC 

2572 FW_U_VC_glmSDS_2 AGTGCUGGTACCTTATGTCCAAAAGCGAAAGAACGT 

2580 FW_U_VC_AbR_2 ATCTGAAUGGGTCCCCAATAATTACGAT 

2488 FW_U_VC_glmSUS AGGCGAUCTCGAGCAACATGCCGCTTCTGTCT 

2508 Rev_U_VC_bbR1 ATCGCCUCCCCCTACGGGCTTGCTCT                                                      

2597 LPMO-Kri-U-fw AGTGCUCATGGGTATATAAAAGAACCTGCT 

2598 LPMO-Kri-U-rv GGTGCGAUTTATTTTATGTTTACATCAATTACGT 

2746 PU-v1-U-fw ACCTGACUGGGTCCCCAATAATTACGAT 

2747 PU-v1-U-rv ATGCAAGCUCTCGAGATCGCCTCCCCCTA 

2748 term-seva-U-rv ACACGUCTGGATTCTCACCAATAAAAAACGC 

2751 pE194-U-fw AGCACUGACACCTAAATTCAAAATCTATCGGT 

2752 pE194-U-rv AGTCAGGUCGCATCACACGCAAAAAGGA 

2753 junk-U-fw AGCTTGCAUACTATCCCGACCGCCTTACT 

2754 junk-U-rv AGCTGGUGATGGCTGGTTTCCATCAGT 

2755 cm-BSori-U-fw ACGTGUCCTGCAGGCGGCAATAGTTACCCTTATTATCA 

2756 cm-BSori-U-rv AGTGCUGGTACCGATGTCGGCGATATAGGC 

2757 km-Bsori-U-fw ACGTGUCCTGCAGGCGAGGTCATCGTTCAAAATGGT 

2759 U-new-fw ACCAGCUTGTACAGGCGCGCCCAGCTGTCTA 

2796 sig-down-new-U-fw AGCACUTCTGCAGTGCAGGCTAGCT 

765 pJOE8999-backbone-fw AGGTACAUTTTACTCAATTCTCTAATCACGG 

768 pJOE8999-backbone-rv AAGGCCUTTCTAGATTAAGAAATAATCTTCATC 

1131 glmS-left-flank-fw ATAGGGUCGACGGCCACAACATGCCGCTTCTGTCTAA
GAAAC 

1149 glmS-left-flank-rv ACGCGAUCGGCCTCCTGTG 

1134 glmS-right-flank-rv AGGCCTUATTTAGCCTTCGCGTACTCCTTAAAGAAG 

1151 glmS-right-flank-rv AGCTGAAAUAGCTGCGCTTTTTTGTGTCATAAGAACGT
CTACAGTGGAAAAATGGATTAA 

1137 Pmtl-comKS-rv ATTTCAGCUGCGCTTTTTTGGAGGATTTCGTGCCGGTTG
ATTAATTGC 

1150 Pmtl-comKS-fw ATCGCGUCTTTTTATTTTTAAAAAATTGTCACAGTCATG
TGCC 

767 glmS-gRNA-rv GGAAAGCAAGCCTCGCTGCG 

1152 glmS-gRNA-fw ATGTACCUACGTGTAGACGTTCTTTCGCTTTGTTTTAGA
GCTAGAAATAGCAAGTTAAAA 

 
 



 
 

Supplementary Table S5 
Supplementary Table S5: Information about the signal peptides in the signal peptide library. The 

residues changed to ASA is shown in bold. 

Signal 
peptide no. 

Gene Amino acid sequence  

1 amyE MFAKRFKTSLLPLFAGFLLLFHLVLAGPAAASA 
2 aprE MRSKKLWISLLFALTLIFTMAFSNMSAQA 
3 bpr MRKKTKNRLISSVLSTVVISSLLFPGAAGA 
4 epr MKNMSCKLVVSVTLFFSFLTIGPLAHA 
5 mpr MKLVPRFRKQWFAYLTVLCLALAAAVSFGVPAKA 
6 pel MKKVMLATALFLGLTPAGANA 
7 penP MKLKTKASIKFGICVGLLCLSITGFTPFFNSTHAEA 
8 phoA MKKMSLFQNMKSKLLPIAAVSVLTAGIFAGA 
9 phoB MKKFPKKLLPIAVLSSIAFSSLASGSVPEASA 
10 vpr MKKGIIRFLLVSFVLFFALSTGITGVQAAPA 
11 xynA MFKFKKNFLVGLSAALMSISLFSATASA 
12 ybdN MVKKWLIQFAVMLSVLSTFTYSASA 
13 ylqB MKKIGLLFMLCLAALFTIGFPAQQADA 
14 yncM MAKPLSKGGILVKKVLIAGAVGTAVLFGTLSSGIPGLPAADA 
15 yoaW MKKMLMLAFTFLLALTIHVGEASA 
16 yocH MKKTIMSFVAVAALSTTAFGAHA 
17 yqxI MFKKLLLATSALTFSLSLVLPLDGHAKA 
18 yvgO MKRIRIPMTLALGAALTIAPLSFASA 
19 ywaD MKKLLTVMTMAVLTAGTLLLPAQSVTPAAHA 
20 yweA MLKRTSFVSSLFISSAVLLSILLPSGQAHA 
21 ywtF MEERSQRRKKKRKLKKWVKVVAGLMAFLVIAAGSVGAYA 
22 yxaL MVKSFRMKALIAGAAVAAAVSAGAVSDVPAAKVLQPTAAYA 
23 nprB MRNLTKTSLLLAGLCTAAQMVFVTHASA 
24 sacB MNIKKFAKQATVLTFTTALLAGGATQAFA 
25 sacC MKKRLIQVMIMFTLLLTMAFSADA 
26 abnA MKKKKTWKRFLHFSSAALAAGLIFTSAAPAEA 
27 bglS MPYLKRVLLLLVTGLFMSLFAVTATASA 
28 yolA MKKRITYSLLALLAVVAFAFTDSSKAKA 
29 csn MKISMQKADFWKKAAISLLVFTMFFTLMMSETVFA 
30 bsn MTKKAWFLPLVCVLLISGWLAPAASASA 
31 cwlO VRKSLITLGLASVIGTSSFLIPFTSKTASA 
32 eglS MKRSISIFITCLLITLLTMGGMIASPASA 
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Abstract 31 

Enzymes are sustainable alternatives to many chemical catalysts used in a wide range of industrial 32 

processes. The majority of enzymes used in industry are produced in microbial hosts. Bacillus 33 

subtilis is often chosen as host for production of bacterial proteins, due to its excellent fermentation 34 

characteristics and its capacity to secrete proteins in high amounts. A crucial design choice in 35 

building such production strains, is identifying heterologous signal peptide-proteins pairs which 36 

results in high secretory performance. So far, no rational solution to this problem is available, and 37 

current best practices requires building and screening libraries of signal peptide variants. This 38 

study presents a novel method, which allows for easy and fast to assembly of signal peptide 39 

libraries from inexpensive oligo pools without introducing scar sequences into the design. This is 40 

paired with a ubiquitous screening method based on NanoBiT, which allows for quantification of 41 

the secretory performance of any signal peptide-protein pair independent of the availability of 42 

activity assays. In this study we successfully build signal peptide variant libraries for three 43 

industrially relevant proteins, and screen them to identify high secreting variants. The correlation 44 

between the output from the NanoBiT assay was found to be strong for a high-expressing amylase, 45 

and the method was found to be able to discriminate between producers and non-producers for 46 

the low-expressing LPMO and NanoBody. The method constitutes a strong universal workflow 47 



for optimizing secretion, and has the potential to be used in other production hosts, such as fungal 48 

or mammalian cells.  49 

 50 

Introduction 51 

Enzymes are important molecules in many processes including production of biofuels, food and 52 

feed, pharmaceuticals, and waste recycling. The majority of industrial enzymes are produced by 53 

secretion from microbial hosts, as this simplifies the recovery and purification process1. 54 

Bacillus subtilis is a widely used host for production of bacterial enzymes. In B. subtilis (and 55 

in many other organisms across the tree of life2), enzymes are marked for secretion by the synthesis 56 

of a short (15-50 amino acids (AA)) N-terminal sequence, known as a signal peptide (SP). SPs 57 

consists of three distinct regions: A positively charged N-terminal domain, a hydrophobic H-58 

domain, and a C-terminal domain containing the signal peptide peptidase (SPP) recognition 59 

sequence. The SP interacts with the secretion machinery facilitating secretion, and is cleaved off 60 

by the SPP and degraded after translocation3. Apart from protein-level interactions, SPs also have 61 

distinct codon usage, which has been hypothesized to influence translation and folding rates 62 

affecting the maturity of the protein upon secretion4,5,6.  63 

B. subtilis encodes ~180 native SPs, although is also compatible with SPs from other 64 

organisms in the Bacillus genus7. Furthermore, recent advances have paved the way for generation 65 

of non-natural SP sequences8, rendering the sequence space for SPs virtually infinite9. The choice 66 

of SP has been found to influence the secretory performance in B. subtilis, often accounting for 67 

several fold differences in production titers. A given SP which yields high secretory performance 68 

for a specific protein of interest (POI), does not necessarily yield high secretory performance for 69 

another POI. So far, no rational approach has proven sufficient for predicting the performance of 70 

a given SP-POI pair10. Thus, best practices optimizing this involves time consuming workflows of 71 



building and screening SP variant libraries, which has to be repeated for each POI. The most 72 

widely used method for building such libraries in B. subtilis was developed by Brockmeier et al.10, 73 

and has been used in several subsequent studies7,11,12,13. Unfortunately, the cloning approach adds 74 

unwanted residues to the POI, which can influence secretion14 and can even be detrimental to the 75 

activity of some proteins (e.g. Lytic Polysaccharide Monooxygenases (LPMOs)15). Furthermore, 76 

the secretory performance of the SP variants in a library are often compared based on assaying the 77 

activity of the POI in the supernatant7,10,12,16,17, and thus requires the availability of pre-developed 78 

activity assays. While many of these lend themselves well to high-throughput setups (e.g. lipases18, 79 

amylases19, β-galactosidase20, and proteases21), some enzymes require extensive sample 80 

processing22 or rely on inherently low-throughput methods for detection23 and are therefore not 81 

compatible with library screening workflows. Furthermore, most pharmaceutical proteins do not 82 

have enzymatic activity, making them challenging to detect in a high-throughput manner. These 83 

types of proteins benefit from alternative methods, which indirectly couples the protein amounts 84 

to an output11,24. This can be achieved by fusing the POI to an easily detectable reporter protein 85 

such as green fluorescent protein (GFP)25, a β-galactosidase26, or a luciferase27, which allows for 86 

fast and easy activity independent quantification of a POI. However, these proteins are relatively 87 

large (GFP ~28 kDa, LacZ = 117 kDa,  Luceiferases 19 – 64 kDa), and can therefore affect gene 88 

expression, secretion, and solubility of the POI28. Protein-fragment complementation approaches 89 

only require fusing small parts of the proteins to the POI, and supplementing the remaining. The 90 

fragment fused to the POI are often shorter than 20 AAs, and thus should have minimal influence 91 

on the characteristics of the POI. Split-GFP has previously been utilized to successfully screen 92 

signal peptide variants for industrial relevant proteins in B. subtilis11. However, split-GFP 93 

approaches are associated with a time-lag due to chromophore formation29, background signal 94 

due to autofluorescence30, and instability issues31. These problems are mitigated by the luciferase 95 

complementation approach, NanoLuc® Binary Technology (NanoBiT), which offers close to no 96 



background signal, high sensitivity even in complex conditions, and high stability of the 97 

individual fragments32. 98 

In this study we present a novel approach to create and clone SP variant libraries. The 99 

method allows the library to be built from relatively inexpensive oligo pools, which significantly 100 

decreases the workload needed for acquiring DNA fragments encoding the SPs compared to PCR-101 

based methods. Furthermore, the method does not rely on the primary source of the DNA 102 

sequence, paving the way for including non-natural SP sequences in the libraries. We also attempt 103 

to develop a ubiquitous screening method based on the NanoBiT, which can be used to screen any 104 

type of protein in a broad range of production titers independently of any native activity of the 105 

protein. 106 

 107 

Results 108 

SP libraries can be designed in silico and built using oligo pools 109 

A SP library was designed through an in silico workflow written in python using the biopython 110 

package33 and the Signal Peptide Website database34. A search query was created using the string 111 

“Bacillus” as the “Organism” term and the standard query settings, resulting in 4349 matches (in 112 

AA format). The results from organisms outside of the Bacillus genus (e.g. Lactobacillus) were 113 

manually removed leaving 1573 sequences. The genbank IDs of the DNA sequences 114 

corresponding to these aa sequences were found using the tblastn algorithm35,36 with an E-value 115 

cut-off of 0.01, and the DNA sequences were extracted from GenBank37 resulting in 1117 116 

sequences. In order to ensure high expression, all sequences with non-ATG start codons were 117 

changed to “ATG”. A diagram of the workflow is shown in Figure 1A. In order to clone these 118 

sequences, they were appended with adaptors containing SapI sites in both ends. The 5’-end was 119 

designed so that an overhang corresponding to the conserved start codon would be created upon 120 



SapI-digestion (5’-ATCGTCTCTGCTCTTCGATG-3’). In order to avoid unwanted cloning scars, 121 

the method was designed to utilise the first residue in the POI as the 3’-end cloning overhang. In 122 

this instance, two libraires were designed with 3’ adapters compatible with proteins starting with 123 

an alanine- (5’-GCACGAAGAGCGAAGCAGAAC-3’) or a histidine (5’-124 

CACCGAAGAGCGAAGCAGAAC-3’) codon. These two codons were chosen as alanine is 125 

overrepresented in this position of secreted proteins in some organisms (Supplementary Figure 126 

S1), and to allow for using the library with LPMOs which have conserved N-terminal histidines38. 127 

By amplifying an expression vector containing the gene of a POI with primers adding adapters 128 

producing complementary cloning overhangs upon SapI digestion, the SP library can be inserted 129 

in front of a given POI by Golden Gate cloning40, without introducing scar sequences (Figure 1B). 130 

This type of SP library is compatible with commercial oligo pool synthesis services, which makes 131 

obtaining the libraries relatively inexpensive. The oligos can be converted into dsDNA fragments 132 

by amplification using the Klenow Polymerase, after which they are directly compatible with 133 

Golden Gate cloning reactions. 134 



 135 

Figure 1: Principles of the in silico and cloning workflows. (A) Flow diagram of the described in 136 

silico workflow. Individual signal peptides are designated “SP”, and adapters are designated with 137 

an “A”. (B) Schematic representation of the described cloning workflow. The SP and backbone 138 

fragments are digested with SapI and ligated to create the desired, scarless fusions. 139 
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In order to test the library construction approach, a library was built for the amylase gene from 141 

Bacillus amyloliquefaciens;  amyQ. The amyQ sequence was prepended with an alanine codon to 142 

ensure compatibility of the sequence with the signal peptide library. The cloned library was then 143 

integrated into the amyE locus on the genome of B. subtilis.  After each step in the library building 144 

process, samples were taken and subjected to high throughput amplicon sequencing in order to 145 

evaluate the coverage of the library at this stage (Figure 2A). The resulting analysis confirmed that 146 

the obtained oligo pool was complete, and that only a single variant was lost during oligo 147 

annealing. 162 signal peptide variants (14.5 %) were lost during the Golden Gate cloning step, 148 

while 46 were heavily underrepresented (mean read depth < 20) (Figure 2B). The transformation 149 

into B. subtilis did not lead to further variant loss, however a few signal peptide variants were 150 

found to be strongly overrepresented in the library after transformation (Supplementary Figure 151 

S2 and Supplementary Table S4). 152 

 Despite this analysis showing some loss of sequences and changes in representation, it was 153 

decided to accept these artifacts and continue working with the library. 154 

 155 

Figure 2: Coverage analysis throughout library construction process. (A) Workflow of 156 

constructing a library of B. subtilis strains expressing amyQ with different signal peptides. Samples 157 

were taken at all stages of the process and subjected to amplicon sequencing of the signal peptide. 158 
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(B) Analysis of the library coverage at all stages of the library construction. Read depth for a 159 

specific signal peptide was averaged over all positions of the peptide.  160 

 161 

The native secretion stress response is not a proxy for secretion performance in B. subtilis 162 

Overproduction of secreted proteins can lead to a phenomenon known and secretion stress, caused 163 

by accumulation of misfolded proteins at the cell surface39. Secretion stress is perceived by the 164 

CssRS two-component system, which relays the signal and upregulates expression of the quality 165 

control proteases HtrA and HtrB39. The signal strength in this circuit can provide information 166 

about the amount of protein being secreted in B. subtilis41,42. Similar circuits are found in several 167 

gram positive bacteria, including Corynebacterium glutamicum, and has previously been used to 168 

screen for high-performing SP-POI pairs43. 169 

To assess this approach in B. subtilis, a secretion stress sensor was built based on the design 170 

from Jurischka et al. The sensor consists of the R0 RBS from Guiziou44 fused to sfGFP and 171 

integrated into the CDS of htrA, leaving the first 51 bp (Supplementary Figure S3A). The sensor 172 

effectively couples the signal strength in the native secretion stress circuit to a fluorescent output. 173 

If the response of this sensor was found to correlates with secretory performance of any given SP-174 

POI pair, it would be a very desirable tool as it would allow for screening of individual variants 175 

in a signal peptide variant library in very high-throughput using FACS43.  176 

The strain containing the sensor was transformed with a library of SP variants of amyQ, 177 

and the amylase activity of the supernatant and the culture fluorescence were quantified for 94 178 

variants of the library. These two metrics were found to correlate poorly, with a significant part of 179 

the library exhibiting high fluorescence and low amylase activity (Supplementary Figure S3B).  180 

Based on these results, it was concluded that this design could not be used to screen the 181 

library and selectively isolate high secreting variants. 182 

 183 



A NanoBiT approach can be used for semi high-throughput screening of high secreting variants 184 

In order to allow for the library to be screened by a NanoBiT approach (Figure 3A), peptide 86 185 

from Dixon et al.32 (VSGWRLFKKIS) was added to amyQ, seperated from the protein by a flexible 186 

linker (GGSGGGSG). The assay was tested using a variant expressing amyQ with the native SP 187 

sequence. The culture supernatant of this variant was diluted to simulate different expression 188 

levels, and subjected to the NanoBiT assay (Supplementary Figure S4). This showed a strong 189 

correlation between the luminescence output from the NanoBiT assay and the protein titers. 190 

However, the undiluted sample was found to saturate the assay and it was therefore decided to 191 

dilute the samples 10x in future experiments. 192 

Next, a library of the tagged amyQ with different SPs was generated, and the amylase 193 

activity and luminescence output from the NanoBiT complementation assay was quantified from 194 

94 variants. A linear regression was fitted between the luminescent output and amylase activity 195 

with a R2 value of 0.7091. The plotted data (Figure 3B) showed that the correlation was strong for 196 

most variants, with a few variants showing large deviations from the regression. The actual protein 197 

levels of 14 of the variants spanning a broad range of the luminescence outputs were analyzed by 198 

SDS-PAGE, which showed that the protein levels also correlated with the luminescence output 199 

from the NanoBiT assay (Figure 3C).  200 

These findings show that the NanoBiT approach can be used to estimate secretion 201 

performance for individual variants of a highly expressed protein in a semi high-throughput 202 

manner. 203 

 204 

The NanoBiT approach can be used to screen different secreted proteins 205 

In order to test the versatility of the NanoBiT approach, peptide 86 was also fused to the LPMO 206 

LpAA1045 and a NanoBody which has previously been expressed in E. coli46. LPMOs are oxidative 207 

enzymes, cleaving β-1,4 linkages in biomass polymers such as cellulose and chitin with 208 



applications in biorefineries47. Nanobodies are small single chain antibodies natively found 209 

in camelids and sharks, which are used as the active ingredient in e.g. antitumor48 and antiviral49 210 

therapeutics. These two proteins both belong to groups of proteins which are non-trivial to assay 211 

in a high-throughput manner. SP variant libraries were generated for both of the proteins, and the 212 

luminescence output from the NanoBiT assay was assessed for ~90 variants from each library. The 213 

results showed relatively low signals for both proteins, indicating low expression compared to 214 

AmyQ, however with a few variants exhibiting higher values than the rest of the library (Figure 215 

3D and 3F). The high-signal variants were subsequently cultured in the expression media Cal18-2 216 

together with a few randomly picked variants from the library, and the protein levels from the 217 

different variants were visualized by SDS-PAGE analysis (Figure 3E and 3G). These protein levels 218 

were found to correlate poorly with the output from the NanoBiT assay, although with an 219 

enrichment of expressing variants in the variants exhibiting high values in the NanoBiT assay.  220 

These findings suggests that the NanoBiT assay is able to discriminate between producers 221 

and non-producers for low expressing proteins, although cannot be used to direct proxy of 222 

production titers. 223 

 224 
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Figure 3: Data from the NanoBiT-based method for screening SP variant libraries of industrially 226 

relevant proteins. (A) Schematic overview of the principles behind the NanoBiT assay. The 227 

NanoBiT tag complements the truncated luciferase (t-Luc), and restores the luciferase activity. (B) 228 

Luminescence output and amylase activity of individual variants in the SP library of AmyQ tagged 229 

with peptide 86. The line represents a linear correlation, and the broken lines represent the 95 % 230 

confidence intervals. (C) Protein levels visualized by SDS-PAGE and luminescence output from 231 

the NanoBiT assay of selected SP variants of AmyQ (MW = 56.5 kDa). The samples used in the 232 

NanoBiT assay were used directly in the SDS-PAGE. (D and F) Luminescence output from the 233 

NanoBiT assay of individual variants from SP variant libraries of (D) LpAA10 and (F) the 234 

NanoBody tagged with peptide 86. (E and G) Protein levels visualized by SDS-PAGE and 235 

luminescence output from the NanoBiT assay of selected SP variants of (E) LpAA10 and (G) the 236 

NanoBody (MW = 20.4 kDa and 14.7 kDa, respectively). The variants were re-expressed before the 237 

SDS-PAGE analysis. Negative controls are shown as white circles.  238 

 239 

Discussion 240 

Secretion of proteins is of both industrial and academic interest, although the interplay between 241 

SPs and POIs is poorly understood, and constitutes a significant obstacle when designing protein 242 

production strains. The method presented in this study can build and screen libraries of SP 243 

variants, and has the potential to benefit both production optimization efforts and potentially also 244 

support efforts to explore this interplay by data-driven approaches.  245 

The method relies on building SP libraries from oligo pools by converting them into 246 

dsDNA fragments, and inserting them in front of a POI by Golden Gate cloning. A benefit from 247 

utilizing oligo libraries, is that the method does not rely on the primary source of DNA sequence 248 

of the SP. This also means that the method can be used to assess the secretory performance of non-249 



natural SP sequences. In contrast to established methods, this method does not add AA residues 250 

in the SP-POI interface. Instead, the method relies on the cloning overhangs used in the SP-POI 251 

interface corresponding to the N-terminal AA of the POI. This means that a given oligo in the 252 

library is only compatible with POIs that has a specific N-terminal codon triplet. In this study we 253 

circumvent this by synthesizing the oligos twice with two different 3’ adapters, compatible with 254 

codons coding for two different AA residues (alanine and histidine) we often encounter in the lab. 255 

A more thorough approach could be to build the libraries with adapters compatible with a single 256 

codon triplet for each AA, or even all AA-encoding codon triplets. However, these approaches 257 

significantly increases the amount of oligos needed for a library, and thereby also the costs and 258 

risk of cross annealing. 259 

The approach was subjected to a quality check, by sequencing the library each time it had 260 

been manipulated. This analysis showed that the oligo library was complete, however also showed 261 

that a fraction of the SPs were lost and that the population changed during cloning and integration 262 

steps favouring some sequences over others. The cause of these changes are unknown, although 263 

they could be artifacts caused by cloning biases, also observed in other library cloning efforts50. In 264 

practice, it should be possible to overcome the population change by screening a higher number 265 

of variants. 266 

 In this study we also attempted to establish a ubiquitous method for screening any POI  267 

independent of pre-developed activity assays. Such a standardised screening method is especially 268 

desirable when working with difficult-to-assay proteins (e.g. the LPMO and Nanobody used in 269 

this study), or for setting up a one-size-fits-all workflow for all types of proteins. The first 270 

ubiquitous screening method conceived, was based on a method developed by Jurischka et al.43. 271 

This method relies on monitoring the secretion stress response by coupling a fluorescent output 272 

to the transcription of htrA. The output from this sensor was found to correlate poorly with the 273 

secretory performance of the SP-POI pairs, and was abandoned. The cause of the poor 274 



performance could potentially be due differences in the amount of degradation of the secreted 275 

proteins in the different strains. Another possibility is effects that lead to secretion stress without 276 

secretion of the POI, such as translocon jamming. Instead, we attempted to develop a method 277 

based on NanoBiT. Initial experiments showed that high concentrations of the POI saturated the 278 

assay, however this was easily circumvented by diluting the samples before assaying them. This 279 

method was found to relatively accurately couple the production titers of the highly produced 280 

protein AmyQ to a luminescence output in a semi high-throughput manner with only a few 281 

outliers. However, the assay was only found to discriminate between producers and non-282 

producers for the poorly produced LpAA10 and the NanoBody. Despite this, we still envision that 283 

the method can be used as a platform for direct screening of highly producing proteins, and for 284 

identifying producers for subsequent rounds of screening for poorly producing proteins. The 285 

assay lends itself well to automation, and the entire workflow could potentially be used in an 286 

automated platform for building and screening signal peptide variants of many types of proteins. 287 

 288 

Materials and Methods 289 

Strains 290 

The strains used in this study are listed in Supplementary Table S1. E. coli DH5ɑ was used for 291 

routine DNA manipulation. Protein production experiments was performed in B. subtilis KO7-S. 292 

Bacterial cells were routinely cultivated in lysogeny broth (LB) at 37 °C with 250 RPM of shaking 293 

or on LB agar plates at 37 °C. When appropriate the media was supplemented with ampicillin (100 294 

µg/mL) or kanamycin (50 µg/mL) for E. coli and chloramphenicol (5 µg/mL), kanamycin (5 µg/mL), 295 

or erythromycin (10 µg/mL) for B. subtilis. Competent E. coli cells were transformed by chemical 296 

competence following standard protocols. Competent B. subtilis cells were obtained and 297 

transformed as described elsewhere15. 298 

 299 



DNA manipulation 300 

Plasmids used in this study is shown in Supplementary Table S2. PCRs were performed using 301 

Phusion U Hot Start polymerase (Thermo Fisher Scientific, Waltham, MA, USA) for uracil 302 

containing primers and Phusion HSII Hot Start polymerase (Thermo Fisher Scientific, Waltham, 303 

MA, USA) for all other primers, according to manufacturer’s instructions. Primers were obtained 304 

from Integrated DNA technologies (IDT, Coralville, IA, USA). The primers used in this work are 305 

shown in Supplementary Table S3. Cloning was performed by USER cloning as described 306 

elsewhere51, except LPMO sequences which were cloned by USER cloning as described 307 

elsewhere52. Plasmids sequences were routinely confirmed by sanger sequencing (Eurofins MWG 308 

operon, Ebersberg, Germany). 309 

 310 

Conversion of ssDNA oligos to dsDNA fragments 311 

The oligo libraries were obtained as an oPool Oligo Pool (IDT, Coralville, IA, USA). The library 312 

was converted into dsDNA by diluting it to 10 µM and mixing 8 µg library with equimolar 313 

amounts of a primer annealing in the 3’-end adapter on all of the oligos (4945_SP_library_rev), 314 

together with NEB buffer 2.0 and MilliQ water to a final volume of 48 µL. The primer was annealed 315 

by incubating the reactions at 94 °C for 5 minutes, followed by ramp at 0.1 °C/sec to 55 °C. The 316 

temperature was held at 55 °C for 5 minutes, and the temperature was ramped at 0.1 °C/sec to 37 317 

°C. When 37 °C was reached, the temperature was immediately switched to and held at 4 °C. 1 µL 318 

Klenow Polymerase (New England Biolabs, Ipswich, MA, USA) and 1 µL 10 mM dNTPs were 319 

added to reactions, and the reactions were incubated at 37 °C for 1 hour, followed by 75 °C for 20 320 

minutes. Afterwards, the reactions were ramped at 0.1 °C/sec to 42 °C, and the temperature was 321 

immediately changed to and held at 4 °C. The library was purified NucleoSpin PCR clean-up gel 322 

extraction kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s insturctions.  323 

 324 



Library construction and expression 325 

The backbones containing the genes of interest, were amplified and primers containing the 326 

backbone adapter sequences (5’: TAGAGCTCTTCA and 3’: AGGAGCTCTTCT). The PCRs were 327 

gel-purified using a NucleoSpin PCR clean-up gel extraction kit according to the manufacturer’s 328 

instructions , and treated with FastDigest DpnI (Thermo Fisher Scientific, Waltham, MA, USA) 329 

according to the manufacturer’s instructions. The purification was repeated, and the backbone was 330 

mixed with the prepared dsDNA library in a molar ratio between 1:3 and 1:6 backbone to 331 

fragments, 0.5 µL FastDigest LguI (SapI), 1 µL 10x T4 ligase, 1 µL 10x FastDigest buffer, 1 µL 10x 332 

T4 buffer, and MQ to a final volume of 10 µL. The reactions were treated with 10 cycles of 37 °C 333 

for 5 minutes and 22 °C for 10 minutes. Afterwards, the reactions were incubated at 37 °C for 30 334 

minutes, and inactivate at 75 °C for 15 minutes. The reactions were kept at 10 °C, before being 335 

transformed into E. coli DH5ɑ. The transformants were inoculated directly into 50 mL LB media 336 

supplemented with selective antibiotics after recovery, and grown overnight. The libraries were 337 

purified using a NucleoSpin plasmid kit (Macherey-Nagel, Düren, Germany), and transformed 338 

into competent B. subtilis KO7-S. Single colonies were picked for the transformant plates, and 339 

inoculated in 1 mL LB media in an Axygen 96-deepwell plate (Corning Life Science, Corning, New 340 

York, USA). The cultures were grown for 8 hours at 37 °C with 250 RPM of shaking. The cultures 341 

were back-diluted 100x in 600 µL LB media in another 96-deepwell plate, and grown for 16 hours 342 

at 37 °C/250 RPM. The cultures were harvested by centrifuging them at 2000 g for 30 minutes at 4 343 

°C and extracting the supernatant. 344 

 345 

NextGen sequencing 346 

The coverage of the signal peptide library was assessed at four stages: The pool of single stranded 347 

oligonucleotides as delivered, after annealing as double stranded oligos, as readily cloned variants 348 

and after the final transformation into B. subtilis. Amplicon sequencing was performed on a MiSeq 349 



sequencer using MiSeq Reagent Kit v3 (2x300 bp) following the protocol “16S Metagenomic 350 

Sequencing Library Preparation” by Illumina. For DNA preparation of the genomic library, 10 351 

transformations of the plasmid library into B. subtilis KO7s were performed and plated onto LB 352 

agar supplemented with the appropriate antibiotic. The cells were scraped off and resuspended in 353 

1 ml sterile MQ-water. The amplicon PCR was performed using primers SP-oligo-NGS_fwd and 354 

SP-oligo-NGS_rev for ssDNA and dsDNA while primers SP-plasmid/BS-NGS_fwd and SP-355 

plasmid/BS-NGS_rev  were used for the plasmid and B. subtilis library.  Paired-end sequencing 356 

reads were preprocessed by removing sequencing adapters 357 

(TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG, 358 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG) as well as trimming of additional 5’ and 359 

3’ sequences that were not part of the core signal peptide (Supplementary Table S5). Read pairs 360 

where at least one mate exceeded a read length of 270 bp after trimming were filtered and 361 

processed separately. Trimming and filtering was performed using cutadapt53. The reads were 362 

then aligned to a reference file containing all signal peptide sequences ending with an alanine 363 

codon (GCA, 1117 variants) using bowtie2 in local alignment mode54. Alignments were processed 364 

using SAMtools55. Coverage of all signal peptides was computed using bedtools56 and further 365 

evaluated using a custom python script. A low coverage cutoff was set at a mean read depth of 366 

less than 20 across the whole signal peptide. 367 

 368 

Amylase activity assay 369 

The assay was adapted from Xiao et al.19. The supernatants were diluted 10x in PBS, and 10 µL of 370 

the diluted samples were mixed with 40 µL 2 g/L starch in a 100 mM phosphate buffer (pH = 5.9) 371 

solution. The reaction mixtures were incubated at 65 °C for 30 minutes and the reactions were 372 

stopped by adding 50 µL 1 M HCl. The reactions were mixed 1:1 with an iodine solution consisting 373 

of 5 mM I2 and 50 mM KI. The background was measured by substituting the sample with PBS. 374 



The absorbance values were measured at 580 nm, and the relative activity units were calculated 375 

as U = 1/(Abs580,sample-Abs580,background). 376 

 377 

Fluorescence measurements 378 

Fluorescence was measured on a Synergy HM1 absorbance and fluorescence reader (BioTek 379 

Instruments, United States) with an excitation wavelength of 485 nm, an emission wavelength of 380 

516 nm, and a gain value of 70. 381 

 382 

NanoBiT assay 383 

100 µl of the supernatant was added to 100 µl of assay buffer (300mM Tris, 1mM EDTA, pH 7.5). 384 

170 µl of the supernatant buffer mix were added to 20 µl t-luc (1µM) in a 96- black well microtiter 385 

plate. Each column was assayed separately and incubated at room temperature for 5 minutes 386 

before 10 µl of Coelenterazine (1000µM) were added. Immediately after, luminescence was read 387 

for 1 minute with an interval of 11 seconds and a gain of 135 on a Synergy HM1 absorbance and 388 

fluorescence reader (BioTek Instruments, United States). Luminescence (AU) of each sample was 389 

calculated as the luminescence maximum measured over the time period. 390 

 391 

Protein expression in Cal18-2 392 

A single colony was inoculated in 3 mL of LB medium and grown O/N at 37 °C with 250 RPM 393 

shaking in an Axygen 24-deepwell plate (Corning Life Science, Corning, New York, USA). The 394 

preculture was back-diluted 1:300 in 3 mL fresh Cal18-2 medium57 (Glucidex 12 was exchanged 395 

for Maltodextrin DE 13-17 (Sigma-Aldrich, Saint Louis, MO, USA)) in another 24-deep well plate. 396 

The culture was grown for 72 hours at 20 °C with 250 RPM shaking. The cells were harvested by 397 

centrifugation at 6000 g for 5 minutes at 4 °C, and discarding the pellet. 398 

 399 



SDS-PAGE analysis 400 

Samples were mixed 1:1 with sample buffer (8 M urea, 0,0105 % (w/v) bromophenol blue, 5 mM 401 

EDTA, 100mM Tris-HCl pH 6.8, 4 % (w/v) SDS, and 25% (v/v) glycerol), and heated to 98 °C for 402 

10 minutes. 10 µL were loaded on a 4−20 % Mini-PROTEAN-TGX gel (BioRad, Hercules, CA, USA) 403 

and run at 160 V for 50 min. Gels were stained for at least 4 hours using InstantBlue Protein Stain 404 

(Expedeon Inc., San Diego, CA, USA), and destained O/N using demineralized water. 405 
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Supplementary Figure S1 

 

Supplementary Figure S1: Bias in the residue immediately after the signal peptide. Bias in the 

amino acid immediately following the signal peptide for (A) E. coli K12 based on Table S2 from 

Ivankov et. al1 was used for, and (B) B. subtilis 168 based on the data presented in Tjalsma et. al2. 
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Supplementary Figure S2 

 

Supplementary Figure S2: Coverage analysis of the signal peptide library. (A-E) Mean read 

depth for each of the 1117 signal peptide variants, sorted from highest to lowest for (A) the ssDNA 

oligo library as delivered, (B) the dsDNA oligo library after annealing, (C) the library after the 

golden gate cloning step, (D) after transformation into B. subtilis. (E) Data as in (D) but excluding 

the top 5 overrepresented peptide variants. (F-I) Frequency distribution of the mean read depth of 

the signal peptide library as (F) ssDNA oligo library, (G) dsDNA oligo library, (H) cloned library 

– excluding peptides with 0 coverage, and as (I) transformed library in B. subtilis – excluding 

peptides with 0 coverage and the top 5 over-represented signal petides. 



Supplementary Figure S3 

 

Supplementary Figure S3:  Performance of the secretion stress-based sensor (A) Schematic 

overview of the principles behind the secretion stress sensor, coupling the native secretion stress 

response3 to a green fluorescent output. (B) Culture fluorescence and amylase activity from the 

supernatant of individual variants from a signal peptide library of AmyQ. 
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Supplementary Figure S4 

 

Supplementary Figure S4:  Correlation between the protein titer and luminescence output from 

the NanoBiT assay. The line indicates a linear correlation, and the broken lines are the 95 % 

confidence intervals. The undiluted sample did not fit the linear correlation, and was therefore 

excluded. Based on these results, it was decided to dilute AmyQ 10-fold before performing the 

library screen. 
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Supplementary Table S1 

Supplementary Table S1: Strains used in this study 

Strain Genotype Source/Reference 
E. coli DH5α fhuA2::IS2 Δ(mmuP-mhpD)169 ΔphoA8 

glnX44 ϕ80d[ΔlacZ58(M15)] rfbD1 gyrA96 luxS11 
recA1 endA1 rphWT thiE1 hsdR17 

Lab stock 

B. subtilis KO7-S ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF Zeigler D.R., 
unpublished/ 
BGSCID1S145a 

BS083 ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF 
ΔamyE::NC 

Lab stock/4 

BS192 ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF 
ΔhtrA(51bp)::sfGFP 

This work 

BS197 ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF 
ΔhtrA(51bp)::sfGFP ΔamyE::P3P-amyQ 

This work 

BS201 ΔnprE ΔaprE Δepr Δmpr ΔnprB Δvpr Δbpr ΔsigF 
ΔamyE::P3P-amyQ-P83 

This work 

aBacillus Genetic Stock Center, Columbus, OH, USA   



Supplementary Table S2 

Supplementary Table S2: Plasmids used in this study 

Plasmid Description Source/Reference 
pBSc243K Bacillus SEVA sibling cargo vector, ApR (E. coli), KmR 

(B. subtilis) 
BGSC/5 

pBSc243M Bacillus SEVA sibling cargo vector, ApR (E. coli), EmR 
(B. subtilis) 

BGSC/5 

pBSd141R High-copy Bacillus SEVA sibling destination vector BGSC/5 
pLyGo-Bs-2 LyGo vector for B. subtilis, carrying AmyQSP Lab stock/4 
pLyGoBS-amyL-V2 sfGFP-containing plasmid Lab stock 
pBS143K-amyE-
P3P-amyQ 

Vector inserting an expression cassette consisting of 
P3P and amyQ into the CDS of amyE 

This study 

pBS143K-amyE-
P3P-amyQ-P83 

Vector inserting an expression cassette consisting of 
P3P and amyQ tagged with peptide 83 into the CDS of 
amyE 

This study 

pBS143M-
htrA(51bp)-sfGFP 

Vector truncating htrA with sfGFP and a strong RBS, 
leaving the 51 first base-pairs of htrA. 

This study 

pLyGo-Bs-2-
AXH04341 

Vector inserting an expression cassette consisting of 
P3P and the gene encoding LpAA10 codon optimized 
for B. subtilis into the CDS of amyE 

This study 

pLyGo-Bs-2-
AXH04341-P83 

Vector inserting an expression cassette consisting of 
P3P and the gene encoding LpAA10 codon optimized 
for B. subtilis tagged with peptide 83 into the CDS of 
amyE 

This study 

pDG-NanoBody-
CmR-Pveg 

Plasmid containing the NanoBody Lab stock 

pLyGo-Bs-2-
NanoBody-P83 

Vector inserting an expression cassette consisting of 
P3P and the gene encoding the NanoBody tagged with 
peptide 83 into the CDS of amyE 

This study 

 

 

  



Supplementary Table S3 

Supplementary Table S3: Primers used in this study 

Name Sequence (5’ to 3’) 
Cloning primers 

3732_pDP66K_check_fwd AGTTAAGGGATGCATAAACTGCATC 
3902_LyGo_BS_fwd_USER AGATCCGGCUGTTCAGCGTCTGAACTAGTCTT 
3903_LyGo_BS_BB_rev_USER ATTCGCGCUCCGCTTCTTAATTAAAGGCA 
3892_LyGo_BS_Promoter_fwd_U
SER 

AGCGCGAAUAAACCGCCTCTCCCC 

3809_amyE_up_USER_fwd ACTGGCGGUATGTTTGCAAAACGATTCAA 
3810_amyE_up_USER_rev AGACGAUCGATCAGACCAGTTTTTAATTTG 
3813_pBS_destination_USER_fwd AGAAGACTUCTCACCTGCTCG 
3815_pBS_Cargo_AB_USER_fwd ATCGTCUCAGCGAGGC 
3816_pBS_destination_USER_rev
2 

ACCGCCAGUTGGTGCCGCTGGTT 

3989_3P-amyQ_Insert_rev_USER AGCCGGATCUTTATTTCTGAACATAAATGGAGA
CG 

3990_pBS_marker_swap_USER_f
wd 

AAAGTGAAUTTAGGAGGCTTACTTG 

3991_pBS_marker_swap_USER_r
ev 

AGGCAGGAUATGAGATAATGCCGACTGTACTT 

3992_pDP66K_KanR_USER_fwd ATCCTGCCUGCGATCAGGGAATGAG 
3993_pDP66K_KanR_USER_rev ATTCACTTUCAAAATCGGCTCCGTC 
4044_amyQ_SPlib_BB_rev TAGAGCTCTTCACATGTTTGTCCTCCTTATTAGT

TAATC 
4919_htrA_DS_USER_rev AGACGAUATAAAAGACCTAATTGTTCTATGAA

ACTTTCTGACG 
4920_htrA_US_USER_fwd ATGTTTGTCCUCCTTATTAGTTAATCTTAGACCT

CATTCTCATTACCTTTCG 
4921_hrtA_US_USER_rev AAGTCTTCUATGGCAGGAATAACACGTGAG 
4922_eyrR_USER_rev AAAAGCGGUCTGAGGCTTTTTATTAGCGCGTGA

TCCTTTAACTCTGG 
4923_sfGFP_USER_fwd ACCGCTTTUACGGCCTGAGGCATTATGTCTTATT

TGTACAGTTCATCCATACCATG 
4924_sfGFP_USER_rev AGGACAAACAUGCGTAAAGGAGAAGAACTTTT

C 
4945_SP_library_rev GTTCTGCTTCGCTCTTCG 
4947_amyQ_SPlib_ala_BB_fwd AGGAGCTCTTCTGCAGTAAATGGCACGCTGATG

C 
5085_SSV2_DS_fwd2 AACATCGUCCAAAAATCGTATGG 
5086_SSV2_BB_rev2 ACGATGTUGGTTGGACGCCAAGG 
5087_ColE1_seq_fwd AATCCCCGTTTTACCAGTCC 
5362_Nanobody_NanoLuc_USER
_fwd 

ATGGCTCAGGUCCAACTGGTCG 



5363_Nanobody_NanoLuc_USER
_rev 

AAACGCCUGAGCCTCCGCCTGAGCCTCCGCTGC
TAACCGTGACCTGC 

5364_Nanobody_NanoLuc_BB_U
SER_fwd 

AGGCGTTUCAGGCTGGCG 

5365_Nanobody_NanoLuc_BB_U
SER_rev 

ACCTGAGCCAUGGCTGATGTTTTTGTAATCGG 

5423_AXH04341_SPlib_BB_fwd AGGAGCTCTTCTCACGGCTTTGTTACAAATCCTG 
5424_Nanobody_SPlib_BB_fwd AGGAGCTCTTCTGCACAGGTCCAACTGGTCGAA

T 
5369_SP-oligo-NGS_fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACA

GATCGTCTCTGCTCTTCG 
5370_SP-oligo-NGS_rev 
 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
GGTTCTGCTTCGCTCTTCGGTG 

5371_SP-plasmid/BS-NGS_fwd TCGTCGGCAGCGTCAGATGTGTATAAGAGACA
Gacatatatttgcaccgtctaatgga 

5372_SP-plasmid/BS-NGS_rev 
 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACA
GCGTCGTTCGGCGTATACCAT 

Sequencing primers 
3722_pBS_seq2_fwd CGCGTCAGGTTAGTGAC 
3723_pBS_seq3_rev TATGAGATAATGCCGACTGT 
3724_pBS_seq4_fwd AGTGAATTTAGGAGGCTTACTTGTC 
3725_pBS_seq5_rev GGCGCGTAAGTGGGATATTT 
3726_pBS_seq6_fwd CGCAATTAATGTGAGTTAGCTCAC 
3727_pBS_seq7_fwd CTGAACTAGTCTTGGACTCCTG 
3728_pBS_seq8_rev TCACCAATAAAAAACGCCCGG 
3929_seq_sfGFP_rev TTCCGGCATGGCGGACTTGA 
3968_R0_seqF GATTAACTAATAAGGAGGACAAAC 
4070_R0_seqR GTTTGTCCTCCTTATTAGTTAATC 
4071_3P_seqF CACCCTTGATAGCCTTACTATACC 
5013_sfGFP_seq_rev TCTGTCTAAAGATCCGAACGAG 

 

  



Supplementary Table S4 

Supplementary Table S4: Top 10 over-represented signal peptides in the genomic library 

Signal Peptide Mean read depth Mean relative read depth 
994 164548 0.18181 

2160 28543 0.03154 

2034 7384 0.00816 

230 7359 0.00813 

746 6437 0.00711 

252 4530 0.005 

358 4410 0.00487 

1524 4193 0.00463 

762 4178 0.00462 

1152 4033 0.00446 
 

  



Supplementary Table S5 

Supplementary Table S5: Trimmed sequences 

Library Read / Position Sequence 

Plasmid/ 
Transformed 

Read 1 (5') ACATATATTTGCACCGTCTAATGGATTTATGAAAAATCA
TTTTATCAGTTTGAAAATTATGTATTATGATTAACTAAT
AAGGAGGACAAA 

Read 1 (3') GTAAATGGCACGCTGATGCAGTATTTTGAATGGTATAC
GCCGAACGACG 

Read 2 (5') CGTCGTTCGGCGTATACCATTCAAAATACTGCATCAGC
GTGCCATTTAC 

Read 2 (3') GTTTGTCCTCCTTATTAGTTAATCATAATACATAATTTTC
AAACTGATAAAATGATTTTTCATAAATCCATTAGACGG
TGCAAATATATGT 

ssDNA oligo/ 
dsDNA oligo 

Read 1 (5') ATCGTCTCTGCTCTTCG 
Read 1 (3') CGAAGAGCGAAGCAGAAC 
Read 2 (5') GTTCTGCTTCGCTCTTCG 
Read 2 (3') CGAAGAGCAGAGACGAT 
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 24 

ABSTRACT 25 

Bacillus subtilis is one of the most widely used organisms for industrial fermentations. However, 26 

excessive biomass formation during such fermentations can limit the production yields. Growth 27 

decoupling strategies has successfully been employed in Escherichia coli to mitigate this issue this 28 

issue. In this study we attempt to achieve growth decoupling in B. subtilis, by targeting the 29 

pyrimidine biosynthesis pathway. Three strategies were employed; (1) The addition of 5-30 

fluorouracil inhibiting the thymidylate synthase activity of ThyA and ThyB. (2) Combinatorial 31 

knock-out of thyB and CRISPRi-mediated knockdown of thyA. (3) CRISPRi-mediated knockdown 32 

of pyrH and pyrG. All strategies proved viable for reducing biomass accumulation, and achieved 33 

increases in sfGFP titers in the range from 30 % to 250 %. Growth decoupling through chemical 34 

inhibition was also applied to a strain secreting an industrially relevant α-amylase, and similar 35 

effects were observed in this case. This work demonstrates that growth decoupling can be achieved 36 

in a variety of ways in B. subtilis, and paves the way for such strategies to be implemented in B. 37 

subtilis routinely, both in academic and industrial settings. 38 

 39 

INTRODUCTION 40 

Bacillus subtilis is one of the most widely used production hosts in biotechnology, particularly for 41 

the synthesis of proteins [1]. There have been numerous approaches to engineer these bacteria for 42 

the production of recombinant proteins [2], [3]. 43 

One of the recent promising methods for increasing titers and yields of both proteins and small 44 

molecules, relies on decoupling growth from production. This method divides the fermentation 45 



process into two phases: 1) a growth phase and 2) a production phase. In the growth phase, biomass 46 

is accumulated to a certain defined cell density required for the production of the desired molecule. 47 

The production phase begins after the termination of growth, while the production strain retains 48 

the metabolic activity. This allows the metabolic fluxes to be directed towards product formation, 49 

and thus most of the biosynthesis of the desired compound occurs at this stage. The advantage of 50 

this method is that the nutrients, e.g. carbon sources, are not wasted on excessive biomass, but 51 

rather directed towards the product of interest, increasing its yield and titer (Fig 1A). An added 52 

benefit of the method is that it decreases the biomass formation, which otherwise increases the 53 

viscosity of the fermentation broth and ultimately leads to suboptimal mixing and mass transfer 54 

limitations [4]. 55 

The effectiveness of growth decoupling has previously been demonstrated in Escherichia coli in 56 

several ways, including nutrient limitation, growth inhibitors [5] and programmable gene 57 

knockdown [6]. The latter has successfully been achieved with CRISPR interference (CRISPRi). 58 

This method relies on a catalytically “dead” version of Cas9 protein (dCas9) which lacks the 59 

endonuclease activity of Cas9 but retains the binding activity to a specific DNA sequence, which 60 

is determined by a single guide RNA (sgRNA) [7]. By programming the dCas9-sgRNA complex 61 

to target a gene or a promoter region it functions as a steric hindrance for the RNA polymerase, 62 

and thus function as a programmable repressor protein. By designing the sgRNA to target an 63 

essential gene, and placing either cas9 or the sgRNA (or both) under control of an inducible 64 

promoter, the growth of the organism can be modulated by the addition of the inducer. The 65 

programmability of the CRISPR (and, by extension, CRISPRi) system has truly revolutionized the 66 

field of genetic engineering. 67 



A genome wide screening of CRISPRi targets for effective growth decoupling in E. coli identified 68 

genes in the pyrimidine biosynthesis pathways to be promising candidates [8] . Like E. coli, B. 69 

subtilis is capable of de novo synthesis of pyrimidines as precursors for RNA, DNA, and other 70 

uses. Two genes involved in the pyrimidine biosynthesis, pyrH and pyrG, are rate-determining 71 

factors in this pathway, and their overexpression leads to a significant increase in pyrimidine 72 

compounds accumulation [9]. In addition, both of these genes are essential in B. subtilis [10], and 73 

their downregulation with CRISPRi results in a significant decreased growth reduction [11]. 74 

Another approach to affect nucleotide biosynthesis is to use chemical inhibitors of the enzymes in 75 

the pathway. 5-fluorouracil (5-FU) is a derivative of pyrimidine biosynthesis intermediates. Inside 76 

the cell, it is enzymatically converted to 5-fluoro-dUMP. This compound is a very potent inhibitor 77 

of thymidylate synthase [12], the only de novo source of dTMP for DNA biosynthesis. Due to this, 78 

it has been used for counterselection against the upp gene in B. subtilis [13].  79 

Here, we used two methods to repress pyrimidine biosynthesis in B. subtilis in order to achieve 80 

growth decoupling (Fig. 1B). First, we showed that addition of sublethal concentrations of 5-FU 81 

to B. subtilis cultures increased superfolder GFP (sfGFP) and α-amylase titers by up to 2.5-fold. 82 

Similar effects were achieved by a combined knock-out and knockdown by CRISPRi of the genes 83 

encoding thymidylate synthase (thyA and thyB). Secondly, we investigated pyrH and pyrG as 84 

knockdown targets using CRISPRi, and achieve a 30% increase in sfGFP titers by knocking down 85 

pyrH. 86 

 87 



 88 

Figure 1. General layout of this research. A) Decoupling growth from production as a means to 89 

increase product yields. The method channels metabolic flux from biomass accumulation to 90 

product formation, leading to decreased cell density and increased production titers. B) The 91 

pyrimidine biosynthesis pathway in B. subtilis. Three essential steps in the pathway were targeted 92 

using CRISPRi: pyrH encoding uridylate kinase, pyrG encoding CTP synthase, and thyA/thyB 93 

encoding thymidylate synthases. Furthermore, ThyA/ThyB were also targeted using a chemical 94 

inhibitor, 5-fluorouracil (5-FU). Once inside the cell of B. subtilis 5-FU is converted into 5-fluoro-95 

dUMP, a potent inhibitor of thymidylate synthases ThyA and ThyB. 96 

 97 

RESULTS 98 

Chemical inhibition of pyrimidine metabolism results in growth decoupling 99 

Nucleotide biosynthesis is an essential metabolic pathway in B. subtilis, which is however not 100 

directly involved in the synthesis of proteins. This makes it an ideal target pathway for knockdown, 101 

when the aim is increasing the production of proteins. Thus, we sought to disrupt this pathway in 102 



several crucial points to achieve growth decoupling (103 

 104 

Figure 1. General layout of this research. A) Decoupling growth from production as a means to 105 

increase product yields. The method channels metabolic flux from biomass accumulation to 106 

product formation, leading to decreased cell density and increased production titers. B) The 107 

pyrimidine biosynthesis pathway in B. subtilis. Three essential steps in the pathway were targeted 108 

using CRISPRi: pyrH encoding uridylate kinase, pyrG encoding CTP synthase, and thyA/thyB 109 

encoding thymidylate synthases. Furthermore, ThyA/ThyB were also targeted using a chemical 110 

inhibitor, 5-fluorouracil (5-FU). Once inside the cell of B. subtilis 5-FU is converted into 5-fluoro-111 

dUMP, a potent inhibitor of thymidylate synthases ThyA and ThyB.). In addition, repression of 112 

nucleotide biosynthesis has previously been shown to increase protein production in E. coli [6]. 113 

Since the de novo pyrimidine pathway is universal across all organisms known to possess it [14], 114 

we hypothesized that its inhibition would also increase protein production in B. subtilis. Since 115 

chemical inhibition can be performed without time-consuming cloning workflows, we decided to 116 

test our hypothesis by this method first. This was achieved using 5-fluorouracil (5-FU), an 117 

analogue of the pyrimidine pathway intermediate uracil. Once inside the cell, it is converted into 118 



5-fluoro-dUMP, a toxic compound, which inhibits thymidylate synthase (ThyA and ThyB, 119 

 120 
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pyrimidine biosynthesis pathway in B. subtilis. Three essential steps in the pathway were targeted 124 

using CRISPRi: pyrH encoding uridylate kinase, pyrG encoding CTP synthase, and thyA/thyB 125 

encoding thymidylate synthases. Furthermore, ThyA/ThyB were also targeted using a chemical 126 

inhibitor, 5-fluorouracil (5-FU). Once inside the cell of B. subtilis 5-FU is converted into 5-fluoro-127 

dUMP, a potent inhibitor of thymidylate synthases ThyA and ThyB.B) [12]. Due to this feature, it 128 

has previously been used for counterselection against the upp gene in B. subtilis [13]. 129 

We constructed a B. subtilis strain expressing superfolder GFP (sfGFP) under the strong 130 

constitutive promoter PY1 and strong RBS R0 developed by Guiziou et. al [15]. This strain, grown 131 

with different amounts of 5-FU, exhibited a concentration-dependent inhibition of growth 132 

(Supplementary Figure 1). While high concentrations of 5-FU strongly inhibited both cell growth 133 

and sfGFP production, intermediate sublethal concentrations moderately decreased growth rate 134 

and final cell density but increased absolute sfGFP titers (Figure 2A). The combination of these 135 



two effects resulted in high specific sfGFP titers (normalized to cell density, Figure 3). This effect 136 

was most pronounced at 5-FU concentrations at 40 µM. Initially, the rate of increase in 137 

fluorescence in the presence of 5-FU was lower than without it. However, the sfGFP production 138 

in the control background reached a plateau already after 4 hours, whereas in the strain incubated 139 

with 5-FU the fluorescence continued to increase for the next 5 hours, increasing the final sfGFP 140 

titer by 128%, compared to the control condition. 141 

 142 

Combined knock-out and CRISPRi-mediated knockdown of thyB and thyA results in growth 143 

decoupling 144 

To investigate thymidylate synthase as a target for growth decoupling in a different way, we used 145 

CRISPRi to knock down the respective gene expression. B. subtilis has two separate variants of 146 

this enzyme, encoded by thyA and thyB, which belong to distinct enzyme families [16]. First, two 147 

strains with deletions of either thyA or thyB were created. Deletion of thyA resulted in an impaired 148 

growth on agar plates, while no growth effect was observed for the strain carrying the thyB deletion 149 

(data not shown). Additionally, the ΔthyA strain was completely unable to grow at 50˚C, in line 150 

with previous findings that ThyB enzyme is temperature sensitive [16][17]. 151 

Therefore, we expressed a CRISPRi set, consisting of a dcas9 and respective gRNA, for repressing 152 

thyA expression in the ΔthyB background. The growth curve and sfGFP production in this strain 153 

followed the same trend as for inhibition with 5-FU (Fig. 2B), however, the effect was less 154 

pronounced. When CRISPRi targeting thyA was expressed in the strain retaining wild type thyB, 155 

neither growth inhibition, nor increase in fluorescence was observed (data not shown). 156 

In summary, repressing the thymidylate synthase activity in B. subtilis, either on genetic level or 157 

through chemical inhibition, resulted in 1.5- to 2.3-fold increase in specific sfGFP yields (Fig 2C). 158 



 159 



Figure 2. Repression of thymidylate synthase results in decoupling growth from sfGFP production. 160 

A) Chemical inhibition with 40 µM 5-FU added to the medium. Blue arrow designates decrease 161 

in cell density in a 5-FU treated culture compared to untreated control, while green arrow illustrates 162 

increase in absolute fluorescence as a result of treatment. B) Repression of thyA expression in the 163 

strain with deleted thyB has a similar effect on growth and heterologous GFP production. C) Final 164 

specific yields of sfGFP normalized to cell density, controls in both experiments set to 1. Shaded 165 

areas in A and B and error bars in C indicate standard deviations from 3 technical replicates. 166 

 167 

Chemically induced growth decoupling increases the production of a secreted amylase 168 

Α-amylases are widely used enzymes, produced for various applications at industrial scales [18].  169 

B. subtilis is a popular host for production of α-amylases, where they are secreted from the cells 170 

facilitating their recovery and purification. We used an α-amylase as an analogue to an industrially 171 

relevant enzyme to confirm that the effect of 5-FU on protein production can be extended from 172 

sfGFP to other polypeptides. A strain of B. subtilis was constructed, expressing the α-amylase 173 

AmyQ from B. amyloliquefaciens (RefSeq ID WP_014470419) under the control of the very 174 

strong triple promoter system, P3P [19]. Addition of different concentration of 5-FU resulted in up 175 

to 2.5-fold increase in secreted α-amylase titers (Fig. 3). At the same time, the intracellular amylase 176 

activity did not change significantly, indicating that the secretion machinery of the cell was not 177 

overloaded due to the increased amounts of protein. 178 

 179 

 180 



 181 

 182 

Figure 3. Growth decoupling increasing the production of a secreted α-amylase in the presence of 183 

different concentrations of 5-FU. Amylase activity measured after 10 hours of incubation. The 184 

error bars indicate standard deviations from technical triplicate experiments. 185 

 186 

CRISPRi-mediated knockdown of pyrH and pyrG genes results in growth suppression 187 

The two enzymes, uridylate kinase (encoded by pyrH gene) and CTP synthase (pyrG), are rate 188 

limiting in the pyrimidine biosynthesis and are essential in B. subtilis [9]. In order to assess their 189 

use as targets for growth decoupling, we first investigated the influence of their downregulation 190 

on cell growth. B. subtilis strains containing dcas9 under a xylose-inducible promoter (PxylA) and 191 

constitutively expressed gRNAs targeting pyrH or pyrG, constructed previously [11], were tested 192 

under different induction levels. Even without the induction by xylose, both strains had decreased 193 

growth rates (Fig 4A and B) compared to the control strain. In line with the tunability of PxylA, [20], 194 

the pyrH strain showed inducer concentration-dependent growth inhibition, with highest growth 195 

repression observed with 1% of xylose. In contrast, the pyrG strain showed similar decrease in 196 



growth rate and lag phase under all inducer concentrations. Since the pyrH knockdown resulted in 197 

bigger growth suppression and was titratable, this target was used for further investigation. 198 

 199 

CRISPRi-mediated knockdown of pyrH results in growth decoupling 200 

To investigate the effect of knockdown of pyrH on heterologous protein production, sfGFP was 201 

expressed in the strain containing dcas9 and sgRNA targeting pyrH. Induction of dCas9 expression 202 

with 1% xylose resulted in a substantial inhibition of growth, with final cell density of an induced 203 

strain decreasing by 46% compared to the non-induced control.  At the same time, the absolute 204 

fluorescence increased by 30% compared to the control condition, resulting in an increase of 138% 205 

in specific productivity. This shows that knockdown of pyrH can be used to achieve growth 206 

decoupling. Interestingly, while the growth rate of the induced strain decreased almost two-fold, 207 

the sfGFP production rate was similar to the uninduced control, and continued to increase even 208 

after growth had stopped. This suggests that the cells’ resources are effectively redistributed from 209 

biomass production towards synthesis of the target protein. 210 



 211 

Figure 4. Growth decoupling achieved by CRISPRi-mediated knockdown of pyr genes. Growth 212 

profile and growth rate of B. subtilis with knockdown of A) pyrH and B) pyrG, with different 213 

inducer concentrations. C) Growth-profile and D) fluorescence intensity over time of the pyrH 214 

knockdown strain expressing sfGFP. E) Specific fluorescence of the pyrH kockdown strain after 215 

32 hours with and without addition of inducer . **** indicates a p-value < 0.0001. The shaded 216 

areas and error bars indicate standard deviations from three replicates. 217 

 218 

DISCUSSION 219 

In this study we show that growth decoupling can be achieved by targeting the pyrimidine pathway 220 

in several critical points. Furthermore, these findings suggests that this is a viable strategy to 221 

increase production titers and yields of heterologous proteins in B. subtilis. Specifically, three 222 
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enzymatic steps were targeted at transcriptional level with CRISPRi. In addition, one of them, the 223 

thymidylate synthase, was inhibited on protein activity level by addition of sublethal amounts of 224 

the nucleotide analog 5-FU. Both methods resulted in decreased biomass accumulation and 225 

increased protein titers compared to the control conditions. This suggests that the cells with 226 

perturbations in the pyrimidine biosynthesis, re-allocate resources from biomass to protein 227 

production. This feature could be highly beneficial for industrial production of proteins. 228 

On top of the de novo nucleotide pathways, B. subtilis possesses salvage routes, which allow it to 229 

synthesize nucleotides from the products of their partial breakdown [21]. Since the de novo 230 

pathway is the major source of nucleotides in many types of growth medium, inhibiting this route 231 

results in repression of growth (since the cells cannot produce nucleic acids). However, the cells 232 

might remain metabolically activity by partially substituting the de novo pathway with the salvage 233 

pathways as source of replenishment for the pool of nucleotides. This could explain, the 234 

observation made in this paper that the cells shifts substrate conversion from biomass accumulation 235 

towards protein production when the de novo pathway is knocked down. 236 

Previous studies have found that knockout of both genes encoding thymidylate synthases (thyA 237 

and thyB) are required to create a thymine auxotrophic strain of B. subtilis [22]. Notably, ThyB 238 

accounts for only 5-8% of total thymidylate synthase activity in the cell [16] and is not active at 239 

or above 46˚C [17]. In line with this, we observed reduced growth in ΔthyA strain and it was 240 

completely unable to grow at 50˚C. On the other hand, the thyB deletion alone had no effect on 241 

growth, but in combination with the CRISPRi-mediated knockdown of thyA expression resulted 242 

in reduced cell density and increased sfGFP titers. This effect was less pronounced and took longer 243 

time to occur compared with chemical inhibition. This might be because in the case of CRISPRi, 244 

a delay in gene expression, residual mRNA and ThyA protein results in the necessary activity 245 



being present in the cells for some time after inhibition starts, while chemical inhibitors has an 246 

immediate effect on the enzyme. Among the two strategies presented here, only the CRISPRi-247 

mediated knockdown appears to be a realistic method for achieving growth decoupling in 248 

industrial settings, due to the price of 5-FU and other antimetabolites. However, the effect of 249 

chemical inhibitors, such as 5-FU, has provided valuable insights into potential targets for growth 250 

decoupling. 251 

In this study we used the system developed by Peters et. al [11], which consists of the well-252 

characterized xylose-inducible promoter PxylA [23][24] controlling expression of dcas9 and the 253 

constitutive Pveg controlling expression the sgRNA. Using this system, we observed growth 254 

inhibition even under non-induced conditions. This observation is probably caused by leaky 255 

expression from the PxylA promoter. In order to improve the method further, a set of auto-inducible 256 

promoters could be used to express dcas9 and the sgRNA. Since the goal is to inhibit biomass 257 

accumulation at a certain growth phase, promoters, which are activated at a specific stage during 258 

fermentation, would be useful for activating the system without the addition of inducers. One 259 

example is a quorum-sensing promoter activated by the signal molecules of competence [25]. 260 

Yang et al. [26] identified 114 phase-dependent promoters in B. subtilis, which are activated at 261 

different stages of growth, which could serve as a rich source of potential candidates. Finally, 262 

synthetic circuits, integrating several signals from the inside and outside of the cell in order to 263 

determine the induction state of the system, could be designed. 264 

 265 

METHODS 266 

Strains, plasmids and media 267 



Bacteria were grown in lysogeny broth (LB) or M9 mineral medium supplemented with 50 mg/l 268 

tryptophan and/or 50μg/mL L-threonine. LB was supplemented with 1% agar to provide a solid 269 

medium. List of strains and plasmids is presented in Table 1. Antibiotics were used in following 270 

concentrations: ampicillin 100 µg/ml, erythromycin 5 µg/ml, chloramphenicol 5 µg/ml, 271 

spectinomycin 100 µg/ml, kanamycin 6.25 µg/ml for B. subtilis and 20 µg/ml for E. coli. 272 

 273 

Table 1. Strains and plasmids used in this study. 274 

Strain or plasmid Description Reference 

Strains   

E. coli NEB5-alpha fhuA2 Δ(argF-lacZ)U169 phoA glnV44 Φ80 

Δ(lacZ)M15 gyrA96 recA1 relA1 endA1 thi-1 

hsdR17 

New England Biolabs 

(USA) 

B. subtilis 168 trpC2 Bacillus Genetic Stock 

Center 

B210 trpC2 ΔthrC::PY1-sfGFP This study 

B211 trpC2 ΔthrC::PY1-sfGFP; ΔthyA This study 

B212 trpC2 ΔthrC::PY1-sfGFP; ΔthyB This study 

B213 trpC2 ΔthrC::PY1-sfGFP; ΔthyA; ΔthyB This study 

B214 trpC2 ΔthrC::PY1-sfGFP; ΔthyA; ΔlacA:: 

PxylA-dcas9; ΔamyE::Pveg-sgRNA thyB 

This study 

B215 trpC2 ΔthrC::PY1-sfGFP; ΔthyB; ΔlacA:: 

PxylA-dcas9; ΔamyE::Pveg-sgRNA thyA 

This study 

BS029 trpC2 ΔamyE::P3P-amyQ This study 



Bs-sfGFP trpC2 ΔthrC::PS1-sfGFP This study 

Bs-sfGFP-pyrH trpC2 ΔthrC::PY1-sfGFP; PxylA-dcas9; 

ΔamyE::Pveg-sgRNA pyrH 

This study 

Bs-sfGFP-pyrG trpC2 ΔthrC::PY1-sfGFP; PxylA-dcas9; 

ΔamyE::Pveg-sgRNA pyrG 

This study 

Plasmids    

pJMP1 ColE1 ori; AmpR; ErmR; PxylA-dcas9 [11] 

pJMP222 ColE1 ori; AmpR; CmR; SpcR; Pveg-pyrH 

sgRNA 

[11] 

pJMP362 ColE1 ori; AmpR; CmR; SpcR; Pveg-pyrG 

sgRNA 

[11] 

pJOE8999 ColE1 and pE194ts ori; KanR; PmanP-cas9 [27] 

pIP341 pJOE8999 derivative for thrC::PY1-sfGFP This study 

pIP342 pJOE8999 derivative for thyA deletion This study 

pIP343 pJOE8999 derivative for thyB deletion This study 

pIP344 pJMP222 derivative with sgRNA targeting 

thyA 

This study 

pIP345 pJMP222 derivative with sgRNA targeting 

thyB 

This study 

pDG1731 ColE1 ori; AmpR; SpcR; MLS; thrC 

integration 

Bacillus Genetic Stock 

Center 

pDG1731-PS1-sfGFP pDG1731 derivative for thrC::PS1-sfGFP This study 

 275 



Table 2. Oligonucleotides used in this study 276 

pDG1731_

VF 

AGCTGAAAUAGCTGCGCTTTTTTGTGTCATAACTAATAACGT

AACGTGACTGGC 

 

pDG1731_P

S1_VR 

AATCTTTTCUCCCTGATAATTTAACACACTTTCAAAAGAGTG

TCAACGTGTATTGACGCAGTCGAACGAAAATCGCCATTCGC 

 

sfGFP_UF AGAAAAGATUAACTAATAAGGAGGAC  

sfGFP_UR ATTTCAGCUGCGCTTTTTTTATTTGTACAGTTCATCCATACCA

TGCG 

 

PNJ765 AGGTACAUTTTACTCAATTCTCTAATCACGG pJOE8999 backbone 

rev 

PNJ768 AAGGCCUTTCTAGATTAAGAAATAATCTTCATC pJOE8999 backbone 

for 

PNJ810 ATAGGGUCGACGGCCAAATTCATGTAAAAGATGAGGTTGGT

TCATTCTCG 

thrC left flank for 

PNJ811 AGCTGAAAUAGCTGCGCTTTTTTGTGTCATAACGAAGGCAG

CAGTTTTTTGGCCT 

thrC left flank rev 

PNJ816 AGGCCTUCCGAAAATGCGCGG thrC right flank for 

PNJ817 AGGCCTUATAATTCCGGCGACTGTTTCTGTTTCAG thrC right flank rev 

PNJ818 ATGTACCUACGAACATCACTGCGTACTGGAAGTTTTAGAGCT

AGAAATAGCAAGTTAAAA 

thrC sgRNA for 

PNJ677 ATTTCAGCUGCGCTTTTTTTATTTGTACAGTTCATCCATACCA

TG 

sfGFP rev 



las8 AAGTATTUCGTATGCATTTACAATGAAGTTGATTAACTAATA

AGGAGGACAAAC 

RBS0 and PY1 

promoter 

PNJ913 AAATACTUGTCAAGCTTGCCATCTTAACGAAAGAAGGCCAT

TGAAGGCCACG 

PY1 promoter rev 

PNJ876 ACATTUATTGTACAACACGAGCCCATTTTTGTC pJMP backbone 

PNJ1090 AAATGUTACTAGAAGACTACTTTTAAGTTTTAGAGCTAGAA

ATAGCAAGTTAAAATAAGG 

thyB1 gRNA for 

PNJ1091 AAATGUTCCGAAAGTGCTGATTGTTCGTTTTAGAGCTAGAAA

TAGCAAGTTAAAATAAGG 

thyB2 gRNA for 

PNJ1092 AAATGUATGGTGAGAAAAAGGGAGACGTTTTAGAGCTAGAA

ATAGCAAGTTAAAATAAGG 

thyB3 gRNA for 

PNJ1095 AAATGUATTACACTTAGAGTATGTGCGTTTTAGAGCTAGAA

ATAGCAAGTTAAAATAAGG 

thyA gRNA for 

PNJ1288 ATAGGGUCGACGGCCAAAATTCCTCCTTTATGTTATTCGAAT

TTAATTTATGAAG 

ΔthyA left flank for 

PNJ1289 ACACCTGUATTTCTCCATAACATAGTCTGTC ΔthyA left flank rev 

PNJ1290 ACAGGTGUAAAAGAGGGCAATCTGGAAGATGAATAAAAAT

TGAAGGAC 

ΔthyA right flank for 

PNJ1291 AGGCCTUATCTATAAAAATTTAAGCGGCAATACGCGCATG ΔthyA right flank rev 

PNJ767 ACCCTAUAGTGAGTCGTATTAAAAAGGCCC gRNA rev 

PNJ1292 ATGTACCUACGCATGCATATGGATTTCAGCTGTTTTAGAGCT

AGAAATAGCAAGTTAAAA 

ΔthyA gRNA for 

PNJ1293 ATAGGGUCGACGGCCATACAGCCTTCTAAAAACGCCTTTGG ΔthyB left flank for 



PNJ1294 ATCCGCAUCCTCATATAAAAGGGGC ΔthyB left flank rev 

PNJ1295 ATGCGGAUCATTTTTTCATCCTTTAAAAGTAGTCTTCTAGTA

GTGTAAC 

ΔthyB right flank for 

PNJ1296 AGGCCTUATTCACATCATGAGCTTGGGAGCATTTAC ΔthyB right flank rev 

PNJ1297 ATGTACCUACGAATTGGAACAGGCAATGGCAGTTTTAGAGC

TAGAAATAGCAAGTTAAAA 

ΔthyB gRNA for 

 277 

DNA manipulations 278 

Primers used in this study are listed in Table 2. PCR of DNA fragments for USER cloning was 279 

performed with primers containing uracil using the Phusion U Hot Start DNA Polymerase (Thermo 280 

Fisher Scientific). Colony PCR was performed with Taq 2x Master Mix (New England Biolabs) 281 

in order to detect positive colonies. Reactions were done according to manufacturers’ 282 

recommendations with elongation times and annealing temperatures adjusted for specific targets 283 

and primers. In most cases annealing temperature was 60˚C and elongation time was programmed 284 

at 30 seconds per 1 kb. DNA cloning was performed using USER (uracil-specific excision reagent) 285 

technology. 286 

 287 

Construction of strains for expression of sfGFP and CRISPRi 288 

Superfolder GFP under the control of strong constitutive promoter was integrated into the genome 289 

of B. subtilis in the thrC locus. This was done using the CRISPR-based integration method with 290 

the derivative of plasmid pJOE8999 [27]. 291 

 292 

Measurement of growth and fluorescence kinetics 293 



Strains were grown overnight in M9 supplemented with 0.2% yeast extract and appropriate 294 

antibiotics. Cultures were diluted to an OD600 of 0.01 in M9 supplemented with appropriate 295 

nutrients and dispensed in a Greiner CELLSTAR 96 flat bottom well plates in volumes of 200μL 296 

per well. For simple growth experiments, the plates were incubated at 37˚C with shaking in a 297 

ELx808 absorbance reader (BioTek Instruments, United States) and the absorbance of the cultures 298 

were measured at 630nm every 6 minutes for 48 hours. 299 

For experiments including GFP measurements, the plates were placed in a Synergy HM1 300 

absorbance and fluorescence reader (BioTek Instruments, United States), and grown under 301 

identical conditions. Fluorescence was measured using an excitation wavelength of 480nm, an 302 

emission wavelength of 528nm and a gain value of 70. 303 

For measurement of growth and fluorescence of strains targeting thymidylate synthase (thyA and 304 

thyB) the procedure was modified by growing the cells in 100 µl of LB per well. 305 

 306 

Amylase activity assay 307 

 The assay was adapted from Xiao et. al [28]. The sample was diluted 10x or 100x, and 10 μL 308 

diluted sample was mixed with 40 μL 2 g/L starch in 100 mM phosphate buffer (pH = 5.9) solution 309 

on ice. The reaction mixtures were incubated at 65 °C 25 minutes and the reactions were stopped 310 

by adding 50 μL 1M HCl. The reactions were mixed 1:1 with an iodine solution consisting of 5 311 

mM I2 and 50 mM KI, and absorbance was measured at 580 nm. The background signal was 312 

measured by substituting the sample with 1xPBS, and the relative activity units were calculated as 313 

U = 1/(Abs580,background - Abs580,sample) 314 

 315 

Statistical analysis 316 



All statistical analysis was performed using the t.test function in RStudio Version 1.4.1103 running 317 

R version 4.0.3. 318 
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SUPPLEMENTARY 324 

 325 

Supplementary Figure 1. Growth profiles of B. subtilis 168 in the presence of different 326 

concentrations of 5-FU. Experiment was performed in LB medium in 96-well plates, standard 327 

deviations derived from technical triplicates. 328 

 329 
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