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ABSTRACT 

Engineering and Discovery of Novel Biocatalysts 

Dominik Renn 

 

 

Biocatalysis is considered a green and environmentally friendly technology. Therefore, 

novel enzymes and enzymatic systems, together with cascades and protein engineering 

approaches, are in high demand. 

Here, three very different biocatalytic approaches have been studied. First, the richness 

of enzymes in the Red Sea brine pools has been assessed, and the discovery and 

characterization of a novel halophilic γ-carbonic anhydrase is described, together with 

the protein engineering approach, which boosted the initial catalytic activity of the γ-

carbonic anhydrase. The understanding of polyextremophilicity principles from enzymes 

from the Red Sea brine pool, contributes to the bioengineering effort of turning 

mesophilic enzymes into more stable variants. 

Next, focus is given to the use of amine-transaminases in cascades for chiral amine 

synthesis. This resulted in the development of a self-sufficient sustainable cascade for 

chiral and non-chiral amine synthesis. This cascade was achieved by combining a lysine 

decarboxylase with an amine-transaminase to generate a cheap amino donor source for 

a more sustainable reaction economy.  

Finally, gas vesicle nanoparticles are functionalized by various engineering principles to 

create floating platforms for the immobilization of enzymes. The proof-of-concept was 

achieved by anchoring a phytase via anchoring peptides on the gas vesicle 

nanoparticles surface. These bioengineering approaches contributed to the effort of 

generating first principles for protein engineering.   
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CHAPTER 1: General Introduction  
 

 

1.1. Preamble  

Modern progressive, industrialized society would not be possible without catalysis as 

driver of the chemical industry. The chemical industry itself works as an accelerator, 

enabler, and supports multiple other branches of industry. Therefore, understanding the 

improvements and advances in all catalytic domains has proven to be crucial to 

overcome the restraints and limitations of synthesis. 

Enzymes have proofed to exhibit properties that other catalysts cannot deliver, such as 

a low cost of production, sustainability, and biocompatibility. Furthermore, enzymes 

show a high efficiency and specificity for range of narrow substrates, and produce only 

limited by-products.  

The following chapter gives a short overview and background of biocatalysis, and the 

limitations of biocatalytic systems. Further, a short introduction of the different 

biocatalytic systems used in this thesis, is presented, while a more detailed and focused 

introduction of each biocatalytic systems will be provided in each chapter individually.  
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1.2. Introductory 

During the last decade, the scope of biocatalysis has developed due to the innovations 

in fields such as synthetic biology, computational biology, and biotechnology.
1-3

 

Moreover, biocatalysis is nowadays driven by environmental and economic stimuli for 

green synthesis routes based on biocatalysts (cascades) for pharmaceutical and 

industrial applications.
3-5

 This trend is also reflected in the economic perspectives of the 

global industrial enzyme market, which should reach a market value of $7.0 billion by 

2023 at an expected annual growth rate of 4.9%.
6
 

Biocatalysis relies on the development of enzymatic systems fulfilling industrial needs.
7-9

 

As such, enzymatic system engineering incudes a variety of different aspects, such as 

(i) substrate engineering, (ii) medium engineering, (iii) enzyme discovery or engineering, 

(iv) cascade engineering, and (v) bioreactor engineering for efficient scale up.
5, 10-11

  

Enzymes are used as macromolecular biological catalysts in a variety of industries, such 

as food, agriculture, chemicals, and pharmaceuticals.
12-14

  Still, limiting factors are 

enzyme stability and catalytic activity under industrial conditions. This constraint can be 

overcome either by (i) discovery of polyextremophile enzymes from extremophilic 

sources
15

, which show increased stability, or by (ii) protein engineering
16-18

 to modify the 

properties of the enzyme. Both approaches are time-consuming processes and broader 

understanding of the relationship between enzyme structure and function are required.   
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1.2.1. Biocatalysis 

The industrialized society of the 21st century would be impossible without the chemical 

industry as a facilitator, simply because, chemicals are used by almost every other 

branch of industry. Accordingly, the technical, economical, and ecological importance of 

catalysis are enormous.
19-21

 

Traditionally, the field of catalysis is divided into three branches (i) heterogeneous and 

(ii) homogeneous catalysis, depending on whether a catalyst exists in the same phase 

as the substrate or not, and (ii) biocatalysis.
22

 Considering the omnipresence of the 

chemical industry, numerous catalysts have been developed and optimized for 

industrial-scale applications. Therefore, the potential for cost and time saving through 

increasing the efficiency of catalytic processes is immense. 

Evaluating the activity and specificity of a catalyst is important. The activity of a catalyst 

is defined by the amount of product produced per equivalent of a catalyst used in a 

certain amount of time.
23

 Herein, several key parameters, such as the temperature, pH, 

or solvent, influence the activity of catalysts. The specificity of a catalyst refers to the 

preference to convert substrates and/ or to transform products of a specific stereotype.  

Enzymes are extremely selective and capable catalysts.
11, 24-25

 Thus, enzymes are in 

high demand for industrial processes, since biocatalysis is considered to be a green and 

sustainable technology.
26-27

 Modern chemistry approaches try to follow the principles 

and metrics of green chemistry, in order to avoid unnecessary waste and to improve the 

overall reaction economy.
28

 Especially, the use of whole cell biocatalysts is attractive 

due to their (i) easy preparation, (ii) inexpensive and sustainable production, (iii) 

advantages compared to crude, purified, or immobilized enzymes, and (iv) the direct 

supplementation of cofactors.
2, 29-30

 Consequently, the field of biocatalysis is on the 

rise.
31
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1.2.2. Advantages and Limitations of Biocatalyst 

Enzymes are frequently used in several branches of industry, such as food, agriculture, 

chemicals, and pharmaceuticals.
12-14

  

Enzymes display several advantages as biocatalysts, such as high enantioselectivity 

and regioselectivity, and the ability to perform transformation under mild conditions.
5, 32

 

Additionally, enzymes fulfil the requirements for 'green chemistry' and can be easily and 

cheaply produced, and up-scaling is possible.
5, 32

 

Nonetheless, enzymes also show disadvantages, such as, low specific activity, and 

instability at extreme temperatures and pH values. Also, their specificity limit enzymes 

for selected reactions.
26

 One of the biggest limitations is the long lead time for 

engineering and developing tailored enzyme variants.  

However, some of these limitations can be overcome by enzymatic system engineering, 

which includes (i) substrate engineering, (ii) medium engineering, (iii) enzyme discovery 

or engineering, (iv) cascade engineering, and (v) bioreactor engineering.
5, 10-11

  

Directed evolution techniques assisted by bioinformatics and high-throughput technology 

can accelerate protein engineering and enzyme discovery. However, a more detailed 

understanding of the relationship between enzyme structure and function is needed to 

avoid time-consuming screening.  
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1.2.3. Overview of Investigated Proteins 

Here, a short overview of the enzyme class and the protein assembly used in this thesis 

is given.    

Carbonic Anhydrases  

Carbonic anhydrases (CAs) are key players in numerous biosynthetic pathways within 

organisms across all domains of life.
33-34

 Accordingly, CAs are part of many different 

physiological processes,
35

 and are therefore promising therapeutic targets and of 

interest in biomedical applications.
33, 35

 Moreover, there is a growing interest of CAs as 

biosensors in analytical devices.
36

  

Approaches for CO2 capture and carbon sequestration have become increasingly 

important over the last decade, as the increase in CO2 is considered to be one of the 

main causes of global warming. Several studies have used immobilized CAs to capture 

CO2 in the liquid phase.
36-38

 Such approaches need CAs that (i) can be employed under 

harsher catalytic conditions, and (ii) that perform well under these conditions. CAs that 

may fulfil these requirements can be either found directly in organisms adapted to thrive 

under harsh environmental conditions, like extremophiles, or by protein engineering to 

increase their stability and/ or catalytic performance.
39

 

Furthermore, CAs are also of interest for industrial applications.
40

 Development of 

cascades with CAs for the synthesis of (small) organic molecules,
38

 biofuel production,
41

 

and CO2 capture,
40

 have attracted much interest. This advancement creates a demand 

for more stable, catalytically active CA variants.  
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Amine-transaminases  

Amine-transaminases (ATAs) are pyridoxal-5’-phosphate (PLP)-dependent enzymes, 

that catalyze the transfer of an amino group from a primary amine to a prochiral ketone 

(or aldehyde).
42-43

 Furthermore, ATAs are specific for an amino acid/keto pair, and the 

catalyzed reaction is bidirectional and reversible. Physiologically, ATAs are involved in 

the amino acid metabolism.
44-45

 Due to their physiological role, ATAs can be used in 

diagnostics techniques for amino acid disorders and related diseases.
46-47

 

The bidirectionality of ATA-catalyzed reactions, based on which of the reactants is in 

excess, can be exploited for biocatalytic synthesis approaches. In 1992, an ATA was 

used for the first time for the enzymatic resolution of chiral amines.
48

   

The high enantioselectivity of ATAs allow them to be applied for either racemic amine 

resolution or synthesis of chiral amines.
43, 49

 Several synthesis routes have successfully 

implemented ATAs in biocatalytic reactions.
50-51

  

One main limiting aspect for the industrial application of ATAs for amine synthesis is the 

consumption of high equivalents of amine donors to mediate the conversion. To achieve 

a more sustainable reaction economy, low-cost sacrificial amine donors and proficient 

co-factor and by-product removal or recycling systems are in high demand to overcome 

unfavorable reaction equilibria.
26, 52  
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Lysine Decarboxylases  

Lysine decarboxylases (Ldcs) also belong to the class of pyridoxal-5’-phosphate (PLP)-

dependent enzymes, and catalyze the conversion of l-lysine to cadaverine (1,5-

diaminopentane).
53-56

 

The physiological role of cadaverine varies in different organisms. For example in 

bacteria, cadaverine is used for the cell survival at acidic pH and as superoxide radical 

scavenger.
57

 In plants, cadaverine is a regulator of growth and development, cell 

signaling, and also has a function as defense mechanism against insects.
58

  

Cadaverine also provides a chemical platform for the synthesis of bio-based 

polyamides.
59

 Accordingly, the efficient bioconversion of l-lysine into cadaverine by Ldcs 

is of high interest and several systems, including a whole-cell approach, have been 

developed.
60-63

 Recently, cadaverine has been used as a smart amine donor in 

combination with ATAs.
64-67

  

Lysine decarboxylases are therefore an interesting target for cascade development with 

ATAs.    



 

 

26 

 

Gas Vesicle Nanoparticles  

In the last decade, gas vesicle nanoparticles (GVNPs) have emerged as a platform for 

biomedical applications, such as vaccine development,
68-70

 drug delivery,
71-74

 and 

diagnostics.
75-78

 The physiological purpose of GVNPs, which are present in archaea and 

bacteria, is to permit buoyancy in an aqueous environment.
79-80

 Based on their function, 

GVNPs display distinctive characteristics, such as (i) being solely proteinaceous, (ii) can 

self-assemble into highly organized hollow structures, and (iii) being gas-filled. These 

features also determine the GVNPs biophysical characteristics.
81

  

So far, bioengineering studies have primarily focused on GVNPs from Anabaena flos-

aquae75, 77
 and Halobacterium salinarum.

68-70
  Several genetic strategies and a few 

chemical strategies have been developed to tailor the properties of GVNPs. 

Although most engineering approaches rely on the genetic strategy, no 3D structure of a 

GVNP has been reported so far, and the detailed interaction of the proteinaceous 

subunits still remains unsolved. Most structural consideration are based on models and 

observations of structural techniques, such as NMR.
82-83

 Better understanding the 

structure-function relationship could simplify the bioengineering of GVNP, and maybe 

open up additional engineering techniques.  

Biocatalysis is a completely undiscovered of GVNPs. The ability of GVNPs to float would 

allow an easy separation and purification of the catalyst and product, and furthermore, 

could potentially simplify the reusability of a GVNP-biocatalyst. 
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1.3. Objectives 

This thesis focuses on engineering biocatalytic systems involving (i) enzyme discovery, 

(ii) protein engineering, and (ii) developing enzymatic cascades by design. The main 

objective is to increase our understanding of enzymatic system engineering. This 

knowledge is essential to further advance the efficiency of biocatalytic reactions.   

Chapter 2 aims to increase our knowledge of the biotechnological potential of novel 

enzymes from Red Sea brine pools by discovery. Further, protein engineering is used to 

increase the catalytic activity of a newly discovered halophilic γ-carbonic anhydrase from 

a Red Sea brine pool.  

In Chapter 3, the importance of chiral amines and the use of biocatalytic transamination 

cascades for chiral amine synthesize are investigated. The intention is to develop a 

sustainable, self-sufficient enzymatic transformation scheme for the synthesis of chiral 

and non-chiral amines by combining a lysine decarboxylase with an amine-transaminase 

to generate better reaction economics by providing a smart amine donor. 

In Chapter 4, several bioengineering principles are assessed to develop GVNPs into 

floating biocatalytic platforms via immobilized enzymes. 

Following this combined pathway should result in an understanding of the adaption and 

polyextremophilicity principles of enzymes from Red Sea brine pools, which contributes 

to the protein engineering effort to adapt mesophilic enzymes into more stable variants. 

Further, the impact of a self-sufficient enzymatic cascade on the development of 

sustainable enzymatic transformation schemes is evaluated, to avoid expensive amine 

donors. The bioengineering of GVNPs from halophilic and non-halophilic sources may 

also contribute to generation of first principles for protein engineering.  
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CHAPTER 2: Novel Enzymes from the Red Sea Brine Pools 
 

2.1. The Red Sea brine pool enzymes: current state and potential   

2.1.1. Abstract  

The Red Sea is a marine environment with unique chemical characteristics and physical 

topographies. Among the various habitats offered by the Red Sea, the deep-sea brine 

pools are the most extreme in terms of salinity, temperature and metal contents. 

Nonetheless, the brine pools host rich polyextremophilic bacterial and archaeal 

communities. These microbial communities are promising sources for various classes of 

enzymes adapted to harsh environments – extremozymes. Extremozymes are emerging 

as novel biocatalysts for biotechnological applications, due to their ability to perform 

catalytic reactions under harsh biophysical conditions, such as those used in many 

industrial processes. In this review, we provide an overview of the extremozymes from 

different Red Sea brine pools, and discuss the overall biotechnological potential of the 

Red Sea proteome.   
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2.1.2. Introduction  

Over the past decade, the interest and demand for green chemistry and green 

biotechnology has increased steadily.
84

 Consequently, the search for enzymes that can 

be used in industrial processes has intensified, in order the make these processes more 

sustainable and thus overall ‘greener‘.
14, 85-86

 According to a Business Communications 

Company (BCC) research report, the global market of industrial enzymes is estimated to 

reach US$ 7 billion by 2023 with an expected annual growth rate of 5%.
87

 

Numerous important enzyme classes with potential industrial applications have been 

identified.
88-89

 The majority of these classes are already used in a few and very specific 

industrial applications.
90

 In particular, hydrolases, peptidases, lipases, cellulases, and 

amylases are on high demand.
87

 Nonetheless, the commercial enzyme market struggles 

to respond to the increasing demands of the biotechnology sectors. The main obstacle is 

that most enzymes cannot survive the harsh industrial conditions and are not stable for 

iterative biocatalysis cycles. Thus, enhancing enzyme stability can markedly lower 

industry expenses.
91

 For some reaction conditions, enzymes can be sufficiently 

stabilized by surface modifications, e.g. PEGylation, or immobilization.
92-93

 However, 

ideally, industry would need enzymes that can naturally and reproducibly withstand a 

combination of several extreme conditions (pH, temperature, salinity, organic solvents, 

and/or aerification).
92, 94-95

 Naturally halotolerant enzymes are of particular interest for 

biotech applications, because high salt concentrations correspond to low water activity 

and hence to increased tolerance to organic solvents. 

A potential source for such polyextremozymes are the proteomes of microorganisms, 

that thrive under environmental conditions, that were previously considered as 

unhabitable.
92, 96

 These organisms have developed unique cellular and molecular 

mechanisms to withstand ecological extremes such as high or low temperatures, acidic 

or basic pH, high salinity, and/or high metal concentrations.
97

 Enzymes from these 
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polyextremophiles hold the promise of fulfilling the industrial demands
95

, because the 

conditions of their natural habitats are similar to those occurring in industrial 

processes.
97-102

  

Generally, extremozymes can be classified according to the habitat, e.g. as cold-tolerant 

(psychrophilic), temperature-tolerant (thermophilic and hyperthermophilic), acid-tolerant, 

alkali-tolerant, or salt-tolerant (halophilic).
94

 Every class of these enzymes has evolved 

specific structural and/ or mechanistic adaptations.
103-104

 Psychrophilic enzymes, for 

example, increase their catalytic activity at low temperatures through increased 

structural flexibility and greater exposure of hydrophobic residues compared to 

thermophilic or hyperthermophilic extremozymes.
105

 However, the same features can 

lead to poor stability at higher temperatures. Thus, tolerance to one type of extreme 

condition can lead to weaknesses to another. Some extremozyme classes, like cold-

tolerant, acid-tolerant, alkali-tolerant, and salt-tolerant, are already employed in industrial 

applications.
100, 102

 Nevertheless, discovering and characterizing enzymes with 

appropriate activity and stability under polyextremophilic conditions continues to be an 

essential aim in enzymology.
106-109

  

The discovery of extremozymes has been accelerated as a result of substantial progress 

in the next-generation sequencing (NGS) technology.
110

 Current NGS technology 

enabled metagenomics to be used as routine technique in environmental 

microbiology.
111-112

  

Together, NGS, metagenomics, and metaproteomics
113-116

 provide a powerful platform 

to investigate the microbial communities from remote and dangerous polyextreme 

habitats.
117

 

In particular the field of marine microbial ecology was boosted by this NGS-

metagenomic platform technology, showing the biodiversity of various marine 

environments and revealing previously unknown microbial communities.
118-119

 The large 
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amount of metagenomic datasets generated by those platforms have facilitated the 

identification of a huge number of metagenomes.
120-122

 These microbial gene datasets 

helped to get a better understanding of adaptative mechanisms and community 

interactions. These data also allowed to estimate the pharmaceutical and 

biotechnological impact and the application areas of the discovered genes.
120-122

 

The Red Sea has unique ecological factors and characteristics, especially a high 

temperature even at its bottom (22 °C), high salinity and high UV radiation.
123

 Thus, the 

Red Sea is considered a ‘laboratory’ for studying life under a ‘global warming’ 

scenario.
124

 Approximately 25 brine pools are located at the bottom of the Red Sea. 

Owing to the location, small size and (for some) relatively recent discovery of these brine 

pools, their microbial communities are one of the least studied ones among the marine 

environments.
122, 125-126

 These oligotrophic marine ecosystems, display unique 

physiochemical properties and microbial communities.
126

 

Herein we focus on extracted, characterized (poly)extremozymes from the Red Sea 

brine pools, and the biotechnological potential of the Red Sea proteome. Furthermore, 

we discuss the limitations of biomining the Red Sea proteome. For recent reviews 

covering the population genetics and the microbiome of the Red Sea brine pools, or 

extremozymes from different sources, we refer to references.
91, 127-129
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2.1.3. The Red Sea and the Brine Pool Characteristics  

The Red Sea  

The Red Sea is a seawater inlet of the Indian Ocean situated between Africa and the 

Arabian Peninsula. Located between an arid and semi-arid desert, the Red Sea has a 

length of approx. 2000 km, with a maximum width of 355 km, and a maximum depth of 

3039 m. These dimensions result in a surface area of roughly 4.6 x 105 km
2
, and a sea 

water volume of approx. 2.5 x 105 km
3 
of (salt) water.

123, 130
  

The Red Sea is among the least explored marine environments.
123, 131

 It is also a very 

special ecological environment, because (i) it is the northernmost tropical sea; (ii) it 

displays very unique physical and chemical characteristics; and (iii) it holds a variation of 

extreme ecological niches. 

The Red Sea is a marine environment with peculiar physical and chemical parameters. It 

has high water temperatures all year and at all depths, with a minimum of 21 °C. The 

Red Sea is also permanently exposed to strong UV radiation, has high salinity (140 and 

255 ‰)
130, 132

, and an unusually low average nutrient level. Regular dust storms (approx. 

15-20 per year)
133

 cool the Red Sea.
130

 The few metagenomic studies conducted on the 

Red Sea revealed that the microbiota, and therefore the proteome, is highly different 

from those found in other marine environments.
125, 134

 Of particular interest for 

biotechnological discovery of (poly)extremozymes are the Red Sea’s most extreme 

niches, the brine pools.
132

 

 

The Brine Pools in the Red Sea 

The movement of the African and Arabian tectonic plates caused a topographic 

depression along the mid-axial rift valley within the Red Sea. This depression is 

approximately 1500 to 2800 m deep, and is characterized by hypersalinity, acidity, and 
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anoxicity.
123

 25 deep-sea brine pools
132

 (Figure 2.1) have been identified in this 

depression, after half of a century of research.
123, 131

  

These brine pools consist of highly dense brine-seawater layers, with increasing salinity, 

thus preventing their layers from merging with the surrounding seawater. Nonetheless, 

these brine-seawater interfaces allow the exchange of organic material from the 

overlaying water. This exchange enables carbon intake for the communities living within 

the brine pools. The nutrients along the salinity gradient fluctuate greatly leading to 

variations of the metabolic processes in the microorganisms inhabiting different 

layers.
130, 135

 

 

Figure 2.1 Location of the deeps along the Red Sea rift axis. The topographic depression is 

segmented by its geotectonic classification
136

, the segments consist of (i) northern region, (ii) 

transitional region, (iii) multi-deeps region, and (iv) rift valley region. Deeps are marked in white; Brine 

pools are marked in beige; Brine pools from which enzymes were extracted are marked in red. The 

geotectonic classification of Red Sea segments (gray dotted lines) is adapted from Bonatti
136

. The 

map was created by Ute Langner, Red Sea Research Center KAUST. 
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Atlantis Deep II, Discovery Deep, and Kebrit are the best studied brine pools of the Red 

Sea.
132, 137-138

  They are located below 1.5 km depth, classifying them as deep-sea brine 

pools.
132, 135, 139

 They show polyextremophilic conditions as they display (i) high 

temperatures (up to 60 °C or higher); (ii) high salinity (up to seven times higher 

compared to the surrounding deep sea water); (iii) low pHs; (iv) high metalliferous 

deposits, such as iron (Fe), manganese (Mn), zinc (Zn), nickel (Ni), copper (Cu), lead 

(Pb), cobalt (Co), barium (Ba), silicon (Si), lithium (Li) in dissolved form, and rarer silver 

(Ag), or gold (Au); (v) low dissolved oxygen concentrations (up to 40 times lower than in 

the “deep zone”); or (vi) complete anaerobic conditions.
135,140

 However, the temperature, 

salinity, pH and the composition of the metalliferous sediments vary between each of the 

known brine pools,
135

 leading to the presence of specific and unusual microbial 

communities. 

With a volume of about 17 km
3 

Atlantis II Deep is the largest pool
141

 in the region. It is 

located at a depth of 1900 m to 2200 m 
141

 and is hydrothermally active. Atlantis II Deep 

is hot (approx. 68 °C), hypersaline (up to 257 psu), acidic (pH of 5.3), and has a high 

metal content.
132, 134, 142-143

 The metals in Atlantis II Deep appear mostly as sulfides of 

Zn, Cu, Mn, Co, and Fe with significant amounts of Ag and Au.
144-145

  

Discovery Deep is located at 2100 m depth, in close proximity to Atlantis II Deep. Both 

brine pools have subsurface connections and are geochemically and physically 

similar.
135, 137, 142, 146

 However, the conditions in Discovery Deep are less extreme than in 

the Atlantis II Deep.
132, 134

  Discovery Deep’s metal content consists mostly of Si, Mn and 

Fe.
144

  

Kebrit Deep, with 2.5 km
2
 in size, is one of the smallest known Red Sea brine pools, 

located in 1549 m depth. Kebrit Deep is not a hot brine pool, as the temperatures are 

between 21 °C to 23 °C. However, it contains several inactive vents at the rim. The 

salinity is approx. 242 psu, and the pH around 5.2. The brine layer is 84 m resulting in 



 

 

35 

 

anaerobic conditions, and zero oxygen levels.
137, 142, 146-147

 Kebrit Deep is rich in 

hydrogen sulfide (H2S) with approx. 4-12 mg/L
137

. Underneath the brine heavy metals 

rich sediments can be found.
132, 143, 148

 These sediments mainly contain Fe, Zn and Pb, 

and a small amount of Ni.
149

 

Several polyextremophilic microbes are thriving in these conditions.122, 134, 147, 150-155 These 

microbial communities are not only adapted to high salinity (4–26%), but also to elevated 

temperatures, low oxygen concentrations, and high concentrations of heavy metals.
137, 

146, 156-157
 As a result of this polyextremophilic adaptation, the microbe’s enzymes are 

extremely stable and produce unique natural products with potential industrial 

application. Hence, they are promising candidates for an improve biocatalysis in an 

industrial setting, and may help industries to switch to more sustainable and ecologically 

friendly alternatives.  
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2.1.4. Mining of the Red Sea Enzyme Pool 

The combination of adapted computational and experimental tools is necessary to 

harness the biotechnological potential of the Red Sea brine pools. 

 

Metagenomic data and database  

The high inconsistency between culturable bacteria and expected bacterial count in 

environmental samples indicates, that we currently know only a small fraction of the 

bacterial diversity in nature.
158

 The single-amplified genome (SAG) strategy
159

 for 

retrieving genomes from samples without the need for cultivation in combination with 

high-throughput NGS technologies for culturable bacteria, are a valuable approach for 

mining metagenomic data from the Red Sea and the Red Sea brine pools.
160

 The speed 

of genome sequencing by NGS technologies is orders of magnitudes higher than 

experimental testing, creating a ‘bottleneck’ on the downstream experimental 

analysis.
117, 161-163

 The annotation of these newly sequenced genomes relies primarily on 

computational methods
164-165

 capable of extrapolating the enzyme function from 

available biological information, which is ideally from multiple sources.
166

 The initial 

annotation by information integration and/or combination can simplify and facilitate 

downstream analysis and experiments.
167-168

 Nevertheless, this annotation is still prone 

to errors.
166, 169-171

 The biocomputational field provides numerous tools for taxonomical 

and functional annotation of metagenomic data, which are all trying to overcome the 

problem of annotation errors, and thus, ease the downstream experimental analysis by 

avoiding incorrectly annotated genes, and gene functions. 

There is a growing amount of genomic data available mainly from Atlantis II, Discovery, 

and Kebrit, but also from lesser studied brine pools, such as Nereus, Erba, and Shaban 

brine pools.
155, 172

 To date, there is only one public database compiling the available Red 

Sea genomic data, which is the INtegrated Data Warehouse of MIcrobial GenOmes 
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(INDIGO, http://www.cbrc.kaust.edu.sa/indigo). INDIGO is a dedicated database of 

metagenomic information of microorganisms from the Red Sea. It contains fully 

annotated genomes of bacterial and archaeal species isolated from the Red Sea. 

INDIGO uses the Automatic Annotation of Microbial Genomes (AAMG) algorithm, which 

comprises different annotation methods, in combination with Profile and Pattern 

Matching (PPM). This algorithm combination aims to reduce the level of uncertainty in 

gene annotation and therefore lowering the likeliness of a false-positive enzyme function 

annotation.
154

 Further, INDIGO derives and combines information from several 

databases such as CDD (Conserved Domains Database),
173

 GO (Gene Ontology),
174-175

 

InterPro,
176

 KEGG (Kyoto Encyclopedia of Genes and Genomes),
177

 and UniProt
178

 in 

order to provide as much information as possible.
172

 Having such a database is 

necessary for a systematic screening of the Red Sea in search for extremophilic 

enzymes. However, a wider input and contribution network is necessary to keep the 

collection up-to-date and growing. 

 

The microbial expression systems  

Genomic data, even if functionally annotated, needs to be complemented by 

experimental testing to allow successful enzyme discovery for biotechnology. Most 

industrial applications reply on recombinantly produced microbial proteins. The choice of 

the most suitable expression system for the efficient production of the recombinant 

protein depends on many factors, such as the cell growth characteristics of the host cell, 

expression levels, intracellular or extracellular-segregation expression, post-translational 

modifications, and the biological activity. However, the main parameters to consider are 

(i) enzyme production rate, and (ii) the yield of the expression system.
179

  

The most commonly used expression system is the heterologous host Escherichia coli 

(E. coli), because of short doubling time and its arsenal of established expression 
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protocols, cloning methods, and broad range of available plasmid vectors. Proteins 

adapted to high temperature or harsh pH are generally well-expressed in E. coli. 

However, E. coli has proven poorly suited for the expression of some proteins from 

(poly)extremophilic microbes, in particular from halophiles.
180

 To be active at low water 

and at high salt concentrations, halophilic proteins display multiple acidic amino acid 

residues generating the negative surface charge allowing their solubility in high salt.
181-

184
 This feature however promotes their misfolding and aggregation under conditions of 

low ionic strength as prevailing in E. coli cells.
180-184

    

Nonetheless, expression protocols to produce and purify recombinant halophilic proteins 

from several haloarchaea in E. coli have been developed.
185-188

 However, the 

recombinant proteins were usually obtained as inclusion bodies, and are then refolded 

using slow or rapid dilution in a high salt concentration buffer to recover the expressed 

proteins.
189

 This process limits ease and the yield for E. coli expression, in particular for 

haloarchaeal proteins containing metallocofactors.
187, 190

  

Therefore, suitable haloarchaeon expression systems are often necessary. Successful 

homologous expression of haloarchaeal proteins has been reported in halophilic 

archaea hosts, such Halobacterium salinarum191-193
 and Haloferax volcanii (Hfx. 

volcanii).194-195
 In particular Hfx. volcanii has emerged as microbe of choice for 

haloarchaeal genetics
196

, and for developing systems for the successful overexpression 

and purification of halophilic proteins.
197-198

 A decade of research on haloarchaeon Hfx. 

volcanii enabled the development of host strains and plasmid vectors for overexpression 

of halophilic proteins.
194, 197-198

  

For both expression systems, Hfx. volcanii 197
 and E. coli199

, new methods for the large-

scale production of polyextremophilic proteins are currently being developed and 

refined. However, the tools available for the genetic manipulation of archaea are still 

scarce compared with bacteria, complicating the establishment of expression 
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procedures. Moreover, since most enzymes contain metals or metallocofactors to attain 

their catalytic functionality, establishing expression systems for haloarchaeal proteins 

containing metallocofactors in archaean hosts is a primary future objective.
190  
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2.1.5. Enzymes from the Red Sea and their Potential 

The few metagenomic studies conducted in the Red Sea revealed that the microbiota, 

and therefore the proteome, is very different from those found in other marine 

environments, and also markedly different between Red Sea brine pools.
125, 134

  

Ziko and coworkers revealed 2751 specialized metabolism gene clusters in Atlantis II, 

Discovery and Kebrit brine pools while conducting a genome analysis with a focus on 

antibacterial and anticancer research.
122

 Sequenced metagenomes from Atlantis II and 

Discovery deep brine pools reveal differences between the two brine pools. Whereas, 

the Atlantis II metagenome is inhabited predominately by bacteria, Discovery harbors 

mostly autotrophic archaea.
150, 152

 A taxonomic analysis of sequenced environmental 

samples from the Red Sea brine pools sediments allowed to categorize the existing 

microbial communities and to discover their role in methane and sulfur cycling 

processes.
151

 A characterization of the microbial population in different strata of the 

vertical brine pool profile highlighted the effect of salinity and temperature of shaping 

these microbial communities.
153

 A gene cluster analysis from the brine-seawater 

interface demonstrated the diversity of methanotrophs in Atlantis II, Discovery and 

Kebrit.
134

 Metabolome studies of extremophilic microbiota in the Red Sea brine pools in 

Atlantis II, Kebrit and Discovery deeps predicted several new biomedical compounds, 

with the potential of becoming new drugs.
122

 

To date, a total of twelve enzymes has been characterized from Atlantis II, Discovery, 

and Kebrit (Table 2.1). Most of these extremozymes belong to three classes of 

enzymes, namely oxidoreductases, transferases, and hydrolases.  

Oxidoreductases catalyze biological oxidation/reduction reactions. They perform their 

functions on different substrates, both organic and inorganic. These enzymes are 

applied in fields such as polymer synthesis, biodegradation of pollutants, development of 

biosensors and diagnostic tests.
99, 200-201

 Alcohol dehydrogenases (ADHs) are 
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oxidoreductases used for the production of chiral compounds in pharmaceutical and 

chemical industries due to their regio- and enantioselectivity.
202

 So far two ADHs have 

been discovered (i) ADH/D1
180

 from Discovery Deep brine pool (2141 m depth, 44.8 °C, 

26.2% salt, pH 6.4), and (ii) ADH/A1a
203

 from the Atlantis II Deep brine pool (2036 m 

depth, 63 °C, 16.8% salt, pH 5.3). Both ADHs are thermostable, halophilic, withstand 

organic solvents, and accept primary long-chain and aromatic alcohols as substrates.
180, 

203
 ADH/A1a oxidized a broad spectrum of alcohols. In the reduction reaction, 

exclusively cinnamaldehyde, cinnamyl-methyl-ketone, and raspberry ketone were 

reduced.
203

 Conversely, ADH/D1 showed a high specific activity towards cinnamyl 

alcohol.
180

 The current use of cinnamyl aldehyde and cinnamyl alcohol in the flavour and 

perfume industries, expands the biotechnological potential of these enzymes beyond the 

production of precursors for pharma.
204-205

 

Thioredoxin reductases (TrxRs) also belong to the oxidoreductase family, and are 

involved in maintaining the redox environment of the cell by the reduction of 

thioredoxin.
206-207

 Since the TrxR activity is closely linked to cell growth and survival, it is 

a potential target for cancer therapy, and novel antibiotics.
208-209

 The common 

characteristic of TrxRs is the redox-active tetrapeptide motif containing a selenocysteine 

for catalytic activity.
210

 Thus, most drugs are based on selenocysteine inhibition.
207, 211

 

However, according to one study, the halophilic and thermostable thioredoxin reductase 

ATII-TrxR from Atlantis II Deep brine pool (2200 m depth, 68 °C,  26% salt, pH 5.3) lacks 

this selenocysteine.
212

 This unique feature, could potentially lead to a broad-spectrum 

drug, which is not based on selenocysteine inhibition.  

Another industrially important subclass are the metal ion oxidoreductases, which 

increasing the oxidation states of metals. Mercuric reductases (MerA), for example, can 

attenuate the toxicity of mercury and are used in bioremediation.
200

 There are four 

known mercuric reductases isolated from the Red Sea brine pools which appear to have 
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different properties in terms of thermostability, halophilicity, and metal tolerance. The 

first discovered mercuric reductase, ATII-LCL MerA, is from the lower convective layer of 

Atlantis II Deep brine pool (2000 m depth, 68 °C, 26% salt, pH 5.3). ATII-LCL MerA is 

thermostable and halophilic, shows high specific activity and seems to be less affected 

by mercury inhibition compared to other MerAs.
213

 More recently, two MerA isoforms, 

K09H and K35NH, from Kebrit Deep (1549 m depth, 23.3 °C, 26% salt, pH 5.5) were 

identified and characterized. Whereas K35NH MerA is strongly inhibited by high salt 

concentrations, K09H MerA shows the usual characteristic of halophilic proteins. 

Collectively, these works enhanced our understanding of salt adaption, and for how 

environmental stressors shaped the structure of orthologous enzymes, while retaining 

the catalytic function. Given their stability and specificity, brine pool MerA enzymes are 

promising candidates for improved bioremediation and mercury detoxification, thereby 

mitigating the hazards of the mining industry.
213-215

 

Generally, transferases do not play a major role in industrial processes, despite their 

catalytic function of transferring non-hydrogen moiety between a pair of substrates.
14, 216

  

However, one transferase subgroup, the DNA polymerases, are widely used for DNA 

manipulation, sequencing, labeling, mutagenesis, and other purposes.
217

 Especially 

thermostable DNA polymerases are important for nucleic acid amplification techniques 

in molecular biology.
217

 Archaeal DNA polymerases are frequently used, and 

engineering chimeric archaeal DNA polymerases with increased processivity and fidelity 

is an emerging topic.
218

 

A recently discovered DNA polymerase from Atlantis II Deep brine pool (unspecified 

depth, 55 °C, 24% salt, pH not described), BR3 pol, has shown to be active at relatively 

low temperatures of about 55 °C. However, BR3 pol demonstrated unusual tolerance to 

high salt and metal ion concentrations, together with the unique ability to use Zn
2+

 as 

cofactor.
219

 Takahashi and coworkers were able to engineering a chimeric DNA 
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polymerase, combining the BR3 Pol salt stability with the heat stability and performance 

of a Thermococcus kodakarensis DNA polymerase. The resulting a halophilic chimera 

has been patented and is used for the development of new detection essays.
219-220

 Due 

to the ongoing COVID-19 pandemic, there is a growing demand for rapid diagnostic 

tests, such as isothermal application methods
221

, like LAMP and/ or RT- LAMP, in order 

to improve the efficiency and coverage of medical screening of infectious diseases.
222-223

 

In this situation, the robust and well performing BR3 pol chimera is a commercially 

promising polymerase for isothermal applications.  

Antibiotic resistance is increasingly threatening health care systems world-wide.
224-225

 

Tackling the emergence of multiresistant species requires (i) to develop new antibiotics, 

and (ii) to better understand antibiotic resistance genes. Due to their location, the Red 

Sea brine pools are an interesting source for investigating the development of antibiotic 

resistance. Elbehery and co-workers, found two novel antibiotic resistance enzymes 

from the Atlantis II Red Sea brine pools, a class A beta-lactamase, ATII-ABL, and the 

first ever reported thermostable 3’-aminoglycoside phosphotransferase, ATII-APH(3’).
226

  

Both antibiotic resistance genes may be used as thermophilic selection marker for 

thermophilic hosts. Further, studies of phosphotransferases are required to obtain a 

better understanding of antibiotic resistance.
227-228

  

The most widely studied class of enzymes are hydrolases, due to their catalytic 

promiscuity.
200, 229

 Hydrolases are used in organic biosynthesis, in pulp and paper 

industry, wastewater treatment, and for improving digestibility of animal feed.
230-231

 

Esterases, a subclass of hydrolases, are utilized in textile manufacturing, flavor 

modifications in the food industry, oil biodegradation, synthesis of pharmaceuticals, and 

fine chemicals.
232

 Their lipolytic properties also make them prospects in biodiesel 

production.
233

 A recently discovered thermophilic halotolerant esterase from the lower 

convective layer of Atlantis II Deep brine pool (2000 m depth, 68.2 °C, 26% salt, pH 5.3), 
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EstATII, is a promising biocatalyst. EstATII shows high activity under a wide range of 

temperatures (30-80 °C), and high salt concentrations (2-4.5 M NaCl). Moreover, the 

activity of EstATII is not affected by heavy metals, conversely to other esterases.
234

 The 

substrate scope of EstATII is mainly restricted to short straight-chain alkyl carboxylic 

acid. Generally, the increased thermostability of esterases allows applications involving 

poorly soluble substrates (or products), for the synthesis of intermediates for the 

cosmetic industry.
235

 

Another subclass of hydrolases are nitrilases (NitraS), which are used in the synthesis of 

pharmaceuticals (or their precursors), pesticides and bioremediation of cyanide.
236-237

  

Nitrilases have been used as green catalysts for the production of high value-added 

products, due to their high selectivity and no toxic byproduct formation.
238

 The nitrilase 

NitraS-ATII was discovered in the lower convective layer of Atlantis II Deep brine pool 

(2000 m depth, 68 °C, 26% salt, pH 5.3). Compared to other nitrilases, NitraS-ATII is 

more stable at higher temperatures, and maintains its activity in the presence of several 

metals. There are currently no thermostable nitrilases available on the commercial 

enzyme market, therefore making the Red Sea a promising source for these 

enzymes.
201, 239

 

Lyases catalyze the cleavage of various chemical bonds, do not require cofactor 

recycling, and show high (stereo)specificity. Thus, lyases are a biocatalytic attractive 

enzyme class, which are already used in several commercial processes.
240

 Carbonic 

anhydrases (CAs), a subclass of lyases, are common metalloenzymes in all domains of 

life. CAs catalyze the reversible hydration of carbon dioxide to bicarbonate, and are 

used in several industrial applications.
40

 Currently, carbonic anhydrases are being 

investigated for several cascade reactions involving the synthesis of small organic 

molecules,
38

 biofuels production,
41

 and CO2 capturing.
40

 Because the increase in CO2 in 

the atmosphere due to fossil fuel burning contributes largely to global warming and 
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ocean acidification, measures such as CO2 capture and sequestration are explored. 

Several studies showed that immobilized CAs can accelerate the rates of absorption of 

CO2 in the liquid phase.
36, 38, 37

 However, such processes require enzymes that are 

active under harsh conditions. The γ-carbonic anhydrase, CA_D, from the polyextreme 

Red Sea brine pool Discovery Deep (2141 m depth, 44.8 °C, 26.2% salt, pH not 

determined) is a potential candidate to overcome this limitation.
241

 CA_D shows all 

characteristics of a halophilic protein, and is active under elevated temperatures. 

Further, a structure-driven mutagenesis study showed that the activity can of the wild-

type can be even increased 17-fold.
241
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Table 2.1 Extremozymes from the Red Sea brine pools. 

Entry Enzyme NCBI 
GenBank EC Number Location Characteristics Thermostability Halophilic Metal tolerance Expression system Reference 

1 Alcohol dehydrogenase ADH/A1a KXB02677 1.1.1.1 Atlantis II 
Deep 

Thermostable: 70 °C; Salt: 
3 M NaCl, 4 M KCl; 
withstands organic solvents 

thermophilic X  Hfx. volcanii 203 

2 
5,6-dihydroxy NADPH- 
bound alcohol dehydrogenase 
ADH/D1 

KXA95890.1 1.1.1.2 
 

Discovery 
Deep 

Thermostable: optimum 70 
°C; Salt: 2 M NaCl, 4 M KCl thermophilic X  E. coli K12, Hfx. 

volcanii H1895 
180 

3 Thioredoxin reductase ATII-TrxR / 1.8.1.9 Atlantis II 
Deep 

Thermostable: 60% activity 
at 70 °C; Salt: up to 4 M 
NaCl; heavy metals tolerant 

thermophilic X X E. coli BL21 (DE3) 212 

4 MerA mercuric reductase ATII-
LCL KF572479 1.16.1.1 Atlantis II 

Deep 
Thermostable: 70% activity 
at 70 °C thermophilic X X E. coli BL21 (DE3) 213-214 

5 MerA mercuric reductase ATII-
LCL-NH MF363137 1.16.1.1 Atlantis II 

Deep 
Thermostable: 81% activity 
at 60 °C; Non-Halophilic thermophilic  X E. coli BL21 (DE3) 214 

6 

K09H MerA mercuric reductase KY421641 1.16.1.1 Kebrit Deep Salt: 2 M NaCl  X  E. coli BL21 (DE3) 215 

K35NH MerA mercuric reductase KY421666 1.16.1.1 Kebrit Deep Non-Halophilic    E. coli BL21 (DE3) 215 

7 brine pool-3 polymerase BR3 pol KXB03331 2.7.7.7 Atlantis II 
Deep 

Thermostable: 100% 
activity at 65 °C; Salt: 0.5 
M NaCl; tolerant to MgCl2 
and MnCl2, ability to utilize 
Zn2+ ions 

thermophilic X X E. coli BL21 (DE3) 
pLysS 

219-220 

8 3´ -aminoglycoside 
phosphotransferase ATII-APH(3’) KX377799 2.7.1.95 Atlantis II 

Deep 
Thermostable: 40% activity 
at 65 °C thermophilic   E. coli BL21 (DE3) 226 

9 Esterase EstATII KC958722.1 3.1.1 Atlantis II 
Deep 

Thermostable: 77% activity 
at 75 °C; Salt: up to 4.5 M 
NaCl; heavy metals tolerant 

thermophilic X X E. coli BL21 (DE3) 234 

10 Class A beta-lactamase ATII-ABL KX377801 3.5.2.6 Atlantis II 
Deep Thermostable: 43.3 °C thermophilic   E. coli BL21 (DE3) 226 

11 338 amino-acid nitrilase NitraS-
ATII KT354778 3.5.5.1 Atlantis II 

Deep 

Thermostable: 60% activity 
at 70 °C; heavy metals 
tolerant 

thermophilic  X E. coli BL21 (DE3) 239 

12 γ-carbonic anhydrase CA_D KXA95168.1 4.2.1.1 Discovery 
Deep Halophilic thermophilic X  Halobacterium sp.  

NRC-1 
241 
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3.1.6. Molecular Basis for Polyextremophilicity 

In the last decade, the combination of structural biology and biochemistry has clarified 

the structure-function relationships of many biocatalysts.242-244 Studying 

(poly)extremophilic enzymes on a molecular level helps to understand the adaptation 

mechanisms to their extreme environments, and facilitates developing rational enzyme 

engineering strategies to turn mesophilic proteins in more stable versions.245-246  

For rationalizing enzyme engineering strategies, the 3D structure of extremozymes is 

very valuable. Thermophilic and halophilic proteins generally tend to be more stable than 

mesophilic proteins, and, therefore, may crystallize even, when the mesophilic 

counterpart fails to do so.247 Nonetheless, so far only two Red Sea brine pool enzymes 

were crystallized, namely the 5,6-dihydroxy NADPH-bound ADH/D1 alcohol 

dehydrogenase (PDB code: 5YVM)180 and the γ-carbonic anhydrase CA_D (PDB code: 

6SC4).241 Consequently, most structural studies of Red Sea enzymes still rely on 

structure-based homology models  (Figure 2.2). 

These models reveal that most Red Sea brine pool protein surfaces consist largely of 

negative charges, which enables a higher salt tolerance by coordinating a water shell 

around the protein structure. The homotrimers enzymes ADH/A1a and γ-CA_D, and the 

homodimers ADH/D1 and MerA show a positive electrostatic potential core, which 

functions as multimerization contact. The only exceptions are EstATII and ATII-ABL, 

which show a higher positive electrostatic potential distribution on the surface. In 

addition to structural analyses, the physiological characteristics of extremozymes can 

also help to build some rationales (Table 2.2). 
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Figure 2.2 Surface representation of the extremozymes from the Red Sea brine pools. Surface colors 

indicate positive and negative electrostatic potentials contoured from 50 kT/e (blue) to -50 kT/e (red). 

The Phyre2 tool248 was used for homology modeling, with an average 100% confidence level at >90% 

accuracy. Visualized by PyMOL Molecular Graphics System, Version 2.4.2, Schrödinger, LLC. 
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Collectively, these studies indicate that structure-function relationship for haloadaptation 

is mainly achieved by an amino acid composition where the negatively charged residues 

are greatly enriched while the positively charged amino acids, especially lysines, are 

minimal. Further, weak favored protein-ion interactions stabilize the folded state of 

halophilic proteins.183-184, 249 First, the theoretical isoelectric point (IEP) (Table 2.2) 

confirms the observations of the surface representation from the homology models. Most 

of the IEPs are in the lower range, below 7, reaching a minimum at 4.65 with ATII-

APH(3`), and a maximum with 7.70 with ATII-ABL. Second, all enzymes have a higher 

amount of negatively charged amino acids (Table 2.2), with an average ratio of 

negatively charged amino acids/ positively charged amino acids of 1.29. Lastly, the 

grand average of hydropathy (GRAVY)250 values for marine halophilic proteins are 

generally within the hydrophobic region.251-252 Indeed, that’s accurate for most of the 

enzymes.  

Similarly, thermophilicity is not accomplished by a single mechanism, but by combination 

of several factors to maintain structure and function at high temperatures. On one hand, 

thermophilic proteins show a more ridged structure by increased number of salt bridges 

and side chain-side chain hydrogen bonds, but also a predominantly helical 

conformation and a reduced presence of specific amino acids.253-255 Indeed, the 

enzymes show a high number of theoretical salt bridges (Table 2.2). It is worth 

mentioning that ADH/D1, and γ-CA_D have a distinctive lower number of salt bridges. 

That is due to the fact that the salt bridge prediction is based on the crystal structure, as 

CA_D nicely demonstrates with 83 salt bridges and a higher salt bridge content. 

The aliphatic index, which is defined as the relative volume of a protein occupied by 

aliphatic side chains, can be seen as a thermostability index, since it is is significantly 

higher in thermophilic proteins than in mesophilic proteins.256-258 Certainly the aliphatic 

index (Table 2.2) is high for all enzymes from the Red Sea brine pool, and aligns with 
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the reported thermophilic character (Table 2.1). EstATII is reported to be the most 

temperature stable enzyme (75 °C) which is reflected in the highest aliphatic index 

number (105.76), whereas BR3 Pol is only temperature stable at 65 °C, which is 

reflected in a lower aliphatic index number (87.3). 
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Table 2.2 Physiological characteristics of extremozymes from the Red Sea brine pools. The theoretical pI, negative charges, positive charges, grand average 
of hydropathicity (GRAVY) and the aliphatic index were calculated by Expasy server.259 The number of salt bridges was calculated by ESBRI.260 

Entry Enzyme Theoretical IEP Negative charges  Positive charges Grand average of hydropathicity (GRAVY) Salt bridges Aliphatic index 

1 Alcohol dehydrogenase ADH/A1a 5.01 56 37 -0.254 119 89.25 

2 
5,6-dihydroxy NADPH- 
bound alcohol dehydrogenase 
ADH/D1 

4.88 65 41 -0.279 20 85.42 

3 Thioredoxin reductase ATII-TrxR 6.96 56 55 0.127 135 99.58 

4 MerA mercuric reductase ATII-LCL 4.66 91 51 -0.185 227 90.64 

5 MerA mercuric reductase ATII-LCL-
NH 5.60 60 48 0.088 155 95.06 

6 

K09H MerA mercuric reductase 5.77 60 50 0.073 168 95.40 

K35NH MerA mercuric reductase 5.60 60 48 0.101 177 96.10 
 

7 brine pool-3 polymerase BR3 pol 5.16 148 117 -0.521 315 87.30 

8 3´ -aminoglycoside 
phosphotransferase ATII-APH(3’) 4.65 39 25 -0.028 134 87.79 

9 Esterase EstATII 7.11 27 27 0.172 114 105.76 

10 Class A beta-lactamase ATII-ABL 7.70 40 41 0.017 119 96.17 

11 338 amino-acid nitrilase NitraS-ATII 6.24 38 32 -0.172 227 87.16 

12 γ-carbonic anhydrase CA_D 5.92 29 24 -0.292 83 99.07 
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These observations suggest that structural adaptation of the proteins from the Red 

Sea brine pool microorganisms, are similar to those of others in extreme 

environments. The adaptation to high temperature and high salt concentration is 

facilitated by a compact hydrophobic core, increased salt bridge interactions that 

help to maintain the structural integrity, whereas dynamic flexibility is kept by a high 

percentage of negatively charged random coils.  

Three extremozymes from the Red Sea brine pools have been already used to test 

the hypothesis of structural adaptation, or for engineering approaches. First, in a 

mutagenesis study, the mercuric reductase ATII-LCL MerA was first transformed into 

a non-halophilic enzyme with reduced thermostability, while maintaining the kinetic 

activity of the wild-type. In line with the importance of acidic protein surfaces in 

conferring salt tolerance, the MerA mutant library used was based on only three 

defined regions within the expected dimerization domain in which mostly aspartic 

acids were replaced by alanines. Remarkably, the knowledge gained was then used 

to design a mutant with increased stability.214 

Second, specific regions of the brine pool DNA polymerase BR3 Pol 219-220 

(exonuclease, fingers, and thumb domains) were swapped and chimerized with 

domains of a Thermococcus kodakarensis DNA polymerase, resulting in catalytically 

active chimeric DNA polymerases with higher salt stability. All swapped domains 

increased the salt stability compared to the wildtype. However, none of the chimeric 

DNA polymerases reached the salt tolerance level of BR3 Pol, concluding, that all 

domains are contributing to the halophilicity. Further investigations of the 

thermotolerance of the chimeric DNA polymerases showed that the increased salt 
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tolerance comes with the price of instability at elevated temperatures, as most of the 

chimeric DNA polymerases lost their activity. 

Lastly, engineering of the γ-carbonic anhydrase CA_D241 selectively and specifically 

increased the activity of  the enzyme. The authors enhanced the activity by 

substituting key residues in the active site with the corresponding ones from more 

active homologues. Thus, the γ-carbonic anhydrase CA_D backbone worked as a 

scaffold, preserving the halophilicity and thermophilicity, while increasing the activity.  

These mutagenesis and chimerization studies along with other studies conducted on 

extremozymes from other sources can have enhanced our understanding of 

structural adaptation to polyextremophily, and overall contribute to the engineering 

approaches to introduce stability characteristics to mesophilic proteins.  
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2.1.6. Conclusions and Future Perspectives  

Over the last decades, extremozymes from deep-sea extremophiles are emerging as 

promising source for novel and robust enzyme variants that are needed for use in 

the usually harsh industrial settings. Their evolutionary adaptations to harsh 

conditions make them promising candidates for more robust biocatalysts, which 

have unique properties and characteristics that cannot be found in any other domain 

of life. Consequently, these novel extremozymes are expected to enable biocatalytic 

processes that are more efficient, sustainable and environmentally friendly than 

current chemical processes. 

The few metagenomic studies on the Red Sea brine pools provide only a first 

glimpse into the enormous biodiversity of microorganisms and their potential 

purpose. Completing only the microbial picture of the Red Sea brine pools, as a 

selected niche, is already a challenging task, that can only be achieved by a 

systemically sampling and NGS framework combined with a suitable metagenomic 

toolset. However, even this framework cannot capture the dynamics of this marine 

ecosystem that is continuously changing, and will only provide a snapshot of the 

microbial profiles. 

Several databases are known for holding metagenomic data isolated from Red Sea 

brine pools. However, only a few are regularly updated. Thus, metagenomic data is 

already available, yet it is not compiled in one place. This makes a systematical 

screening of the Red Sea (extremo)enzymes almost impossible. A dedicated 

metagenomic annotation database would accelerate and simplify the search of novel 

robust industrial applicable enzyme variants from the from Red Sea brine pools. 
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Metagenomic annotated data are a good starting point for selecting potential novel 

robust industrial applicable enzyme variants. However, suitable expression systems 

for direct gene or gene cluster screening have to be established as well. 

Unfortunately, genetic screening techniques or plasmid vectors in Archaea are still 

missing. This severely limits the systematic high-throughput screening in order to 

confirm the selected candidates.  

Technical limitations are not only constraining the discovery of novel biocatalysts, 

but also the fine-tuning of the biocatalysts for industrial applications. An elegant way 

to overcome this limitation, is the use of extremophiles directly as the production 

microorganism in industrial applications, but this presents several difficulties. Too 

little is known about potential toxic side products, behavior in bioreactor systems, or 

suitable large-scale purification. Developing new culture and molecular tools, more 

efficient large-scale production procedures, together with new technologies for 

genetic and protein engineering will further facilitate the potential applications of 

extremozymes in industry. 

Recently, a new brine pool within the Red Sea has been discovered. Affifi is located 

in the eastern shelf of the southern Red Sea and is described as highly saline 

(228 g/L), cold (23.3 °C), anoxic and it is the shallowest brine basin yet reported in 

the Red Sea, with a depth range of 353 to 400 m.261 This discovery shows how 

unexplored the Red Sea is and provides a growing potential of new enzymes. The 

progression of modern molecular methods in combination with deep-sea sampling 

approaches will allow extremozymes to have a significant impact on a wide range of 

industries in the future. 
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2.2.1. Abstract 

Environments previously thought to be uninhabitable offer a tremendous wealth of 

unexplored microorganisms and enzymes. In this paper, we present the discovery 

and characterization of a novel g-carbonic anhydrase (g-CA) from the polyextreme 

Red Sea brine pool Discovery Deep (2141 m depth, 44.8 ˚C, 26.2% salt) by single-

cell genome sequencing. The extensive analysis of the selected gene helps 

demonstrate the potential of this culture-independent method. The enzyme was 

expressed in the bioengineered haloarchaeon Halobacterium sp. NRC-1 and 

characterized by X-ray crystallography and mutagenesis. The 2.6 Å crystal structure 

of the protein shows a trimeric arrangement. Within the g-CA, several possible 

structural determinants responsible for the enzyme’s salt stability could be 

highlighted. Moreover, the amino acid composition on the protein surface and the 

intra- and intermolecular interactions within the protein differ significantly from those 

of its close homologs. To gain further insights into the catalytic residues of the g-CA 

enzyme, we created a library of variants around the active site residues and 

successfully improved the enzyme activity by 17-fold. As several g-CAs have been 

reported without measurable activity, this provides further clues as to critical 

residues. Our study reveals insights into the halophilic γ-CA activity and its unique 

adaptations. The study of the polyextremophilic carbonic anhydrase provides a basis 

for outlining insights into strategies for salt adaptation, yielding enzymes with 

industrially valuable properties, and the underlying mechanisms of protein evolution. 
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2.2.2. Introduction  

Recent years have seen the discoveries of extremophiles in environments previously 

considered uninhabitable.262-263 To date, enzymes from extremophiles  gained 

increasing attention because they have adapted their structure and retained their 

function under harsh conditions, where their mesophilic homologs are non-

functional.264 In particular, these proteins are attractive for biotechnological and 

chemical industries keen on replacing traditional catalysts with enzymes. As a result, 

these extremozymes provide a high stereoselectivity with fewer side reactions, and 

lower the burden on the environment, concomitantly accelerating reaction rates.265 

However, many processes require high temperatures, use of salts, organic solvents, 

or other demanding conditions that are incompatible with the stability and function of 

most proteins.266 Conversely, extremophilic organisms, which are naturally adapted 

to withstand harsh conditions, provide a perspective for optimization and rational 

protein-engineering approaches.267 

The Red Sea constitutes a unique habitat of several anoxic deep-sea brine pools 126, 

268 and, therefore, promises the discovery of a vast number of new extremophiles 

and enzymes. The anoxic environment is polyextremophilic, being filled with water, a 

high salt concentration, metal content, and elevated temperatures. Additionally, their 

increased density prevents mixing with the overlying seawater.135, 268 For example, 

the Discovery Deep brine pool below 2038 m is characterized by a salinity close to 

saturation (26.2%, w/v) with a temperature of 44.7 °C.269 Therefore, Discovery 

Deep’s microorganisms have only been scarcely investigated; nonetheless, a recent 
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surge in interest has begun to provide glimpses of the wealth of new information 

waiting to be explored.135, 180, 270 

The limited accessibility and uncultivability of the aforementioned microorganisms 

with current laboratory techniques hamper the investigation of these exceptional 

species.271 Consequently, methods independent of cultivation and their further 

development, such as the use of Single Amplified Genomes (SAG), are required.272-

273 Here, DNA from a single cell is amplified using the Multiple Displacement 

Amplification (MDA) techniques274 to generate sufficient DNA for sequencing and to 

avoid the need for cultivation of the respected organisms. To improve the assembly 

and annotation accuracy for SAG-derived samples, our group developed the Profile 

and Pattern Matching (PPM) algorithm method.154 In this work, we use data from 

SAG analysis to investigate an extremophilic g-carbonic anhydrase (g-CA) from the 

Red Sea Discovery Deep brine pool. CAs (E.C. 4.2.1.1) are ubiquitous 

metalloenzymes that catalyze the reversible hydration of carbon dioxide to 

bicarbonate (CO2 + H2O ⇋ HCO3
− + H+).275 To date, seven classes have been 

described: a-, b-, g-, d-, z-, h-, and q-CAs. These hydrolases differ significantly in 

both sequence and structure, whilst all catalyzing the same reaction.276-278 The a-CA 

class was the first to be isolated and described279, whereas the γ-carbonic 

anhydrase from the thermophilic archaeon Methanosarcina thermophila (Cam)280 

was discovered in 1994. It was categorized as a new class showing a left-handed 

parallel b-helix fold, and central metal coordination in the active site by three 

histidine residues.281 Subsequently, further g-CAs have been investigated; however, 
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half of them did not show measurable activity282-283, and the underlying molecular 

mechanisms are still controversial.  

Here, we report on the first crystal structure of a halophilic g-class CA (CA_D). The 

gene was derived from SAG analysis of an uncultured archaeon from the Red Sea 

Discovery Deep brine pool172, 270 and was identified using the PPM algorithm.154 The 

gene was expressed in the bioengineered haloarchaeon Halobacterium sp. NRC-1. 

We demonstrate that CA_D indeed encodes a g-carbonic anhydrase. Activity 

analysis of structure-driven designed CA_D variants provided insights into the 

residues constituting the catalytic site.  
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2.2.3. Results and Discussion 

The remarkable stability of extremozymes and potential applications under harsh 

operational conditions has gained increased interest.265 Nonetheless, to gain a better 

understanding of the halophilicity in salt adapted proteins and the underlying 

molecular mechanisms of halophilic enzymes, additional studies of model proteins 

are required.  

Generation of the CA_D protein from SAG analysis of a Discovery Deep sample 

The CA_D gene originated from SAG analysis was identified and annotated as a g-

carbonic anhydrase (g-CA) using the PPM algorithm.154 We used the genetically 

modifiable extreme haloarchaeon Halobacterium sp. NRC-1284 as an expression 

system. Haloarchaea contain an internal salt concentration of 4-5 M and maintain an 

isosmotic balance of ion concentrations in the cytosol with the surrounding medium. 

Halobacterium sp. NRC-1 harbors a carbonic anhydrase gene, icfA, located in the 

chromosome, location 638911 ← 639570 (Figure S1). To eliminate background 

carbonic anhydrase production, icfA was knocked out.285 The resulting 

Halobacterium sp. NRC-1Δura3ΔicfA deletion strain was used for the CA_D 

expression. The enzyme was purified to homogeneity, with a total yield of 5 mg of 

protein/liter of culture. The identity of CA_D was confirmed by tryptic digest and LC-

MS/MS analysis (89% coverage, Figure S2). 
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Crystal structure of a halophilic g-carbonic anhydrase from the Discovery Deep Brine 

Pool 

The crystal structure of CA_D was solved successfully to a resolution of 2.6 Å (PDB 

ID: 6SC4). Data collection and crystallographic quality statistics are shown in Table 

S1. The monomer contains a seven-turn, left-handed b-helix connected to an a-helix 

running antiparallel to the b-helix axis (Figure 2.3 a). The majority of the structure 

comprises b-sheet (54.5%), while only a minimal amount consists of a-helix (13.5%), 

turn (12.9%), and coil structure (19.1%). The overall structure is highly conserved 

compared to reported g-Cas (Figure 2.3 b). Whereas the protein core is common to 

published g-CA structures, differences in the connection of the helix motif is 

conspicuous. For example, CA_D contains a connecting b-sheet, while Cam 

consists of an additional a-helix instead. However, the comparison of CA_D with all 

ten crystallized g-CA structures revealed that the majority contained a b-sheet with 

the thermophilic Cam and carboxysomal CcmM being an exception. Since this 

characteristic feature did not correspond to all investigated thermophilic homologs, 

we aimed to analyze whether the ß-sheet has a role in the stability and rigidity of the 

overall architecture. Furthermore, it is likewise unclear if this plays a prominent role 

for the enzyme function. 

Notably, CA_D is organized into trimers (Figure 2.3 c), resembling the reported 

active conformation for g-CAs, where the active site includes residues from the 

adjacent monomers286. Closer inspection of the active site reveals a zinc ion, 

coordinated by three histidine residues (His64 chain A, His89 chain B, and His94 
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chain A). A well-defined water molecule is coordinated to the zinc ion, which acts as 

the nucleophile in the reaction mechanism of these enzymes (Figure 2.3 d).287 

Interestingly, one half of the active site pocket exhibits a more hydrophobic character 

whereas the facing side is more hydrophilic (Figure 2.3 e).288 Taken together, the 

overall structure of CA_D reveals a strong conservation to reported g-CAs, 

supporting the g-CA class gene annotation. Contrary to the sequence conservation, 

where the alignment of the CA_D sequence with structural homologs shows a 

sequence identity of less than 40% for alignments with a query coverage larger than 

95%, the structure is, consequently, well conserved (Table S2). 

 

Figure 2.3 Crystal structure of CA_D. (a) Ribbon structure of the CA_D monomer with the 

background showing the water-accessible surface. The inset shows a top view of the monomer 

depicting the triangular shape formed by the seven-turn, left-handed b-helix. (b) Structural overlay 



64 
 

 

  

of the CA_D monomer (green) and the g-CA Cam from Methanosarcina thermophila (red) (PDB 

ID 1qrg). (c) Ribbon structure of the CA_D trimer along with the water-accessible surface in the 

background. The inset contains a top view of the trimer. The three zinc ions are depicted as grey 

spheres. (d) The CA_D active centre made up of three histidine residues (white-and-blue sticks) 

from two adjacent monomers. The zinc ion and a water molecule are depicted as grey and red 

spheres, respectively. (e) The active site cavity is colored according to hydrophobicity (red: 

hydrophilic, white: hydrophobic). The coordination residues are represented as sticks. 

 

Halophilic adaptation of CA_D compared to other non-halophilic g-CAs   

While the overall CA_D structure is conserved to other known g-CAs, differences to 

non-halophilic g-CAs must provide the observed stability under high salt 

concentrations. Thus, the structural elucidation provides interesting insights into 

halophilic adaptation by comparing CA_D with meso- or thermophilic g-CAs (Table 

S2).  

Comparison of stabilizing interactions   

Compared to the average values for meso- and thermophilic CAs, the CA_D 

monomer contained an increased number of salt bridges (12 vs. an average of 10 

and 9 for meso- and thermophilic homologs, respectively) (Table S3), which is seen 

as a characteristic of haloadaptation.289-291 Despite the higher average number of 

salt bridges for the CA_D monomer, several homologs showed a comparable or 

increased amount of salt bridges. In fact, the discrepancy between the homologs 

within the group is large. Conversely, thermophilic homologs averaged a higher 

number of pi-pi interactions and an increased number of hydrogen bonds and 
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hydrophobic interactions within the monomer that displayed an increased rigidity to 

maintain their structure (calculated numbers are presented in Table S3). 

Oligomerization is expected to have a stabilizing effect and the calculation of the 

interactions within the trimers for CA_D and homologs demonstrates higher number 

of interactions compared to monomers alone. Interestingly, while the CA_D 

monomer does not show a statistically significant increase in interactions compared 

to single homologs, the trimerization of CA_D stabilizes the enzyme by additional 

interactions on the monomer interfaces to a higher extent than for homologs. The 

CA_D trimer displayed an increased number of hydrogen bonds and salt bridges 

compared to all of the individual meso- and thermophilic homologs being additionally 

added to the enzyme upon trimerization (hydrogen bonds: 69 vs. homolog average 

of 42; salt bridges: 10 vs a homolog average of 5 or 5.5). As the- CA_D trimer 

constitutes the active form, this increased stabilization is critical to assemble the 

active enzyme under high salt conditions. 

Comparison of the surface-charge 

Halophilic proteins are typically characterized by a highly negative charged 

electrostatic surface.292 Interestingly, while the CA_D monomer shows both positive 

and negative charges on its surface, the overall change is slightly more negative (pI 

~6.8). The highest negative charge is found on the surface of the flexible b10–b11 

loop extending from the b-helix (Figure 2.4 a). The presence and sequence of this 

loop differs between homolog g-CAs.282 For CA_D it shows a high acidic surface 
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charge. A highly acidic surface is an important and common trait of halophilic 

proteins, enabling protein hydration under high salt conditions.180, 289-290 

The CA_D trimer contains an overall negative surface potential, while a positive 

charge is located only in two concentrated locations. The positive charge is possibly 

involved in the fast release of the bicarbonate product. The overall negative charge 

indicates the burying of positive patches found on the monomer surface (Figure 2.4 

b). Compared to mesophilic homologs, CA_D showed a slightly higher negative 

surface charge except for E. coli and C. difficile g-CAs (PDB ID: 3tio, 4mfg) (Figure 

2.4 c, Figure S3). Still, this negative surface-charge is lower than often described for 

halophilic proteins and possibly explains the flexibility that enables stability even at 

comparatively low salt concentrations. 
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Figure 2.4 Electrostatic surface potential of CA_D. (a) CA_D Monomer and (b) CA_D Trimer 

electrostatic surface potential color-coded from red (negative potential) to blue (positive potential). 

(c) The surface potential of CA_D compared to mesophilic g-CA homologs (Escherichia coli, 3tio; 

Salmonella enterica, 3r3r; Anaplasma phagocytophilum, 3ixc; Bacillus cereus, 1xhd; Brucella 

abortus, 4n27; Clostridium difficile, 4mfg). Unit: -5 to +5 kbT/e (kb as the Boltzmann constant, T as 

the temperature in Kelvin and e as the charge of an electron). 
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Comparison of the surface-exposed amino acids   

The most pronounced difference found for CA_D compared to homologs is the 

surface amino acid composition. The CA_D trimer protein surface contains a 

decreased number of hydrophobic and polar amino acid residues (Figure S4) whilst 

showing an increased number of charged amino acid residues on the surface as 

compared to homologs. 56% of the amino acids on the CA_D protein surface are 

charged, compared to 38% and 39% in meso- and thermophilic homologs, 

respectively (Figure 2.5 a). This decrease in hydrophobic amino acids leads to a 

decrease of the hydrophobic surface patch that facilitates the aggregation of the 

protein in CA_D (hydrophobic amino acids constitute 29% of the surface amino acids 

compared to an average of 36% and 39% for meso- and thermophilic homologues, 

respectively). An increased amount of charged amino acids is observed that form a 

stable hydration shell. This is essential for stability under high salt conditions. A 

closer look at positively and negatively charged amino acids on the trimer surface of 

CA_D reveals the dominance of glutamate (23.6 vs 10.5 and 14.4% on the surface 

of mesophilic and thermophilic homologs, respectively) (Figure 2.5 b). Interestingly, 

CA_D also contains a comparatively high amount of lysines. 
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Figure 2.5 Comparison of surface-exposed amino acids between CA_D and meso- and 

thermophilic homologs. (a) hydrophobic, polar or charged amino acids residues, (b) depicts the 

amount per individual charged amino acid. 

The increase of surface glutamic acid residues described for CA_D is a 

characteristic hallmark of halophilic enzymes293, as these residues have a high 

water-binding capacity via interaction with Na+ or K+ ions, and thereby attract the 

bound hydrating water294. This explains how the strong increase of glutamic acid on 

the surface of CA_D has such a pronounced effect on maintaining stability and 



70 
 

 

  

activity at high salt concentrations. However, contradictory to reported halo-

adaptation strategies, CA_D also shows increased surface lysine residues, 

compared to homologs. This explains why the negative surface charge is not as 

pronounced as for other reported halophilic proteins.291, 295-296 Lysine tends to disrupt 

the formation of an ordered hydration shell under elevated salt concentrations.290, 297 

At low ionic strength, the higher amount of glutamic acid on the surface causes 

electrostatic repulsion and, therefore, destabilizes the protein.289-290, 298 Moreover, the 

long hydrophobic part of the lysine residues potentially plays a role in attracting 

hydrophobic CO2 substrate for the catalytic reaction. Noteworthy, the negatively 

charged glutamate residues are located around the trimer surface, except for the top 

and bottom view of the multimer where positive patches stem from a network of 

arginine residues which are possibly initiating the rapid release of the formed 

product.299-300 

 

CA_D variant library design  

Since the discovery of the first g-CA in 1994,280 several g-CAs have been 

characterized: some with a high reported activity and some with no detectable 

activity, raising the question whether essential residues are missing or an alternative 

function is appropriate.301 We bioengineered the CA_D active centre based on the 

CA_D crystal structure. To investigate the role of selected residues in the active site 

of CA_D, several variants were expressed, purified, and assayed for enzymatic 

activity. The selection of residues for mutagenesis was performed based on 
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structural comparisons to g-CA homologs as well as literature reports based on 

presumptions of conserved residues of g-CAs.282, 286, 302-307  

 

Figure 2.6 Comparison of selected active site residues. (a) CA_D (crystal structure), (b) Cam 

(crystal structure) from M. thermophila (PDB ID: 1qrg), and (c) CA_D* including selected 

mutations such as I46E, K58Q, H166N (M2: indicates that residue belongs to the adjacent 

monomer). The central zinc ion is depicted as a grey sphere. 

Thereby, the main comparison was focused on the Cam structure.281 A structural 

comparison of the active centre of CA_D (Figure 2.6 a) with a simplified view of the 

Cam homolog (Figure 2.6 b) revealed that CA_D residue I46 corresponds to Cam 

residue E62. This part of the enzyme plays an important role in product release, 

relaying protons during hydroxide formation from the zinc-bound water as well as 

forming hydrogen bonds with the bicarbonate.30 CA_D residues K58 and H166 are 

substituted by Q75 and N202 in Cam. It is presumed that these residues orchestrate 

the orientation of the carbon dioxide for the nucleophilic attack in Cam. Moreover, 

Cam N202 together with E62 is thought to form hydrogen bonds with the product 

bicarbonate.286, 305 The strict conservation of the E84 position is a matter of debate, 
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as the CamH subclass has lost this residue308 and a mutagenesis study exhibits 

activity for the D84 and H84 substituted Cam variants.309 The presence of D residues 

instead of E is explained by the different abundance of aspartic and glutamic acid in 

thermophilic proteins, compared to mesophilic proteins.310 Thus, the selected point 

mutations were I46E, K58Q, H166N, I46E-K58Q, K58Q-H166N, I46E-H166N as well 

as a triple CA_D* (I46E-K58Q-H166N) (Figure 2.6 c) and a quadruple CA_D*-D67E 

(I46E-K58Q-H166N-D67E) variant (Table 2.3, Figure S5, S6).  

Table 2.3 Rationalization of CA_D variants. The residues in bold were modified based on the 

alignment with Cam shown in the first row. 

Constructs Residues 

1QRG (Cam) R59 E62 Q75 E84 N202 H81 H117 H122 

CA_D R43 I46 K58 D67 H166 H64 H89 H94 

I46E R43 E46 K58 D67 H166 H64 H89 H94 

K58Q R43 I46 Q58 D67 H166 H64 H89 H94 

H166N R43 I46 K58 D67 N166 H64 H89 H94 

I46E-K58Q R43 E46 Q58 D67 H166 H64 H89 H94 

K58Q-H166N R43 I46 Q58 D67 N166 H64 H89 H94 

I46E-H166N R43 E46 K58 D67 N166 H64 H89 H94 

CA_D* (I46E-K58Q-H166N) R43 E46 Q58 D67 N166 H64 H89 H94 

CA_D*-D67E R43 E46 Q58 E67 N166 H64 H89 H94 
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Carbonic anhydrase activity measurement of CA_D and variants  

To evaluate the potential impact of the mutations, we examined the CA_D variants 

for their activities expressed in Wilbur-Anderson Unit per 1 mg of protein 

(WAU/mg).311-312 The calorimetric carbonic anhydrase activity assay by Wilbur-

Anderson measures the time required for a saturated CO2 solution to lower the pH of 

a specific buffer. Respective controls were: (i) a carbonic anhydrase from bovine 

erythrocytes as a positive control; and (ii) the crude lysate of untransformed 

Halobacterium sp. NRC-1Δura3ΔicfA cells as negative controls (Figure S7). Purified 

lysate and the crude lysate did not show any enzyme activity. Therefore, these 

measurements confirmed that the observed activity resulted from the purified CA_D 

variants. As CA_D is from an uncultured archaeon from the Discovery Deep brine 

pool, the enzyme activity was measured at 40 °C in a solution containing 3 M KCl.  

 

Figure 2.7 Carbonic anhydrase activity assessment. CA_D WT and variants measured at 3 M 

KCl and 40 °C. 
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The activity assays displayed a distinct profile for CA_D with a rather low activity of ~ 

33 WAU/mg. In contrast, the engineered variants showed a decreased activity for 

I46E, K58Q, and H166N, and undetectable activity for the double variants, I46E-

K58Q, K58Q-H166N, and I46E-H166N (Figure 2.7, Table S4). However, the triple 

variant CA_D* (I46E-K58Q-H166N) displayed a 17-fold increased activity of 566 

WAU/mg, (Figure 2.7, Table S4) compared to CA_D.  

These findings are in close alignment with previous findings of related g-carbonic 

anhydrases (g-CAs). In the most prominent g-CA Cam, residue E84 has been 

proposed as part of a proton shuttling network along with E62, E88, and E89 on the 

acidic loop.313 Conversely, when fully mimicking the expected proton shuttling 

network, activity of the quadruple variant CA_D*-D67E (Figure 2.7) is slightly higher 

as for the triple variant CA_D*, which is in agreement with the observations made in 

g-CA Cam.286,313 

Our findings support the proposed mechanism for Cam, in which the probed amino 

acids play a decisive role. Some conclusions, as to why CA_D is lacking activity 

could be drawn by comparing the altered residues in CA_D* to g-CA Cam.286 With 

the CA_D mutation I46E, a hydrophobic residue was replaced with a negatively 

charged one, the corresponding residue in the Cam homolog presumably is 

essential in water activation to enable the reaction.286 K58Q and H166N are further 

substitutions based on Cam active residues and facilitate the orientation of the 

carbon dioxide, while the H166N substitution facilitates hydrogen bonding and 

release of the bicarbonate.286 We, therefore, assume that CA_D is regulated by a 
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similar proton shuttling network such as Cam,286 but due to its halophilic nature 

CA_D behaves slightly differently. 

 

2.2.4. Conclusions 

High cytoplasmic salt concentrations critically affect the folding and activity of 

proteins and other macromolecules as they may induce protein aggregation due to 

enhanced hydrophobic interactions, increased hydration of ions, decreased 

availability of unbound water molecules, and prevention of intra- and intermolecular 

electrostatic interactions.291, 314 Halophilic proteins are adapted to maintain their 

native conformation under high salt concentrations. They are functionally active in 

the presence of high salt concentrations, following halo-adaptation strategies such 

as high acidic amino acid content on the surface, low hydrophobicity at the core of 

the protein, and an increased number of salt bridges.296, 315-318 

We used single amplified genomes to resuscitate a g-carbonic anhydrase (g-CA) 

from an uncharacterized haloarchaeon collected from a brine pool at the bottom of 

the Red Sea. The detailed structural analysis and comparison with previously solved 

structures of mesophilic g-CAs revealed the molecular features of its extremophilic 

nature, caused by the unique habitat. The most prominent features of 

extremophilicity are the increased charged residues on the protein surface and an 

increased number of hydrogen bonds as well as salt bridges. Investigation of CA_D, 

therefore, demonstrates potential for further development and implementation of 

SAG analysis to generate extremozymes from previously inaccessible environments. 
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This approach has to date only been scarcely used to characterize specific proteins 

of interest.180 Further, mutation analysis provided an interesting insight into active 

site residue conservation for g-CAs and enabled us to increase the CA_D function by 

17-fold. Moreover, the applied combination of mechanistic insights from the 

thermophilic Cam into the scaffold of the halophilic CA_D, resulting in the CA_D* 

variant which demonstrated high activity and stability, underlines the potential of 

protein evolution for extremophilic proteins for industrial applications and the design 

of novel catalysts for industry.  
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2.2.5. Materials and Methods 

Chemicals and reagents Restriction enzymes, T4 DNA ligase, and DNA 

polymerase were purchased from New England Biolabs (Beverly, MA, USA). 

Chemicals were purchased from Sigma (St. Louis, MO, USA). Water was desalted 

and purified using a Milli-Q® Academic system (Merck, Darmstadt, Germany). 

SAG sampling sites, sample preparation, and genome annotation Samples 

were collected from the Discovery Deep brine pool in the Red Sea 

(21° 16.98′/38° 03.18′). Cells were sorted using fluorescence-activated cell sorting 

(FACS), lysed, the whole genome amplified and sequenced 270. Genes were 

annotated using the INDIGO data warehouse system in combination with the profile 

pattern matching algorithm (PPMA).154, 172 

Strains, plasmids, media, and culture conditions Escherichia coli One Shot® 

TOP10 chemical competent cells were purchased from Invitrogen (Karlsbad, USA). 

E. coli was grown at 37 °C in Luria-Bertani (LB) medium supplemented with 100 

μg/ml ampicillin. Halobacterium strains were cultured in CM+ medium containing 4.3 

M NaCl and trace metals at 42 °C with shaking as previously described319-320. For 

solid media, 2% (w/v) agar was added. Stock cultures were maintained in glycerol at 

−80 °C. For short-term use, purified cultures were maintained on stock plates at 4 

°C. 

Construction of the Halobacterium carbonic anhydrase knockout strain To 

eliminate background carbonic anhydrase production, icfA was knocked out via the 

ura3-based gene deletion method for Halobacterium sp. NRC-1. Approximately 500 
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bp regions flanking the carbonic anhydrase gene (icfA) were amplified by crossover 

PCR (using primers shown in Table S5). The resulting amplified crossover PCR 

fragment was cloned into the suicide vector, pBB400 using flanking HindIII and 

EcoRI sites incorporated in the primers (Table S5).320 The resulting plasmid, 

pBB400ΔicfA was transformed into Halobacterium sp. NRC-1Δura3 using the 

standard PEG-EDTA method.319 pBB400ΔicfA transformants were selected by 

plating on CM+ uracil dropout media (HURA), colonies picked and grown in liquid 

HURA media, and integrant candidates were plated onto 5-FOA-CM+ media plates. 

Knockout candidates were identified by DNA extraction and PCR using flanking 

primers listed in Table S5.319-320 

Construction of the expression plasmids Synthetic genes were codon-optimized 

using the java codon adaptation online tool JCat321 for Halobacterium sp. (strain 

NRC-1 / ATCC 700922 / JCM 11081). The optimized genes were ordered from 

GeneArt (Regensburg, Germany) and cloned into pRK42, which harbors an N-

terminal His6-tag, cspD2 promoter, origins of replication for E. coli and 

Halobacterium, and genes for ampicillin and mevinolin resistance for selection in E. 

coli and Halobacterium, respectively. 

Expression of the carbonic anhydrase genes in Halobacterium sp. NRC-

1Δura3ΔicfA and purification of the encoded proteins Carbonic anhydrase 

genes containing vectors were transformed into the Halobacterium sp. NRC-1 

Δura3∆icfA strain using the PEG/EDTA method284, 319 and transformants were 

selected by plating on CM+ agar plates using mevinolin resistance. For protein 
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production, cells were grown to late log phase (OD600nm of 0.9–1.0) at 42 °C in CM+ 

medium supplemented with 20 μg/ml mevinolin. To induce carbonic anhydrase 

expression, the cultures were further incubated at 15 °C for 72 hours. 

Cells were harvested by centrifugation (6,000 × g, 4 °C, 10 min) in a 5430R 

centrifuge (Eppendorf, Germany) and disrupted in binding buffer (20 mM HEPES 

buffer pH 7.4 containing 2.0 M NaCl, 10% v/v glycerol, protease inhibitor cocktail, 

cOmplete from Roche, Germany and 30 mM imidazole) using a sonicator (Model 

Q500, QSONICA, Newtown, CT, USA) with a 1.9 cm probe (Thermo Scientific, 

Waltham, USA). Cell debris were removed by centrifugation (25,000 × g, 4 °C, 10 

min) in an Avanti J-26 XP centrifuge (Beckman Coulter, High Wycombe, UK) and the 

resulting crude extract was filtered through a 0.2 μm Nalgene membrane filter 

(Thermo Scientific, Rockford, IL, USA). The supernatant was loaded at a flow rate of 

1.0 ml/min onto a 5-ml HiTrap Ni2+ chelating column (GE Healthcare Life Sciences, 

Piscataway, NJ) pre-equilibrated with binding buffer. The column was washed with 

binding buffer, and the protein was eluted by increasing concentration of imidazole 

(30 to 300 mM) in binding buffer. The purified active fractions were combined and 

further purified and concentrated with Amicon® Ultra-4 Centrifugal Filter Units, 10 

kDa (Cat no. UFC803024, Merck Millipore, MA, USA). Protein concentration was 

determined using the NanoDrop 2000c (Thermo Fisher Scientific, Pittsburgh, PA, 

USA) with an absorption coefficient of 9970 M-1 cm-1.322  
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Polyacrylamide gel electrophoresis The SDS-PAGE analysis was performed by 

using the precast Novex® Tris-glycine gels (4–20%, Invitrogen, Carlsbad, CA, USA). 

The gels were stained with Imperial Protein Stain and Invision His-Tag In-gel stain 

(Thermo Fisher, Rockford, IL, USA).  

Identification of purified protein by LC-MS/MS analysis The pure samples (10 

ug) were digested with trypsin/LysC mix (Promega, Madison, WI, USA) using the 

FASP protocol323. Peptides were measured using a LTQ-Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) and analyzed using 

MASCOT v2.3 (Matrix Sciences Ltd, UK).  

Activity Measurements Carbonic anhydrase activity was measured by the SX20 

Stopped-Flow Spectrometer (Applied Photophysics, Leatherhead, England) using 

the pH indicator dye phenol red as described previously324. Briefly, chamber A 

contained 100 µM phenol red in 20 mM MOPS buffer pH 9.8 containing 3 M KCl, 

with and without protein for catalyzed and uncatalyzed reaction, respectively. 

Chamber B contained CO2-saturated water prepared by bubbling CO2 into distilled 

deionized water at 25 °C. The reaction was monitored spectrophotometrically by 

measuring the increase in absorbance at 557 nm. All slit widths were set at 0.5 mm. 

An attached water bath regulated the temperature as indicated. A carbonic 

anhydrase (0.5 µM) from bovine erythrocytes (Sigma, St. Louis, MO, USA) was used 

as a positive control. As a negative control, the crude lysate of untransformed 

Halobacterium sp. NRC-1Δura3ΔicfA cells was collected, purified using a Ni-NTA 
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column, and the activity was measured for both the crude lysate and the purified 

fractions.  

The specific activity was calculated via the Wilbur-Anderson unit (WAU) per 1 mg of 

protein, with one unit of activity being defined as (T0 - T)/T, where T0 (uncatalyzed 

reaction) and T (catalyzed reaction) are recorded as the time (sec.) required for the 

pH to drop from 8.3 to the transition point of the dye in a buffer control and in 

presence of enzyme or positive/ negative control, respectively. Therefore, the 

reaction time until the activity plateau was reached was measured for the 

background reaction and all measurements were averaged and analyzed via the 

Excel solver.  

X-ray crystallography For crystallization, the protein was dialyzed against 50 mM 

Tris-HCl buffer pH 8.0, containing 300 mM NaCl and concentrated to 17 mg/ml with 

Amicon® Ultra-4 Centrifugal Filter Units, 10 kDa (Cat no. UFC803024, Merck 

Millipore, MA, USA). Protein crystals were grown at 20 °C using the hanging drop 

vapor diffusion method. The protein solution was mixed in a 1:1 ratio with the 

reservoir buffer, 0.1 M HEPES pH 7.5 containing 0.05 M cadmium sulphate and 0.8 

M sodium acetate. Crystals selected for measurement were flash-frozen in liquid 

nitrogen after soaking in cryobuffer (70%, v/v reservoir buffer and 30%, v/v glycerol).  

Data Collection, Structure Solution and Refinement Native diffraction datasets 

were collected at 2.6 Å resolution using synchrotron radiation at the X06SA-

beamline, SLS, Villigen, Switzerland (see Supplementary TableS1). Recorded 

reflections were processed with XDS.325 CA_D crystallized in the cubic space group 
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F432 with a = 362.6 Å, indicating five g-CA-subunits in the asymmetric unit and a 

solvent content of 74%. Phases were obtained by Patterson search algorithms using 

the coordinates 1V3W as starting model303. The primary sequence was placed into 

the 2Fo-Fc electron density map using COOT326 and refined with REFMAC5327. The 

model was completed in iterative rounds where temperature factors were 

anisotropically refined by translation/libration/screw motion-parameters, yielding 

crystallographic values of Rcryst = 0.177 and Rfree = 0.204 (see Supplementary Table 

1). Coordinates were confirmed to have adequate stereochemistry in the 

Ramachandran plot with 98.0% of residues in most favored, 1.8% in additionally 

allowed, and 0.2% in outlier regions. The crystal structure was deposited at the 

RCSB Protein Data Bank under accession codes 6SC4. 

Structural Analysis Crystal structure analysis and visualization were performed 

using programs PyMOL328, Yasara329, and SwissPDB Viewer 4.1.330 Homolog 

searches were performed using the DALI server331. For comparison of CA_D to 

homolog structures, all duplicates or structure variants belonging to the same 

homolog protein were neglected. Interactions between protein residues were 

calculated using Yasara329, except for salt bridges which were calculated using VMD 

332 with an oxygen-nitrogen cut-off of 4 Å (between residues Arg/Lys/His and 

Asp/Glu) and hydrogen bonds being estimated using Chimera.333 

Electrostatic surface potential calculations were performed using the PDB2PQR 

server334 along with the PyMOL plugin APBS.335 Surface-exposed amino acids were 
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determined using Swiss PDB viewer 4.1330 (≥ 10% surface accessibility). An 

estimation of the oligomeric assembly was performed using the program PISA.336 

Mutation library The QuikChange Site-Directed Mutagenesis Kit (Agilent 

Technologies, Santa Clara USA) was used according to manufacturer’s instructions 

in combination with the primers listed in the Table S5. pRK.CAD vector containing 

the CA_D gene was used as a DNA template. 
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CHAPTER 3: Biocatalytic Transamination 
 

3.1. One-pot amine synthesis using amine-transaminase cascades  

3.1.1. Abstract  

Amine-transaminases constitute an important class of enzymes for the synthesis of 

chiral amines, which are commonly used as building blocks in pharmaceuticals and 

fine chemicals. During the last decade, developments in enzyme discovery, process- 

and protein-engineering have advanced the use of transaminases in organic 

synthesis. However, the economic feasibility of biocatalytic reactions has hindered 

the wide-scale adoption of these enzymes as industrial catalysts. Recent advances 

in enzymatic cascade engineering have attracted attention, as they offer efficient and 

environmentally sustainable routes to synthesize chiral amines. Enzymatic cascades 

can reduce the complexity of traditional multi-step synthesis and have enabled the 

generation of chiral products from cheap starting materials. This chapter focuses on 

the synthesis of chiral amines by enzymatic and chemo-enzymatic cascades utilizing 

amine-transaminases.   
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3.1.2. Introduction 

In recent years, there has been increasing emphasis on green routes for chemical 

synthesis due to environmental concerns. The development of novel and 

economically feasible synthetic routes with minimal environmental impact is 

considered a top priority in the chemical and pharmaceutical industries.337-338 

Enzymatic reactions are highly enantio- and regioselective, which are especially 

attractive features for the synthesis of pharmaceutical compounds.338-339 Lately, 

enzymatic cascade reactions have emerged as an alternative to traditional chemical 

catalysts.340 Apart from performing these reactions in environmentally benign 

conditions, enzymatic cascade reactions do not require isolation and purification of 

the intermediates, which saves time, redcues costs, and improves the overall 

yield.341-342 

Chiral amines are frequently used as building blocks for bioactive compounds and 

are present in approx. 40% of all active pharmaceutical ingredients.343 In 2018, it 

was estimated that chiral amines were present in approx. 35% of the top 200 small 

drug molecules.344 Various biocatalytic methods have been developed for the chiral 

amine synthesis, including amine-transaminases (ATAs), amine dehydrogenases 

(AmDHs), monoamine oxidases (MAOs), imine reductases, hydrolases, and 

phenylalanine ammonia lyases.345-346 Their characteristics including a broad 

substrate scope, high turnover number, absence of requirement for cofactor 

regeneration, and excellent enantio-, regio- and chemoselectivity give ATAs a 

distinct advantage over other enzymes used in amine synthesis.51, 343 ATAs are 

pyridoxal-5′-phosphate (PLP)-dependent enzymes that transfer an amino group from 
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an amino donor to an amino acceptor. The transamination process involves two 

distinct steps:  (i) the enzyme-PLP complex (E-PLP) transfers the amino group from 

the amino donor to PLP, resulting in the formation of pyridoxamine phosphate 

(PMP), and (ii) the enzyme-PMP complex (E-PMP) transfers the amino group to the 

amino acceptor, resulting in reformation of the E-PLP complex (Scheme 3.1). 

Extensive research in the last two decades has established the utility of ATAs as 

potent catalysts for chiral amine synthesis, especially in the pharmaceutical 

industry.347-349 Moreover, several novel wild-type ATAs have been discovered, 

highlighting the versatility of these enzymes.350-351 Several engineering approaches 

have provided further functional understanding and led to production of ATAs for 

applications in industrial biocatalysis, and demonstrated the potential of the directed 

evolution methodology.42, 350, 352-353 Several reviews on ATAs describing multiple 

aspects of this important enzyme class have been published.51, 343, 347, 350, 354  

 

Scheme 3.1 Schematic diagram of a general transaminase reaction.  
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Over the last two decades, ATAs have been successfully combined with other 

enzyme classes for a broad range of synthesis routes.50, 340 Furthermore, ATAs have 

also been combined with auxiliary enzymes for cofactor/by-product recycling and/or 

by-product removal.51, 352 However, these reactions only constitute one catalytic step 

for the targeted product and therefore cannot be considered as cascade reactions. A 

cascade reaction is defined as a one-pot synthesis where two or more catalysts are 

used, and the product of the first catalyst is used as the precursor for the second 

catalyst.341 Since different terminologies are used to define cascade reactions, we 

broadly classify these reactions as sequential cascades and concurrent cascades. In 

a sequential cascade system, all reagents are not included in the reaction mixture at 

the start of the reaction; in a concurrent cascade system, all reagents are added at 

the onset of the reaction and multiple catalytic steps occur simultaneously. The 

following chapters provide an overview of ATAs utilized in one-pot cascade systems 

and includes both enzymatic cascade and chemo-enzymatic cascade systems; 

studies on ATAs combined with auxiliary enzymes for cofactor/by-product recycling 

and by-product removal are not covered. 
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3.1.3. Enzymatic Cascade Reactions 

Enzyme cascades used in deracemization schemes  

Deracemization is a process of transforming racemic compounds to optically pure 

compounds with a theoretical yield of 100%, which is double the yield of kinetic 

resolution.354 It is a thermodynamically challenging process and that is commonly 

achieved through a combination of oxidation and reduction chemistry, at least one of 

which should involve an asymmetric synthetic route.355-356 This technique is 

particularly useful when ketones or aldehydes of the corresponding amines are 

unstable or difficult to synthesize.357 Over the last decade, both sequential and 

concurrent deracemization cascades have been developed.340 Apart from using 

enantio-complementary ATAs, other enzymes such as AmDH and MAO have also 

been utilized in combination with ATAs to generate enantiomerically pure amines.358-

359 

Deracemization of a chiral amine was first performed using a sequential mode 

utilizing stereo-complementary ATAs from the Codex TA Screening Kit.360 In this 

one-pot, two-step reaction scheme, kinetic resolution of the racemic amine was 

initially performed, followed by enantioselective amination of the generated ketone 

(Scheme 3.2).360 Separation of the reaction into two steps was required to avoid 

competitive usage of the substrate by both of the enzymes. To shift the equilibrium 

further towards the product side, a pyruvate removal system was introduced by 

using the auxiliary enzymes, lactate dehydrogenase (LDH), and glucose 

dehydrogenase (GDH). Additionally, it was observed that ATAs can accept the 

opposite alanine enantiomer to a certain extent, which results in low ee values for 
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the final product. Consequently, the first ATA had to be denatured by heating up the 

sample before the second stereo-complementary ATA was added. Using this 

system, eight optically pure aromatic amines were synthesized.360  

Scheme 3.2 One-pot two-step deracemization of chiral amines using enantio-complementary 

amine-transaminases. 

 

The deracemization scheme with complementary ATAs was also used to synthesize 

(R)- and (S)-mexiletine (Scheme 3.3). The by-product of each catalytic step was 

recycled to improve efficiency. The d-alanine and l-alanine were recycled using d-

amino acid oxidase (d-AAO) and l-AAO, respectively, while pyruvate was either 

recycled using an amino acid dehydrogenase (AADH) or transformed to lactate 

using LDH and an NADH recycling system. AAOs were employed in the reaction 

mixture to help utilize only a catalytic amount of pyruvate and prevent possible by-

product inhibition. After the completion of the kinetic resolution step, the first ATA 
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was denatured to avoid usage of the substrate by both of the ATAs, which may 

result in a low ee of the final product. Using this scheme, (R)- and (S)-mexiletine 

were synthesized at very high purity (ee >99).361 An alternative strategy for removing 

the first ATA was devised by immobilizing and subsequently filtering off the first ATA, 

before adding the second stereo-complementary ATA.362 

Scheme 3.3 One-pot two-step deracemization of mexiletine by enantio-complementary amine-

transaminases for (a) synthesis of (R)-mexiletine and (b) synthesis of (S)-mexiletine. 
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One limitation of the one-pot, two-step reaction scheme is the requirement for 

denaturing or removal of the first enzyme in the reaction media, due to the 

interference of the stereo-complementary enzymes. This limitation was overcome by 

the development of a one-pot, one-step deracemization scheme for chiral amines, in 

which the deamination and amination steps are performed simultaneously (Scheme 

3.4).363 This scheme was successfully achieved by selecting an amino acceptor (α-

ketoglutarate) that was reactive towards (S)-ATA from Polaromonas species (ATA-

PS), but non-reactive towards (R)-ATA from Neorsatoya fischeri (ATA-NF) or 

Mycobacterium vanbaadenii (ATA-MV). Using this methodology, eight (R)-amines 

were synthesized at high purity (ee >99).363 

Scheme 3.4 One-pot one-step deracemization of chiral amines using enantiocomplementary 

amine-transaminases. 
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Recently, a one-pot one-step deracemization scheme for chiral amines utilizing 

enantio-complementary ATAs was developed by adjusting the kinetic and 

thermodynamic control of the reaction pathways (Scheme 3.5).364 The presence of 

stereo-complementary ATAs, along with pyruvate, as an amino acceptor, and 

isopropylamine as an amino donor, led to 12 possible competing reactions within the 

reaction. Among those 12 possible reactions, reduced pressure resulted in the 

removal of acetone (a de-aminated by-product of the amino donor), which eliminated 

six undesirable reactions. Additionally, four more in situ reactions were suppressed 

due by engineering the orthogonality of the substrate specificity of the ATAs. This 

provides the possibility of achieving two desired reactions (i) deamination of the 

racemic amine using (R)-ATA from Arthrobacter sp. (ATA-117), and (ii) amination of 

the ketone using (S)-ATA from Ochrobactrum anthropi (ATA-OA; W58L/417A 

variant). 

Subsequently, this cascade reaction was incorporated in an Escherichia coli (E. coli) 

BL21 DE3 strain, where native glycolysis and/or deamination of l-threonine was 

exploited to produce α-keto-acids as a cheap amino acceptor for the reaction. Using 

this strategy, a one-pot, one-step deracemization of chiral amines was achieved with 

>99 ee and high yield (85-99%).364 
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Scheme 3.5 Deracemization of chiral amines by reaction pathway control of enantio-

complementary amine-transaminases. 

 

Lately, a one-pot two-step deracemization strategy to generate chiral amines was 

established by utilizing an ATA and AmDH (Scheme 3.6).365 A range of (R)- and (S)-

amines was generated from racemic amines employing the same set of enantio-

complementary enzymes by controlling the direction of the biocatalytic cascade 

reaction. Enantioselective deamination was initially performed using (S)-ATA-PS and 

the resulting ketone was subsequently aminated by (R)-AmDH from Rhodococcus 

spp. (AmDH-RS) to generate (R)-amines. The NADH required by AmDH was 

recycled using the GDH/FDH system (Scheme 6a). Similarly, (R)-chimeric AmDH 

(AmDH-Chi) along with (S)-ATA-PS were utilized to generate (S)-amines. An 

aldehyde reductase (AHR) from Synechocystis spp. functioned as a two-way 

recycling system (i) to recycle the NADH required by the AmDH, and (ii) to recycle 

the amino donor (benzylamine) required by the ATA (Scheme 6b). Using this 
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strategy, 13 (S)-amines were produced with high ee values (>99) and good yields 

(>80%) 

Scheme 3.6 Deracemization of chiral amines using amine dehydrogenase and amine-

transaminase for (a) synthesis of (R)-amines and (b) synthesis of (S)-amines. 
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A one-pot deracemization cascade using MAO and ATA was developed to produce 

aromatic (R)-amines with >99 ee (Scheme 3.7).366 In this approach, MOA from 

Aspergillus niger (MOA-AN) was employed to selectively oxidize the (S)-enantiomer 

of the rac-amine to generate an imine which spontaneously hydrolyses to the 

corresponding ketone. Consequently, (R)-ATA-117 aminated the ketones to 

generate (R)-amines using d-alanine as an amino donor along with an LDH/GDH 

pyruvate removal system. Generation of H2O2 by the MOA reaction negatively 

affected the ATA reaction and resulted in a low conversion, due to redox stress. This 

negative effect was nullified by the addition of a catalase as a bio-catalytic 

peroxidase scavenger into the reaction mixture, which, resulted in complete 

conversion (>99%). Using this strategy, eight aromatic chiral amines were 

synthesized (>99 ee).366  

Scheme 3.7 Deracemization of chiral amines using monoamine oxidase and amine-

transaminase. 
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Enzymatic cascades used in non-deracemization schemes  

Alcohols can be transformed into the corresponding amines by various metal 

catalysts and organic synthesis routes, which all depend on the hydrogen auto-

transfer reaction.367-368 However, these reactions require high catalyst loading, 

elevated operating temperatures, and often deliver poor to moderate regio- and 

enantioselectivity.367 Artificial multi-enzyme cascades hold the key to overcome 

these limitations, as these cascades can directly transform the primary alcohols to 

the corresponding amines.369-370 Numerous artificial multi-enzyme cascades for the 

asymmetric amination of sec-alcohols to the corresponding α-chiral primary amines 

have been designed over the last decade with ATAs, and also with other enzymes 

such as AmDHs and imine reductases.346 Redox-neutral designs, in which the 

hydride abstraction in the oxidation step can be re-used in the amination step of the 

cascade, have also recently attracted interest.371 

The first successful amination of primary alcohols via a self-supporting redox 

biocatalytic network was performed by Sattler and coworkers.369 The intial step in 

this artificial multi-enzyme cascade was the oxidation of the primary alcohols by a 

NAD+-dependent alcohol dehydrogenase from Bacillus stearothermophilus (ADH-

BS). This led to the formation of the corresponding aldehyde and NADH (Scheme 

3.8 a). In the second sequential step, (S)-ATA-CV and a variant of an (S)-ATA from 

Arthrobacter citreus (ATA-AC) were used to aminate the intermediate aldehyde. l-

Alanine was the amine donor of choice, as it can be recycled in situ by pyruvate. l-

Alanine dehydrogenase from Bacillus subtilis (AlaDH-BS) kept the cofactor 

regeneration system running by consuming ammonia and NADH. The advantage of 
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this artificial metabolism are its self-sufficiency and recycling capability, which makes 

the system redox neutral and therefore no external hydride sources such as glucose 

or formate were required. Consequently, a green method for the selective amination 

of alcohols by a one-pot transformation was designed.369  

Scheme 3.8 (a) An artificial redox-neutral multi-enzyme network for amination of primary alcohols 

and (b) a redox-neutral cascade for the mono-amination of isosorbide.  
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Regioselective transformations are highly desired in organic synthesis,372 as they 

enable differentiation between different reactive centers, which can normally only be 

achieved by complex and time-consuming protection strategies.373 The regio- and 

stereoselective asymmetric monoamination of diketones is especially of high 

interest.372  

An enzymatic cascade integrating an engineered ATA from Paracoccus denitrificans 

(ATA-PD) with levodione reductase (LR) from the Leifsonia aquatica, along with the 

auxiliary enzyme AlaDH-BS, was able to perform regio- and enantioselective 

amination of diketones (Scheme 3.8 b). This three-enzyme system catalyzed the 

formation of (2S,5S)-aminoalcohol from isosorbide with a yield of up to 7% and 

enabled the synthesis of a new class of substrates with a broad, biotechnologically 

interesting scope.374 

This self-supporting redox neutral artificial multi-enzyme cascade is not just limited to 

short-, and long-chain alcohols, it also catalyzes the double amination of long-chain 

n-alkane-1,ω-diols (Scheme 3.9) with high conversation rates (>99%) and yields 

(>82%).369 
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Scheme 3.9 Artificial redox-neutral multi-enzyme network for double amination of long-chain n-

alkane-1,ω-diols. 

 

A cost-efficient and redox-neutral route for direct amination of alcohols to chiral 

amines is the usage of the LDH system at the expense of the hydride (NADH) 

gained in the oxidation step by a (S)-selective NADH-dependent ADH, from 

Rhodococcus ruber (ADH-RR) or a (R)-selective NADH-dependent ADH-007 from 

Codexis, followed by an amination via (S)-ATA from Bacillus megaterium (ATA-BM) 

or Vibrio fluvialis (ATA-VF) (Scheme 3.10). This process allowed the synthesis of 

highly valuable α-chiral amines using a whole-cell approach with E. coli.375 Under 
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optimized conditions, up to 91% conversion of different alcohols to the 

corresponding amines was achieved.375 

 

Scheme 3.10 Artificial multi-enzyme network for the asymmetric amination of sec-alcohols. 

 

 

Amination of benzylic and cinnamic alcohols was achieved via a biocatalytic, one-pot 

oxidation–amination cascade in aqueous medium under physiological conditions 

(Scheme 3.11).376 In this system, a copper (II)-dependent galactose oxidase from 

Fusarium NRRL 2903 (GO-FN) converts aromatic alcohols to the corresponding 

aldehydes by using O2 and generating hydrogen peroxide. The auxiliary horseradish 

peroxidase (HRP)/ 2,2’-azino-bis(3-ethylbenzothiazo-line-6-sulfonic acid) (ABTS) 

system or a catalase from Micrococcus lysodeikticus were supplemented into this 
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reaction mixture to remove hydrogen peroxide. The generated aldehydes were 

subsequently aminated in situ using (S)-ATA-PD and ATA-VF. The l-alanine, which 

was used as the amino donor, was recycled using AlaDH-BS. Recycling of the 

cofactor NADH was achieved by the formate/glucose dehydrogenase (FDH/GDH) 

system. Using this strategy, a one-pot, multi-enzyme cascade comprised of five 

enzymatic reactions enabled the direct conversion of benzylic and cinnamic primary 

alcohols to the corresponding amines through concurrent alcohol-oxidation and 

reductive amination. This cascade allowed the synthesis of 3-phenylallylamine, 

which is used as the precursor for the antifungal agent naftifine, highlighting the 

benefits of this approach.376  

Scheme 3.11 Amination of benzylic and cinnamic alcohols using galactose oxidase and amine-

transaminase cascade. 
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Using the well-established AlaDH system or LDH system for cost-efficient and redox-

neutral cofactor recycling, in combination with ATAs from Chromobacterium 

violaceum (ATA-CV), ATA-BM, (R)-ATA-117, Aspergillus terreus (ATA-AT), and 

Hyphomonas neptunium (ATA-HP) various 1,5-diketones were selectively 

transformed into optically pure amino ketones (Scheme 3.12).377 These systems 

resulted in high analytical yields (up to 99%) and high ee values (>99). The 

intermediate amino ketones underwent spontaneous ring-closure, resulting in D1-

piperideines. Thus, diastereoselective reduction of these products established a 

second chiral center, providing an efficient method for the preparation of chiral 2,6-

disubstituted piperidines.377  

The same system was applied to evaluate the regioselectivity of various enantio- 

complementary ATAs or the stereoselective monoamination of designated 1,5-

diketones.377-378 In general, high conversions efficiencies and enantio- and regio-

selectivities were observed. In a follow-up study, the applicability of iso-propylamine 

as a cheap amino donor for this scheme was also successfully confirmed.6 
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Scheme 3.12 Regio- and stereo-selective monoamination of diketones. 

 

A one-pot, three-step biocatalytic cascade enabled the successful transformation of 

a series of bicyclic β-diketones to the corresponding cyclohexylamines with good 

conversion efficiencies and excellent ee (Scheme 3.13).379 In the first step, 6-

oxocamphor hydrolase (OCH) originating from Rhodococcus sp. catalyzed 

stereoselective hydrolysis of a C–C bond. The generated keto acid was esterified 

using lipase B from Candida Antarctica. Finally, the intermediate keto acid was 

aminated using either (S)-selective ATA-VF or a variant of (R)-ATA-117 (ATA-

117m). The first two steps were performed concurrently resulting in high conversion 

and ee values (>99%).379 
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Scheme 3.13 Linear three-step cascade to synthesize cyclohexylamines from bicyclic β-

diketones.

 

A sequential cascade system combining ene-reductases (ER) and ATA was used to 

generate enantiomerically pure diastereomeric substituted cyclohexanes (Scheme 

3.14).380 In this whole-cell reaction, an ER mutant (Cys26Asp/Ile69Thr) from Bacillus 

subtilis (ER-BS) and various mutants of ATA-VF were utilized along with the LDH 

system. In this two-step synthesis, an ene-reduction was initially performed followed 

by amination by the ATA mutants resulting in good ee values and medium 

conversion rates. 
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Scheme 3.14 One-pot, two-step synthesis of diastereomerically enriched (R)- and (S)-amines 

utilizing an ene-reductase and amine-transaminase cascade. 

 

A similar scheme utilizing ER with ATAs was performed in concurrent mode to 

synthesize diastereomerically enriched (R)- and (S)-amine derivatives containing an 

additional stereocenter (Scheme 3.15).381 In this cascade system, α- or β-substituted 

unsaturated ketones were transformed to the corresponding chiral amines by 

utilizing ER from Saccharomyces cerevisiae (ER-SC), along with a panel of 

commercially available ATA from the Codex TA Screening Kit. The desired products 

were obtained with good conversion (>99%) and >99% ee. 
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Scheme 3.15 One-pot one-step synthesis of diastereomerically enriched (R)- and (S)-amines 

utilizing ene-reductase and amine-transaminase cascade. 

 

With the increased demand for biomass-derived starting materials, biotransformation 

of fatty acids has become an important component of recent research efforts.382-386 

Fatty acids are a suitable starting point for the generation of long-chain aliphatic 

amines and esters.387 Various long-chain aliphatic amines such as (S, Z)-hepta-dec-

9-en-7-amine and 9-aminoheptadecane were synthesized from ricinoleic acid and 

oleic acid using the whole-cell cascade reaction approach. This was achieved by 

combing a fatty acid double bond hydratase from Stenotrophomonas maltophilia 

(HT-SM), an ADH from Micrococcus luteus (ADH-ML), an engineered ATA-VF (ATA-

VF-K163D), and a photoactivated decarboxylase from Chlorella variabilis NC64A 

(CV-FAP) (Scheme 3.16). The conversions reached up to 90% efficiency, confirming 

the successful preparation of industrially relevant long-chain aliphatic amines and 

esters from renewable oils and fatty acids.387 
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Scheme 3.16 Whole-cell synthesis of long-chain aliphatic amines and esters from renewable fatty 

acids. 

 

The stereoselective introduction of a chiral amine by C−H amination is of high 

interest for bioactive pharmaceutical products; however, this process is challenging 

to achieve by chemical transformation.388-389 A whole-cell approach of a multienzyme 

cascade catalyzed a broad range of stereoselective benzylic aminations (Scheme 

3.17), with ee values of 97.5% and conversion efficiencies of up to 26%. The whole-

cell cascade consisted of a chimeric P450 monooxygenase (engineered from the 

P450camY96F catalytic domain fused to a reductase domain from Rhodococcus 

sp.), (R/S)-ADH (ADH-LB from Lactobacillus brevis, ADH-RE from Rhodococcus 
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erythropolis), and ATA-117. Conveniently, the host cell provides all cofactors, except 

for the amine donor isopropylamine, which is added to the reaction. The flexible, 

generic design of the cascade allows the construction of alternative cascades for 

enantioselective C−H amination of other substrates.390 

Scheme 3.17 Whole-cell enzymatic cascade for stereoselective C-H amination. 

 

A one-pot sequential cascade system was developed using a pyruvate 

decarboxylase mutant (E469G/I468A/W543F) from Acetobacter pasteurianus (PDC-

AP), (S)-ATA-BM, and (R)-ATA-117 to generate all four stereoisomers of 

methoxamine (Scheme 3.18).391 Utilizing pyruvate and 2,5-dimethoxybenzaldehyde 

as starting materials, the decarboxylase mutant produced the intermediate product, 

(S)-1-hydroxy-1-(2,5-dimethoxyphenyl)propan-2-one, with high ee (>98%). 

Subsequently, the intermediate product was aminated using (S/R)-ATAs with 

isopropylamine, as an amino donor, to generate all possible stereoisomers of 

methoxamine. 
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Scheme 3.18 One-pot two-step cascade to generate methoxamine using pyruvate decarboxylase 

and amine-transaminase. 

 

A sequential cascade approach was developed wherein racemic alcohols were non-

selectively oxidized to ketone intermediates using laccase from Trametes Versicolor 

(LC-TV) and the intermediate ketones were later in situ aminated using commercial 

ATAs (Scheme 3.19).392 The laccase uses the 2,2,6,6-tetramethylpiperidinoxyl 

radical (TEMPO) as a chemical mediator to perform the reaction efficiently, while 

ATA uses isopropylamine as an amino donor for the amination process to generate 

chiral amines with high conversion efficiencies and >99% ee.  
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Scheme 3.19 One-pot, two-step cascade system for the synthesis of chiral amines from racemic 

alcohols. 

 

Very recently, a simple and practical one-pot chiral amine synthesis that does not 

need a cofactor recycling system was developed (Scheme 3.20). In this approach, 

an engineered ambidextrous ADH (W286A) from Candida parapsilosis (ADH-CP) 

and an (S)-ATA-BM were utilized, along with isopropylamine as an amino donor.393 

The presence of in situ generated acetone avoids the requirement to recycle NADH 

to NAD+. The in situ conversion of the de-aminated amino donor to isopropanol also 

enhanced the yield by favorably shifting the equilibrium towards the product side. 

Using this efficient cascade system, various amines were generated with excellent 

conversion (up to 99%) and high ee (>99%) values. 
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Scheme 3.20 Concurrent cascade for the conversion of racemic alcohols to chiral amines using 

alcohol dehydrogenase and amine transaminase. 
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4.1.4. Chemo-enzymatic Cascade Reactions 

Despite the sophistication of various multi-enzymatic cascade reactions, several 

challenges have to be overcome to enable broader application of this concept.394-395 

A major drawback is the limitations of possible reaction schemes which are far away 

from routinely used strategies in industrial biotechnology.396 One way to overcome 

these limitations is by combining biocatalysts with chemical catalysts.397-399 However, 

this chemo-enzymatic approach requires a narrow compatibility window in which 

both catalysts function with reasonable activity.400 A few groups have successfully 

combined organocatalysts with ATAs, which enabled a one-pot oxidation-

transamination process in an aqueous enviroment.376, 401-403 

The first report of a one-pot chemoenzymatic reaction using an ATA to synthesize 

chiral amines transformed alcohols into the corresponding amines.401 In this 

sequential cascade system, ruthenium-catalyzed isomerization of allylic alcohols 

was performed, followed by the bio-amination by ATAs (Scheme 3.21).401 In this 

case, the prochiral ketones, obtained from allylic alcohols were converted to amines 

utilizing isopropylamine as an amino donor. Different ATAs from the Codex TA 

Screening Kit were employed for the amination step. Using this methodology, 

various amines were synthesized at high yields and enantiomeric excesses. This 

method represents a principal contribution to the previously unexplored field of one-

pot processes involving both metals- and bio-catalyzed reactions in water.401 
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Scheme 3.21 Ruthenium-catalyzed isomerization of allylic alcohols with an asymmetric 

bioamination using an amine-transaminase. 

 
 
Another cascade reaction utilized the organocatalyst 2-azaadamantane N-oxyl 

(AZADO)/ NaOCl system together with ATA. This system showed a broad substrate 

scope and was employed for conversion of conventional secondary alcohols and 

sterically hindered β-substituted cycloalkanols (Scheme 3.22).402 To achieve this 

reactivity, ATAs from the Codex TA Screening Kit together with the (S)-ATA-CV and 

(S)-Arthrobacter (ATA-AS) or the (R)-ATA-117 and (R)-ATA-117m ATAs were 

screened. The highly stereoselective dynamic asymmetric bioamination produced 

both contiguous stereocenters with a very high enantio- and diastereomeric ratio 

(>90% yield, >99% ee, and up to 49:1 dr). 

 

The one-pot syntheses route combines (i) the organocatalyzed oxidation of 

secondary alcohols, and (ii) subsequent enantioselective bioamination of the 

transiently formed ketones, to exploit the advantages of organocatalysis and 
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enzymatic catalysis, which resulted in high yields with excellent diastereo- and 

enantiomeric excesses (>99%). The proven efficacy and broad variety of secondary 

alcohols make this methodology suitable for aqueous systems.402 

 
Scheme 3.22 Organo-biocatalytic cascade system for the asymmetric conversion of racemic 

alcohols into amines. 

 

ATAs have also been used in combination with the Suzuki-Miyaura cross-coupling 

reaction to generate chiral bi-aryl amines (Scheme 3.23).404 In this one-pot, two-step 

reaction scheme, the Suzuki-Miyaura reaction was used to synthesize a bi-aryl 

ketone, which was aminated by ATA. The high sensitivity of the Pd-catalyst to 

inactivation in the presence of protein traces prevented the option of using 

transamination as the first step in the cascade reaction. Therefore, one of the key 

challenges to performing this one-pot reaction was identification of ATAs that accept 

bi-aryl ketones. An ATA from Aspergillus fumigatus (ATA-AF) was found to be 

compatible with the Pd-catalyst and was able to aminate biphenyl ketones with 

excellent ee (>99%), albeit with low conversion (<40%). A protein engineering 
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approach found a variant (I146A) that enhanced the conversion efficiency by more 

than two-fold. Subsequently, the reaction was also established in a continuous flow 

system with similar yield and ee values.  

A similar cascade system was reported using Exophiala xenobiotica ATA (ATA-EX) 

wherein Deep Eutectic Solvents (DES)-buffer mixture was used for the first time as a 

reaction medium yielding in high conversion and high ee (>99%) values.405  

 

Scheme 3.23 Hybrid organo- and biocatalytic system for the asymmetric conversion of racemic 

alcohols into amines. 

 
 
 
Chemo-enzymatic cascade reactions have also been achieved by combining photo-

organo redox catalysis with biocatalysis.341, 406-407 A prominent example is the 

combination of a two-phase photo-organo redox catalytic system with an ATA to 

achieve asymmetric C–H bond functionalization of simple alkane starting materials 

(Scheme 3.24).407 The photo-organo light-driven catalyst anthraquinone sulfate 

(SAS) was employed to oxyfunctionalise alkanes to aldehydes and ketones. This 
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reaction was coupled to different commercial ATAs from ECS to achieve an 

asymmetric enzymatic synthesis of chiral hydroxynitriles, amines, acyloins, and α-

chiral ketones with up to 99% ee.  

 
Scheme 3.24. Photo-organo redox cascade with enzymatic amination to achieve asymmetric C–

H bond functionalization of simple alkane starting materials. 

 
 
 
A one-pot chemoenzymatic reaction utilizing two complementary enzymes, ATA and 

MOA, resulted in the synthesis of 2,5 di-substituted pyrrolidines from the 

corresponding 1,4-diketones (Scheme 3.25).408 In this reaction methodology, the 

diketones were initially selectively aminated to 1,4-amino ketones using (S)-ATA-

113/(R)ATA-117 with l/d-alanine as an amino donor and the LDH recycling system. 

These products subsequently underwent spontaneous cyclization to form (S)- and 

(R)-pyrrolines, respectively. Consequently, diastereoselective synthesis of 2,5-

disubstituted pyrrolidine was achieved by employing NH3
.BM3 and MAO. Concurrent 

cycles of non-selective reduction of pyrrolines by NH3
.BM3 and selective oxidation by 

MAO resulted in establishment of two stereogenic centers. 
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Scheme 3.25 Stereoselective amination of diketones for the synthesis of chiral 2,5-disubstituted 

pyrrolidines using enantio-complementary amine-transaminase and monoamine oxidase. 

 

 
 
The synthesis of chiral alkaloids via a one-pot chemo-enzymatic route was 

developed by employing an ATA-triggered intramolecular aza-Michael reaction 

combined with annulation chemistry (Scheme 3.26).409 In the first step, the ATA 

reaction enabled the production of β-enaminone from ketoynone using 

isopropylamine as an amino donor. Subsequently, a carbo-[3+3] annulation of β-

enaminone with unreacted ketoynone generated polyfunctionalised 

hexahydroquinolines. A higher product yield (78%) was achieved when the amino 

donor was lowered from a two- to one-fold equivalent of the starting material.  
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Scheme 3.26 One-pot enzymatic cascade synthesis of alkaloids using amine-transaminase. 

 
An enzymatic cascade reaction was developed to generate C3 methyl-substituted 

strictosidine derivatives using ATA and strictosidine synthase (Scheme 3.27).410 In 

the first step, various (R/S)-ATAs were employed to aminate prochiral indolyl 

ketones using (l/d)-alanine as amino donors along with the LDH-recycling system. 

The stereo-complementary (S)-selective ATA from Silibacter pomeroyi (ATA-SP) 

gave the best conversion and enantiomeric excess of the ATA panel tested, and 

within the (R)-selective ATA panel, ATA-117 was the most efficient. In the second 

step, strictosidine synthase from Ophiorrhiza pumila (STR-OP) was employed to 

condense chiral α-methyltryptamines with segologanin to produce diastereomerically 

pure final products. The cascade reaction was also performed in concurrent mode, 

albeit with poor yield. 
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Scheme 3.27 One-pot enzymatic cascade to synthesize strictosidine derivatives utilizing amine-

transaminases and strictosidine synthases. 
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3.1.5. Conclusions 

Interest in the development of one-pot reactions for multistep organic synthesis 

routes has increased in recent years. The goasl of these approaches are higher 

yields, decreased costs, and environmental advantages, preferably combined with 

high enantio- and regio-selectivity of the engineered cascade reaction. Therefore, 

this concept is highly attractive for industrial applications, especially in the 

pharmaceutical industry. Recent examples highlighted how chemoenzymatic 

reactions, in which photocatalysts, transition-metal catalysts, and/ or organo-

catalysts combined with ATAs, led to successful multistep synthesis routes. 

Substantial progress in enzyme discovery, synthetic biology, and protein 

engineering, along with advances in materials science, have profoundly impacted 

the development of cascade reactions compatible with different types of catalysts. 

Despite several encouraging examples in recent years, the full potential of one-pot 

cascade reactions utilizing ATAs is still far from fully exploited. For example, all of 

enzymatic and chemoenzymatic cascade reactions that have been developed until 

now are based on the oxidation of alcohols. The development of cascade reactions 

utilizing a starting material other than an alcohol is an interesting area to be explore. 

The use of non-conventional media/ solvents to reduce the number of reaction steps, 

together with techniques, such as integrating organometallic catalysis in whole-cell 

enzyme cascades, have greatly expanded the toolbox available for sustainable 

chemistry to develop cascades of high complexity.396, 411-413  

With the recent advances in directed evolution and high-throughput screening, it is 

now possible to create improved enzymes that are not susceptible to harsh industrial 
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conditions.414-416 The whole-cell enzyme cascade approach is also favorable as its 

allows multilevel engineering of the enzymes used in the cascade, strain 

engineering, and bioreaction engineering. In the future, protein engineering will focus 

on increasing the enzyme resistance towards photodegradation and/ or oxidative 

stress to achieve a catalyst with a broader compatibility range in photo-biocatalytic 

cascades. Recent impressive work on the biocatalytic synthesis of islatravi, an 

experimental HIV drug, using five engineered enzymes along with four auxiliary 

enzymes demonstrates the high potential of enzyme cascades in organic 

synthesis.417-418  

Another promising advancement is the development of effective cofactor recycling 

cascades to recover costly cofactors using inexpensive substrates, which optimizes 

the process economy, reduces waste, and therefore promotes a more sustainable 

and greener synthesis. Additional research is currently focused on the potential of 

biocatalysis and chemocatalysis in continuous flow technology. Recent examples 

established the foundation for the field and indicated the complexity of integrating 

these methods. The flow setups developed highlight the opportunity of avoiding and/ 

or overcoming compatibility issues, which can be achieved by physical 

compartmentalization and/or solvent switching. Remarkably, these methodologies 

allow the operating conditions and process conditions for each single reaction step 

easily adjusted. All these possible alterations illustrate the rich potential of cascades 

utilizing ATAs as part of the industrial synthetic enzymatic toolbox. 
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3.2. An amine donor-mediated self-sufficient biocatalytic transamination 

cascade 

 

3.2.1. Abstract 

Amine-transaminases are one of the most promising biocatalysts for the synthesis of 

(chiral) amino compounds. They offer high enantioselectivity, compatibility with other 

chemical or enzymatic systems, and are sustainable and environmentally friendly. 

However, using amine-transaminases in an even more efficient and economical way, 

smart amine donors, such as the diamine co-substrate cadaverine, are needed. 

Cadaverine facilitates highly efficient conversion of substrates to the corresponding 

chiral amines with high enantioselectivities. Herein, we report a cascade combining a 

putrescine amine-transaminase from Pseudomonas putida with the inducible lysine 

decarboxylase from Escherichia coli that facilitates formation of cadaverine by 

decarboxylation of l-lysine. Consequently, this approach was the applied for self-

sufficient whole-cell biotransformation. 
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3.2.2. Introduction  

The preparation of optically pure amines by biocatalysts has attracted considerable 

interest, as these compounds are of industrial relevance for the synthesis of 

pharmaceutical drugs, and other chemicals.358-359, 419 

Stirling et al. used amine-transaminases (ATAs) for the enzymatic resolution of chiral 

amines in 1992.48 ATAs are pyridoxal-5’-phosphate (PLP)-dependent enzymes, that 

catalyze the transfer of an amino group from a primary amine to a prochiral ketone 

(or aldehyde).42-43 Since, ATAs are highly enantioselective, they can either be 

employed for racemic amine resolution, or synthesis of chiral amines from low-cost 

ketones.43, 49 Consequently, several synthesis routes based on ATAs have been 

developed for the synthesis of chiral amines or for the resolution of racemic 

amines.50-51 Moreover, combining ATAs with other enzymes or organocatalysts in 

cascade reactions enables the design of more complex and efficient systems.420 

However, for chiral amine synthesis, ATAs rely heavily on the usage of high 

equivalents of amine donors to mediate the conversion, and on an efficient by-

product removal system to shift the reaction equilibrium towards the product 

formation. In order to achieve an overall greener and sustainable reaction economy, 

low-cost amine donors and efficient co-factor and by-product removal or recycling 

systems to overcome unfavorable reaction equilibria are in high demand.26, 52 

Smart amine donors, such as the diamines putrescine, cadaverine, or spermidine 

are promising amine-donors for bioamination of ATAs, since they serve as (i) low-

cost sacrificial amine donors, and (ii) offer an efficient by-product removal 



124 
 

 

  

mechanism. The aminoaldehyde by-products of these donors can dimerize or 

cyclize, and thus shift the equilibrium towards product formation.61, 64, 67  

Cadaverine, which is an industrial platform chemical for different valuable 

compounds,59 is a promising smart amine donor, that can be biocatalytically 

produced from lysine by lysine decarboxylases.421 Consequently, there is a huge 

interest in bioconversion of lysine into cadaverine using whole-cell systems.60-63   

Recently, a lysine decarboxylase from Aliivibrio salmonicida (AsLdc)422 was reported 

to be highly active at alkaline pH, and displayed a higher thermostability than an 

inducible lysine decarboxylase from Escherichia coli (EcLdc).60  

Several groups reported the discovery and characterization of ATAs from 

Pseudomonas putida (Pp-spuC) that showed monoamine and diamine activity, 

allowing the conversion of a wide range of substrates using cadaverine as a suitable 

amine donor.67, 423-424 

Herein, we report an effective, economically self-sufficient in vitro and in vivo 

cascade reaction for the synthesis of (chiral) amines by combining the putrescine 

transaminase Pp-spuC with the inducible lysine decarboxylase EcLdc.   
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3.2.3. Results and Discussion  

Enzyme selection  

Most ATAs do not show any activity towards diamines, such as putrescine (1,4-

diaminobutane), spermidine (1,8- diamino-4-azaoctane), or cadaverine (1,5-

diaminopentane).64-65 Galman and co-workers identified the putrescine transaminase 

gene spuC66 from Pseudomonas species as a promising starting point to search for 

diamine-accepting ATAs.67 Indeed, recombinantly expressed spuC proteins from 

various Pseudomonas species displayed high activity towards biogenic diamine 

donors. The putrescine transaminase from Pseudomonas putida (Pp-SpuC) 

displayed the highest activity with cadaverine, and had a broad substrate 

spectrum.67 Several, other groups used Pp-SpuC for transamination reactions with 

or without cadaverine.423-425 Consequently, Pp-SpuC was  selected for this work. 

Lysine decarboxylases (Ldc) are the key enzymes for cadaverine production. These 

PLP-dependent enzymes decarboxylate the carbonyl group of l-lysine to form 

cadaverine.56, 426-427 Kou and co-workers recently reported, a lysine decarboxylase 

from Aliivibrio salmonicida (AsLdc)422 was highly active under alkaline pH, and 

displayed a higher thermostability and activity than the inducible lysine 

decarboxylase from Escherichia coli (EcLdc).60 Thus, AsLdc and EcLdc were chosen 

as suitable lysine decarboxylases. 

The selected enzymes, were tested in the envisioned Lysine decarboxylase (Ldc) 

amine-transaminase (ATA) cascade (Figure 3.28). 
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Figure 3.28 Cascade reaction. Lysine decarboxylase (Ldc) converts lysine to cadaverine, and the 

amine-transaminase (ATA) converts the ketone to the corresponding chiral amine. 

 

Enzyme expression  

The putrescine transaminase from Pseudomonas putida (Pp-SpuC) was cloned into 

a pET29b vector containing a C-terminal His6-tag and recombinantly expressed in E. 

coli BL21 (DE3) according to a standard procedures. Lysine decarboxylase from 

Aliivibrio salmonicida (AsLdc) and Escherichia coli (EcLdc) were cloned into a 

pET303 vector containing a C-terminal His6-tag and recombinantly expressed in E. 

coli BL21 (DE3) according to standard procedures. All three enzymes were 

expressed with good yields (approx. 100 mg L-1), and were further confirmed by 

electrospray ionization mass spectrometry (ESI-MS) (Table S1).  

Activity of Lysine Decarboxylase for Lysine  

Next, purified lysine decarboxylases AsLdc, and EcLdc were tested for their 

conversion of lysine to cadaverine by a colorimetric assay.428-429 Lysine and 

cadaverine react with 2,4,6-trinitrobenzensulfonic acid (TNBS) to form N,N′-
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bistrinitrophenyllysine (TNP-lysine) and N,N'-bistrinitrophenylcadaverine (TNP-

cadaverine), which has an orange color; only the latter one is soluble in organic 

solvent, and can be extracted by standard phase separation. Both enzymes were 

expressed in their expected active form (Figure 3.29). Next, liquid chromatography–

mass spectrometry (LC–MS)430 was used to confirm the formation of cadaverine 

(Figure S1, S2).  

 

Figure 3.29 Enzymatic activity assay of LdCs for cadaverine formation. 

Pp-SpuC transaminase activity assay  

As previously reported, Pp-SpuC displayed high activity towards the biogenic 

diamine cadaverine.67 Purified Pp-SpuC transaminase activity with cadaverine, as an 

amine donor, was tested for the two model substrates benzaldehyde and 

acetophenone. The typical reaction conditions were as reported in the literature 5 

mM substrate, 10 equivalents cadaverine, 1 mM PLP, and 3 mg mL-1 Pp-SpuC in 

100 mM Tris/HCl at pH 7.5 at 30 °C for 18 h.67 HPLC analysis confirmed the 

successful conversion of benzaldehyde (86%) and the stereoselective conversion of 

acetophenone (conv. 27%, ee 99%), with similar yields, as previously reported.67 
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Cascade engineering, testing and optimization   

Next, the envisioned cascade was tested by combining the purified lysine 

decarboxylases AsLdc and EcLdc with purified Pp-SpuC transaminase and the two 

model substrates acetophenone and benzaldehyde. HPLC analysis confirmed the 

successful conversion of acetophenone and benzaldehyde (Table 3.1).  

Table 3.1 Cascade testing with AsLdc and EcLdc combined with Pp-SpuC.a) 

Entry Cascade Substrate Conv (%) 
b) 

ee (%) b) 

1 AsLdc + Pp-SpuC 
Benzaldehyde 

79 / 

2 EcLdc + Pp-SpuC 84 / 

3 AsLdc + Pp-SpuC 
Acetophenone 

23 >99 

4 EcLdc + Pp-SpuC 25 >99 

a) Typical conditions: 5 mM substrate, 10 equivalents of lysine, 1 mM PLP, 2 mg mL-1 Ldc, 3 mg 

mL-1 Pp-SpuC in 100 mM Tris/HCl, pH 8.0, 30 °C, 18 h. b) Determined by HPLC analysis Conv = 

conversion. ee = enantiomeric excess. 

The combination of the lysine decarboxylase EcLdc and Pp-SpuC transaminase 

performed slightly better than the other combination. Further, the reported optimum 

pH of Pp-SpuC (7.0 to 8.0), and reaction temperature (30 °C) seemed to be a 

suitable fit for the optimum pH (6.0 to 8.0) and reaction temperature (37 °C) of EcLdc 

for the cascade reaction.60, 67, 422 Thus, all further experiments were conducted with 

the EcLdc and Pp-SpuC combination. 
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Further optimization of the cascade reaction was done by examining the effect of pH 

on the cascade reaction (Figure 3.30) for the stereoselective conversion of 

acetophenone. 

 

Figure 3.30 Effect of pH on the activity of Pp-SpuC. Reaction conditions: 5 mM acetophenone, 

50 mM lysine, 2 mg mL-1 EcLdc, 3 mg mL-1 Pp-SpuC, 1 mM PLP, 100 mM Tris/HCl, pH 7.0-8.0, 

30 °C,18 h. Conversion was determined by HPLC. 

 

The results suggested that the EcLdc and Pp-SpuC cascade has an optimum at pH 

7.5. The literature reports are not conclusive on the optimal pH for Pp-SpuC 

transamination reactions, since several reactions have been reported in a more 

alkaline pH range.423-425 Galman and co-workers investigated the effect  of pH on the 

activity of Pp-SpuC, and reported the highest activities around pH 7 to 8.424 

Thus, pH at 7.5 was maintained for subsequent experiments, since this pH also in 

the optimal range of the EcLdc.  
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In a follow-up experiments, different lysine loadings on the Pp-SpuC mediated 

transamination of acetophenone were tested (Figure 3.31). The effect of different 

lysine loadings correspond to the effect of different cadaverine loadings, since the 

EcLdc conversion activity has been reported to be in the molar yield range.422 We 

observed that the EcLdc and Pp-SpuC cascade performed best with 5 equivalent of 

lysine. Galman and co-workers investigated different diamine loadings in the Pp-

SpuC  transamination, and suggested that 5 equivalents of cadaverine was 

favorable.67 

 

 

Figure 3.31 Testing of different lysine loadings in the Pp-SpuC mediated transamination. 

Reaction conditions: 5 mM acetophenone, 7.5-50 mM lysine, 2 mg mL-1 EcLdc, 3 mg mL-1 Pp-

SpuC, 1 mM PLP, 100 mM Tris/HCl, pH 7.5, 30 °C, 18 h. Conversion efficiencies were 

determined by HPLC. 
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Synthesis of benzylamine compounds mediated by the EcLdc Pp-SpuC cascade  

Next, amination of benzaldehyde (1) and various analogs carrying electron-donating 

groups (2,3), electron-withdrawing groups (4,5), and a halogen substituent (6) was 

investigated. Considering the importance of chiral amines, two chiral compounds 

(7,8) were investigated as well (Figure 3.32). All compounds were screened using a 

moderate excess of cadaverine (5 equivalents), to help to shift the equilibrium 

towards the product side as cadaverine spontaneously cyclizes to 1-piperideine after 

transamination. 

 

Figure 3.32 Biocatalytic synthesis of various substituted benzylamines mediated by the EcLdc 

Pp-SpuC cascade. Reaction conditions: 5mM substrate, 25 mM lysine, 1 mg mL-1 LDL EcLdc, 4 

mg mL-1 Pp-SpuC, 0.5 mM PLP, 2% v/v DMSO, 100 mM Tris/HCl, pH 7.5, 30 °C, 24 h. Measured 

by HPLC analysis conv = conversion; ee = enantiomeric excess. 
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Remarkably, high conversions were observed (1-6), indicating efficient conversion of 

lysine to cadaverine by the EcLdc, and proficient displacement of the equilibrium via 

in situ cyclisation of the cadaverine during Pp-SpuC mediated transamination. Chiral 

amine synthesis (7,8) with exceptional ee and moderate conversion was also 

possible with the cascade.  

 

The EcLdc Pp-SpuC cascade in a whole-cell approach  

The two expression vectors containing EcLdc and Pp-SpuC were transformed into E. 

coli Bl21 DE3 Gold cells. Co-expression of EcLdc and Pp-SpuC was confirmed by 

SDS-Page analysis (Figure S3). Proof-of-concept of in vivo production of the ‘smart’ 

amine donor and the amine-transaminase was obtained by monitoring the 

conversion of benzaldehyde to benzylamine (Table 3.2). 

 

Table 3.2 Whole-cell cascade.a) 

Entry Reaction  Conv (%) b) 

1 Co-expressing cells + Benzaldehyde + PLP + Lysine 62 

2 Co-expressing cells + Benzaldehyde + Lysine  59 

3 Co-expressing cells+ Benzaldehyde + PLP  21 

4 Co-expressing cells + Benzaldehyde 17 

5 Co-expressing cells 3 

a) Typical conditions: 5 mM benzaldehyde, 5 equivalents of lysine, 1 mM PLP, 40 mg mL-1 cell 

density, in 100 mM Tris/HCl, pH 7.5, 30 °C, 24 h. b) Determined by HPLC analysis Conv = 

conversion.  
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The initial in vivo test reaction containing all reaction components (benzaldehyde, 

PLP, and lysine) resulted in relative high conversion (62%) of the benzaldehyde to 

benzylamine. However, the efficiency was lower than that of the purified cascade 

(86%). Nonetheless, the whole-cell system was examined with a lower cell density 

compared to the literature.425 Thus, increasing the cell density should boost the 

conversion. 

The addition of external PLP had no major impact on the conversion efficiency, 

indicating that the E. coli cells produce sufficient cofactor to maintain the expressed 

EcLdc and Pp-SpuC activity. Though, the PLP production of E. coli cells can be 

enhanced to ensure that the intracellular PLP concentration is not a limiting factor. 

431-432 

Moreover, the formation of cadaverine from lysine in E. coli was not a limiting factor 

in the setup either. However, several systems for producing cadaverine in high yields 

in E. coli have been engineered.433-435 

Interestingly, benzylamine formation could be observed even without the addition of 

lysine, suggesting that expressed EcLdc first metabolizes intracellular lysine and 

then may scavenger other available amino acids. This, would mean that a broad mix 

of diamines and monoamines are available to the Pp-SpuC, as amine donors.  
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3.2.4. Summary  

The putrescine transaminase Pp-spuC was successfully combined with the lysine 

decarboxylases EcLdc and AsLdc. The engineered cascade consisting of Pp-spuC 

and EcLdc showed high conversion efficiencies for benzaldehyde and various 

analogs carrying electron-donating groups, electron-withdrawing groups, and a 

halogen substituent. Furthermore, also chiral amines could also be synthesized with 

high ee and moderate conversion rates.  

The whole-cell catalysis approach worked with decent activities in a non-optimized 

E. coli host. A higher concentration of cells could increase the availability of 

biocatalysts and result in increased conversion. Thus, the cell density represents a 

valuable parameter for further optimization. 

The method presented eliminates the need for expensive amino donors and 

expensive cofactor recycling systems, making this approach greener and more 

economically feasible. 
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3.2.5. Outlook   

The approach presented has not reached its limits. The whole-cell results suggest 

that the lysine decarboxylase EcLdc may have a broader substrate promiscuity than 

excepted. Thus, it may be possible to use other amino acids as amino donors. 

The whole-cell catalysis approach was conducted in a non-optimized E. coli host. 

However, several E. coli hosts have been reported for e.g., optimized cadaverine 

production, or PLP production, which may further boost and improve the reaction 

economy.  
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3.2.6. Materials and Methods  

General Remarks Unless otherwise noted, all chemicals were purchased from 

Aldrich or VWR and were used without further purification. LB-Media was obtained 

from Luria Broth Ready Mix (Sigma Aldrich). Escherichia coli BL21 (DE3) cells were 

purchased from New England Biolabs (Ipswich, MA, USA). 

Cloning The putrescine transaminase spuC gene from Pseudomonas putida 

(protein sequence GenBank: BAN57107.1) was codon optimized, synthesized (Twist 

Bioscience), and cloned into a pET-29b vector containing a C-terminal His6-tag using 

NdeI and XhoI restriction sites. The inducible lysine decarboxylase from Escherichia 

coli (strain K12) (protein sequence GenBank: BAE78134.1) and the lysine 

decarboxylase from Aliivibrio salmonicida (protein sequence GenBank: 

CAQ80175.1) were codon optimized, synthesized (Twist Bioscience), and cloned by 

into a pET303 vector containing a C-terminal His6-tag using Xba1 and Xho1 

restriction sites. The inserted genes were confirmed via DNA sequencing (KAUST, 

Core Labs). 

Protein expression and purification of Pp-spuC The pET29b_Pp-spuC_ctHis 

plasmid was transformed into E. coli BL21 (DE3). A fresh colony was used to 

inoculate an overnight LB medium (15 mL) supplemented with kanamycin (50 μg 

mL−1), that was grown at 37 °C at 220 rpm. 10 mL of the overnight culture was used 

to inoculate 1 L of LB medium containing kanamycin (50 μg mL−1) in a 2 L 

Erlenmeyer flask at 37 °C at 220 rpm. The recombinant protein expression was 

induced by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) (0.2 mM, final) 
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when OD600 reached 0.6–0.8. The temperature was lowered to 18 °C and culture 

was incubated for 16 h. The cells were harvested by centrifugation at 4 °C (4000 g, 

30 min) and were resuspended (1g in 10 mL) in lysis buffer (50 mM Tris/HCl pH 7.4, 

5 mM imidazole, 0.1 mM PLP). Before lysis c0mplete protease Inhibitor cocktail 

(Roche), was added together with DNase. Cell disruption occurred using a Cell 

Disruptor (Constant System Inc.). After 4 °C centrifugation (16000 g, 20 min) the 

cleared lysate was used for protein purification by Ni-NTA agarose column (5 mL, 

GE Healthcare). The enzyme was washed with 20 mL wash buffer (50 mM Tris/HCl 

pH 7.5, 30 mM imidazole, 0.1 mM PLP), and eluted with elution buffer (50 mM 

Tris/HCl pH 7.5, 500 mM imidazole 0.1 mM PLP). The collected fractions were 

concentrated by using a Amicon® Ultra Centrifugal filter (10000 MWCO). The 

purified enzyme was overnight dialyzed against storage buffer (50 mM Tris/HCl pH 

7.0, 1 mM PLP, 5% glycerol), and the aliquoted and stored at -20 °C.  

Expression and purification of LDCs The pET303_EcLdc_ct-His and 

pET303_AsLdc_ctHis plasmid were transformed into E. coli BL21 (DE3). A fresh 

colony was used to inoculate an overnight LB medium (15 mL) supplemented with 

ampicillin (100 µg mL−1) at 37 °C and 220 rpm. 10 mL of the overnight culture was 

used to inoculate 1 L of LB medium containing ampicillin (100 µg mL−1) in a 2 L 

Erlenmeyer flask at 37 °C at 220 rpm. When the culture OD600 reached 0.6–0.8, 

IPTG (0.1 mM, final) was added and the temperature was lowered to 18 °C for 20 h. 

The cells were then harvested by centrifugation (4 °C, 4000g, 30 min). The cell 

pellets were re-suspended in lysis buffer (20 mM Tris/HCl pH 7.4, 10 mM imidazole, 

150 mM NaCl, 1 mM dithiothreitol (DTT), 0.1 mM PLP). Before lysis c0mplete 
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protease Inhibitor cocktail (Roche), was added together with DNase. Cell disruption 

occurred using a Cell Disruptor (Constant System Inc.). After cell disruption, the 

cellular debris was removed by centrifugation at 13000g and 4 °C for 30 min. The 

resulting supernatant was loaded onto Ni-NTA agarose column (5 mL, GE 

Healthcare) equilibrated with washing buffer (20 mM Tris/HCl pH 7.4, 10 mM 

imidazole, 150 mM NaCl, 1 mM DTT, 0.1 mM PLP), and eluted by elution buffer (20 

mM Tris/HCl pH 7.4, 500 mM imidazole, 150 mM NaCl, 1 mM DTT, 0.1 mM PLP). 

The collected fractions were concentrated by using a Amicon® Ultra Centrifugal filter 

(10000 MWCO). The purified Ldcs were overnight dialyzed against storage buffer 

(20 mM Tris/HCl pH 7.4, 150 mM NaCl, 0.1 mM PLP, 5% glycerol), and the aliquoted 

and stored at -20 °C.  

Mass spectrometry Protein mass spectrometry carried out on a BRUKER maXis 

HDTM ESI-TOF. 0.04 mM of pure protein sample was dialyzed against 5% ACN, 0.1 

% FA and prone to either direct injection or HPLC (Agilent Technologies), C4 

Column (Column volume 5 ml). Elution occurred with a flowrate of 0.5µL/min and a 

gradient to 80 % ACN, 0.1 % FA at 8 min. Subsequently fractions were recorded 

according to standard procedure.  

Assay for measuring the activity of lysine decarboxylases The activity of the 

LDCs was measured as previously described with some modifications.429 In short, in 

a 1.5 mL Eppendorf tube 50 μL of substrate solution (100 mM MES pH 6.5, 0.1 mM 

PLP, 1 mM β-ME, 8 mM L-lysine) was mixed with 50 μL of enzyme solution (100 mM 

MES pH 6.5, 0.1 mM PLP, 1 mM β-ME, 50 nM Ldc) after both solutions have been 
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equilibrate for 5 minutes at 37 °C in an Eppendorf ThermoStat. After 2, 4, and 6 mins 

20 μL of sample were removed, and add to a 96-well polystyrene plate containing 50 

μL stop solution (1 M sodium carbonate) and 30 μL water. Afterwards 50 μL of 10 

mM 2,4,6-Trinitrobenzenesulfonic acid solution (TNBS) solution was added and then 

incubate at 42 °C for 6 mins. After the incubation the 96-well polystyrene plate was 

put on ice for 2 mins. 100 μL of sample was transferred to a 2 mL 96-deepwell plate 

that was cooled on ice. Then, 500 μL toluene was added to the reaction mixture, and 

the plate was covered, and then vigorously shaken for 2 min. Afterwards, the mixture 

settled for 5 minutes, and 200 μL of the toluene phase was transferred into a 96-well 

quartz plate for analysis. The N,N'-bistrinitrophenylcadaverine complex was 

measured at 340 nm a TECAN INFINITE M1000 according to standard procedure. 

Assay for measuring the activity of lysine decarboxylases by liquid 

chromatography-mass spectrometry (LC-MS) analysis The Ldc reaction was 

performed in 2 mL Eppendorf tubes in Ldc reaction buffer (100 mM Tris/HCl pH 7.0, 

1 mM PLP) with 10 mM l-lysine and 2 mg mL-1 Ldc, in a final volume of 0.5 mL, at 30 

°C for 16 h. The reaction was stopped by heating the sample at 95°C for 10 mins, 

and centrifuged at 13000 rpm for 15 minutes. Then 250 μL of the supernatant was 

mixed with 250 μL H2O, and 500 μL MeOH.   

The LC-MS/MS was performed on an Thermo scientific LTQ Orbitrap Velos hybrid 

mass spectrometer. The separation was achieved with a C-8 column, 4.6 mm i.d. x 

100 mm length, 5 μm (ZORBAX Eclipse Plus Bon, Agilent, USA) at 35 °C. Mobile 

phases were H2O + 0.1% v/v FA, and MeOH + 0.1% v/v FA. With a gradient, 5:95 for 

15 min, to 95:5 for 1 min, elution was carried out, the flow rate was 0.1 ml min-1 and 
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the injection volume was 5 μL. Compounds were ionized using API-electrospray 

standard technique and detected in positive mode on the Thermo scientific LTQ 

Orbitrap Velos hybrid mass spectrometer. All products, unless otherwise specified, 

were identified by their [M+H]+ signal and confirmed via chemical standards. 

Biotransformations All biotransformation, unless otherwise specified, were carried 

out in 2 mL Eppendorf tubes in biotransformation buffer containing buffer (100 mM 

Tris/HCl, pH 7.5), PLP (1 mM), l-lysine (25 mM), benzylic substrate (5 mM, from a 

500 mM stock solution in DMSO), with purified EcLdc (2 mg mL-1), and Pp-SpuC (3 

mg mL-1), in a final volume of 0.5 mL. After 18 h at 30 °C, the reaction mixture was 

stopped by adding 500 μL of 10% perchloric acid. Afterwards the mixture was 

centrifuged at 13000 rpm for 15 minutes, and the supernatant was transferred to a 

fresh 2 mL Eppendorf tube. 

Whole-cell transamination The pET303_EcLdc_ct-His and pET29b_Pp-

spuC_ctHis plasmid were co-transformed into E. coli BL21 (DE3). A fresh colony 

was used to inoculate an overnight LB medium (15 mL) supplemented with ampicillin 

(100 µg mL−1) and kanamycin (50 µg mL−1) at 37 °C and 220 rpm. 10 mL of the 

overnight culture was used to inoculate 1 L of LB medium containing ampicillin (100 

µg mL−1) and kanamycin (50 µg mL−1) in a 2 L Erlenmeyer flask at 37 °C at 220 rpm. 

When the culture OD600 reached 0.6–0.8, IPTG (0.1 mM, final) was added and the 

temperature was lowered to 18 °C for 20 h. The cells were then harvested by 

centrifugation (4 °C, 4000g, 30 min), and three times washed with 20% glycerol 

solution. And finally, resuspend in biotransformation buffer (100 mM Tris/HCl, pH 
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7.5, PLP 1 mM). The whole-cell transamination conditions were 5 mM 

benzaldehyde, 5 equivalents of lysine, 1 mM PLP, 40 mg mL-1 cell density, in 100 

mM Tris/HCl, pH 7.5, at 30 °C for 24 h. The reaction mixture was stopped by adding 

500 μL of 10% perchloric acid. Afterwards the mixture was centrifuged at 13000 rpm 

for 15 minutes, and the supernatant was transferred to a fresh 2 mL Eppendorf tube. 

High-performance liquid chromatography (HPLC) analysis Conversions and 

enantiomeric excess were calculated by HPLC analysis on an Agilent 1100 Series 

system equipped with a quaternary pump, a CROWNPAK CR(+) (150 x 4 mm, 5 µm) 

column, a diode UV array detector and an Agilent LC/MSD SL LCMS System. 

Isocratic elution with the mobile phase H2O + 0.1% v/v perchloric acid at 1mL min−1 

flow rate and 10 μL injection volume was carried out. Chromatograms were 

monitored at 210 nm.  
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CHAPTER 4: Gas Vesicle Nanoparticles as Biocatalytic 
Platforms 

 

4.1. Tailored design of gas vesicle nanoparticles: opportunities and 

challenges  

4.1.1. Abstract 

Gas vesicle nanoparticles have become an emerging tool for biomedical applications 

such as vaccine development, drug delivery, and diagnostics. Gas vesicle 

nanoparticles exhibit unique features, including the ability to undergo molecular self-

assembly out of manifold protein subunits into fully hollow structures. Furthermore, 

gas vesicle nanoparticles are stable, biocompatible, and biodegradable. Additionally, 

their surface, and therefore their properties, can be tailored by chemical and/or 

genetic strategies. In this chapter an overview of previously established designs for 

gas vesicle nanoparticles and the resulting bioapplications is provided.    
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4.1.1. Introduction  

Gas vesicle nanoparticles (GVNPs), which can also be described as gas vesicles or 

gas vacuoles in the literatue,79 are present in the archaea and bacteria domain. The 

main function of GVNPs is to maintain the buoyancy of cells in an aqueous 

environment.79-80 Thus, GVNPs are normally intracellular, which allows a tight 

regulation to keep the organism at a suitable depth,81, 436 and to react quickly to 

changes in the environmental conditions.437-438 Consequently, GVNPs display some 

unique features, such as (i) being solely proteinaceous, (ii) exhibiting highly 

organized hollow structures, and (iii) being gas-filled, which also determines their 

biophysical characteristics.81  

Hollow supramolecular GVNP structures, with lengths of 100–1400 nm length and 

diameters of 45–120 nm, contain multiple monomeric subunits of two types of 

proteins.79 Generally, GVNPs appear as lemon-shapes or cylinders with conical caps 

at the ends.439 The structure comprises an internal void, and static and/or gated 

pores located most likely between the two protein subunits, which provide access to 

the hollow space for various gases.440  

The actual gvp gene cluster varies from organism to organism.436, 441-442 So far 8-14 

genes encoding structural, chaperone, and regulatory proteins have been identified 

to be involved in the expression, assembly, and regulation of GVNPs. Surprisingly, 

most of these identified genes have no structural impact and are solely regulatory or 

helper proteins. The main structural protein, GvpA, forms the core and is highly 

conserved among different organisms.443-445 The second structural protein, GvpC, 



144 
 

 

  

functions as a stabilizing protein to provide strength to the hollow structure 

assembly.441-442, 444, 446  

Bioengineering of GVNPs relies mainly on (i) gvpC-fusion constructs, (ii) surface 

modifications, and (iii) chemical modifications of GvpA after removing the GvpC 

protein. Several groups have shown that GvpC protein can be targeted for genetic 

manipulation, enabling the engineering of the gvp gene cluster for different protein 

associations or linkages.75 Recently, the GvpA protein was discovered to be 

amenable to chemical modifications,78 which opens up the opportunity to apply the 

broad toolbox of chemical methods for modification of proteins447-451 and enable the 

selective introduction of functional groups of high complexity. 

Here, an overview and background of bioengineered GVNPs for various application 

is presented.  
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4.1.2. Gas Vesicle Nanoparticles: An Overview 

Gas Vesicle Nanoparticle-producing microorganism and function  

GVNPs can be found in several microorganisms, such including cyanobacteria, 

proteobacteria, and archaea.81, 439, 444 Studies of GVNPs have been primarily focused 

on Anabaena flos-aquae and Halobacterium salinarum.  

The biogenesis of GVNPs and the proteins involved varied between species.445, 452 

Generally, the gvp gene cluster encodes 8 to 14 proteins for the regulation and 

biogenesis of GVNPs.443 Interestingly, this gene cluster can be chromosomal or 

plasmid-based.437-438, 453 As mentioned before, Gvp proteins share extremely high 

inter-species sequence homology.436, 444, 452, 454-455 

In cyanobacteria, GVNPs help to maintain the cells at a beneficial depth for 

photosynthesis and for growth in the aquatic environment.456-457 In haloarchaea, 

GVNPs enable the microbe to stay in the oxygen-containing surface layers of 

hypersaline ecosystems, and also regulating a favorable depth for light-driven ATP 

synthesis.437  

The function of the GVNPs is mainly to provide buoyancy. However, GVNPs can 

also act as a light-protecting or light-scattering subcellular organelles at high light 

intensities, or even enhance the surface to volume ratio to improve the efficiency of 

nutrient intake at low-temperature conditions. Thus, GVNPs allow heterotrophic 

bacteria to thrive in their ecological niches.437, 441  
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Structure and physical properties of Gas Vesicle Nanoparticles  

GVNPs can be visualized by electron microscopy as small shapes of approx. 10-20 

nm in diameter. During maturation GVNPs, grow into cylinders with conical tips with 

a diameter of approx. 60-200 nm and a length of up to 1.5 μm.81, 439, 458 

The GVNP ‘membrane’ is solely formed by two structural proteins and lacks other 

common membrane biomolecules, like lipids or carbohydrates.6  

GvpA, the major component of the ribbed GVNP structure, is a small 7-8 kDa 

hydrophobic protein. The second protein, the larger 20-40 kDa hydrophilic GvpC 

protein, is present on the GVNP surface. GvpC does not seem to have an important 

role in membrane integrity, rather it helps to stabilize the hollow structure.81, 446  

The GvpA protein contains two α-helices (H1, H2) separated by two antiparallel β-

strands, which follow a coil–α, helix–β, strand–β strand–α, helix–coil consensus 

motif, and is highly conserved across the various microbial domains.81 Pfeifer and 

co-workers showed that the dimensions and properties of the GVNP structure can 

be changed.446 Any kind of mutation in the H1 α-helix of GvpA resulted in the inability 

of the protein to assemble, while substituting the residues Gly33, Ile34, or Glu35 

altered the shape and properties of the GVNP structures.  

The GvpC sequence is highly conserved within cyanobacteria, and less conserved in 

haloarchaea. However, the hydrophilic residues generally assemble in α-helices.81 

Surprisingly, the GVNP ‘membrane’ is permeable to various gases;440 however, 

water molecules are excluded from the interior cavity due to the hydrophobicity of 
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the GvpA protein. Furthermore, the GVNP hollow structure can withstand pressure 

until it reaches a specific critical pressure, which varies from organism to 

organism.439, 453, 458 For example, GVNPs from cyanobacteria can withstand higher 

pressures compared to GVNPs from halobacteria.437, 441 Moreover, the negative 

charges of GVNPs also differs; GVNPs from higher ionic strength environments 

exhibit greater negative charges on the GvpA protein, which impacts the mechanical 

strength and dimension/shape.81, 459  
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4.1.3. Engineering and Application of Gas Vesicle Nanoparticles 

Understanding the gene cluster regulation and gene functionality   

The proteins involved in GVNPs biogenesis are depending on the species.445, 452 

However, a chromosomal or plasmid-based gvp gene cluster regulate and 

expression of the GVNPs biogenesis.437-438, 443, 453  

Several groups have investigated the importance and effects of the different genes 

in the gene cluster on GVNPs biogenesis. Generally, the gene cluster is mainly 

regulated by environmental parameters.437 The Halobacterium  salinarum gene 

cluster consists of 14 genes that are arranged in two sub-clusters, gvpDEFGHIJKLM 

upstream and gvpACNO downstream.455, 460 Regulation of the gene cluster is based 

on oxygen pressure, which regulates the expression of the GvpD and GvpE proteins. 

GvpD downregulates the expression of the two structural proteins GvpA and GvpC, 

while GvpE upregulates GvpA and GvpC expression.461 However, other regulatory 

mechanisms also exist. For example, in the cyanobacterium Calothrix sp. PCC 7601 

the gene cluster is regulated by a light-related antisense RNA.462 The 

Enterobacteriaceae Serratia sp. ATCC 39006 regulates the gene cluster by cell 

density.438  

Interestingly, non-functional gvp gene clusters can also be found in microbes, such 

as Bacillus megaterium and Streptomyces coelicolor.441 these species possess a 

gvp gene cluster, they do not produce GVNPs, and the function of these gene 

clusters still remains unclear. 
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Farhadi and co-workers conducted a proof-of-concept study reporting the successful 

expression of the Bacillus megaterium GVNP gene cluster in Escherichia coli; 

however with poor yields.463 In this initial construct, the expression of the GVNP 

gene cluster is regulated via a T7 promoter, and controlled by isopropyl β-D-1-

thiogalactopyranoside. Bourdeau and co-workers choose the same regulation and 

control mechanism and combined the gene clusters from Bacillus megaterium and 

Anabaena flos-aquae to create the first true hybrid gene cluster for GVNP 

production. This hybrid gene cluster was then successfully expressed in Escherichia 

coli and mammalian host cells.77  

Farhadi and Bourdeau showed the flexibility and power of the GVNP gene cluster 

combination.77, 463 However, the limits of this approach have not yet been reached. 

The hybrid gene cluster could further be engineered by combining GvpA and GvpC 

proteins from different sources, or by creating a gene cluster with a modified GvpC 

to enable tailored functionality. 
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Bioengineering and modification of the gas vesicle nanoparticles structural proteins 

GvpA and GvpC for bioapplications 

Several methods have been developed for protein engineering of GVNPs, resulting 

in a broad range of bioapplications (Table 4.1). 

Several groups reported successful modification of the structural GvpC protein from 

Halobacterium sp. at the genetic level. GvpC can be modified by deletion or insertion 

of larger genes, e.g., encoding for a luciferase reporter gene.464-465 Thus, several 

insertion points have been reported within the GvpC gene, in which a gene-of-

interest can be inserted. However, the GvpC protein mainly allows C-terminal 

insertions.72  

The GvpA protein can also be modified by genetic engineering. Pfeifer and co-

workers performed a mutagenesis studies on GvpA and investigated the impact of 

mutations on the structure and physical shape of the formed GVNPs.446 They 

successfully showed that GvpA tolerates certain mutations. 

GVNPs can also be addressed via chemical modifications routes. As such an 

unspecific surface functionalization of GVNPs from Anabaena flos-aquae was 

achieved by crosslinking the surface  GvpC proteins with glutaraldehyde, which 

increased the resistance of the GVNPs against protein-stripping agents.466 

A more selective chemical modification was the chemical modification of surface 

lysines present on the GvpC of GVNPs from Anabaena flos-aquae by sulfo-NHS-LC-
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biotin.467 This bioconjugation created a clustering effect when streptavidin was added 

as a aggregation agent.  

However, GVNPs from Halobacterium sp. can lose GvpC protein, when washed 

extensively with PBS, allowing to address a small subset of amino acids within the 

GvpA protein. Fernando and co-workers attached chlorin e6 to the carboxylic groups 

of the two lysine ε-amino groups (K19 and K59) on GvpA of GVNPs from 

Halobacterium sp.78  
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Table 4.1 Overview of bioengineering of gas vesicle nanoparticles and their bioapplications. 

GVNP Source 
Type of engineering 

Application Function Modification Reference 
Genetic Chemical 

Halobacterium sp.  x  

Vaccine research 

 

Antigen delivery system 

Construction of a GvpC deletion strain; 
Cloning of luciferase gene from Gaussia 
princeps into GvpC of Halobacterium 
salinarum NRC-1 

464-465 

Halobacterium sp.  x x 

Antigen delivery 
system, adjuvant 

 

Recombinant expression of the derivative of 
the Halobacterium salinarum NRC-1 – E. coli 
plasmid encoding gvp gene cluster in 
Halobacterium salinarum SD109; 
Conjugation of trinitrophenol hapten to 
GVNPs via 2,4,6-trinitrobenzene sulfonic 
acid (TNBS) 

468 

Halobacterium sp.  x  
Displaying of Simian Immunodeficiency Virus 
genes within GvpC of Halobacterium 
salinarum SD109  

68-69 

Halobacterium sp.  x  

Displaying of MOMP, OmcB, and PompD 
gene fragments from Chlamydia trachomatis 
within GvpC of Halobacterium salinarum 
SD109 

70 

Halobacterium sp. x  
Cloning of synthetic SopB4 and B5 gene 
fragments from Salmonella enterica into 
GvpC of Halobacterium salinarum NRC-1 

71 

Halobacterium sp.  x  
Cloning of the sequence encoding 
Plasmodium enolase into GvpC of 
Halobacterium salinarum pSD104 vector, 
transformation in Halobacterium salinarum 

469-470 
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SD109 

Anabaena flos-aquae  x 

Bioimaging 

Ultrasound (in vitro, in 
vivo): contrast agent, 
acoustic reporter genes 

GVNPs surface modification via biotinylation  467 

Bacillus megaterium, 
Anabaena flos-aquae x  

Ultrasound (in vivo): 
Acoustic reporter genes 

Recombinant expression of an engineered  

E. coli-compatible gvp gene cluster  

77 

Halobacterium sp.  x 
Ultrasound: contrast 
agent 

GVNPs surface modification with 
polyethylene glycol 

471 

Anabaena flos-aquae  x 
GVNPs surface modification with 
polyethylene glycol and hyaluronic acid 

472 

Anabaena flos-aquae, 
Bacillus megaterium 

  
Ultrasound: nonlinear 
x-wave imaging 

Stripped Ana GVNPs 473-474 

Bacillus megaterium x  
Ultrasound and 
Magnetic Resonance: 
contrast agent 

Recombinant expression of an engineered 
gene cluster from B. megaterium in E. coli 

463 

Anabaena flos-aquae,  
Bacillus megaterium, 
Halobacterium sp., 
Microcystis sp. 

x x 
Magnetic Resonance: 
contrast agent 

Recombinant expression in E. coli; GVNPs 
surface modification via biotinylation (A. flos-
aquae) 

475 

Anabaena flos-aquae,  
Bacillus megaterium, 
Halobacterium sp. 

x x 

Magnetic Resonance 
(in vitro, in vivo): 
contrast agent, acoustic 
reporter genes 

Recombinant expression of GVNPs from B. 
megaterium in E. coli. Biotinylation of GVNPs 
s from A. flos-aquae.  

476-477 

Anabaena flos-aquae  x 
Cancer treatment Photodynamic therapy 

GVNPs surface modification via lipid coating 
with dioleoyl phosphatidylcholine (DOPC) 

478 

Halobacterium sp.  x 
GVNPs surface modification with chlorin e6, 

78 
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EDAC and sulfo-NHS 

Halobacterium sp. x  
Endotoxemia 

treatment 
Anti-bacterial and anti-
inflammatory activity 

Fusion of murine bactericidal permeability-
increasing protein (mBPI) to the GvpC 
protein 

479 

Anabaena flos-aquae  x 
Animal cell culture 

maintenance 
Oxygen supply GVNPs treatment with 1% glutaraldehyde 466 
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Bioapplications of gas vesicle nanoparticles  

GVNPs have been used in various bioapplications (Table 4.1). The nanoscale size of GVNPs 

makes them especially attractive and promising drug and vaccine delivery platforms.71-73  

The GVNPs from Halobacterium salinarum have mainly been used for vaccine development 

to display gene fragments from viruses, e.g., the simian immunodeficiency virus,68-69 or 

bacteria, such as Chlamydia trachomatis,70 or Salmonella enterica,73  to induce an immune 

response. Further, GVNPs can be used for intradermal/transdermal delivery of protein- or 

peptide-derived drugs.74  

Another application is the endotoxic shock treatment by fusing murine bactericidal/ 

permeability increasing protein to GvpC protein, which has shown promising results in 

mice.479  

Moreover, GVNPs chemically modified with chlorin e6 have been used for photodynamic 

therapy of cancer.78 GVNPs treated with glutaraldehyde were employed in cell culture 

systems to provide oxygen supply as they have high oxygen-carrying capacity.466 

GVNPs from Anabaena flos-aquae were genetically engineered as nanomaterial with 

acoustic characteristics, which showed promising results in ultrasound imaging.75-78  
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4.1.4. Summary and Outlook 

The use of protein-based nanoparticles in drug delivery, vaccine development, and 

biocatalysis has become more apparent in the recent years.480-483 Utilizing the chemical and 

genetic modification methods, GVNPs serve as an engineerable platform and can, thus, be 

used for numerous biological applications. On the one hand, several new applications 

involving GVNPs as the core of these processes, such as displaying gene fragments in 

vaccination and obtaining acoustic nanomaterial characteristics, have already been seen. On 

the other hand, there is still limitless potential for the implementation of GVNPs in other fields 

varying from biocatalysis, bioremediation, flotation-based separation, and purification, to 

name a few. Over the last few years, the practical application of GVNPs has expanded 

rapidly. As a result of their multifaceted qualities, it enables them to further expand into even 

more potential areas of interest. 
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4.2. Bioengineering of Gas Vesicle Nanoparticles  

4.2.1. Abstract  

Gas vesicle nanoparticles have emerged as promising platforms for various bioapplications, 

mainly because their surface, and therefore their properties can be tailored by chemical 

and/or genetic strategies. Different bioengineering approaches, namely (i) gvpC-fusion 

constructs, (ii) surface modifications, and (iii) chemical modifications on GVNPs from 

Halobacterium salinarum and Anabaena flos-aquae have been tested to turn them into 

biocatalytic platforms. A proof-of-concept was achieved via surface modification of GVNPs 

from Halobacterium salinarum with anchoring peptides to immobilize a phytase.   
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4.2.2. Introduction 

Gas vesicle nanoparticles (GVNPs), which are present in archaea and bacterian,79 have been 

bioengineered for several applications such as vaccine development,68-70 drug delivery,71-74 

and diagnostics.75-78  

Most approaches of GVNPs design rely on (i) gvpC-fusion constructs, (ii) surface 

modifications of GvpC, and (iii) chemical modifications of GvpA. However, these approaches 

are limited to GVNPs from specific organisms. The gvpC-fusion construct approach has been 

mainly investigated with Halobacterium salinarum GVNPs. Although only a few tools are 

available for genetic manipulation of Halobacterium salinarum, as halophilic organisms, 

several protocols have been established.68-69, 75, 464-465, 469-470 So far, even toolkits exist for 

synthetic biology in cyanobacteria and microalga,484-486 no direct gvpC-fusion construct 

approaches haven been reported for Anabaena flos-aquae. However, a gvpC-fusion 

construct with Anabaena flos-aquae GVNPs was achieved by expressing the gvpC-fusion 

construct in Escherichia coli and exchanging the natural GvpC for the gvpC-fusion 

construct.473-474 

Recently, the GvpA protein was discovered to be amenable to chemical modifications,78 

which provides an opportunity to apply the broad toolbox of chemical methods for 

modification of proteins.447-451 This may allow the selective introduction of functional groups of 

high complexity. 

Here, the utilization of the above-mentioned engineering approaches in order to bioengineer 

GVNPs for biocatalytic application is presented. First, the gvpC-fusion approach in 

combination with the SpyTag/SpyCatcher system is examined.487-489 Next, the chemical 

modification of GvpC and GvpA proteins as an immobilization technique is investigated. 

Lastly, the well-established anchoring peptide method for surface functionalization and 

immobilization,490-495 was used to successfully attached a phytase onto the GVNP surface.   
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4.2.3 Results and Discussion  

Gas Vesicle Nanoparticle Expression Systems 

In order to test different bioengineering approaches of GVNPs, namely (i) gvpC-fusion 

constructs, (ii) surface modifications of GvpC, and (iii) chemical modifications of GvpA, all 

known GVNPs expression systems were cultivated. GVNPs were obtained from Anabaena 

flos-aquae, and Halobacterium salinarum.  

Anabaena flos-aquae is a green, filamentous freshwater cyanobacterium, whereas 

Halobacterium salinarum is a halophilic archaeon that appears pink. Thus, Halobacterium 

salinarum needs to be cultured in high-salt medium for efficient GVNP production, while 

Anabaena flos-aquae is cultured in freshwater medium supplemented with trace metals. Both 

species natively produce GVNPs after a few weeks of growth.  

GVNPs from Halobacterium salinarum were used for the genetic engineering, and GVNPs 

from Halobacterium salinarum and Anabaena flos-aquae were used for surface modifications 

and chemical modifications. 

 

GVNP expression in Anabaena flos-aquae  

The cyanobacterium Anabaena flos-aquae naturally produces GVNPs.496-498 Furthermore, 

methods for cell harvesting and purification of GVNPs are well-established.499-500 Only the 

high-density cultivation of the Anabaena flos-aquae for efficient GVNP production still 

remains challenging, since a controlled gaseous environment and illumination for optimal 

growth are required. Lakshmanan and co-workers described an efficient and well-designed 

setup based on a shaking incubator with cooling, illumination, and CO2 control for GVNP 

production.75, 500  Herein, we describe a simple shaking flask setup that may enable high-

density cultivation of Anabaena flos-aquae. 
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The main problem with high-density cultivation of cyanobacteria is providing an efficient 

supply of inorganic carbon (mostly in the form of CO2 and/ or HCO3
−).501-502 However, the 

culture medium can be supplied with bicarbonates, or bicarbonate-carbonate mixtures 

release CO2, which result in alkaline stress and cell death.503 Thus, the direct supply of 

bicarbonates, or bicarbonate-carbonate mixtures, for inorganic carbon supply is not 

favorable.  

The shaking flask design presented is based on CO2-releasing bicarbonate-carbonate 

mixtures,504-505 and combined with the manometric technique,506 to provide an efficient, 

controlled gaseous environment. The cell suspensions are spatially separated from the 

carbonate mixtures, thus creating an efficient CO2 pressure range and release.504 

The design of the shaking flask (Figure 4.1) allows the bicarbonate-carbonate mixture to be 

applied in such a way that the Anabaena flos-aquae cells are not in contact with the mixture; 

thus, avoiding the potential damage of the cells by the alkalic bicarbonate-carbonate mixture. 

 

Figure 4.1 Manometric shaking flask design. 

The Anabaena flos-aquae cultures can either be cultivated in a ‘closed’ system (Figure 4.1 a) 

or an ‘open’ system (Figure 4.1 b). The ‘open’ system has an additional gas exchange valve 

to allow the exchange of produced O2 or release CO2. 
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In the first set of experiments, 96-well plates were used for Anabaena flos-aquae culture and 

filled the space between the wells with NaHCO3-Na2CO3, or KHCO3-K2CO3 mixtures, with 5 

mbar CO2-partial pressure. The bicarbonate-carbonate mixtures were changed every two 

days. Precipitation of the NaHCO3-Na2CO3 was observed. However, both cultures showed a 

higher OD600 (OD600 = 2.0) compared to the cultures with direct bicarbonate supply (OD600 = 

0.5), and the untreated 96-well plate (OD600 = 1.0) after two weeks. 

Next, shaking flasks (Figure 4.1) were used and tested with the same NaHCO3-Na2CO3, and 

KHCO3-K2CO3 systems at 5 mbar CO2-partial pressure in the same setup as the 96-well 

plates. Surprisingly, the NaHCO3-Na2CO3 mixture drastically reduced the cell viability in both 

setups. Most likely, precipitation of the NaHCO3-Na2CO3 mixture stressed the cultures. The 

KHCO3-K2CO3 cultures in the ‘closed’ and ‘open’ systems performed similarly and yielded in 

an OD600 = 4.0.  

Further, GVNP production was quantified based on the volume of floating cells (Table 4.2). 

The manometric shaking flask design resulted in slightly higher amount of floating layer of 

GVNP-producing Anabaena flos-aquae.  

Table 4.2 Floating layer of GVNP producing Anabaena flos-aquae.a) 

Entry System  Volume (mlL) 

1 ‘Open’ system with KHCO3-K2CO3 8 

2 ‘Closed’ system with KHCO3-K2CO3 7 

3 KHCO3-K2CO3 added in medium 3 

4 No KHCO3-K2CO3 5 

a) 42 mL of Anabaena flos-aquae culture in 50 mL Falcon was left for 48 h to float. 

The manometric shaking flask design principle has worked; however, not as efficiently as 

hoped. Lippi and co-workers described a high-density cultivation setup with a two-tier vessel 

system that uses a membrane-mediated CO2 supply, which also allows also rapid mixing.502 
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This setup resulted in high-density cultivation of a cyanobacteria for the production of 

cyanophycin, which is an amino acid polymer. Consequently, this design could be also 

promising for the cultivation of  Anabaena flos-aquae for GVNP production.  

 

GVNP expression in Halobacterium salinarum NRC-1   

GVNPs from Halobacterium salinarum were kindly provided by Dr. Ram Karan (KAUST), and 

produced according to a standard procedure following his guidance.  

 

GVNP expression analysis    

To ensure the quality of the obtained GVNPs obtained, dynamic light scattering (DLS) and 

transmission electron microscopy (TEM) (Figure 4.2) experiments were conducted (Table 

4.3). The results are similar to those previously reported.500 

Table 4.3 GVNPs dimensions and hydrodynamic diameter. 

 
Dimensions  Hydrodynamic 

diameter (nm) Length (nm) Width (nm) 

GVNPs from Anabaena flos-aquae 501 ± 120 124 ± 19 195 

GVNPs from Halobacterium 
salinarum  430 ± 105 230 ± 47 206 

 

 

Figure 4.2 Representative TEM images of GVNPs. A. GVNPs from Halobacterium salinarum. B. GVNPs 

from Anabaena flos-aquae. Scale bars represent 200 nm.  
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Structural Characterization of Gas Vesicle Nanoparticles  

Knowledge of the structure-function relationship is important to enable efficient engineering of 

the physical and biochemical properties of GVNPs. So far, no full 3D structure of a GVNP has 

been published, and the molecular structure and assembly of GvpA and GvpC within the 

GVNP remain unknown. However, the present-day hypothesis is that the GvpA protein 

displays a coil–α-helix–β-strand–β-strand–α-helix-coil conformation with anti-parallel 

hydrophobic β-strands.82, 507 Solid-state NMR experiments with GVNPs from Anabaena flos-

aquae,83 X-ray diffraction, tryptic digestion of intact GVNPs combined with MALDI-TOF mass 

spectrometry, and atomic force microscopy experiments, support this secondary structure 

prediction.508-510  The GvpC protein mainly displays α-helical regions. 

Nonetheless, two de novo model predictions of the halobacterial GvpA protein exist.82, 507 The 

first model provided by Strunk et al. suggests an anti-parallel alignment of the β-strands, 

which might simplify the dimerization of GvpA, allowing the inward-facing β-strands to form a 

strongly hydrophobic surface.82 The second in silico model by Ezzeldin et a.l predicts a 

similar amphiphilic topology, with anti-parallel hydrophobic β-strands on one side opposite to 

the hydrophilic α-helices.507 However, the validation of these models is difficult since no 

sequence homologues of GvpA, that are not related to GVNPs, have been found in nature so 

far.82 Due to the overall size of the GVNP assembly, only cryo-electron tomography (cryo-ET) 

is a powerful enough method to directly observe the structural organization of intact, isolated 

GVNPs. 

As a first step, transmission electron microscopy (TEM) images were acquired to confirm the 

quality of isolated Halobacterium salinarum GVNPs. Afterwards cryogenic electron 

microscopy (cryo-EM) was used to optimize the GVNP grid concentration, and finally cryo-

electron tomography (cryo-ET) datasets were acquired for reconstruction of the GVNPs.  



164 
 

 

  

The main difficulty of working with halophilic archaeon is the high-salinity causing reduced 

contrast. Halobacterium salinarum grows in media containing 4.3 M NaCl.511 Bollschweiler 

and co-workers suggested an approach to make halophilic microbes accessible for cryo-EM 

by minimizing the salt concentration to the minimum, while still ensuring their stability. The 

approach was feasible with a cryo-EM buffer consisting of 3 M NaCl and 81 mM MgSO4.458 

Thus, Halobacterium salinarum GVNPs were prepared accordingly by dialysis against the 

cryo-EM buffer (3 M NaCl, 81 mM MgSO4). 

First, TEM grids were prepared as per standard procedures and imaged to obtain an 

indication of the quality of the sample (Figure 4.3). 

  

Figure 4.3 Representative TEM images of GVNPs from Halobacterium salinarum. Scale bars represent 

500 nm. 

The cryo-EM buffer makes negative staining difficult, as the high salinity caused aggregation 

of the negative stain and partial collapse of the GVNPs. 
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The vitrified GVNPs should be covered by a thin layer of ice, but without causing 

compression. Next, several conditions for vitrification with the Vitrobot Mark IV were tested. 

The best results were achieved with the following parameters: Vitrobot chamber temperature, 

4 °C; Vitrobot chamber humidity, 95 %; Blotting strength, 6; Blotting time, 6 s, which resulted 

in a thin homogenous ice layer and several single GVNPs (Figure 4.4). 

Figure 4.4 Overview 520x magnification micrographs of GVNPs from Halobacterium salinarum. The 

GVNPs appear clustered and singular.  

Next, the grid ‘loading’ with GVNPs was checked. The GVNPs appear as clusters and 

singular. For purposes of cryo-ET and the 3D reconstruction, only thin and elongated vesicles 

were selected (Figure 4.5).  
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Figure 4.5 Overview 11kx magnification micrographs of GVNPs from Halobacterium salinarum. The 

GVNPs appear as cylindrical and spindle-shaped.  

In the next step, several cryo-electron tomography (cryo-ET) data sets were recorded using a 

300 kV Titan Krios for 3D reconstruction. Suitable GVNPs for tomography were manually 

selected by several criteria, such as (i) the GVNP had to be visually structurally intact, (ii) the 

diameter of the GVNP is around 120 nm, (iii) the GVNP is singular and free, (iv) the position 

of the GVNP allows a tilt series and tolerates tilting of the stage (Figure 4.6).  

  

Figure 4.6 Representative cryo-electron tomography samples of GVNPs from Halobacterium salinarum. 

The dark spots are gold particles used for tracking during the data acquisition.  
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In order to evaluate the helicity of the GVNPs and to determine the arrangement of the 

structural protein GvpA, each tomogram was correspondingly analyzed, and subtomogram 

analysis was applied.  

However, the tomogram reconstruction from the cryo-ET datasets did not result in the 

expected quality; it was not possible to generate meaningful, unbiased tomograms.  

Summary and outlook  

Cryo-ET is still a low-throughput method and is slowly transitioning into a high-throughput 

method.512-513 Consequently, the workflows are still not as automated as in the field of single-

particle reconstruction,514-515 making the data acquisition, processing, classification, and 

reconstruction a cumbersome process.  

The approach described by Bollschweiler and co-workers458 worked well for the generation of 

cryo-ET datasets. However, the first attempt to generate 3D reconstructions from cryo-ET for 

GVNPs from Halobacterium salinarum was not successful. The high-salt concentration made 

it challenging to obtain good quality cryo-ET datasets. Changing the approach to GVNPs 

from Anabaena flos-aquae may solve this issue, since GVNPs from Anabaena flos-aquae are 

more stable in standard cryo-ET buffers, such as phosphate-buffered saline (PBS). 

Furthermore, these datasets may significantly improve the cryo-ET data processing, and may 

result in high-resolution 3D reconstructions.  
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Chemical Modification of the Structural Proteins   

Site-selective artificial chemical modification of endogenous amino acids is a powerful tool, 

and various chemical transformations targeting different endogenous amino acids are 

available.448, 516-517 Consequently, site-selective artificial chemical modifications on 

endogenous amino acids are employed in many applications, such as investigation of protein 

interactions, preparation of bioconjugates, or preparation of protein microarrays.517 The site-

selective artificial chemical modification methodology displays two crucial features (i) an 

efficient biocompatible chemical transformation reaction, and (ii) a good reaction economy 

resulting in modified protein in high yield and functional form.448, 516-517 

Site-selective artificial chemical modification of endogenous amino acids is a powerful 

approach for the bioengineering of GVNPs, since the transformation reactions occur at 

ambient temperature (up to 40 °C), aqueous conditions, and neutral pH range. Furthermore, 

the low concentrations of nontoxic reactants make these approaches biocompatible and 

feasible.  

The bioconjugation of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) is an ideal 

strategy to create an amine-reactive reagent for modification of proteins containing carboxylic 

acid groups.518-521 The halophilic nature of the GVNPs from Halobacterium salinarum 

provides a high content of amino acids with carboxylic acid groups. Another suitable 

bioconjugation approach is the thiol-reactive crosslinking with maleimides,518, 522 this is the 

most common bioconjugate techniques, since cysteines are very rare, and thus enable very 

specific crosslinking. Amine-reactive chemical groups, such as N-hydroxysuccinimide esters, 

are regularly used for crosslinking primary amines.523-524 Lysines are present in GVNPs from 

Halobacterium salinarum and Anabaena flos-aquae.  
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The GVNPs from Halobacterium salinarum and Anabaena flos-aquae were considered for (i) 

EDC/s-NHS coupling reaction, (ii) thiol-reactive maleimide crosslinking, and (iii) amine-

reactive crosslinking, and subsequent modified.  
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Analysis of the two structural Gas Vesicle Nanoparticle proteins  

First, the amino acid compositions of the two endogenous GVNP structural proteins GvpA 

and GvpC were analyzed (Table 4.4).  

Table 4.4 Amino acid composition of GVNPs structural proteins. GenBank: AAC82809.1, AAB23331.1, 

AAC82810.1, and AAB23339.1. 

Entry Amino Acid 
GvpA 

Halobacterium 
salinarum  

GvpA  
Anabaena 
 flos-aquae 

GvpC 
Halobacterium 

salinarum  

GvpC  
Anabaena  
flos-aquae 

1 Ala 14 11 67 32 

2 Arg 3 3 14 9 

3 Asn 0 1 5 0 

4 Asp 5 3 55 3 

5 Cys 0 0 2 0 

6 Gln 2 1 17 34 

7 Glu 9 6 60 24 

8 Gly 4 3 13 1 

9 His 1 0 8 3 

10 Ile 4 8 19 7 

11 Leu 7 7 12 21 

12 Lys 2 3 5 13 

13 Met 1 1 7 2 

14 Phe 1 0 23 12 

15 Pro 2 1 9 0 

16 Ser 4 7 11 14 

17 Thr 3 3 25 12 

18 Trp 1 1 0 0 

19 Tyr 1 2 12 2 

20 Val 12 12 18 4 

 

Remarkably, both structural proteins contain several endogenous amino acids suitable for 

different selective chemical modifications.448, 516-517  
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As expected, the GVNP structural proteins from Halobacterium salinarum display a high 

number of carboxyl group-carrying amino acids (Asp and Glu), that are suitable for carboxyl-

reactive reagents (Table 4.4 Entry 4,7). Consequently, an EDC/s-NHS coupling reaction 

seems possible, since accessible Asp and Glu are present on the GVNP surface. 

Interestingly, GvpC from Halobacterium salinarum contains two Cys, which can be modified 

using thiol-reactive reagents (Table 4.4 Entry 5). 

The GvpA and GvpC proteins from Halobacterium salinarum and Anabaena flos-aquae 

display a moderate number of Lys and Arg residues that can be modified using amine-

reactive reagents (Table 4.4 Entry 2,12). Normally, only Lys reacts with amine-reactive 

reagents. However, Arg also has to be considered, since it can be technically react as well. 

Bioconjugations with Ser or Thr by e.g., the introduction of aldehydes were not considered in 

the experimental design (Table 4.4 Entry 16,17).525-526 

Consequently, the EDC/s-NHS coupling reaction and thiol-reactive maleimide crosslinking, 

were tested with GVNPs from Halobacterium salinarum NRC-1. Amine-reactive crosslinking, 

was investigated with GVNPs from Anabaena flos-aquae.  
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EDC/s-NHS coupling reaction  

The EDC/s-NHS coupling reaction is a three-step mechanism. In the first step, EDC reacts 

with the carboxyl group of the endogenous amino acids, and forms an O-acylisourea 

intermediate. Next, the O-acylisourea intermediate couples with sulfo-NHS and forms an 

amine-reactive sulfo-NHS ester that is more stable than the O-acylisourea intermediate. In 

the last step, the amine-reactive sulfo-NHS ester conjugates to primary amines, at 

physiologic pH, creating an amide bond between the target molecules.520 

The amine containing fluorescent dye 6-aminofluorescein was coupled to GVNPs from 

Halobacterium salinarum  by the EDC/s-NHS coupling reaction (Figure 4.7). 

 

Figure 4.7 Fluorescence measurement of 6-aminofluorescein after EDC/s-NHS coupling of GVNPs from 

Halobacterium salinarum to 6-aminofluorescein.  

A standard EDC/s-NHS coupling procedure was used. The successful coupling was 

confirmed by fluorescence measurements at 495 nm. The untreated GVNPs from 

Halobacterium salinarum gave only a minor background after several rounds of washing. The 

GVNPs-6-aminofluorescein conjugate gave a high fluorescent signal (Figure 4.7). Next, the 

EDC/s-NHS crosslinking of GVNPs from Halobacterium salinarum to the fluorescent proteins 

mCherry and sfGFP was tested. However, crosslinking the proteins to the GVNP surface was 

not successful. It was hypothesized that the lysines on the fluorescent proteins mCherry and 

sfGFP cannot reach a close proximity to the EDC/s-NHS activated surfaces of the GVNPs.  
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Thiol-reactive maleimide crosslinking   

Thiol-reactive crosslinking is one of the most frequently used bioconjugation technique. Since 

cysteines are very rare in proteins, thiol-reactive crosslinking is site-specific and 

bioorthogonal.527 Maleimide crosslinkers react very rapidly with a nearby thiol to form a 

thioether bond, which is not responsive to reduction, near neutral pH.522 

Surprisingly, GvpC from GVNPs Halobacterium salinarum contain two cysteines (Table 4.4). 

First, the thiols were quantified and could be detected using the Measure-IT™ Thiol Assay 

Kit.  

 

Figure 4.8 Fluorescence measurement of Alexa Fluor™ 647 after thiol coupling of GVNPs from 

Halobacterium salinarum with Alexa Fluor™ 647 C2 maleimide.  

Next, a standard protocol for thiol-reactive maleimide crosslinking was used to conjugate 

Alexa Fluor™ 647 C2 Maleimide to GVNPs from Halobacterium salinarum (Figure 4.8). The 

successful coupling was monitored by fluorescence measurements at 671 nm. The GVNPs 

from Halobacterium salinarum only exhibited a minor background fluorescence after several 

rounds of washing. The GVNPs-Alexa Fluor™ 647 C2 conjugate gave a high fluorescent 

signal (Figure 4.8).  
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Amine-reactive crosslinking  

N-Hydroxysuccinimide (NHS) esters are the most popular type of reagent for primary amine 

labeling reactions. NHS-activated molecules react efficiently in pH 7-9 buffers to form stable 

amide bonds. Proteins generally contain several primary amines in the side chain of lysine 

residues and the N-terminus of each polypeptide that are available as targets for labeling with 

NHS-activated biotin reagents.523-524 

Amine-reactive crosslinking was investigated with GVNPs from Anabaena flos-aquae. In the 

first step, EZ-Link™ Sulfo-NHS-Biotin was coupled to GVNPs from Anabaena flos-aquae 

according to a standard procedure. After extensive washing, the Biotin-GVNPs were 

incubated with Alexa Fluor® 532 streptavidin, and then washed again.  

 

Figure 4.9 Fluorescence measurement of Alexa Fluor™ 532 after biotin-streptavidin coupling of 

biotinylated GVNPs from Anabaena flos-aquae with Alexa Fluor® 532 streptavidin. 

Successful coupling was confirmed by fluorescence measurements at 554 nm. The GVNPs 

from Anabaena flos-aquae and biotinylated GVNPs from Anabaena flos-aquae only exhibited 

minor background fluorescence after several rounds of washing. However, the Alexa Fluor® 

532 streptavidin-Biotin-GVNPs conjugate exhibited a high fluorescent signal (Figure 4.9).  



175 
 

 

  

Summary and outlook   

Site-selective artificial chemical modification of endogenous amino acids is a promising 

approach for modifying GVNPs. This work demonstrates that several chemical modification 

concepts are possible. Amine-reactive crosslinking in combination with biotin/streptavidin 

technology enabled successful introduction of a biocatalyst. However, the system is rather 

slow and expensive. A proof-of-concept for immobilizing peptides or proteins via other 

chemical modification concepts is still lacking. 

Nonetheless, this concept of the chemical modification of endogenous amino acids offers 

numerous possibilities. This approach could be combined with the SpyTag/SpyCatcher 

system,487-489 as covalent bioconjugation tool, which would create a universal platform for 

protein immobilization.  
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Bioengineering of gvpC-fusion Constructs 

Bioengineering of gvpC-fusion constructs relies on the C-terminal introduction of the protein 

of interest into the GvpC protein. The SpyTag/SpyCatcher system is an upcoming promising 

covalent bioconjugation tool.487-489 SpyTag is a short peptide that forms an isopeptide bond 

upon binding with the SpyCatcher protein.528 Moreover, the SpyTag/SpyCatcher system can 

be transformed in a bioorthogonal reaction  system, enabling the specific binding of different 

SpyTag/SpyCatcher variants.529 Furthermore, the SpyTag/SpyCatcher system has been 

applied as a phage display workflow for rapid antibody discovery,530 as a purification 

method,531 and as a probe replacement for antibodies in western blotting.532 

Successful transfer of the SpyTag/SpyCatcher system onto GVNPs would establish an easy 

and universal bioconjugation system for immobilization of any kind of protein on the surface 

of GVNPs. 

SpyTag/SpyCatcher system design and expression   

The SpyTag (MAHIVMVDAYKPTK) is a very short peptide of only 14 amino acids and a 

molecular weight of 1603 Da. The SpyCatcher protein is 114 amino acids long and displays a 

molecular weight of 12275 Da.487-489 The GvpC protein from Halobacterium salinarum has 

been already successfully bioengineered and various proteins of interest have been 

introduced to its C-terminal. To keep the genetic load on the gvpC-fusion constructs low the 

SpyTag (MAHIVMVDAYKPTK) was introduced to the c-terminal end of GvpC. A 

corresponding SpyCatcher-sfGFP protein construct functioned as florescent reporter.  

The SpyCatcher-sfGFP construct was cloned into a pET303 vector containing a C-terminal 

His6-tag and recombinantly expressed in E. coli BL21 (DE3) according to standard 

procedures. The fusion protein expressed with good yields (approx. 270 mg L-1), and was 

further confirmed by electrospray ionization mass spectrometry (ESI-MS) (Table S1).  
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The gvpC-spyTag GVNPs was expressed in Halobacterium salinarum and purified following 

standard procedures, and confirmed by tryptic digestion mass spectrometry (Figure S1). 

SpyTag/SpyCatcher binding assay  

The purified gvpC-spyTag GVNPs were incubated with purified SpyCatcher-sfGFP (5 equiv.) 

for 6 h, dialyzed overnight, and then analyzed by SDS-PAGE (Figure 4.10).  

 

Figure 4.10 SpyTag/SpyCatcher Assay. Lane 1, SpyCatcher-sfGFP; Lanes 2-4, increasing amounts of 

gvpC-spyTag GVNPs; Lanes 5-7 SpyCatcher-sfGFP+ gvpC-spyTag GVNPs. 

The gvpC-spyTag (45.1 kDa) was not visible, while the SpyCatcher-sfGFP was detected as a 

single band of about 40.3 kDa, suggesting that the fusion protein gvpC-spyTag-SpyCatcher-

sfGFP (85.4 kDa) could not form. 

Changing the incubation length and molar rations did not facilitate the gvpC-spyTag-

SpyCatcher-sfGFP binding.  

 

 

M    1        2     3    4      5       6       7 



178 
 

 

  

Conclusion  

The fusion protein gvpC-spyTag-SpyCatcher-sfGFP could not be achieved. Several, 

possibilities could cause this issue: (i) the small SpyTag might be not accessible for the 

SpyCatcher, (ii) the SpyTag is not facing outwards, or (iii) the gvpC-spyTag construct cannot 

bind to the GvpA and thus is washed off during the purification, or labeling.  

Taking the work of and Fernando co-workers work78 into account, it is most likely that gvpC-

spyTag construct was not bound to the GvpA anymore, and got washed of after the hypotonic 

lysis and repeated centrifugation steps during purification in PBS. 
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Surface Modification with Anchoring Peptides 

Surface-binding anchoring peptides have the potential to further expand the toolbox of 

chemical and physical surface functionalization techniques.532 Moreover, anchoring peptides 

are already a well-established method for surface functionalization of biological inert 

polymers, cell surfaces, exosomes , and nanoparticles.490-495  

The interaction between the surface and the anchoring peptide is based on various 

intermolecular forces.533 Some of these anchoring peptides contain a high number of 

aromatic amino acids, which enable π–π stacking of aromatic rings and hydrogen bond 

formation.534 Water-soluble antimicrobial peptides are one class of polypeptides used as 

anchoring peptides. Most of these antimicrobial peptides are α-helical with cationic and 

amphiphilic characteristics.535-536  

One antimicrobial peptide that has been successfully used as an anchoring peptides is 

Tachystatin A2 (YSRCQLQGFNCVVRSYGLPTIPCCRGLTCRSYFPGSTYGRCQRY).495, 537-

541 Tachystatin A2 was used as an adhesion-promoting peptide for surface binding on 

polypropylene and polystyrene.490-495 Tachystatin A2 even binds to polypropylene and 

polystyrene in the presence of surfactants, such as Triton X–100.495 The interactions between 

Tachystatin A2 and hydrophobic polymers like polypropylene and polystyrene are likely to 

rely on hydrophobic effects.534, 542 

Herein, several Tachystatin A2 (TA2) constructs were used to successfully functionalize the 

GVNP surface. GVNPs from Halobacterium salinarum were used for surface modification in 

this anchoring peptide study. 
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Material selection  

The anchoring peptide constructs were prepared by the research group of Prof. Ulrich 

Schwaneberg (RWTH). 

Several TA2 constructs were prepared (Table 4.5), expressed and purified as previously 

described.495, 540 The purity of the proteins was confirmed by SDS- PAGE (Figure S2). 

Table 4.5 Tachystatin A2 constructs. 

Entry Construct Name MW [kDa] Function 

1 HisTag-eGFP eGFP 28.7 Control for binding assay 

2 HisTag-eGFP-17xHelix-TA2 eGFP-TA2 36.5 Binding construct  

3 Phytase-WT from Yersinia mollaretii YmPh-WT 47.3 Control for activity assay 

4 Phytase from Yersinia mollaretii-17xHelix-TEV-TA2 YmPh-TA2 54.8 Binding construct 

 
 

Analysis of possible GvpC Tachystatin A2 binding 

The anchor peptide Tachystatin A2 (TA2) displays high hydrophobicity (Figure 4.11). Thus, 

two effects could be possible for the interaction with the GVNP surface: (i) hydrophobic 

effects,534, 542 and the intermolecular forces533 between positive and negative electrostatic 

potentials. 

Figure 4.11 Surface representation of Tachystatin A2. Tachystatin A2 (PDB: 1cix). Surface colors indicate 

positive and negative electrostatic potentials contoured from 50 kT/e (blue) to -50 kT/e (red). Visualized by 

PyMOL Molecular Graphics System, Version 2.4.2, Schrödinger, LLC. 
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The surface of GVNPs from Halobacterium salinarum consists mainly of GvpC protein (Table 

4.6).  

Table 4.6 Comparison of the amino acid composition of GvpC Halobacterium salinarum and 

Tachystatin A2. 

Entry Amino Acid 
GvpC 

Halobacterium 
salinarum  

Tachystatin A2 

1 Ala 67 0 

2 Arg 14 6 

3 Asn 5 1 

4 Asp 55 0 

5 Cys 2 6 

6 Gln 17 3 

7 Glu 60 0 

8 Gly 13 5 

9 His 8 0 

10 Ile 19 1 

11 Leu 12 3 

12 Lys 5 0 

13 Met 7 0 

14 Phe 23 2 

15 Pro 9 3 

16 Ser 11 4 

17 Thr 25 3 

18 Trp 0 0 

19 Tyr 12 5 

20 Val 18 2 

 

Comparison of the amino acid composition of GvpC from Halobacterium salinarum with 

Tachystatin A2, suggested that π–π stacking of aromatic rings534 may be possible.  
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Next, PeptiMap543-545 was used to predict commonly known peptide-binding sites in GvpC 

from Halobacterium salinarum (Figure 4.12).  

 

Figure 4.12 Structure prediction of GvpC from Halobacterium salinarum. The I-TASSER server was used 

for protein 3D structure prediction546-548 (up), and PeptiMap543-545 was used for predicting peptide-binding 

sites (down). 

Indeed, GvpC from Halobacterium salinarum contains several predicted peptide-binding 

sites. Taking into account the fact that several GvpC protein molecules can bind to one GvpA 

protein, neighboring GvpC proteins can create additional peptide-binding sites. The molar 

ratio of GvpA to GvpC was found to be 25:1 in freshly isolated gas vesicles and 23:1 in gas 

vesicles saturated with GvpC.549 Thus, several peptide-binding sites should be present on the 

GVNP surface. 
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Preliminary screening   

The binding of eGFP (as control) and eGFP-TA2 to the surface of GVNPs of Halobacterium 

salinarum were investigated by fluorescence measurements (Figure 4.13).  

 

Figure 4.13 Fluorescence measurements of eGFP and eGFP-TA2 bound to the surface of GVNPs from 

Halobacterium salinarum before and after extensive dialysis.   

GVNPs from Halobacterium salinarum were incubated with eGFP, or eGFP-TA2 for 1 h and 

then dialyzed overnight. The fluorescence was measured before and after dialysis. The 

fluorescent signal dropped significantly for the GVNPs from Halobacterium salinarum 

incubated with eGFP indicating that most non-specifically adsorbed proteins were removed 

(Figure 4.13). However, a small background signal of eGFP could be observed. The 

fluorescent signal for GVNPs from Halobacterium salinarum incubated with eGFP-TA2 

dropped slightly indicating a minor washing of effect of eGFP-TA2, confirming the binding of 

eGFP-TA2 to GVNPs from Halobacterium salinarum. 

Next, the samples were analyzed by fluorescence microscopy (Figure 4.14). 
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Figure 4.14 Confocal microscopy of the eGFP (left side) and eGFP-TA2 (right side) bound to the surface of 

GVNPs of Halobacterium salinarum before and after extensive washing. 

A weak fluorescent signal was detected for the eGFP control (Figure 4.14). In contrast, the 

surface of GVNPs of Halobacterium salinarum incubated with eGFP-TA2 showed a 

significantly higher fluorescence signal after the washing steps, indicating that the selected 

anchor peptide is exclusively responsible for the binding onto the surface of GVNPs. 

The binding of the eGFP-TA2 anchoring peptide was stable over a few days (Figure 4.15). 

 

Figure 4.15 Time course confocal microscopy of eGFP-TA2 attached to GVNP surface. Left side: After 4 

days after initial incubation. Right side: After 11 days after initial incubation.  
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Flow cytometry-based detection of eGFP-TA2 bound to GVNP surface   

Next, flow cytometry550-552 was used to further confirm the interaction between GVNPs from 

Halobacterium salinarum and eGFP-TA2 (Figure 4.16).   

 

Figure 4.16 Sorting of GVNPs from Halobacterium salinarum with bound to eGFP-TA2 by flow cytometry.  

Surprisingly, the interaction seems to be stable under flow cytometry conditions. Out of 

100000 counts 19,4 % were positive counts for eGFP-TA2 bound to GVNPs of 

Halobacterium salinarum. The positive population was distinctly discriminated by size using 

the side-scattered light (SSC) channel in combination with fluorescence intensity. The 

negative populations of unmodified GVNPs of Halobacterium salinarum or unbound eGFP-

TA2 could be observed.  
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Phytase activity on the surface of GVNPs from Halobacterium salinarum surface  

A phytase TA2 fusion construct (YmPh-TA2) was incubated with GVNPs from Halobacterium 

salinarum and purified as described before. Next, the activity of phytase after immobilization 

on the GVNPs Halobacterium salinarum surface and several washing and dialysis steps was 

determined by the 4-MUP assay.540, 553 This fluorescent assay is based on hydrolysis of the 

phosphorylated substrate (4-MUP) and subsequent detection of the fluorescent product (4-

MU) (Table 4.7). 

Table 4.7 Phytase activity assay. 

Entry Construct   Specific activitya) 

1 YmPh-WT   11.45 

2 YmPh-TA2   9.12 

3 GVNPs Halobacterium salinarum   0 

4 YmPhTA2-GVNPs Halobacterium salinarum   5.26 

a) Specific activity: μM Pi released (min mg protein)−1. 

The specific activity of the purified fusion construct YmPh-TA2 was comparable to the 

phytase wild type (YmPh-WT). The GVNPs from Halobacterium salinarum functioned as 

negative control and did not show any activity in the 4-MUP assay. The YmPh-TA2 bound to 

GVNPs Halobacterium salinarum showed activity. However, the activity is drastically reduced 

compared to YmPh-WT and unconjugated YmPh-TA2.  
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Conclusion 

The anchor peptide Tachystatin A2 is a good candidate for the anchoring of protein on the 

surface of GVNPs Halobacterium salinarum. The binding was confirmed by fluorescent 

measurement, and flow cytometry. Further, an enzyme could successfully be immobilized 

and showed activity. Therefore, anchor peptides are an efficient immobilization technique for 

enzymes or bioactive peptides on GVNP surface. Furthermore, the properties of anchoring 

peptides can be tailored to the needs by directed evolution or rational protein engineering.   
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4.2.4. Summary and Outlook   

The interfaces between the subunits of GVNPs are poorly understood, but arguably the most 

important one, as GVNP self-assembly, disassembly, and reassembly is dependent upon the 

subunits. Thus, unraveling the mechanisms underlying the formation of GVNPs is crucial to 

further push the bioengineering of GVNPs. The approach using cryo-ET with GVNPs from 

Halobacterium salinarum did not result in a successful reconstruction. However, highlighted 

the strength of the approach. 

Currently, the bioengineering approaches for GVNPs are only focused on gvpC-fusion 

constructs. This strategy is quite well-established. Nonetheless, the gvpC-fusion approach 

also has its limitations as show in the SpyTag/SpyCatcher approach. However, mutagenesis 

approaches for GvpA or gvpA-fusion constructs are overlooked possibilities. Especially the 

direct introduction of thiols in GvpA for thiol-reactive crosslinking is a promising approach. 

Chemical modification of structural proteins and surface modification with anchoring peptides 

are promising approaches to introduce functionalities and create potential applications. The 

proof of concepts has been made. However, lacking a real application example.  
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4.2.5. Material and Methods   

General Remarks Unless otherwise noted, all chemicals were purchased from Aldrich, VWR, 

or Thermo scientific and used without further purification. LB-Media was prepared from Luria 

Broth Ready Mix (Sigma Aldrich). Escherichia coli BL21 (DE3) cells were purchased from 

New England Biolabs (Ipswich, MA, USA).  

Expression and purification of GVNPs from Anabaena flos-aquae The previously 

reported protocol was adjusted to our setup.500 Anabaena flos-aquae (CCAP strain 1403/13F) 

was cultured in BG-11 solution (Sigma, St. Louis, MO) with 10 mM sodium bicarbonate 

(NaHCO3) at 25 °C, 25 rpm shaking, under a 14 h light and 10 h dark cycle. After two weeks, 

the cultures were transferred to sterile separating funnels, and the buoyant cells were 

separating over a 48 h period. GVNPs were harvested by hypertonic lysis of the buoyant cells 

with 500 mM sorbitol and 10% Solulyse (Genlantis, San Diego, CA). Purification was done by 

repeated centrifugally assisted floatation followed by resuspension in phosphate buffered 

saline (PBS) (Corning, Union City, CA).  

Manometric expression of Anabaena flos-aquae The bicarbonate-carbonate mixtures 

NaHCO3-Na2CO3, or KHCO3-K2CO3 mixtures, with 5 mbar CO2-partial pressure were 

prepared by dissolving 75.09 g of KHCO3 and 103.65 g of K2CO3 in 500 mL MiliQ H2O. 

Similarly, 30 g of NaHCO3 and 50 g of Na2CO3 were dissolved in 500 mL MiliQ H2O. The 20 

mL of bicarbonate-carbonate mixtures were filled in the inlet of the manometric shaking flask, 

and changed every 2 days. Anabaena flos-aquae (CCAP strain 1403/13F) was cultured in 

BG-11 solution (Sigma, St. Louis, MO) with 10 mM sodium bicarbonate (NaHCO3) at 25 °C, 

25 rpm shaking, under a 14 h light and 10 h dark cycle. After two weeks, the cultures were 

transferred to sterile separating funnels, and the buoyant cells were separating over a 48 h 

period. GVNPs were harvested by hypertonic lysis of the buoyant cells with 500 mM sorbitol 

and 10% Solulyse (Genlantis, San Diego, CA). Purification was done by repeated 
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centrifugally assisted floatation (200 g, overnight) followed by resuspension in phosphate 

buffered saline (PBS).  

Expression and purification of GVNPs from Halobacterium salinarum Halobacterium 

salinarum NRC-1 cells were cultured in CM+ growth medium (4.3 M sodium chloride, 81 mM 

magnesium sulfate heptahydrate, 10 mM trisodium citrate dehydrate, 27 mM potassium 

chloride, 0.5% casein hydrolysate, 0.3% yeast extract) at 42 °C, 100 rpm shaking, for one 

week. The cultures were transferred to sterile separatory funnels and the buoyant cells were 

separating over a one week period. GVNPs were collected by hypotonic lysis of the buoyant 

cell fraction using 1 mM MgSO4 solution. Purification was done by repeated centrifugally 

assisted floatation (200 g, overnight) followed by resuspension in phosphate buffered saline 

(PBS).  

Transmission Electron Microscopy (TEM) GVNPs samples were dialyzed against TEM 

buffer (10 mM HEPES pH 8, 150 mM NaCl) and spotted on hydrophilic by glow discharging 

lacey carbon films on 300 mesh copper grids (LC305-CU) from Electron Microscopy 

Sciences (EMS) and incubated for 10 – 30 sec. Afterwards GVNPs samples were negatively 

stained using 2% uranyl acetate. Liquid was removed by Whatman® cellulose filter paper. 

The grids were afterwards air dried. TEM images were obtained on a Titan CT electron 

microscope (FEI, now Thermo Fisher Scientific), operating at a voltage of 300 kV, equipped 

with a 4k x 4k charge-coupled device (CCD) camera of model US4000 (Gatan, Inc.) for 

recording of images. 

Dynamic light scattering (DLS) The Zeta potential of GVNPs was determined using the 

Zetasizer Nano ZS (Malvern, UK) with an angle of 90° and refractive index of 1.33. GVNP 

samples were diluted in PBS. 
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Cryo-electron tomography (cryo-ET) The samples were prepared by drop-casting a small 

amount of sample solution (~2µL) onto holey-carbon coated copper grids (#Q225CR-06) from 

EMS, and afterwards frozen by using an automatic plunge-freezing system of model Vitrobot 

mark-IV (Thermo Fisher Scientific). The samples were then imaged under cryo-conditions 

with a Titan Krios cryo-transmission electron microscope (Thermo Fisher Scientific). Images 

were acquired by with an accelerating voltage of 300 kV. Images were recorded on a direct 

electron complementary metal oxide semiconductor (CMOS) K2 camera (Gatan, Inc). The K2 

camera (Gatan, Inc) is able of recording higher-resolution images under ultralow dose 

electron beam conditions (≤ 1 e-/Å2).554-555 A tilt series were acquired using the software 

package Xplore3D (Thermo Fisher Scientific), using a continuous tilt scheme from to -65° to 

+65°, using 2° increments, under low dose conditions. These tomograms were then aligned 

and reconstructed with IMOD (version 4.9.12.).556 The reconstructed datasets were then 

post-processed for surface-rendering and volume-rendering in Avizo 9.3 (Thermo-Fisher 

Scientific).  

Computational and structural analysis Structure analysis and visualization were performed 

using programs PyMOL328, Yasara329, and SwissPDB Viewer 4.1.330 Electrostatic surface 

potential calculations were performed using the PyMOL plugin APBS.335  

EDC/s-NHS coupling reaction A mixture of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC) (0.4 mg, 2 mM) and sulfo-N-hydroxysuccinimide (sulfo-NHS) (1.1 mg, 5 

mM) prepared in activation buffer (1xPBS, pH 6, 150 mM NaCl) was added to 1 mL of 

GVNPs (1 mg/mL). The reaction components were mixed well, and rotated for 20 min at room 

temperature. Afterwards, 2-mercaptoethanol (final concentration of 20 mM) was added to 

inactivate the EDC. The 6-aminofluorescein, mCherry protein, or sfGFP protein was added in 

an equal molar ratio with the GVNPs in coupling buffer (1xPBS, pH 7.2, 150 mM NaCl). 

Mixed well, and rotated for 2 h at room temperature. The GVNPs were subsequently 
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separated by centrifugation (300 g, 25 °C) and washed with PBS to remove residual free 

reactant. The modified GVNP suspension was stored at 4 °C in PBS. 

Expression and purification of mCherry The pBAD-mCherry vector (Addgene: 54630) was 

transformed into E. coli BL21 (DE3). A fresh colony was used to inoculate an overnight LB 

medium (15 mL) supplemented with ampicillin (100 μg mL−1) and 0.2% D-glucose, that was 

grown at 37 °C at 220 rpm. 10 mL of the overnight culture was used to inoculate 1 L of LB 

medium containing ampicillin (100 μg mL−1) and 0.2% D-glucose in a 2 L Erlenmeyer flask at 

37 °C at 220 rpm. The recombinant protein expression was induced by adding L-arabinose 

(0.2% final) when OD600 reached 0.6–0.8. The temperature was lowered to 18 °C and culture 

was incubated for 16 h. Cultures were then centrifuged at 4500 rpm for 30 min 4 °C. Pellets 

were washed with lysis buffer (100 mM Tris/HCl, pH 7.4, 500 mM NaCl, 20 mM imidazole). 

Then c0mplete protease Inhibitor cocktail (Roche), was added together with DNase. Cell 

disruption occurred using a Cell Disruptor (Constant System Inc.). After 4 °C centrifugation 

(16000 g, 20 min) the cleared lysate was used for protein purification by Ni-NTA agarose 

column (5 mL, GE Healthcare). The mCherry protein eluted from the column between 20 and 

35% of elution buffer (100 mM Tris/HCl, pH 7.4, 500 mM NaCl, 500 mM imidazole). The 

collected fractions were concentrated by using a Amicon® Ultra Centrifugal filter (10000 

MWCO). The purified enzyme was overnight dialyzed against storage buffer (50 mM Tris/HCl 

pH 7.4, 50 mM NaCl, 5% glycerol), and the aliquoted and stored at -20 °C.  

Expression and Purification of sfGFP The pET29b_sfGFP_ctHis plasmid was transformed 

into E. coli BL21 (DE3). A fresh colony was used to inoculate an overnight LB medium (15 

mL) supplemented with kanamycin (50 μg mL−1), that was grown at 37 °C at 180 rpm. 10 mL 

of the overnight culture was used to inoculate 1 L of LB medium containing kanamycin (50 μg 

mL−1) in a 2 L Erlenmeyer flask at 37 °C at 180 rpm. The recombinant protein expression was 

induced by adding isopropyl-β-D-1-thiogalactopyranoside (IPTG) (0.5 mM, final) when OD600 
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reached 0.6–0.8. The temperature was lowered to 25 °C and culture was incubated for 16 h. 

The cells were harvested by centrifugation at 4 °C (4000 g, 30 min) and were resuspended 

(1g in 10 mL) in lysis buffer (100 mM Tris/HCl pH 7.4, 100 mM NaCl, 20 mM imidazole). 

Before lysis c0mplete protease Inhibitor cocktail (Roche), was added together with DNase. 

Cell disruption occurred using a Cell Disruptor (Constant System Inc.). The After 4 °C 

centrifugation (16000 g, 20 min) the cleared lysate was used for protein purification by Ni-

NTA agarose column (5 mL, GE Healthcare). The enzyme eluted with elution buffer (100 mM 

Tris/HCl pH 7.4, 100 mM NaCl, 500 mM imidazole). The collected fractions were 

concentrated by using a Amicon® Ultra Centrifugal filter (10000 MWCO). The purified 

enzyme was overnight dialyzed against storage buffer (50 mM Tris/HCl pH 7.4, 50 mM NaCl, 

5% glycerol), and the aliquoted and stored at -20 °C.  

Fluorescence measurements Measurements were performed using a TECAN INFINITE 

M1000 according to standard procedure. 

Thiol-reactive maleimide crosslinking 1 mL of GVNPs (2.5 mg/mL), in 1x PBS pH 7.4, was 

reduced using 10 eq. TCEP for 30 min. Dialysis under inert atmosphere for at least 4 hours at 

4 °C was performed to remove residual TCEP. Alexa FluorTM 647 C2 maleimide was 

dissolved in DMSO, and added to the GVNPs with a final solute concentration of 10%. 

Addition reactions occurred for 24 hours at 4 °C in the dark. Harvested samples were then 

further dialysis against 1x PBS. 

Amine-reactive crosslinking To 1 mL of GVNPs (3 mg/mL), in 1x PBS pH 7.4., EZ-Link 

Sulfo-NHS-Biotin (10 mM) was added in a 20-fold molar excess, and incubated on ice for two 

hours. Dialysis for at least 4 hours at 4 °C was performed to remove excess of EZ-Link Sulfo-

NHS-Biotin. The 1 mg lyophilized Alexa Fluor® 532 streptavidin was dissolved in 1x PBS pH 

7.4, and added to the GVNPs-Biotin sample, and incubated on ice for 30 min. Dialysis for at 

least 2 hours at 4 °C was performed to remove unbound Alexa Fluor® 532 streptavidin. 
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Expression and purification of SpyCatcher-sfGFP The pIBA3-SpyCatcher-sfGFP vector 

(Addgene: 107420) was transformed into E. coli BL21 (DE3). A fresh colony was used to 

inoculate an overnight LB medium (15 mL) supplemented with ampicillin (100 μg mL−1), that 

was grown at 30 °C at 180 rpm. 10 mL of the overnight culture was used to inoculate 1 L of 

LB medium containing ampicillin (100 μg mL−1) in a 2 L Erlenmeyer flask at 30 °C at 180 rpm. 

The recombinant protein expression was induced by adding anhydrotetracycline (AHTC) (0.1 

μg mL–1, final) when OD600 reached 0.6. The temperature was kept at 30 °C and culture was 

incubated for 4 h. The cells were harvested by centrifugation at 4 °C (4000 g, 30 min) and 

were resuspended (1g in 10 mL) in lysis buffer (100 mM Tris/HCl pH 7.4, 100 mM NaCl, 20 

mM imidazole). Before lysis c0mplete protease Inhibitor cocktail (Roche), was added together 

with DNase. Cell disruption occurred using a Cell Disruptor (Constant System Inc.). The After 

4 °C centrifugation (16000 g, 20 min) the cleared lysate was used for protein purification by 

Ni-NTA agarose column (5 mL, GE Healthcare). The enzyme eluted with elution buffer (100 

mM Tris/HCl pH 7.4, 100 mM NaCl, 500 mM imidazole). The collected fractions were 

concentrated by using a Amicon® Ultra Centrifugal filter (10000 MWCO). The purified 

enzyme was overnight dialyzed against storage buffer (50 mM Tris/HCl pH 7.4, 50 mM NaCl, 

5% glycerol), and the aliquoted and stored at -20 °C.  

Mass spectrometry Protein mass spectrometry carried out on a BRUKER maXis HDTM 

ESI-TOF. 0.04 mM of pure protein sample was dialyzed against 5% ACN, 0.1 % FA and 

prone to either direct injection or HPLC (Agilent Technologies), C4 Column (Column volume 

5 ml). Elution occurred with a flowrate of 0.5μL/min and a gradient to 80 % ACN, 0.1 % FA at 

8 min. Subsequently fractions were recorded according to standard procedure.  

Identification of purified protein by LC-MS/MS analysis The pure samples (10 ug) were 

digested with trypsin/LysC mix (Promega, Madison, WI, USA) using the FASP protocol282. 
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Peptides were measured using a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific, 

Waltham, MA, USA) and analyzed using MASCOT v2.3 (Matrix Sciences Ltd, UK).  

SpyTag/SpyCatcher binding assay The proteins were mixed at equimolar rations in PBS 

pH 7.4 at 25 °C for 3 h. Dialysis for at least 2 hours at 4 °C was performed to remove 

unbound SpyCatcher-sfGFP.  

Polyacrylamide gel electrophoresis The SDS-PAGE analysis was performed by using the 

precast Novex® Tris-glycine gels (4–20%, Invitrogen, Carlsbad, CA, USA). The gels were 

stained with Imperial Protein Stain (Thermo Fisher, Rockford, IL, USA).  

Expression and purification of TA2 constructs The TA2 constructs (Table 4.5) were 

prepared and expressed and purified as previously described.495, 540  

Surface modification with anchoring peptides Incubation of 1.5 equivalent TA2 constructs 

(Table 4.5) with GVNPs in PBS pH 7.4 at 25 °C for 3 h. Purification was done by repeated 

centrifugally assisted floatation (200 g, overnight) followed by resuspension in phosphate 

buffered saline (PBS), or by extensive dialysis. 

Confocal microscopy Binding of eGFP-TA2 proteins was determined by confocal 

fluorescence microscopy (Zeiss LSM 710 inverted confocal microscope). Samples were 

excited with 488 nm, 10% laser intensity, according to a standard protocol. 

Flow cytometry The flow cytometry was carried out with a BD Influx (BD Biosciences) 

operated with a 457 nm laser for excitation and a bandpass filter 480/40 for eGFP-TA2 

fluorescence detection. The sort mode was set to 1.0 Drop Single. The sorting window was 

set based on the fluorescence signal from the first 1x105 cells of each sample, and the side-

scattered light (SSC) determining the size of the counted particle. The cells within the window 

were sorted in a 96-well plate. 
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Phytase assay with 4-MUP As previously described.540 In short: The activity of YmPh and 

YmPh-TA2 proteins was determined with the 4-methylumbelliferyl-β-D-phosphate (4-MUP) 

assay. Phytases hydrolyze the fluorogenic 4-MUP substrate, resulting in the fluorescent 

product 4-MU. The fluorogenic 4-MUP substrate is prepared as 10 mM stock solution in 

250 mM sodium acetate buffer (250 mM sodium acetate, pH 5.5, 1 mM CaCl2, 0.01% Tween-

20). Within the activity assays, the stock solution is diluted to 1 mM 4-MUP with sodium 

acetate buffer (250 mM sodium acetate, pH 5.5, 1 mM CaCl2, 0.01% Tween-20). 

60 µl of sample was mixed with 140 µl sodium acetate buffer, and transferred to a black 96-

well plate. The reaction was started by adding fluorogenic 4-MUP substrate solution (25 µl, 

1 mM final concentration; 250 mM sodium acetate, pH 5.5; 1 mM CaCl2, 0.01% Tween-20). 

The activities of the phytase constructs in solution were determined by measuring the 

increase in relative fluorescence over time using a TECAN INFINITE M1000 according to 

standard procedure. 
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CHAPTER 5: Summary  
 

Here, the key findings of the three different biocatalytic approaches are summarized.  

Chapter 2 assed the holistic approach of discovery and biotechnological potential of novel 

enzymes from the Red Sea brine pools. The observations suggest that structural adaptation 

of the proteins from the Red Sea brine pool microorganisms, are similar to those of others in 

extreme environments. The adaptation to high temperature and high salt concentration is 

facilitated by a compact hydrophobic core, increased salt bridge interactions that help to 

maintain the structural integrity, whereas dynamic flexibility is kept by a high percentage of 

negatively charged random coils. Further, protein engineering was systemically used for a 

newly discovered halophilic γ-carbonic anhydrase to increase the catalytic activity. 

Chapter 3 evaluated the use of amine-transaminase in cascades for the chiral and non-chiral 

amine synthesis. A self-sufficient cascade by the use of a smart amine donor was developed 

by combining a lysine decarboxylase with an amine-transaminase. The cascade was 

successfully used for chiral and non-chiral amine synthesis of various benzaldehyde analogs. 

Also, the cascade was used in a whole-cell approach.  

In Chapter 4 the current engineering principles and applications of gas vesicle nanoparticles 

are presented. Two differ types of GVNPs were successfully expressed. We tried to do cryo-

ET with the GVNPs. However, failed in the reconstruction attempt. We utilized three different 

engineering approaches in order to bioengineer GVNPs for biocatalytic application. First, we 

explored the gvpC-fusioning approach in combination with the SpyTag/SpyCatcher system. 

Next, we tried the chemical modification of GvpC and GvpA proteins as immobilization 

technique. Lastly, we used the well-established anchoring peptide method for surface 

functionalization and immobilization, and successfully attached a phytase on the GVNP 

surface. 
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APPENDICES 

Appendix 3.2. Crystal structure and active site engineering of a 

halophilic g-carbonic anhydrase 

Table S1. Crystallographic data collection and refinement statistics. 

 g-CA  
  
Crystal parameters  
Space group F432 
Cell constants a= 362.4 Å 
Subunits / AUa 5 
  
Data collection  
Beam line X06SA, SLS 
Wavelength (Å) 1.28 
Resolution range (Å)b 50 - 2.6 (2.7 - 2.6) 
No. observed reflections 848,244 
No. unique reflectionsc 118535 
Completeness (%)b 100 (100) 
Rmerge (%)b, d 8.5 (57.5) 
I/σ (I)b 18.8 (3.3) 
  
Refinement (REFMAC5)  
Resolution range (Å) 30 - 2.6 
No. refl. working set 59,365 
No. refl. test set 3,124 
No. non hydrogen 7,548 
No. of metals 25 
Solvent 611 
Rwork / Rfree (%)e 17.7 / 20.4 
r.m.s.d. bond (Å) / (°)f 0.006 / 1.25 
Average B-factor (Å2) 47.5 
Ramachandran Plot (%)g 98.0 / 1.8 / 0.2 
  
PDB accession code 6SC4 
[a] Asymmetric unit 
[b] The values in parentheses for resolution range, completeness, Rmerge and I/σ (I) correspond to the 
highest resolution shell 
[c] Data reduction was carried out with XDS and from a single crystal. Friedel pairs were treated as 
individual reflections 
[d] Rmerge(I) = ΣhklΣj | I(hkl)j - <I(hkl)> | / Σhkl Σj I(hkl)j, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity 
[e] R = Σhkl | |Fobs| - |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated without a sigma cut off for a randomly 
chosen 5% of reflections, which were not used for structure refinement, and Rwork is calculated for the 
remaining reflections 
[f] Deviations from ideal bond lengths/angles 
[g] Percentage of residues in favored region / allowed region / outlier region 
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Table S2. Homolog g-CA structures as found and ranked by the DALI Server 331. The proteins are classified 

according to their host organism being meso- or thermophilic and their sequence identity to CA_D is given. 

(Note: homolog CA with the PDB ID 3r1w is not included as its source is unknown but presumably stems 

from a psychrophilic organism. As this is the only example for this class it is not included for statistical 

reasons.) 

PDB ID RMSD331 Organism Type (DSMZ) Sequence identity (Query cover)557-558 [%] 

3tio 0.9 Escherichia coli mesophilic 27 (96) 

2fko 0.8 Pyrococcus horikoshii thermophilic 43 (94) 

3ixc 0.7 Anaplasma phagocytophilum mesophilic 36 (93) 

3vnp 0.9 Geobacillus kaustophilus thermophilic 32 (96) 

1xhd 1.0 Bacillus cereus mesophilic 29 (96) 

3r3r 1.4 Salmonella enterica mesophilic 28 (95) 

4n27 1.0 Brucella abortus mesophilic 36 (98) 

4mfg 1.2 Clostridium difficile mesophilic 37 (95) 

1qrg 2.6 Methanosarcina thermophila thermophilic 31 (75) 

3kwc 1.5 Thermosynechococcus 
elongatus 

thermophilic 43 (82) 
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Table S3. Interactions of CA_D and homolog g-CA structures. The number of interactions is indicated 

within each monomer on the left side and the ones that are added by trimerization, meaning the interactions 

which were additionally added upon trimer formation, are displayed on the right side (HB: Hydrogen Bonds, 

SB: Salt Bridges). Hereby, CA_D is compared to the average number of interactions in mesophilic and 

thermophilic homologs, while the single numbers per homolog are listed below each average. The highest 

value per row (CA_D compared to the average values) is marked as bold. In the case of a substantial 

difference between CA_D, the average values or the individual homologue values, the value is marked as 

bold and underlined. 

Enzyme 

Contacts within monomer Influence of trimerization 

HB SB pi-pi cation-
pi 

Hydro-
phobic HB SB pi-pi cation-

pi 
Hydro-
phobic 

CA_D 162 12 34 18 1014 69 10 60 33 350 

Mesophilic 
average 167 10 35 12 963 42 5,5 68 33 324 

3tio 162 13 39 16 1058 26 7 103 40 265 

3ixc 173 8 39 11 892 36 3 45 30 294 

1xhd 190 12 34 8 974 49 6 67 30 418 

3r3r 183 15 24 20 1009 58 9 81 24 323 

4n27 145 6 38 12 897 49 5 68 46 399 

4mfg 149 8 33 6 945 31 3 46 29 243 

Thermophilic 
average 172 9 52 15 1036 42 5 58 34 392 

2fko 153 9 58 16 1068 45 6 27 72 342 

3vnp 159 14 28 8 944 44 3 62 53 365 

1qrg 193 6 52 12 1109 54 6 30 6 381 

3kwc 183 6 69 24 1024 23 6 111 3 481 
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Table S4. Activity of CA_D variants. 

 WT Single mutants Double mutants Triple mutant Quadruple 
Mutant 

CA_D I46E K58Q H166N I46E-
K58Q 

K58Q- 
H166N 

I46E- 
H166N CA_D* CA_D*-

D67E 

WAU/mg 32.93 0.65 20.21 5.09 - - - 566 583 

 
 
Table S5. Oligonucleotides used in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer 5′-3′sequence Use 
5’-O CGCAAGCTTGACGTCGTGCTCTCCAGTTTC Deletion of icfA gene 

5’-I GATCCGTGACGCGATTTCGGGTCTAGACTG
GTTGCCCGCCAGCAT 

3’-I CCCGAAATCGCGTCACGGATCACTCGGCTC
TGGAGTTACTAA 

3’-O CGCGAATTCACTCTCAGATCCGACGTCACG 

pRK.F GCTGGACTGCCTTTTCTTCG Sequencing of CA_D gene 

pRK.R GTTACTCCACCGTCATTCAGC 

RK.CAA_ I46E.1 CGATGGTGATCTTCTCCTCGTCGGCGCGGA
TGACG 

Mutation I46E 

RK.CAA_ I46E.2 CGTCATCCGCGCCGACGAGGAGAAGATCAC
CATCG 

RK.CAA K58Q.1  ATGACGGCGTTGTCCTGGATGCAGGTGTTCT
TG 

Mutation K58Q 

RK.CAA K58Q.2  CAAGAACACCTGCATCCAGGACAACGCCGT
CAT 

RK.CAA H166N.1 CGAGCTCGGCGTTGGTGTCGGCCTG Mutation H166N 

RK.CAA H166N.2 CAGGCCGACACCAACGCCGAGCTCG 
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Figure S1. Location of the carbonic anhydrase gene (icfA) on the Halobacterium sp. NRC-1 chromosome 

559. 

 

 
(a) (b) 

 

Figure S2. Purification of CA_D. (a) Purification of CA_D from Halobacterium sp. NRC-1Δura3ΔicfA by 

Ni-Sepharose column. Purified fractions were electrophoresed on a 4-20 % polyacrylamide–SDS gel, and 

stained with Coomassie blue (left) and InVision His-tag In-gel Stain (right). SDS-PAGE and InVision His-tag 

In-gel stain analysis revealed a prominent single band with a molecular mass of ~26 kDa (calculated 

molecular weight of 21.1 kDa) (Figure S2A). The high apparent molecular mass anomaly was expected 

based on previously reported highly acidic haloarchaeal proteins284, 560. (b) Tryptic digest and LC-MS/MS 

analysis of CA_D. Matched peptides are shown in bold. Sequence coverage was 89 %. 
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Figure S3. Comparison of the electrostatic surface potential of CA_D. The electrostatic surface 

potential of the CA_D trimer is compared to thermophilic homologs (Pyrococcus horikoshii, 2fko; 

Geobacillus kaustophilus, 3vnp; Methanosarcina thermophile, 1qrg; Thermosynechococcus elongates, 

3kwc). All, except 3vnp show an increased negative surface charge. The electrostatic surface potential is 

color-coded from red (negative potential) to blue (positive potential). Unit -5 to +5 kBT/e. 
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Figure S4. Comparison of amino acid composition. Single (a) hydrophobic and (b) polar surface-

exposed amino acids between CA_D and meso- and thermophilic homologs.  

 

Figure S5. Purification of CA_D mutants. Purification of CA_D mutants from Halobacterium sp. NRC-

1Δura3ΔicfA by Ni-Sepharose column. Purified fractions were electrophoresed on a 4-20 % 

polyacrylamide–SDS gel, and stained with Coomassie blue (left) and InVision His-tag In-gel Stain (right). 

(a) Single and double variants, Lane 1. I46E, Lane 2.  K58Q, Lane 3. H166N, Lane 4. I46E-K58Q, Lane 5. 

K58Q-H166N, Lane 6. I46E-H166N, (b) Triple variants CA_D* (I46E-K58Q-H166N). (c) Quadrepole 

variants CA_D*-D67E. 
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I46E  

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADEEKITIGKNTCIKDNAVIHPADVYHE
EEIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELE
EREIKQIKKQADTHAELAEHYSREIEEP 

K58Q 

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADIEKITIGKNTCIQDNAVIHPADVYHEE
EIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELEE
REIKQIKKQADTHAELAEHYSREIEEP 

H166N 

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADIEKITIGKNTCIKDNAVIHPADVYHEE
EIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELEE
REIKQIKKQADTNAELAEHYSREIEEP 

I46E-K58Q  

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADEEKITIGKNTCIQDNAVIHPADVYHE
EEIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELE
EREIKQIKKQADTHAELAEHYSREIEEP 

I46E-H166N  

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADEEKITIGKNTCIKDNAVIHPADVYHE
EEIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELE
EREIKQIKKQADTNAELAEHYSREIEEP 

K58Q-H166N  

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADIEKITIGKNTCIQDNAVIHPADVYHEE
EIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELEE
REIKQIKKQADTNAELAEHYSREIEEP 

CA_D*(I46E-K58Q-H166N) 

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADEEKITIGKNTCIQDNAVIHPADVYHE
EEIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELE
EREIKQIKKQADTNAELAEHYSREIEEP 

CA_D*-D67E 

MHHHHHHMRMIQKFEGKKPEIHETAFVHPRATIIGDVEIGPKTSVWPGAVIRADEEKITIGKNTCIQDNAVIHPADVYHE
EEIEYVPVKIGDNNIIGHRALIHGAKINDESIVGAGSIVFNKAEVKTNSMVGMGAVVLEKQEVPNGKIVVGIPARVLRELE
EREIKQIKKQADTNAELAEHYSREIEEP 

Figure S6. Tryptic digest and LC-MS/MS analysis of CA_D WT and variants. Mutated amino acids are 

highlighted in green. Matched peptides are shown in bold. Sequence coverage was 85-94 %. 
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Figure S7. Control Activity Measurements. The reaction time until the activity plateau was reached was 

measured for the background reaction (Background) and the crude lysate (Lysate) of untransformed 

Halobacterium cells as well as for crude lysate which was purified on a Ni-NTA column (Negative) as a 

negative control. As a comparison, the reaction time was measured with the commercial carbonic 

anhydrase from bovine erythrocytes Sigma (St. Louis, MO, USA) as a positive control. 
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Appendix 4.2. An amine donor mediated self-sufficient 

biocatalytic transamination cascade 

 

Molecular Biology 

pET29b_Pp-spuC_ctHis 

MSTNNPQTREWQTLSGEHHLAPFSDYKQLKEKGPRIITKAQGVHLWDSEGHKILD
GMAGLWCVAVGYGREELVQAAEKQMRELPYYNLFFQTAHPPALELAKAITDVAPE
GMTHVFFTGSGSEGNDTVLRMVRHYWALKGKPHKQTIIGRINGYHGSTFAGACLG
GMSGMHEQGGLPIPGIVHIPQPYWFGEGGDMTPDAFGIWAAEQLEKKILEVGEDN
VAAFIAEPIQGAGGVIIPPETYWPKVKEILAKYDILFVADEVICGFGRTGEWFGSDYY
DLKPDLMTIAKGLTSGYIPMGGVIVRDKVAKVISEGGDFNHGFTYSGHPVAAAVGLE
NLRILRDEQIVEKARTEAAPYLQKRLRELQDHPLVGEVRGLGMLGAIELVKDKATRS
RYEGKGVGMICRTFCFENGLIMRAVGDTMIIAPPLVISHAEIDELVEKARKCLDLTLE
AIRGSGLEHHHHHH 

Number of amino acids: 464 

Molecular weight: 51123 Da 

pET303_EcLdc_ct-His 

MNVIAILNHMGVYFKEEPIRELHRALERLNFQIVYPNDRDDLLKLIENNARLCGVIFD
WDKYNLELCEEISKMNENLPLYAFANTYSTLDVSLNDLRLQISFFEYALGAAEDIAN
KIKQTTDEYINTILPPLTKALFKYVREGKYTFCTPGHMGGTAFQKSPVGSLFYDFFG
PNTMKSDISISVSELGSLLDHSGPHKEAEQYIARVFNADRSYMVTNGTSTANKIVGM
YSAPAGSTILIDRNCHKSLTHLMMMSDVTPIYFRPTRNAYGILGGIPQSEFQHATIAK
RVKETPNATWPVHAVITNSTYDGLLYNTDFIKKTLDVKSIHFDSAWVPYTNFSPIYE
GKCGMSGGRVEGKVIYETQSTHKLLAAFSQASMIHVKGDVNEETFNEAYMMHTTT
SPHYGIVASTETAAAMMKGNAGKRLINGSIERAIKFRKEIKRLRTESDGWFFDVWQ
PDHIDTTECWPLRSDSTWHGFKNIDNEHMYLDPIKVTLLTPGMEKDGTMSDFGIPA
SIVAKYLDEHGIVVEKTGPYNLLFLFSIGIDKTKALSLLRALTDFKRAFDLNLRVKNML
PSLYREDPEFYENMRIQELAQNIHKLIVHHNLPDLMYRAFEVLPTMVMTPYAAFQKE
LHGMTEEVYLDEMVGRINANMILPYPPGVPLVMPGEMITEESRPVLEFLQMLCEIGA
HYPGFETDIHGAYRQADGRYTVKVLKEESKKLEHHHHHH 

Number of amino acids: 723 

Molecular weight: 82325 Da 
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pET303_AsLdc_ctHis 

MNIFAILNHSGVFFKEEPVRELHASLEKAGYKVVYPVDAQDLYKMVEMNPRICGVL
FDWDKYSLDLCTEINVLNEKLPLYAFANQHSTLDISLTDLRLNLHFFEYALGMADDIA
LKINQATEEYIDQIMPPFTKALFKYVEEGKYTFCTPGHMGGTAFQKSPAGSIFYDFY
GPNAFKADVSISMPELGSLLDHSGPHKEAEEYIARTFNADSSYIVTNGTSTSNKIVG
MFSAPAGSTVLVDRNCHKSLTHMMMMSDVTPIYFRPTRNAYGILGGIPQSEFTREV
IEAKVAATPNATMPGYAVITNSTYDGLLYNTQYIKETLDTKFIHFDSAWVPYTNFNSI
YEGKCGMSGEAMPGKVFYETQSTHKLLAAFSQASMIHVKGEFDKESFNEAFMMHT
STSPQYGIVASTEIAAAMMRGNTGKKLIQDSIDRAIRFRKEIKRLESESDSWFFDVW
QPENIDTTECWKLDPKDTWHGFKDIDDDHMYLDPIKVTLLTPGMNENSEMSETGIP
ASIVAKYLDEHGIVVEKTGPYNLLFLFSIGIDKSKAMQLLRALTDFKRGYDLNLTVKN
FLPSLYNEDPSFYEGMRIQELAQGIHDLTRQYRLPELMFKAFDVLPELKVTPHAAW
QEELRGNVEEVKLEEMVGRVSANMILPYPPGVPLVLPGEMVTTESRPVLDFLEMLC
AIGAHYPGFETDIHGVYAQKDGSYTVKVLKEDLEHHHHHH 

Number of amino acids: 720 

Molecular weight: 81417 Da 

 
Table S1. Mass spectrometry of Pp-spuC, EcLdc and AsLdc. 

 
Mass Spectrometry 

Δ [Da] 
Expected [Da] Observed [Da] 

Pp-spuC 50992 50990 -2 

EcLdc 82194 82191 -3 

AsLdc 81286 81281 -5 
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LC-MS 

 

Figure S1. Extracted LC-MS chromatograms of protonated lysine ([M+H]+ at m/z 147.112804 at 

RT = 3.29 min. 
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Figure S2. Extracted HPLC-MS chromatogram of protonated Cadaverine ([M+H]+ at m/z 

103.122975 at RT = 3.19 min. 
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Figure S3. SDS-PAGE analysis of whole-cell approach of recombinant E.coli expressing EcLdc 

and Pp-SpuC after 24 h of cultivation. Lanes: 1, Molecular weight marker; 2, before induction; 3, 

24 h after IPTG induction. 

 

Table S2. HPLC retention times of amine products. 

Entry Compound  Retention time in [min] 

1 Benzylamine 21,26 

2 4-Methylbenzylamine 49,14 

3 4-Methoxybenzylamine 66,13 

4 4-(Aminomethyl)benzonitrile 14,76 

5 4-(Aminomethyl)benzoic acid 23,14 

6 4-Chlorobenzylamine 78,55 

7 1-Phenylethylamine  23,01 

8 1-(4-Methoxyphenyl)ethanamine 66,13 
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Appendix 5. Bioengineering of Gas Vesicle Nanoparticles 

 

Molecular Biology 

pBAD-mCherry 
MGGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPSSSMVSKGEEDNMAIIKEFMRF
KVHMEGSVNGHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKA
YVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEFIYKVKLRGTNF
PSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRLKLKDGGHYDAEVKTTYKAKKP
VQLPGAYNVNIKLDITSHNEDYTIVEQYERAEGRHSTGGMDELYK 

Number of amino acids: 272 

Molecular weight: 30624 Da 

pET29b_sfGFP_ctHis 
MVSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPV
PWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGTYKTRA
EVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQKNGIKANFKIR
HNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNEKRDHMVLLEF
VTAAGITHGMDELYKGSHHHHHH 

Number of amino acids: 247 

Molecular weight: 27847 Da 

pIBA3-SpyCatcher-sfGFP 
MHHHHHHGAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATME
LRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTV
NGKATKGDAHIGGSKGEELFTGVVPILVELDGDVNGHKFSVRGEGEGDATNGKLTL
KFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKRHDFFKSAMPEGYVQERTISF
KDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNFNSHNVYITADKQ
KNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSVLSKDPNE
KRDHMVLLEFVTAAGITHGMDELYKSAWSHPQFEK 

Number of amino acids: 372 

Molecular weight: 41302 Da 
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Table S1 Mass spectrometry of SpyCatcher-sfGFP. 

 
Mass Spectrometry 

Δ [Da] 
Expected [Da] Observed [Da] 

SpyCatcher-sfGFP 41189 41184 -5 

 

 

MSVTDKRDEMSTARDKFAESQQEFESYADEFAADITAKQDDVSDLVDAITDFQAEMTNTTDAFHTYGDEF
AAEVDHLRADIDAQRDVIREMQDAFEAYADIFATDIADKQDIGNLLAAIEALRTEMNSTHGAFEAYADDFAA
DVAALRDISDLVAAIDDFQEEFIAVQDAFDNYAGDFDAEIDQLHAAIADQHDSFDATADAFAEYRDEFYRIE
VEALLEAINDFQQDIGDFRAEFETTEDAFVAFARDFYGHEITAEEGAAEAEAEPVEADADVEAEAEVSPDE
AGGESAGTVNGSGSGSAHIVMVDAYKPTKGSGSGSVNEEEETEPAEVETAAPEVEGSPADTADEAEDTE
AEEETEEEAPEDMVQCRVCGEYYQAITEPHLQTHDMTIQEYRDEYGEDVPLRPDDKT 

Figure S1. Tryptic digest and LC-MS/MS analysis of gvpC-spyTag. Matched peptides are shown 

in bold. Sequence coverage was 94 %. 
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Figure S2 SDS-Page of the TA2 constructs and controls. A) eGFP with a molecular mass of 28.7 

kDa. B) eGFP-TA2 with a molecular mass of 36.5 kDa. C) YmPh with a with a molecular mass of 

47.3 kDa. C) YmPh-TA2 with a with a molecular mass of 54.8 kDa. SDS-PAGE was performed by 

a research collaboration partner. 


