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Abstract 

Biotransformation discovery enabled by high-throughput mass-

spectrometric enzyme activity screening and comparative genomics 

By 

Tristan Paul Theodoor de Rond 

Doctor of Philosophy in Chemistry 

Univeristy of California, Berkeley 

Professor Jay D. Keasling, Co-chair 

Professor Judith P. Klinman, Co-chair 

The potential of replacing unsustainable petroleum feedstocks with the biological production of 

small molecules is stipulated on access to a wide array of enzyme-catalyzed transformations. In 

this dissertation, we have taken two distinct approaches to expanding the biocatalytic toolbox. 

In one case, we develop a high-throughput mass spectrometry-based assay for detecting enzyme 

activity. We lay out in detail the chemical synthesis, software development, assay optimization 

and benchmarking that has allowed the assay to become a robust method. We then showcase 

our technology to the screening of a cytochrome P450 mutant library, allowing us to identify 

enzyme variants with desired altered substrate specificity. In a complimentary enzyme discovery 

approach, we turn to the diversity of fascinating reactions already present in nature. Through 

comparative genomics of the marine bacterium Pseudoalteromonas rubra, we identify an 

enzyme responsible for catalyzing the impressive feat of regioselective C–H activation and C–C 

bond-formation in the biosynthesis of cycloprodigiosin. 
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0.1 PREFACE 
All references to figures, tables and section in this thesis are clickable links. If clicking a 

reference does not redirect you to that item, you are probably not reading the original PDF. 

Please contact Tristan de Rond at tristan.de.rond@berkeley.edu to request the original file. 

0.2 INTRODUCTION TO THE DISSERTATION 
Metabolic engineering has the amazing potential to produce molecules that are currently 

produced from unsustainable petroleum feedstocks using dangerous and environmentally 

harmful processes, instead through fermentation from renewable feedstocks. However, quickly 

after joining Jay Keasling’s research group, I realized that many valuable molecules are simply 

inaccessible to metabolic engineers because the inventory of reactions they have access to is 

limited compared to that available to organic chemists. For many chemical transformations, we 

do not know of an enzyme catalyzing it despite the reaction being reasonably expected to be 

chemically feasible. Hence, I have set out to broaden the range of available biotransformations, 

in the same vein of what the discipline of synthetic methodology has achieved for organic 

chemistry over the last century. 

One way to realize this ambition is to change the substrate specificity of an enzyme that already 

performs a useful reaction. While methods to predict successful enzyme engineering strategies 

have come a long way in the last few years, our inability to precisely model the effect of 

mutations on an enzyme’s interactions with its substrate has meant that the vast majority of 

enzyme engineering efforts have required assaying large mutant libraries for activity. For this 

reason – as well as their prominence in drug discovery pipelines – I set out to develop a high-

throughput enzyme activity assay based on mass spectrometry. In chapters 1 through 1, I lay out 

the chemical synthesis, software development, assay optimization and a proof of concept that 

has led to making this goal a reality. 

On the other hand, evolution has been inventing enzymes for billions of years, so perhaps 

another promising way to discover enzymes catalyzing useful reactions, is to explore existing 

biodiversity. This is my approach in chapter 7, where I carry out some genomic detective work to 

identify a di-iron enzyme responsible for catalyzing an oxidative cyclization in the biosynthesis 

of the natural product cycloprodigiosin.  
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1 HIGH THROUGHPUT SCREENING OF ENZYME 

ACTIVITY WITH DESORPTION MASS SPECTROMETRY 

This chapter includes material from de Rond, T., Danielewicz, M., and Northen, T. (2015). High 

throughput screening of enzyme activity with mass spectrometry imaging. Curr. Opin. 

Biotechnol. 31 (doi: 10.1016/j.copbio.2014.07.008) 

 

Figure 1.1: Graphical Abstract for chapter 1 

1.1 INTRODUCTION 
Understanding enzymatic catalysis is at the heart of biochemistry and essential for 

biotechnologies from biocatalysis to drug development[1–4]. Functional gene annotation of the 

overwhelming variety of enzymes identified in recent genomic efforts, combined with the 

diversity of possible substrates, inhibitors, and reaction conditions entails the exploration of a 

daunting experimental space. Classically, large-scale enzyme characterization efforts have 

employed surrogate substrates that change spectroscopic properties upon enzyme action. While 

high throughput (subsecond/sample), these approaches are applicable only to a narrow range of 

biochemical transformations, can be difficult to develop, have high false discovery rates, and are 

typically unable to distinguish multiple competing reactions. HPLC and LC-MS techniques have 

proven to be important compliments to spectroscopic screens for many biological applications 

because of their analytical specificity and accuracy[5]. However, they are much lower 

throughput (minutes/sample) and are therefore typically employed for smaller scale studies or 

hit-confirmation. Here we will focus on the application of Desorption Mass Spectrometry and 

Mass Spectrometry Imaging (MSI) towards high-throughput enzyme activity assays. 

MSI is perhaps the fastest growing subfield of mass spectrometry (MS), allowing for the mass 

analysis of thousands of distinct locations on a surface. While the primary application of MSI 

has been the localization of biomolecules within tissues[6], the technology likewise enables the 

comparison of thousands of spatially defined samples (for a discussion on sample deposition 

techniques, see section 1.6). One emergent application of this capability is the high-throughput 

characterization of enzyme activity. 

A major challenge for any application of MSI is the limited number of analytes that can be 

detected simultaneously compared to the much more comprehensive – but low-throughput – 

analysis achieved by integrating chromatography with MS (e.g. GC-MS or LC-MS), which 

reduces the number of molecules competing for desorption and ionization at a given time. A 

https://dx.doi.org/10.1016/j.copbio.2014.07.008
https://dx.doi.org/10.1016/j.copbio.2014.07.008
https://dx.doi.org/10.1016/j.copbio.2014.07.008
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variety of approaches have been developed to improve analyte detection in direct infusion 

methods. For example, the Agilent RapidFire platform automates a solid phase extraction step 

prior to analysis, in effect accomplishing HT-ESI-MS[7]. Recently, a similar but spatially defined 

extraction step has been developed for MSI[8].  Additionally, cleanup of samples on a surface 

can be achieved through selective analyte immobilization and washing off contaminants.  

The convergence of sample cleanup technologies with MSI has the potential to provide the 

sensitivity and throughput needed for enzyme characterization and other applications. This 

review focuses on a number of these Desorption MS-based enzyme activity profiling 

technologies, a topic which has not been reviewed since Ken Greis covered it in his 

comprehensive 2007 review[9]. For other applications of MSI, the reader is referred to a 

number of excellent reviews on tissue imaging[6,10] and imaging microbial interactions[11]. 

1.2 MASS SPECTROMETRY AND IMAGING TECHNOLOGIES 
Generation of gas phase ions is an essential step for mass spectrometry, and in MSI this entails 

ionization and desorption of molecules from a surface. It is desirable to minimize fragmentation 

for many applications, including enzyme activity determination, and hence we will focus on 

prominent ‘soft’ ionization technologies. These can be divided into liquid- and solid-phase 

desorption/ionization approaches. Electrospray Ionization (ESI) is the foundational technology 

for most liquid-phase imaging approaches. Desorption ESI (DESI) uses the stream of charged 

solvent from an electrospray source to solubilize and desorb molecules from the MS surface[12]. 

Sample preparation is minimal, and the solvent composition can be varied to enrich for specific 

molecules. In NanoDESI, a nanoliter drop of solvent is scanned over the surface prior to ESI; 

solvent is delivered and aspirated off by two closely aligned capillaries near the surface [13].  

Laser ablation ESI (LAESI) combines IR laser ablation followed by ESI ionization, enabling MSI 

of a wide range of hydrated samples. These liquid-phase analytical techniques have not yet been 

applied to high-throughput enzyme screening, however we anticipate that they will be as the 

technologies mature.  One could envision, for instance, interfacing NanoDESI directly with one 

of the emerging ultrahigh-throughput microfluidic enzyme assays[4,14]. 

Technologies for solid phase analytics can be roughly divided into two categories: Matrix-

Assisted Laser Desorption/Ionization (MALDI)-MS[15] and Surface-Assisted Laser 

Desoprtion/Ionization (SALDI)-MS[16] and both are fairly mature technologies regarding 

enzyme activity analysis. In MALDI-MS, analytes are co-crystallized with a matrix that absorbs 

laser light and transfers the energy to the analyte. In many cases, molecules <500 Da can be 

obscured by abundant matrix cluster ions and the requisite crystal formation limits resolution 

[6]. These drawbacks of MALDI have motivated efforts to develop matrix-free Surface Assisted 

Laser Desorption Ionization (SALDI) approaches. 

A variety of SALDI techniques have been developed, many of which have recently been reviewed 

[17]. The majority of these are based some form of nanostructured silicon, including 

Desorption/Ionization on Silicon (DIOS), NAPA and Nanostructure-Initiator Mass 

Spectrometry (NIMS). Both DIOS and NAPA are based on the direct laser 

Desorption/Ionization of analytes directly from these planar substrates[18,19].  NIMS is a 

unique approach to laser desorption based on a liquid coated nanostructured surface[20]. The 

ionizing laser heats the surface, which results in the explosive vaporization of the trapped liquid 

coat as well as the adsorbed analyte molecules.  
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1.3 MASS SPECTROMETRY FOR THE SPATIAL LOCALIZATION OF ENZYME 

ACTIVITY 
Recent developments in MSI are being used to provide additional information on the turn-over 

of proteins, metabolites within tissues and cells based on analysis of stable isotope 

incorporation. This is typically done with ion beam imaging [21,22], but has recently been 

extended to NIMS, enabling intact metabolite analysis[23]. MSI is also particularly well 

positioned to directly visualize the spatial distribution enzyme activity in tissues, bacterial 

communities and biomass. Enzyme activity imaging has traditionally been achieved via in-situ 

colorimetric assays, and activity-based probes in conjunction with fluorescence microscopy or 

MRI [24–26]. When MSI is employed, it is frequently to take advantage of high-sensitivity mass 

tags linked to activity-based probes, rather than imaging of enzyme substrates and products 

directly[27,28]. In a notable exception, Grobe et al. soaked tissue sections in a solution of 

angiotensin, followed by MALDI-MS imaging to detect the proteolysis product[29*,30]. We 

expect that new desorption approaches as well as some of the analyte enrichment techniques 

mentioned throughout this review present great promise for this application of MSI, in 

particular enzyme activity on low-MW molecules. 

1.4 DESORPTION MS TECHNOLOGIES APPLIED TO HIGH-THROUGHPUT 

ENZYME ACTIVITY SCREENING 
As the most established surface MS method, MALDI has been applied to the detection of 

enzyme activity repeatedly. By and large, the reports of using MALDI have been of activity with 

high-MW substrates such as peptides and lipids (to prevent the analytes from being eclipsed by 

abundant matrix cluster ions), performed in buffer with purified enzymes (to avoid ion 

suppression). A low-MW enzymatic transformations that has been shown to be amenable to 

MALDI is catalyzed by acetylcholinesterase: both its substrate and product are stable cations 

and give ample signal even in the presence of matrix. Further enzymatic activities that have been 

monitored by MALDI are listed in Table 1. Noise from matrix ions may be diminished by 

selectively monitoring precursor-daughter ion pairs using MS/MS[31,32,33*], employing a high-

MW matrix when analyzing low-MW molecules[34], or using the superior mass-resolution 

provided by MALDI-FTICR[35,36]. 

In many situations it is desirable to perform high-throughput enzyme activity assays in complex 

sample matrices. For example, inhibitor screening under endogenous conditions may give more 

biologically relevant results. In situations where protein purification is prohibitive, such as 

directed evolution campaigns, enzyme activity needs to be detectable in cell lysates. A few tactics 

to simplify these samples prior to analysis by MALDI are the use of microtitre-format SPE 

cardridges (e.g. Millipore ZipTips®), liquid-liquid extraction, and/or centrifugation[36,37]. 

Polyvynillidine fluoride membranes have been shown to be capable of selectively binding 

glycans from a relatively simple enzymatic reaction – a capacity that can likely be expanded to 

other classes of analytes – and are directly amenable to MALDI-MS[38]. In an alternative 

approach dubbed MALDI-assisted enzyme screening (MALDI-MES)[39], proteins in a complex 

sample matrix are covalently immobilized to sepharose beads. The modified beads are then 

transferred to a solution of the enzyme substrate in a simple buffer or water, and filtered out 

before analysis of the substrate and product by MALDI-MS. 
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Perhaps the most promising strategy for high-throughput targeted enzyme activity analysis in 

complex mixtures by Desorption MS is the immobilization of analytes to the MS surface. This 

allows for a washing step before MS, reducing sample complexity, with the trade-offs being a 

potential for bias and effort in substrate preparation. Two variants of this approach are 

presented in Figure 1.2: The enzyme substrate can either be pre-immobilized on the surface, and 

the enzymatic reaction performed on the interface, or the reaction can be performed in solution 

with subsequent selective capture of the substrates and products onto the surface. One critical 

consideration in this approach is that the surface immobilization of the substrate needs to be 

sufficiently reversible during MS analysis to give adequate signal. Various suitable 

immobilization strategies will be discussed here, and examples of their applications are 

summarized in Table 1.1. 

 

Figure 1.2: Generalized workflow of high-throughput targeted enzyme activity analysis through surface 
immobilization, washing and mass spectrometry imaging. In one implementation, the enzyme substrate (or a panel of 
candidate substrates) is pre-immobilized on the MS surface and treated with samples to be tested for enzymatic 
activity (top path). Alternatively, the enzymatic reaction can be performed in solution, and the substrate and/or 
product selectively captured from the mixture onto the surface (bottom path). In either situation, the surface is 
subsequently washed, which eliminates signal suppression by cell debris, salts, and other contaminants possibly 
present in the sample. For MALDI-based approaches this is followed by matrix application, while for SALDI-based 
technologies this step can be omitted. Finally, the surface is analyzed by MSI and the signals quantified to attain 
enzyme activity measurements. 

Self-Assembled Monolayers for matrix-assisted laser Desorption/Ionization (SAMDI) MS is a 

prominent implementation of the immobilize-wash-MS scheme, spearheaded by the Mrksich 

group[40,41]. In this technique, the enzyme substrate is covalently attached to a self-assembled 

monolayer (SAM). The SAM, in turn, is attached to the surface through Au–S bonds, which are 

strong enough to permit thorough washing, yet weak enough to be analyzed by MALDI-MS (see 

Figure 1.3a). Most implementations of the technique executed the enzymatic reaction on-chip  

with pre-immobilized substrates, but an approach capturing analytes from solution-phase 

reactions has been described as well[42]. In a superb example of what can be achieved with 

SAMDI-MS, the technique was applied to screen a library of 10,000 molecules against anthrax 

lethal factor, identifying a micromolar inhibitor of this the protease [43]. SAMDI is ultimately a 

MALDI-based technique, and hence it is particularly well suited for high-MW enzyme substrates 

like peptides and oligonucleotides. One noteworthy exception lies in a report by Ban et al. 

studying glycosyltransferase activity on SAM-immobilized mono-, di- and trisaccharides[44*]. 

Noncovalent hydrophobic interactions have also been employed as an immobilization strategy 

in conjunction with MALDI. Hydrophobic surfaces have been constructed using alkanethiolate 

SAMs on gold, as well as directly on glass microarrays, allowing for simultaneous MSI and 

fluorescence readout [45*] (see Figure 1.3a). 
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Figure 1.3: Surface immobilization chemistries that have been applied towards enzyme activity screening by MSI. 
Analyte immobilization allows for cleanup of the sample prior to MSI by washing. Hence, the interaction between MS 
surface and the analyte needs to be able to withstand washing, yet labile during analysis by surface MS. a) In 
SAMDI[40], immobilization is achieved through self-assembled monolayers that, thanks to the weak S–Au bond, can 
be analyzed by MALDI-MS following the application of matrix. b) In the approach described by Beloqui et al.[45*], 
analytes are immobilized through non-covalent interactions with a hydrophobic glass microarray slide, and visualized 
by MALDI-MS. c) In the method of Meng et al.[47], analytes are covalently captured onto a nanostructured silicon 
surface through a linker that undergoes a retro-Diels-Alder reaction when subjected to DIOS-MS. d) In Nimzyme[49],  
perfluorinated analytes interact non-covalently with a perfluorinated initiator liquid trapped in a porous silicon 
surface. During analysis by NIMS, the initiator liquid is vaporized along with the trapped analyte. DIOS and NIMS are 
SALDI methods and as such do not require addition of matrix prior to MSI. 

The facile detection of low-MW analytes with DIOS-MS enabled the Suizdak lab to develop 

enzyme assays based on this analytical platform. Substrate immobilization was incorporated via 

fluorophilic interactions[46] as well as covalent linkers that cleave upon laser irradiation[47] 

(see Figure 1.3c). The integration of a liquid ‘inititiator’ phase in the nanostructured silicon used 

for DIOS has resulted in a high-sensitivity desorption/ionization approach dubbed 

nanostructure-initiator mass spectrometry (NIMS). Since the initiator molecule used is 

perfluorinated[48], this platform inherently allows for a wash step that retains perfluorinated 

analytes (see Figure 1.3d). This was put into practice by Northen et al.[49], who were able to 

detect glycosylhydrolase activity in lysate prepared from a complex microbial community. This 

technology was titled “Nimzyme”. Since then, this assay has been extended to other classes of 

enzymes, as well as alternative capture chemistries by designing tagging reagents that contain, 

besides a perfluoroalkyl chain, a sugar-reactive oxime[50**] or a sulfhydryl-reactive 

maleimide[51]. Nimzyme has been implemented using on-chip as well as solution-phase enzyme 

reactions, where the perfluorinated substrates have been shown to form micelles[52].  Recently, 

Heins et al. applied NIMS to the high-throughput functional characterization of 

glycosylhydrolases[53**]. 10,000 different sample conditions were tested for activity on four 

mass-tagged substrates[54] simultaneously. 
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The realization that porous aluminum oxide may have SALDI activity similar to porous silicon 

led to the development of aluminum-coated glass that can be analyzed by MS[55]. Compared to 

DIOS and NIMS, this technique avoids the need to use corrosive hydrofluoric acid to etch the 

silicon surface. Covalent and fluorous immobilization of glycans has been achieved, as well as 

the ability to monitor glycosylhydrolase activity[56]. However, the technologies necessary to 

deposit a thin layer of aluminum onto glass slides are currently not widely available, and the 

presence of aluminum oxide clusters in the lower mass ranges (<500 Da) may restrict the 

applications of aluminum coated glass to those already covered by existing MALDI-based 

techniques.  

It should be noted that many of the approaches mentioned here are not truly label-free: The 

substrate that comes in contact with the enzyme is frequently modified with e.g., a 

perfluorinated tag, or attached to a self-assembled monolayer. While these substrates are a 

considerable improvement over fluorogenic surrogates, they are not perfect mimics of the 

enzyme’s native substrates. Thus, it will be critical to develop more innocuous affinity labels, as 

well as a greater variety of label-free approaches. Deng et al. [50**] recently reported a label-

free approach based on oxime chemistry to label oligosaccharides following solution-phase 

enzymatic reactions, while Patrie et al. [57**] used antibodies to selectively capture a peptide of 

interest before subjecting it to SAMDI-MS. These approaches avoid the potential bias of 

surrogate substrates and allow for the analysis of complex and heterogenous substrates. 

1.5 QUANTIFICATION OF ENZYME KINETICS AND INHIBITION 
The aforementioned assays can provide critical qualitative as well as quantitative measures of 

enzyme performance including kinetics, specificity and inhibition. The high sample throughput 

of surface MS makes it an attractive technique to determine the kinetic constants of enzymes by 

means of acquiring detailed reaction time courses. When no washing step is employed (e.g. in 

traditional MALDI), pixel-to-pixel variation in ionization suppression and contamination 

necessitates the use of internal standards (usually an isotopomer of the reaction product spiked 

in at a known concentration after quenching)[5,50**,58,59]. In the case of a sufficiently simple 

mixture or successful washing, the substrate-to-product peak ratios can be sufficient to 

accurately model kinetic constants[44*,57**]. A notable approach described by Nichols et al. 

employs a droplet-based microfluidics device interfaced with a DIOS chip[60]. The progress of 

an arginase-catalyzed reaction could be determined near-continuously by letting a droplet of the 

reaction mixture travel along the length of a microfluidic channel while depositing analytes onto 

the DIOS chip, followed by MSI.  

1.6 LIQUID HANDLING FOR DESORPTION MS-BASED ENZYME ACTIVITY 

SCREENING 
Sample deposition onto the mass spectrometry surface is an essential step in the analysis of 

arrayed samples – such as those in an enzyme activity screening experiment – using desorption 

MS. It is desirable to maximize spot density and minimize sample volume to maximize 

throughput by increasing the number of samples per plate and minimizing the time spent 

swapping plates. Various technologies have been applied to tackle this requirement. Perhaps the 

simplest and most widely available is standard liquid-handling robots with 96- or 384-well 

heads [63**]. These instruments can usually only reliably transfer volumes > 1uL and can 

typically only spot 384 spots/plate. 
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Pin– and inkjet–based microarray fabrication technologies are widely accessible and have been 

employed to transfer small volumes onto a surface for MS analysis [20,56,64]. They produce 

spots within an acceptable volume range with exquisite spatial accuracy. The dispensing 

mechanism (usually custom-tailored steel pins) comes in direct contact with the liquid, so 

thorough washing is necessary between samples. Depending on the application, this can be a 

limitation; especially when transferring a large library of samples each with a characteristic 

enzyme activity profile.  

Acoustic deposition is a contact-free liquid transfer approach that has been an efficient transfer 

technology in our hands [65*]. This technique is capable of transferring nL-scale droplets by 

transmitting bursts of sound waves into liquids in microtitre plate wells, resulting in droplet 

ejection from the well onto the MS surface. The technique requires no pin washing and can 

easily achieve a high spot density (~400 spots per cm2, 10k/surface) for printing 

aqueous/alcohol solutions. Changing solvent systems has a strong effect on printing accuracy, 

which may be a limitation in some applications. Given that laser diameters can be focused to 1 

µm resolution, in principle millions of samples could be printed and analyzed on a single MS 

surface. 

1.7 CONCLUSION 
Throughout the last decade, great strides have been made towards MS-based high-throughput 

enzyme activity assays as an alternative to colorimetric assays. MSI-based methods have the 

potential to be robust, selective and high-throughput, and will likely become an important tool 

for enzyme activity screens. Overall, currently SAMDI and NIMS/Nimzyme are the most 

thoroughly developed techniques, though we anticipate that DESI, NanoDESI, and LAESI will 

all find important applications in this area. SAMDI and NIMS each have mass range limitations 

compared to the ESI approaches, but their mass ranges are complimentary: NIMS is more 

suitable for analyzing enzymes acting on low-MW molecules, while SAMDI excels in the high-

MW range. In addition, a plethora of affinity and immobilization chemistries exist for MALDI 

and SALDI that have yet to be applied to enzyme activity assays[61]. MSI is also remarkably well 

positioned to visualize the spatial distribution of enzyme activity in tissue sections, and we 

expect that the in-situ sample cleanup techniques discussed could contribute greatly to such 

studies. As the throughput of MSI-based enzyme screening continues to grow, processing the 

large quantities of data generated will soon become a significant bottleneck, and hence 

streamlined data analysis platforms such as Open-MSI[62*] will be indispensable. 
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 MALDI SALDI (Matrix-Free) 

Typical mass 

range 

500 – 300,000 (matrix cluster ions obscure the low 

mass range) 
< 4,000 

Surface chemistry 
Traditional 

MALDI-MS [15] 

SAMDI-MS [40] Hybrid MALDI-

MS [64] 

DIOS-MS [19] NIMS/Nimzyme 

[20] 

Aluminum-oxide 

coated glass [55] 

Enzymes 

activities 

monitored 

Lipase [59,66], 

Decarboxylase 

[66], Peptide 
kinase[33*,67–

69], Peptide 

hydroxylase [67], 

Acetyl-
cholinesterase 

[31,35] 

Pyranose 

oxidase[70] 

Beta-
lactamase[36,37],  

Glycosyltrans-

ferase [38], 
Pectin hydrolase 

[38] 

Peptide kinase 

[41], Peptide 

arginine 
methyltransferase

[42], 

Protease[43,57**,

71], 
Deoxyribozyme 

[72], 

Polynucleotide 

kinase[72], 
histone 

deactylase 

[63**,73,74*], 

Glycosyltrans-
ferase [44*,75] 

Glycosyltrans-

ferase [64], 

Glycosylhydro-
lase [45*,64,76] 

Acetylcholin-

esterase [58,77–

79] Phenylalanine 
hydroxylase [79], 

Glycosyltrans-

ferase [79], 

Arginanse [60], 
Peptide kinase 

[46] 

Glycosylhydro-

lase 

[49,50**,52,54,65
*,80], 

Glycosyltrans-

ferases [49], 

Peptide kinase 
[81], 

Chloramphenicol 

acetyltransferase 

[82] 

Glycosylhydro-

lase [56]  

On-surface 
enzymatic 

reaction followed 

by washing (top 

path in Figure 
1.2) 

N/A Demonstrated 
[41,43,44*,63**,7

1–73,75] 

Demonstrated 
[45*,64,76] 

Not 
Demonstrated 

Demonstrated 
[49,81] 

Demonstrated 
[56] 

In-solution 

enzyme reaction 
followed by 

capture on 

surface and 

washing (bottom 
path in Figure 

1.2) 

N/A Demonstrated 

[42,44*,57**,74*] 

Not 

Demonstrated 

Demonstrated 

[47] 

Demonstrated 

[50**,52,54,65*,8
0,82] 

Demonstrated 

[56] 

Capture 

chemistries 

employed 

N/A Cysteine-
Maleimide 

[42,63**,73,74*], 

His6-Ni2+ [57**], 

Antigen-Antibody 
[57**], Biotin-

Streptavidin [72], 

Akyne-Azide 
[44*] 

Hydrophobic 
[45*,64,76] 

Fluorous [46,83] 
Biotin-

Streptavidin [47], 

Alkyne-Azide[47], 

Cyseine-
Iodoacetamide 

[83] 

Fluorous 
(inherent in 

NIMS 

surface)[49], 

Hydroxylamine-
Aldehyde [50**], 

Cysteine-

Maleimide [51] 

Fluorous [56] 

Complex sample 
matrices 

investigated 

Supernatants of: 

Whole bacterial 
cells in buffer 

[37], bacterial cell 

lysate [32], milk 

[36] 

Mammalian cell 

lysate [71,73,74*] 
Blood plasma 

[57**], Cell-free 

expression 

system [44*] 

Environmental 

isolate 
supernatant [76], 

Saliva [76] 

Artificial 

mixtures of 
peptides [47] or 

small molecules 

[46] 

Bacterial cell 

lysate [49,82], 
Microbial 

community lysate 

[49]  

Enzymatic 

activity 
demonstrated 

only with purified 

protein in buffer. 

Table 1.1: This table enumerates the circumstances under which 6 different surface MS-based high-throughput 
enzyme activity assays have been shown to work. Both proof-of-concept studies and true high-throughput screens are 
included. For an in-depth description of the techniques, please refer to text and Figure 1.3.  
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2 VERSATILE SYNTHESIS OF PROBES FOR HIGH-

THROUGHPUT ENZYME ACTIVITY SCREENING  

This chapter includes material from de Rond, T., Peralta-Yahya, P., Cheng, X., Northen, T.R., 

and Keasling, J.D. (2013). Versatile synthesis of probes for high-throughput enzyme activity 

screening. Anal. Bioanal. Chem. 405 (doi: 10.1007/s00216-013-6888-z) 

2.1 INTRODUCTION 
Given the biochemical and biotechnological significance of enzymes, high-throughput assays for 

the detection of enzymatic activity are in high demand. High-throughput enzyme activity assays 

are critical in the drug and biomarker discovery processes, and can be a valuable tool for 

functional gene annotation. They figure prominently in directed evolution experiments, where 

libraries of enzyme variants are screened for improved substrate specificity, thermal stability or 

other beneficial properties.  

High-throughput enzyme activity assays can help alleviate experimental bottlenecks, but few 

generally-applicable technologies are currently available. Some enzymatic reactions can be 

coupled to a spectroscopic readout by employing chromogenic substrates or by indirectly 

measuring product formation via a coupled assay or biosensor. Such assays are fast, but 

applicable to only the narrow range of biochemical transformations for which methods have 

been developed. On the other hand, mass spectrometry-based assays are more universal, but 

require lengthy chromatographic separations to avoid spectral complexity and ionization 

suppression, drastically reducing experimental throughput (Figure 2.1a).  

Nimzyme is a Nanostructure Initiator Mass Spectrometry (NIMS)-based analytical technique 

that can detect enzymatic activity in complex mixtures such as crude cell lysate[1–3]. It 

circumvents time–intensive chromatographic separations by means of an in situ fluorous 

affinity purification (Figure 2.1b).  This, in combination with acoustic sample deposition[4], 

shows potential as a high–throughput enzyme activity assay. 

Currently, two hurdles limit applications of Nimzyme. First, the technique requires the chemical 

synthesis of a specialized analog for each substrate of interest [5]. Second, all reported 

applications of Nimzyme thus far have been on enzymes acting on carbohydrates [1–4]. Hence, 

the generalizability of the technique has yet to be demonstrated.  

In this chapter, we report a synthetic route towards Nimzyme probes in which the substrate 

moiety is introduced towards the end of the synthesis. Accordingly, the invariant portion of 

these compounds needs to be synthesized only once. By fashioning this fragment as an 

alkylating agent, a variety of synthetically– and biologically–significant molecules can be readily 

transformed into Nimzyme probes. We also show that a chloramphenicol analog synthesized 

according to this methodology is effective in detecting chloramphenicol acetyltransferase (CAT) 

activity in crude cell lysate. 

 

http://dx.doi.org/10.1007/s00216-013-6888-z
http://dx.doi.org/10.1007/s00216-013-6888-z
http://dx.doi.org/10.1007/s00216-013-6888-z
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Figure 2.1: Overview of the Nimzyme technology. a) Performing protein purification on a large number of samples is 
usually prohibitive. Hence, high-throughput activity assays are typically performed in whole cells or in cell lysate, 
which requires separation by chromatography before mass spectrometric analysis. b) Workflow of the high-
throughput Nimzyme enzyme activity assay as described in ref. 2. Enzyme substrate analogs harboring perfluoroalkyl 
moieties are incubated in a complex mixture exhibiting enzymatic activity (e.g., crude cell lysate). The mixture is 
quenched and spotted (e.g. using acoustic deposition) on a NIMS chip coated with a perfluorinated initiator 
substance. The surface is subjected to aqueous washes, allowing cell debris to be rinsed away while fluorous 
interactions with the chip surface retain the analytes. Subsequent NIMS, performed on a MALDI-TOF mass 
spectrometer, generates mass spectra where the ratio of substrate to product mass speaks is a measure of enzyme 
activity. c) Generalized anatomy of a Nimzyme substrate. Substrate analogs that can be employed in Nimzyme require 
a perfluorinated moiety to allow for in situ cleanup, and an ionizable group to improve NIMS sensitivity. d) The 
retrosynthetic strategy employed in this manuscript. The invariable part of these substrates is synthesized once, in the 
form of tosylate alkylating agents 1 and 2. These can react with a wide variety of nucleophiles to provide Nimzyme-
amenable substrate analogs. Key: Ts = p-toluenesulfonyl; Pbf = 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl. 

2.2 METHODS 
Moisture-free conditions were employed only where indicated. Reagents and solvents were 

purchased from TCI America, ChemPep, Alfa Aesar, BDH and Sigma Aldrich, anhydrous 

whenever possibleMoisture-free conditions were employed only where indicated. Reagents and 

solvents were purchased from TCI America (2-(2-(2-chloroethoxy)ethoxy)ethanol), ChemPep 

(Fmoc-Arg(Pbf)-OH), Alfa Aesar (Perfluorooctanoyl chloride and PyBOP), BDH (EtOAc, DCM, 

MeOH and hexanes) and Sigma-Aldrich (all others), and were used as received unless otherwise 

indicated. Fluoroflash fluorous solid phase extraction cartridges were purchased from Fluorous 

Technologies Incorporated. 

Column chromatography was performed on a Teledyne Isco Combiflash Rf, with RediSep Rf 

Gold normal phase silica columns. LC/MS was performed on an Agilent 1100 series HPLC, ESI 
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source (positive polarity) and LC/MSD SL (quadrupole) set to single ion monitoring mode. An 

Inertsil ODS-3 (3 μm, 2.1x250 mm) C18 column was employed. 1H NMR and 13C NMR were 

obtained on a Bruker 600MHz spectrometer equipped with a TCI Cryoprobe at the QB3 NMR 

facility. Chemical shifts are reported in ppm relative to residual solvent signal (δ1H=7.26 and 

δ13C=77.16 for CDCl3, δ1H=3.3 and δ13C=49.0 for CD3OD). 

2.2.1 Design of alkylating agents 

A generalized structure of Nimzyme–amenable substrate analogs as prepared in this manuscript 

is shown in Figure 2.1c. A perfluoroalkanoyl moiety imparts the required fluorophilic character 

to allow for on-chip purification, and an arginine moiety ensures high ionization efficiency in 

NIMS[1]. Avoiding reliance on the substrate moiety to impart ionizability also allows for direct 

comparison of NIMS peak heights to determine relative abundance of chemical species. A 

tri(ethylene glycol) linker was installed to improve enzyme-substrate accessibility and enhance 

the probe’s solubility in water. 

Nucleophilic substitution chemistry was chosen to couple substrates of interest to the probe’s 

invariant portion, because many biologically relevant substrates possess nucleophilic functional 

groups. Hence, we incorporated a p-toluenesulfonate ester (tosylate) leaving group into the 

invariant portion of the Nimzyme probe, resulting in alkylating agents 1 and 2 (Figure 2.1d). 

2.2.2 Synthetic outline for alkylating agents 1 and 2 

2-(2-(2-aminoethoxy)ethoxy)ethanol (13) – obtained by means of a previously reported Gabriel 

synthesis from 2-(2-(2-chloroethoxy)ethoxy)ethanol [6]– was coupled to Fmoc-Arg(Pbf)-OH to 

form amide 14 using a conventional solution-phase peptide synthesis methodology. The Fmoc 

group was deprotected with diethylamine to afford amine 15, which was perfluorooctanoylated 

under Schotten-Baumann conditions. The resulting alcohol 16 was tosylated to afford 1 in 26% 

yield with respect to Fmoc-Arg(Pbf)-OH (4 steps). Lastly, the Pbf protecting group [7] was 

removed with TFA:MeOH to afford 2. 
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Figure 2.2: Synthetic strategy towards 1 and 2. Key: Fmoc = fluorenylmethyloxycarbonyl; Pbf = 
2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl; Fmoc-Arg(Pbf)-OH = Nα-Fmoc-Nω-Pbf-L-arginine; PyBOP = 
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate; DCM = dichloromethane; 
TFA = trifluoroacetic acid. 

2.2.3 Synthesis of alkylating agents 

A synthetic route to 1 and 2 was devised, which starts from readily-available starting materials. 

A synthetic scheme, detailed synthetic protocols and spectral data of all intermediates are 

reported in the Electronic Supplementary Material (ESM). Briefly, 2-(2-(2-

aminoethoxy)ethoxy)ethanol – obtained by means of a Gabriel synthesis from 

2-(2-(2-chloroethoxy)ethoxy)ethanol – was coupled to Fmoc-Arg(Pbf)-OH using conventional 

solution-phase peptide synthesis methodology. The Fmoc group was removed with diethylamine 

and the resulting amine was perfluorooctanoylated under Schotten-Baumann conditions. The 

resulting alcohol was tosylated to afford 1 in 26% yield with respect to Fmoc-Arg(Pbf)-OH (four 

steps). Lastly, the Pbf protecting group was removed with 90:10 TFA:MeOH to afford 2. 
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2.2.4 Alkylation reactions 

The alkylation and deprotection reactions were monitored by NIMS of 0.1 μL of the reaction 

mixture dissolved in 10 μL methanol. Fluorous Solid Phase Extraction (F-SPE) was performed 

on Fluoroflash 2 g cartridges as follows: The cartridges were preconditioned with 1 mL DMF 

and 7 mL 80:20 MeOH:H2O, loaded with the reaction mixture, washed with 7 mL 80:20 

MeOH:H2O, and eluted with 10 mL MeOH. Each F-SPE cartridge was used only once. Possible 

product isomerism was ruled out by LC/MS (see ESM). Because the quantities prepared here 

are too small to be accurately weighed, their yields were determined relative to a known 

concentration of Nz-OMe (12 in the ESM) by mixing them in a 1:1 ratio, and determining the 

ratio of NIMS peak intensities. 12 was chosen as an internal standard because its mass does not 

overlap with any of the reagents, products, or possible side products, and can reasonably be 

assumed to ionize similarly to 3 through 11. For amine nucleophiles (products 5, 6 and 11), 

using the hydrochloride form led to the formation of what was presumed to be “Nz(Pbf)-Cl” 

(NIMS calc’d for [M+H]+: 972.2, found 972.1, characteristic 3:1 M+H:M+H+2 ratio). Hence, we 

either purchased or generated the free base form of these substrates. Representative reactions 

using alkylating agents 1 and 2 are described in detail below. All others are described in the 

ESM. ‘Nz’ = 2-(2-(Nα-perfluorooctanoylargininamidoethoxy)ethoxy)ethyl (structural formula 

shown in Figure 2.3a) 

2.2.4.1 Nz(Pbf)-OTs (1) 

InChI=1S/C40H4s8F15N5O10S2/c1-21-9-11-25(12-10-21)72(65,66)69-19-18-68-17-16-67-15-14-

57-30(61)27(59-31(62)34(41,42)35(43,44)36(45,46)37(47,48)38(49,50)39(51,52)40(53,54)55)8

-7-13-58-32(56)60-71(63,64)29-23(3)22(2)28-26(24(29)4)20-33(5,6)70-28/h9-12,27H,7-8,13-

20H2,1-6H3,(H,57,61)(H,59,62)(H3,56,58,60)/t27-/m0/s1 

A solution of 359 mg (0.38 mmol) 6, 273 mg (1.4 mmol) tosyl chloride and 0.122 μL (1.9 mmol) 

pyridine in 20 mL chloroform was stirred at room temperature for 16 h. The mixture was 

washed with 100 mL 1 M aqueous HCl and extracted three times with 50mL chloroform. The 

extract was concentrated in vacuo and purified by flash chromatography (9:1 EtOAc:Hexane) to 

afford the title compound as a white solid (326 mg, 0.29 mmol, 78% yield). 

1H NMR (600 MHz, CDCl3) δ 7.76 (d, J = 7.9 Hz, 2H), 7.63 (d, J = 7.8 Hz, 1H), 7.39 (bs, 1H), 

7.34 (d, J = 7.9 Hz, 2H), 4.69 (td, J = 8.5, 4.9 Hz, 1H), 4.14 (t, J = 4.5 Hz, 2H), 3.73 – 3.07 (m, 

12H), 2.94 (s, 2H), 2.58 (s, 3H), 2.51 (s, 3H), 2.44 (s, 3H), 2.08 (s, 3H), 1.99 – 1.48 (m, 6H), 1.45 

(s, 6H). 13C NMR (151 MHz, CDCl3) δ 170.51, 158.99,  157.54 (t, 3JC-F = 26.2 Hz), 156.54, 145.40, 

138.51, 132.88, 132.66, 132.46, 130.15, 128.01, 124.86, 117.72,  118.78 – 107.92 (m), 86.58, 77.37, 

77.16, 76.95, 70.79, 70.14, 69.79, 69.38, 68.70, 52.88, 43.36, 39.59, 30.47, 28.70, 25.36, 21.75, 

19.39, 18.06, 12.56. NIMS calc’d for [M+H]+: 1108.27, found: 1108.26 

2.2.4.2 Nz-OTs (2) 

InChI=1S/C27H32F15N5O7S/c1-15-4-6-16(7-5-15)55(50,51)54-14-13-53-12-11-52-10-9-45-18(4

8)17(3-2-8-46-20(43)44)47-19(49)21(28,29)22(30,31)23(32,33)24(34,35)25(36,37)26(38,39)27

(40,41)42/h4-7,17H,2-3,8-14H2,1H3,(H,45,48)(H,47,49)(H4,43,44,46)/t17-/m0/s1 

27.8 mg (25.1 μmol) 1 was stirred in 90:10 TFA:MeOH at room temperature for 12 h, after which 

the TFA:MeOH was evaporated. The residue was washed three times with toluene, three times 

with hexanes, redissolved in MeOH, and the MeOH evaporated in vacuo. These washing steps 

were repeated two more times, affording the title compound as a colorless residue (21.4 mg, 

22.0 μmol, 88% yield). 
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1H NMR (600 MHz, MeOD) δ 7.79 (d, J = 8.3 Hz, 2H), 7.44 (d, J = 7.9 Hz, 2H), 4.47 (dd, J = 

8.8, 5.9 Hz, 1H), 4.16 (dd, J = 5.3, 3.6 Hz, 2H), 3.69 (s, 1H), 3.67 (dd, J = 5.2, 2.8 Hz, 2H), 3.58 

– 3.50 (m, 6H), 3.43 – 3.34 (m, 2H), 3.21 (t, J = 7.0 Hz, 2H), 2.45 (s, 3H), 1.94 (ddt, J = 13.6, 

10.2, 5.9 Hz, 1H), 1.85 – 1.77 (m, 1H), 1.71 – 1.56 (m, 2H). 13C NMR (151 MHz, MeOD) δ 172.37, 

157.204 (t, 3JC-F = 26.2 Hz), 158.66, 146.56, 134.43, 131.07, 129.03, 119.00 – 106.00 (m), 71.58, 

71.18, 70.93, 70.38, 69.78, 55.13, 49.00, 41.82, 40.50, 29.80, 26.26, 21.55. NIMS calc’d for 

[M+H]+: 856.19, found 856.18 

The side product washed away in the hydrophobic washes was determined to be methyl 

2,2,4,6,7-pentamethyl-2,3-dihydrobenzofuran-5-sulfonate (MeOPbf) by NMR.  

2.2.4.3 O-Nz-borneol (3) 

InChI=1S/C30H42F15N5O5/c1-22(2)16-6-7-23(22,3)18(15-16)55-14-13-54-12-11-53-10-9-48-19

(51)17(5-4-8-49-21(46)47)50-20(52)24(31,32)25(33,34)26(35,36)27(37,38)28(39,40)29(41,42)

30(43,44)45/h16-18H,4-15H2,1-3H3,(H,48,51)(H,50,52)(H4,46,47,49)/t16?,17-,18?,23?/m0/s1 

Into a borosilicate test tube with stir bar was added 250μL 1M borneol (50eq) in THF and 15mg 

60% (w/w) NaH (75eq), which was left to stir for 5min at RT. Then, 50μL 100mM Nz(Pbf)-OTs 

(1) in DMF was added, and the mixture was stirred at RT for 2h. The reaction was quenched 

with 250μL saturated ammonium chloride, and the mixture was purified by F-SPE. The eluent 

was evaporated in vacuo, redissolved in 2mL 90:10 TFA:MeOH and left to stir at RT for 12h. 

The TFA:MeOH was evaporated under a gentle stream of nitrogen, leaving a colorless residue 

which was taken up in MeOH. 64% yield. NIMS calc’d for [M+H]+: 838.30, found 838.29.  

 

Also found was 35% of what is presumed to be the E2 elimination product (NIMS calc’d for 

[M+H]+: 684.16, found 684.14). 

2.2.4.4 O-Nz-cholesterol (4) 

InChI=1S/C47H70F15N5O5/c1-27(2)8-6-9-28(3)32-13-14-33-31-12-11-29-26-30(15-17-39(29,4)

34(31)16-18-40(32,33)5)72-25-24-71-23-22-70-21-20-65-36(68)35(10-7-19-66-38(63)64)67-37(

69)41(48,49)42(50,51)43(52,53)44(54,55)45(56,57)46(58,59)47(60,61)62/h11,27-28,30-35H,6-

10,12-26H2,1-5H3,(H,65,68)(H,67,69)(H4,63,64,66)/t28-,30?,31+,32-,33+,34+,35+,39+,40-/m

1/s1 

Into a borosilicate test tube with stir bar was added 250 μL 1M cholesterol (50 eq) in THF and 

10 mg 60% (w/w) NaH (50 eq), which was left to stir for 5 min at RT. Then, 50 μL 100 mM 

Nz(Pbf)-OTs (1) in DMF was added, and the mixture was stirred at RT for 2 h. The reaction was 

quenched with 250 μL saturated ammonium chloride, passed trhough a cotton plug and purified 
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by F-SPE.  The eluent was evaporated in vacuo, redissolved in 2 mL 90:10 TFA:MeOH and left 

to stir at RT for 15 min (longer deprotection times show ether cleavage, probably due to its 

allylic nature). The TFA:MeOH was evaporated under a gentle stream of nitrogen, leaving a 

white residue which was taken up in MeOH. 

51% yield. NIMS calc’d for [M+H]+: 1070.52, found 1070.51 

 

Also found was 10% elimination product. 

2.2.4.5 N-Nz-tryptamine (5) 

InChI=1S/C30H36F15N7O4/c31-24(32,25(33,34)26(35,36)27(37,38)28(39,40)29(41,42)30(43,

44)45)22(54)52-20(6-3-8-50-23(46)47)21(53)49-11-13-56-15-14-55-12-10-48-9-7-17-16-51-19-5

-2-1-4-18(17)19/h1-2,4-5,16,20,48,51H,3,6-15H2,(H,49,53)(H,52,54)(H4,46,47,50)/t20-/m0/s1 

Into a borosilicate test tube with stir bar was added 50 μL 100 mM Nz(Pbf)-OTs (1) in DMF, 

200 μL more DMF, and 40.1 mg (250 μmol, 50 eq) tryptamine. The mixture was stirred at 110 

°C for 2 h, cooled to RT and F-SPE purified. The eluent was evaporated in vacuo, redissolved in 

2 mL 90:10 TFA:MeOH and stirred at 70°C for 12 h. The TFA:MeOH was evaporated under a 

gentle stream of nitrogen, leaving a colorless residue which was taken up in MeOH. 

79% yield. NIMS calc’d for [M+H]+: 844.27, found 844.28 

 

2.2.4.6 N-Nz-propranolol (6) 

InChI=1S/C36H45F15N6O6/c1-21(2)57(19-23(58)20-63-26-11-5-8-22-7-3-4-9-24(22)26)14-16-

62-18-17-61-15-13-54-27(59)25(10-6-12-55-29(52)53)56-28(60)30(37,38)31(39,40)32(41,42)33

(43,44)34(45,46)35(47,48)36(49,50)51/h3-5,7-9,11,21,23,25,58H,6,10,12-20H2,1-2H3,(H,54,59

)(H,56,60)(H4,52,53,55)/t23?,25-/m0/s1 
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100 mg propranolol HCl was mixed with 1 mL 0.5 M NaOH and extracted with 3 × 1 mL EtOAc, 

which was evaporated in vacuo to yield propranolol base as a white powder. 64.8 mg (250 μmol, 

50 eq) of this was added into a borosilicate test tube with stir bar, 200 μL DMF and 50 μL 100 

mM Nz(Pbf)-OTs (1) in DMF. The mixture was stirred at 110 °C for 2 h, cooled to RT and F-SPE 

purified. The eluent was evaporated in vacuo, redissolved in 2 mL 90:10 TFA:MeOH and stirred 

at RT for 12 h. The TFA:MeOH was evaporated under a gentle stream of nitrogen, leaving a 

colorless residue which was taken up in MeOH. 

65% yield. NIMS calc’d for [M+H]+: 943.32, found 943.31  

 

2.2.4.7  O-Nz-vanillin ether (7) 

InChI=1S/C28H32F15N5O7/c1-52-18-13-15(14-49)4-5-17(18)55-12-11-54-10-9-53-8-7-46-19(50

)16(3-2-6-47-21(44)45)48-20(51)22(29,30)23(31,32)24(33,34)25(35,36)26(37,38)27(39,40)28(

41,42)43/h4-5,13-14,16H,2-3,6-12H2,1H3,(H,46,50)(H,48,51)(H4,44,45,47)/t16-/m0/s1 

Into a borosilicate test tube with stir bar was added 3.8 mg vanillin (25 μmol, 50 eq), 490 μL 

DMF and 6.9 mg (50 μmol, 100 eq) KCO3. The mixture was stirred at 70°C for 1 minute, 10 μL 

50 mM Nz-OTs (2) was added, and the mixture was stirred for at 70°C for 3 h. After cooling to 

RT, 5 mL 1M aqueous NaOH was added, and the resulting solution was extracted with 3 × 5 mL 

chloroform, each of the extracts in turn washed with 5 mL 1 M aqueous NaOH. A few crystals of 

NH3Cl were added to the chloroform extracts, the solution filtered and evaporated in vacuo to 

yield a colorless residue. 

58% yield. NIMS calc’d for [M+H]+: 836.21, found 836.19 
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2.2.4.8 6-Nz-flavone ether (8) 

InChI=1S/C35H34F15N5O7/c36-29(37,30(38,39)31(40,41)32(42,43)33(44,45)34(46,47)35(48,

49)50)27(58)55-22(7-4-10-54-28(51)52)26(57)53-11-12-59-13-14-60-15-16-61-20-8-9-24-21(17-

20)23(56)18-25(62-24)19-5-2-1-3-6-19/h1-3,5-6,8-9,17-18,22H,4,7,10-16H2,(H,53,57)(H,55,58)

(H4,51,52,54)/t22-/m0/s1 

Into a borosilicate test tube with stir bar was added 6.0 mg vanillin (25 μmol, 50 eq), 490 μL 

DMF and 6.9 mg (50 μmol, 100 eq) KCO3. The mixture was stirred at 70°C for 1 minute, 10 μL 

50 mM Nz-OTs (2) was added, and the mixture was stirred for at 70°C for 3 h. After cooling to 

RT, 5 mL 1M aqueous NaOH was added, and the resulting solution was extracted with 3 × 5mL 

chloroform, each of the extracts in turn washed with 5 mL 1 M aqueous NaOH. A few crystals of 

NH3Cl were added to the chloroform extracts, the solution filtered and evaporated in vacuo to 

yield a colorless residue. 

61% yield. NIMS calc’d for [M+H]+: 922.23, found 922.2 

 

2.2.4.9 Ibuprofen Nz ester (9) 

InChI=1S/C33H42F15N5O6/c1-18(2)17-20-6-8-21(9-7-20)19(3)24(55)59-16-15-58-14-13-57-12-

11-51-23(54)22(5-4-10-52-26(49)50)53-25(56)27(34,35)28(36,37)29(38,39)30(40,41)31(42,43)

32(44,45)33(46,47)48/h6-9,18-19,22H,4-5,10-17H2,1-3H3,(H,51,54)(H,53,56)(H4,49,50,52)/t1

9?,22-/m0/s1 

Into a borosilicate test tube with stir bar was added 5.7 mg ibuprofen sodium salt (25 μmol, 50 

eq), 10 μL 50mM Nz-OTs (2) in DMF and 490 μL DMF. The mixture was stirred at 70°C for 3 h. 

After cooling to RT, 5mL 1M aqueous NaOH was added, the resulting solution was extracted 

with 3 × 5 mL chloroform, and each of the extracts was in turn washed with another 5 mL 1 M 

aqueous NaOH. A few crystals of NH3Cl were added to the chloroform extracts, which were 

filtered and evaporated in vacuo to yield a colorless residue which was taken up in MeOH. 78% 

yield. 

NIMS calc’d for [M+H]+: 890.30, found 890.26 

min2.5 5 7.5 10 12.5 15 17.5 20 22.5

0

20000

40000

60000

80000

100000

120000

1
8

.5
40



 

25 
 

 

2.2.4.10 Nalidixic acid Nz ester (10) 

InChI=1S/C32H36F15N7O7/c1-3-54-15-18(20(55)17-7-6-16(2)52-21(17)54)23(57)61-14-13-60-1

2-11-59-10-9-50-22(56)19(5-4-8-51-25(48)49)53-24(58)26(33,34)27(35,36)28(37,38)29(39,40)

30(41,42)31(43,44)32(45,46)47/h6-7,15,19H,3-5,8-14H2,1-2H3,(H,50,56)(H,53,58)(H4,48,49,5

1)/t19-/m0/s1 

Into a borosilicate test tube with stir bar was added 6.4 mg nalidixic acid sodium salt (25 μmol, 

50 eq), 10 μL 50 mM Nz-OTs (2) and 490 μL more DMF was added, and the mixture was stirred 

for at 70°C for 3 h. After cooling to RT, 5 mL 1 M aqueous NaOH was added, the resulting 

solution was extracted with 3 × 5mL chloroform, and each of the extracts was in turn washed 

with 5 mL 1 M aqueous NaOH. A few crystals of NH3Cl were added to the chloroform extracts, 

which were filtered and evaporated in vacuo to yield a colorless residue. 

81% yield NIMS calc’d for [M+H]+: 916.25, found 916.26 

 

2.2.4.11 (1R,2R)-N-Nz-1-(4-nitrophenyl)propane-1,3-diol (11) 

InChI=1S/C29H36F15N7O8/c30-23(31,24(32,33)25(34,35)26(36,37)27(38,39)28(40,41)29(42,

43)44)21(55)50-17(2-1-7-49-22(45)46)20(54)48-9-11-59-13-12-58-10-8-47-18(14-52)19(53)15-3

-5-16(6-4-15)51(56)57/h3-6,17-19,47,52-53H,1-2,7-14H2,(H,48,54)(H,50,55)(H4,45,46,49)/t17-,

18+,19+/m0/s1 

Into a borosilicate test tube with stir bar was added 50 μL 100 mM Nz(Pbf)-OTs (1) in DMF, 

200 μL more DMF, and 53.1 mg (250 μmol, 50 eq) (1R,2R)-2-Amino-1-(4-nitrophenyl)-1,3-

propanediol. The mixture was stirred at 110 °C for 2 h, cooled to RT and F-SPE purified. The 

eluent was evaporated in vacuo, redissolved in 2 mL 90:10 TFA:MeOH and left to stir at RT for 
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12 h. The TFA:MeOH was evaporated under a gentle stream of nitrogen, leaving a white residue 

which was taken up in MeOH. 45% yield. 

NIMS calc’d for [M+H]+: 896.25, found 896.24 

 

2.2.4.12 Nz-OMe (12) 

InChI=1S/C21H28F15N5O5/c1-44-7-8-46-10-9-45-6-5-39-12(42)11(3-2-4-40-14(37)38)41-13(4

3)15(22,23)16(24,25)17(26,27)18(28,29)19(30,31)20(32,33)21(34,35)36/h11H,2-10H2,1H3,(H,3

9,42)(H,41,43)(H4,37,38,40)/t11-/m0/s1 

Into a borosilicate test tube with stir bar was added 50 μL 100 mM Nz(Pbf)-OTs (1) in DMF, 

100 μL more DMF and 50 μL 25% (w/v) sodium methoxide, and the mixture was left to stir 

vigorously at RT for 1 h. 2 mL saturated aqueous NH4Cl was added, and the mixture was 

extracted with 3 × 5mL EtOAc. The EtOAc extract was evaporated in vacuo, redissolved in 2 mL 

90:10 TFA:MeOH and left to stir at RT for 12 h. The TFA:MeOH was evaporated under a gentle 

stream of nitrogen, leaving a colorless residue. The yield was assumed to be 5 μmol. No loss in 

yield (as measured by NIMS peak intensity ratios versus Nz-OTs) was observed when the EtOAc 

extract was washed with water (hence, partitioning of the intermediate into water rather than 

EtOAc is negligible), and no loss in yield was observed when the TFA deprotection steps were 

carried out for an extended time (up to 48 hours). 

NIMS calc’d for [M+H]+: 716.192, found 716.195 

2.2.5 Detailed synthetic protocols and spectral data of synthetic intermediates 

towards 1 and 2 

2.2.5.1 2-(2-(2-aminoethoxy)ethoxy)ethanol (13) 
InChI=1S/C6H15NO3/c7-1-3-9-5-6-10-4-2-8/h8H,1-7H2 

A solution of 53.0 g (0.31 mol) 2-(2-(2-chloroethoxy)ethoxy)ethanol and 61.1 g (0.33 mol) 

potassium phthalimide in 200 mL DMF was stirred at 130°C for 12 h. The yellow solution was 

concentrated in vacuo, resuspended in 200 mL deionized water, extracted three times with 200 

mL ethyl acetate. The extract was concentrated in vacuo and resuspended in 1.5 L 95% (v/v) 

ethanol. 30 mL hydrazine monohydrate was added, and the mixture was stirred at 130°C. 

Clumps that formed during the course of the reaction were carefully broken up using a spatula. 

After 12 h, 30 mL concentrated hydrochloric acid was added, and the mixture was stirred at 

130°C for another 2 h. After letting the mixture cool to room temperature, it was concentrated in 

vacuo and resuspended in 1 L deionized water. The suspension was filtered and to the filtrate 
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was added 15 mL 10 N NaOH. The mixture was evaporated in vacuo and the residue was 

extracted with 500 mL DCM, which was concentrated in vacuo to afford the title compound as a 

yellow oil without need for further purification (38.04 g, 0.23 mol, 73% yield). Spectral data 

were identical to those reported previously [6]. 

1H NMR (600 MHz, CDCl3) δ 3.59 (t, J = 4.8 Hz, 2H), 3.56 – 3.54 (m, 2H), 3.53 – 3.51 (m, 2H), 

3.48 (t, J = 4.5 Hz, 2H), 3.42 (t, J = 5.2 Hz, 2H), 2.74 (t, J = 5.3 Hz, 2H), 2.51 (s, 1H). 13C NMR 

(151 MHz, CDCl3) δ 72.96, 72.78, 70.29, 70.14, 61.14, 41.33. ESI quadrupole MS calc’d for 

[M+H]+: 150.1, found 150.1 

2.2.5.2 Fmoc-Arg(Pbf)-NH-(Et-O)2-Et-OH (14) 

InChI=1S/C40H53N5O9S/c1-25-26(2)36(27(3)32-23-40(4,5)54-35(25)32)55(49,50)45-38(41)4

3-16-10-15-34(37(47)42-17-19-51-21-22-52-20-18-46)44-39(48)53-24-33-30-13-8-6-11-28(30)2

9-12-7-9-14-31(29)33/h6-9,11-14,33-34,46H,10,15-24H2,1-5H3,(H,42,47)(H,44,48)(H3,41,43,4

5)/t34-/m0/s1 

To 20 mL DCM stirring in a flame-dried round-bottom flask at 0°C, was added 492 mg (3.3 

mmol) 3, 1.96 g Fmoc-Arg(Pbf)-OH (3 mmol), 219 μL triethylamine (3.3 mmol) and 1.72 g 

PyBOP (3.3 mmol). The reaction was allowed to warm up to room temperature while stirring for 

24 h. 50 mL 5% (w/v) Aqeous NH3Cl was added and extracted with 3×50 mL DCM. The 

combined extracts were concentrated in vacuo (addition of a few mL toluene reduces foaming). 

The crude product was purified by flash chromatography (19:1 DCM:MeOH) and dried in vacuo 

to afford the title compound as a white solid (2.00 g, 2.57 mmol, 86% yield). 

1H NMR (600 MHz, CDCl3) δ 7.72 (d, J = 7.6 Hz, 2H), 7.56 (d, J = 10.5 Hz, 2H), 7.35 (t, J = 7.2 

Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 6.36 (s, 1H), 6.29 (s, 1H), 4.41 – 4.28 (m, 2H), 4.27 – 4.19 (m, 

1H), 4.18 – 4.09 (m, 2H), 3.90 (s, 1H), 3.75 – 3.63 (m, 2H), 3.63 – 3.47 (m, 6H), 3.48 – 3.39 (m, 

2H), 3.30 – 3.16 (m, 2H), 2.90 (s, 2H), 2.58 (s, 3H), 2.50 (s, 3H), 2.42 (s, 1H), 2.06 (s, 3H), 1.94 

– 1.80 (m, 2H), 1.75 – 1.63 (m, 2H), 1.63 – 1.50 (m, 2H), 1.42 (s, 6H). 13C NMR (151 MHz, 

CDCl3) δ 171.16, 158.75, 156.54, 156.47, 143.85, 143.75, 141.26, 138.32, 132.89, 132.25, 127.70, 

127.09, 125.13, 124.64, 119.94, 117.53, 86.38, 72.43, 70.14, 70.01, 69.36, 66.96, 61.40, 60.40, 

53.43, 49.16, 47.14, 43.23, 39.27, 33.89, 30.24, 28.57, 25.61, 25.31, 24.96, 21.05, 19.30, 17.97, 

14.21, 12.47. NIMS calc’d for [M+H]+: 780.36, found 780.35 

2.2.5.3 H2N-Arg(Pbf)-NH-(Et-O)2-Et-OH (15) 

InChI=1S/C25H43N5O7S/c1-16-17(2)22(18(3)19-15-25(4,5)37-21(16)19)38(33,34)30-24(27)29-

8-6-7-20(26)23(32)28-9-11-35-13-14-36-12-10-31/h20,31H,6-15,26H2,1-5H3,(H,28,32)(H3,27,

29,30)/t20-/m0/s1 

1.56 g (2.0 mmol) 4 was dissolved in 100 mL 1:1 DCM:diethylamine, and stirred at room 

temperature for 1h. 50 mL toluene was added and the mixture was concentrated under reduced 

pressure. The crude product was purified by flash chromatography (9:1 DCM:MeOH) and dried 

in vacuo to afford the title compound as a hygroscopic white solid (0.96 g, 1.72 mmol, 86% 

yield). 

1H NMR (600 MHz, CDCl3) δ 8.01 (s, 1H), 6.57 (s, 1H), 4.68 (s, 2H), 3.71 – 3.63 (m, 3H), 3.61 – 

3.49 (m, 6H), 3.46 – 3.36 (m, 2H), 3.23 – 3.17 (m, 2H), 2.93 (s, 2H), 2.55 (s, 3H), 2.47 (s, 3H), 

2.06 (s, 3H), 1.94 – 1.88 (m, 0H), 1.86 – 1.76 (m, 2H), 1.74 – 1.64 (m, 2H), 1.64 – 1.55 (m, 4H), 

1.43 (s, 6H).  13C NMR (151 MHz, CDCl3) δ 173.51, 158.78, 156.76, 138.29, 133.05, 132.25, 124.71, 
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117.58, 86.48, 77.16, 72.54, 70.17, 70.10, 69.59, 61.25, 53.96, 43.36, 39.28, 31.03, 28.70, 25.20, 

19.38, 18.06, 12.57. NIMS calc’d for [M+H]+: 558.296, found 558.303 

2.2.5.4 Nz(Pbf)-OH (16) 

InChI=1S/C33H42F15N5O8S/c1-16-17(2)22(18(3)19-15-26(4,5)61-21(16)19)62(57,58)53-25(49)

51-8-6-7-20(23(55)50-9-11-59-13-14-60-12-10-54)52-24(56)27(34,35)28(36,37)29(38,39)30(40

,41)31(42,43)32(44,45)33(46,47)48/h20,54H,6-15H2,1-5H3,(H,50,55)(H,52,56)(H3,49,51,53)/t

20-/m0/s1 

To a stirring solution of 1.06 g (1.9 mmol) 5 in a mixture of 50 mL chloroform and 10 mL 10N 

NaOH at 0°C, 473 μL (1.9 mmol) perfluorooctanoyl chloride was added, after which the reaction 

was allowed to warm up to room temperature, while stirring, for 16 h. 100 mL water was added, 

the mixture was extracted  with 3×100 mL chloroform, and the combined extracts were 

concentrated in vacuo (addition of a few mL methanol reduces foaming). The crude product was 

purified by flash chromatography (19:1 DCM:MeOH) and dried in vacuo to afford the title 

compound as a white solid (820 mg, 0.86 mmol, 45% yield). 

1H NMR (600 MHz, CDCl3) δ 7.92 (d, J = 7.7 Hz, 1H), 7.62 (t, J = 5.7 Hz, 1H), 6.37 (s, 3H), 4.62 

(td, J = 8.3, 5.1 Hz, 1H), 3.84 (s, 1H), 3.72 (s, 2H), 3.62 – 3.13 (m, 12H), 2.94 (s, 2H), 2.56 (s, 

3H), 2.48 (s, 3H), 2.08 (s, 3H), 2.00 – 1.50 (m, 4H), 1.45 (s, 6H). 13C NMR (151 MHz, CDCl3) δ 

170.66, 159.02, 157.72 (t, 3JC-F = 26.2 Hz), 156.67, 138.44, 132.75, 132.37, 124.87, 117.76, 118.52 – 

106.88 (m), 86.60, 77.16, 72.48, 70.26, 70.11, 69.37, 61.55, 53.24, 43.34, 39.52, 30.08, 28.67, 

25.27, 19.32, 18.01, 12.50. NIMS calc’d for [M+H]+: 954.26, found 954.28 

2.2.6 NIMS surface fabrication 

The production of NIMS chips has been described elsewhere [8]. Briefly, a silicon wafer is 

cleaned thoroughly with methanol, followed by anodic etching with 25% hydrofluoric acid (w/v) 

in ethanol in a custom made Teflon etching chamber using a current of 2.4 A for 15 minutes. 

Next, chips are coated by adding the perfluorinated initiator liquid bis(heptadecafluoro-1,1,2,2-

tetrahydrodecyl)tetramethyl-disiloxane for 20 minutes. Excess initiator is blown off with 

nitrogen. 

2.2.7 Plasmid construction 

Construction of pBbB8k-GFP is described in [Ref. 3]. Construction of pBbB8k-CAT was as 

follows: The chloramphenicol acetyltransferase gene was PCR amplified from 10ng pBbB8c-GFP 

[9] as a template and 1 μM of each primer using iProof DNA polymerase (Bio-Rad). Cycling 

conditions: 98°C, 2 min; 30×{98°C, 10sec; 64°C, 10sec; 72°C, 30sec}; 72°C, 10min. Forward 

primer contains BglII restriction site and a RBS sequence designed using the RBS calculator [10] 

(predicted strength: 72268): [5’-AAAAAA AGATCT 

GGCTACAGCCCACTAGTAAGGAGAAGATAA ATGGAGAAAAAAATCACTGGATATAC-3’] 

Reverse primer contains XhoI restriction site: [5’-AAAAAA GGATCC 

AAACTCGAGTTACGCCCCGCCC-3’]. The PCR product was digested with BglII and XhoI 

(Fermentas), ligated into a BlgII/XhoI digest of pBbB8k-GFP using T4 ligase (NEB), and 

confirmed by sequencing. The full sequence of the two plasmids mentioned in this manuscript 

can be downloaded from the JBEI public registry (http://public-registry.jbei.org, part IDs 

JPUB_000129 and JPUB_000580). 
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2.2.8 Enzymatic Activity Assay 

Overnight cultures of E. coli DH1 harboring either pBbB8k-GFP or pBbB8k-CAT (the 

construction of these is described in the ESM) were diluted 1:10 in LB with 50 μg mL-1 

kanamycin, and grown for 1 h at 37°C, after which they were induced with 0.2% (w/v) arabinose. 

After 2 h of growth, 0.5 mL of the culture was centrifuged at ~12000  g for 1 min, the pellet was 

resuspended in 0.25 mL aqueous 50 mM sodium phosphate (pH 7.5) and sonicated for 30 sec. 

Added was acetyl-CoA to a final concentration of 2mM and 11 to a final concentration of 0.5 

mM. The mixture was mixed and incubated at room temperature for 5min, and subsequently 

quenched with an equal volume of methanol. A 0.3 μL droplet of the mixture was spotted onto a 

NIMS chip, and the excess liquid removed 5 seconds later by touching it with a Kimwipe 

(Kimberly-Clark). The spotted area was washed with 2 × 1 μL deionized water. The NIMS chip 

was taped to a modified standard MALDI plate, which was then loaded into an Applied 

Biosystems 4800 MALDI TOF/TOF mass spectrometer. Aligent ESI-L Low Concentration 

Tuning Mix was spotted nearby on the NIMS chip to allow for mass calibration of the 

instrument. Spectra were acquired in manual mode and positive polarity. 

2.3 RESULTS 

2.3.1 Alkylation reactions 

We investigated the capability of 1 and 2 to react with a number of biologically relevant 

nucleophiles (Figure 2.3a). It was found that 1 was able to alkylate alcohols by means of a 

Williamson ether synthesis, forming Nimzyme probes 3 and 4. Amines were likewise readily 

alkylated by 1 to form 5 and 6, provided the free base form was used. We used excess 

nucleophile to drive the reactions and to avoid over-alkylation of amines. The alkylated 

intermediates could be recovered using fluorous solid-phase extraction (F-SPE), circumventing 

cumbersome chromatographic purifications. Subsequent deprotection of the Pbf group affords 

the desired Nimzyme probes in good yield. Alkylating agent 2 was found to react readily with 

carboxylate salts and phenolates to directly form Nimzyme probes 7-10. We were unable to find 

conditions under which these could be purified by F-SPE, and hence we chose to remove excess 

nucleophile using basic aqueous washes. 
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Figure 2.3: Convenient synthesis of Nimzyme probes, and their suitability for the detection of chloramphenicol 
acetyltransferase (CAT) activity in cell lysate. a) Synthesis of Nimzyme substrates using tosylates 1 and 2 as alkylating 
agents, and NIMS spectra of the products purified only by F-SPE (for 1), or liquid-liquid extraction (for 2). Yields 
reported are combined yields for alkylation, purification, and (for 1) deprotection. b) CAT catalyzes the O3-acetylation 
of chloramphenicol. c) Chloramphenicol analog 11 was synthesized through the alkylation of (1R,2R)-2-Amino-1-(4-
nitrophenyl)-1,3-propanediol with 1 according to the methodology shown. d) Exposure of 11 to control lysate, 
followed by the Nimzyme workflow shown in Figure 1b shows a clean mass peak corresponding to 11 (expected M+H, 
m/z = 896.26). e) Exposure of 11 to lysate of E. coli having expressed CAT, followed by Nimzyme, shows a mass shift 
of exactly one acetyl unit relative to 11 (expected M+H, m/z = 938.26). Key: THF = tetrahydrofuran; 
TFA = trifluoroacetic acid; DMF = N,N’-dimethylformamide 

2.3.2 Detection of chloramphenicol acetyltransferase activity 

To verify that the substrate analogs synthesized according to the described methodology could 

be used to detect enzymatic activity in a Nimzyme assay, we synthesized chloramphenicol 

analog 11 as a probe for chloramphenicol acetyltransferase (CAT) activity (Figure 2.3b and c). 

CAT catalyzes the transfer of an acetyl group from acetyl-CoA to O-3 of chloramphenicol[11]. 

When 11 is exposed to a control E. coli cell lysate, Nimzyme reveals a clean mass peak 
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corresponding to this substrate (Figure 2.3d). When instead 11 is exposed to lysate from E. coli 

overexpressing CAT, the peak shifts by 42 mass units, as expected from monoacetylation (Figure 

2.3e). This result verifies the validity of the synthetic strategy employed, and furthermore 

comprises the first reported application of Nimzyme to a non-carbohydrate-active enzyme. 

2.3.3 Discussion 

In summary, we present the synthesis of a pair of alkylating agents and conditions under which 

they can be used to transform a wide range of structures into Nimzyme probes. The alkylation 

reactions and subsequent purifications are undemanding, such that an inexperienced chemist 

can perform them with minimal effort. A chloramphenicol analog synthesized according to this 

methodology could serve as a probe for CAT activity in cell lysate, verifying the synthetic 

approach and broadening the scope of the Nimzyme technology. 

The strategy described here allows for the construction of libraries of Nimzyme substrates 

without the need to repeatedly re-synthesize the invariable portion of the probes. By 

streamlining access to compatible enzyme substrates, and by showing that Nimzyme can be 

applied to non-carbohydrate-active enzymes, we hope to have cleared two of the barriers to the 

widespread adoption of this technology for high-throughput enzyme characterization. Certain 

drawbacks remain to be solved, such as the possibility that the modifications required of 

substrates to be compatible with Nimzyme affect enzyme-substrate binding interactions. While 

this has been shown not to be the case for β-glycosidases [3], enzymes with sufficiently buried 

active sites may or may not accept the probes presented here as substrates. Work to overcome 

this shortcoming is presented in chapters 4 and 1 of this thesis. 
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3 THE OPENMSI ARRAYED ANALYSIS TOOLKIT 

This chapter includes material from de Raad, M.*, de Rond, T.*, Rübel, O., et al. (2017). 

OpenMSI Arrayed Analysis Toolkit: Analyzing spatially defined samples using mass 

spectrometry imaging. Anal. Chem. 89. The code I wrote for this software tool is too voluminous 

to be included in this document, but it can be accessed at https://github.com/biorack/omaat) 

3.1 INTRODUCTION 
The primary applications of Mass Spectrometry Imaging (MSI) have been studies of the spatial 

distribution of biomolecules within tissues1,2. However, MSI can also be directly applied to 

measure and compare thousands of samples intentionally spotted or stamped in a spatially 

defined manner3,4. Increasing throughput is highly desirable in that it both decreases costs and 

enables MSI to be applied in large-scale studies5. Numerous MSI platforms capable of analyzing 

spatial defined samples in a high-throughput fashion have emerged, including Desorption 

Electrospray Ionization (DESI), Laser Ablation ElectroSpray Ionization (LAESI), Matrix-

Assisted Laser Desorption/Ionization (MALDI), Nanowire-assisted laser desorption ionization 

(NALDI) and Nanostructure Initiator Mass Spectrometry (NIMS)6–10. These platforms allow for 

high-throughput enzyme activity screening, the characterization of peptide microarrays, or the 

screening of compound libraries11–13. For example, by coupling acoustic sample deposition with 

NIMS imaging, thousands of enzymatic reactions can be arrayed onto a NIMS surface and 

analyzed using MSI14. Using this approach enables up to two orders of magnitude greater 

throughput of samples than conventional MS-based enzyme assays15. As the coupling of 

microfluidic devices to MSI platforms is becoming more common, it will likely play an 

important role in the development of ultra high-throughput analysis systems16,17. 

With the increasing throughput of MSI, analysis of arrayed MSI datasets has to scale 

accordingly. There is a need for software-tools capable of efficiently processing large volumes of 

data, customizable analysis workflows, and interactive visualizations, tailored to the needs of 

arrayed analysis applications. Spotted samples are analyzed by registering samples in pre-

defined gridded ‘spot-sets’ using tools provided by the instrument manufacturer, which limit the 

spot-density and geometries suitable for analysis. In contrast, MSI is extremely flexible and does 

not require sample registration18. However, a central challenge in the processing of MSI datasets 

is the identification and comparison of the spotted samples defined via pixels with similar mass 

spectra and/or location. In practice, manual selection and exploration are commonly used to 

identify and characterize the spotted samples and their spectral properties. These current 

manual analysis approaches do not effectively support the simultaneous analysis of hundreds to 

thousands of samples. Open source software tools for the analysis of thousands of sample spots 

already exist for DNA microarrays19–21. Although some features may be applicable to MSI, such 

as sample spot location identification algorithms, these software tools cannot simply be inserted 

into existing MSI analysis pipeline, since microarray and mass spectrometry data formats are 

incompatible. This work fills a critical gap, in that we provide a computationally efficient and 

easy-to-use tool, the OpenMSI Arrayed Analysis Toolkit (OMAAT), that enables application 

scientists to quickly and reliably analyze thousands of spatially defined samples via MSI (Figure 

3.1). 

We demonstrate and evaluate the capabilities of OMAAT by analyzing two different MSI 

datasets, which were used to study and characterize the transformation of sugars by 
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microorganisms in soil particles and soil derived glycoside hydrolases (GHs). These applications 

are of particular interest because of the more than >300,000 (putative) GHs in sequences 

databases, few of which have been functionally characterized22. Enzymatic hydrolysis of a variety 

of complex polysaccharides from plant biomass by microorganisms is a key step in the global 

carbon cycle23. Soil microbes produce a large variety of GHs with a variety of functions involved 

in plant biomass hydrolysis. Besides their ecological importance, GHs play a prominent role in 

the industrial production of biofuels. Therefore, there is an urgent need for technologies that can 

rapidly measure glycan transformations both for purified enzymes and relevant environmental 

samples.  

 

Figure 3.1: Mass spectrometry imaging data can often be analyzed in terms of an array of indexed pixels. MSI data is 
acquired where one or more spectra are stored for each (x,y) location. Next, ions of interest are specified, and an 
image is sliced from the data cube for each ion of interest. Then, using OMAAT, scientists can select any number of 
sample spot locations and analyze their data in terms of indexed regions instead of pixels. 

3.2 OMAAT IMPLEMENTATION AND OPENMSI DATA ACCESS 
OMAAT is written as a Python package with accompanying Jupyter Notebooks (formerly: 

iPython Notebook) and is integrated with OpenMSI (http://openmsi.nersc.gov)24,25. OpenMSI is 

an open-source, web-based MSI platform that allows for rapid, accessible, and sharable 

visualization and data analysis. As MSI data sets can often exceed the local storage available on a 

computer, the extraction of spectra and images from MSI data is still a major bottleneck for 

several file-formats and analysis software. While the OpenMSI web-based interface allows rapid 

visualization and exploration for same-day interpretation of results, it also offers a powerful web 

API, enabling fast and convenient access to MSI data. All data and analysis results can be stored 

remotely, which facilitates reproduction, high-performance data analysis and web-based data 

sharing with scientists regardless of location25. The coupling of OpenMSI with a Jupyter 

notebook enables the users to leverage the power and convenience of full-fledged programming 

languages while performing complex data analysis on MSI data26.  

A Jupyter notebook is a web-browser-based interface to a Python interpreter that allows users to 

interleave data, code and explanatory text and figures in a single browser-based page24. 

OMAAT’s functions can be accessed through a graphical user interface (GUI), as well as 

programmatically. The GUI, which leverages Jupyter’s widget toolkit and matplotlib, makes 

OMAAT accessible to users with only limited programming experience. Experienced data 

scientists can access the toolkit though standard python functions, allowing full control over the 

algorithms’ parameterization and incorporation of the codebase into existing data analysis 

pipelines. GUI and programmatic functions can be mixed and matched to the user’s desire. 
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The OMAAT Python code, as well as the OMAAT Jupyter notebook (omaat_notebook.ipynb), 

can be found at the BioRack repository (https://github.com/biorack/omaat). An accompanying 

notebook to this manuscript (AnalChem_2017_DeRaad) offers a step-by-step guide for using 

OMAAT and Jupyter, as well as instructions to reproduce the results and images described in 

the results section. A version of the notebook showcasing programmatic access for experienced 

Jupyter users is also available at the BioRack repository (omaat_advanced.ipynb). A detailed 

description of the OMAAT workflow, the automated spot location optimization algorithm and a 

static rendering of the accompanying notebooks can be found in the supplementary information.  

An OpenMSI account is not required for completing the tutorial Jupyter notebook, since the 

dataset used in the tutorial is publicly available. However, in order to analyze private datasets, 

an OpenMSI account is required. OpenMSI accounts are managed by the National Energy 

Research Supercomputing Center (NERSC) and can be requested at 

https://openmsi.nersc.gov/. 

3.3 OMAAT WORKFLOW AND CAPABILITIES 
In the following section we describe the structure of OMAAT. The analysis architecture is 

composed of 6 steps: 1) File selection, 2) Ion selection, 3) Mask placement, 4) Automatic spot 

location optimization, 5) Visualization and fine-tuning, and 6) Data export. These steps are 

illustrated in the workflow schematic of Figure 3.2. 

3.3.1 Terminology 

We use the following terms to describe elements of the processes. A sample spot refers to the 

physical sample on the MSI surface. A pixel refers to a single position in the MSI image raster. 

The physical area represented by one pixel depends on the pitch used to collect the individual 

spectra. A spot location refers to center of a circular region of analysis. Throughout the OMAAT 

workflow, we intend to match the spot locations to the physical sample spots. Visual markers are 

used to represent spot locations in the mask placement and fine-tuning stages of the workflow.  

3.3.2 File Selection 

After loading the Jupyter notebook, the first code cell (cell 1) loads the toolkit’s functions into 

memory. Then, the user has the option to authenticate to NERSC in order to access the users 

personal MSI files (cell 2). Authentication is done by entering the user's NERSC username and 

password in the appropriate boxes. As mentioned before, authentication to NERSC is not 

required for the publicly available dataset used in the examples. In the next code cell (cell 3), the 

user can select which MSI dataset and which ions to analyze. All to the user available datasets 

will appear in scrollable box inside the code cell. This tool requires the MSI datasets to be stored 

on the OpenMSI server.  

3.3.3 Ion Selection 

After selecting the MSI dataset, one or more ions can be selected for analysis within a specified 

range. Users can choose either peak height, area under the curve or n data points around the 

max as output. After dataset and ion selection, the next code cell (cell 4) generates an ion-

intensity visualization of all selected ions referred to as the base image (Figure 3.3A). The base 

image will serve as the basis for sample analysis. The base image shows the combined ion-

intensity of the selected ions for each pixel in the MSI dataset. If needed, the ion-intensity range 

can be adjusted to optimize sample spot visualization. 
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Figure 3.2: Detailed workflow of OMAAT processing steps. An OpenMSI dataset is selected and ions from the dataset 
are specified. The resulting ion images are used to guide the positioning of indexed locations. Each location has a 
width and shape that determines the number of pixels to include in each location. Exported data is created using a 
variety of averaging techniques where low-quality pixels can be excluded with heuristic filters. 
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Figure 3.3: Base image (A) and mask positioning (B). (A) The base image is the combined ion-intensity visualization 
of the peak height of 4 ions, m/z 979.40±0.2, 1079.35±0.2, 1141.35±0.2 and 1241.25±0.2, in the high-throughput 
enzyme activity assay dataset. (B) A trapezoidal mask, containing 384 markers (16 rows x 24 columns), is placed over 
the samples using the corner markers (numbered and highlighted with blue halos). Inserted spectra: single spectrum 
collected from a single pixel of the indicated sample spot. Upper right spectrum: Enzymatic conversion of the 
cellobiose substrate (m/z 1241.25) into the glucose product (m/z 1079.35). Lower left spectrum: Enzymatic 
conversion of the lactose substrate (m/z 1141.35) into the lactose product (m/z 979.40). 

We use OpenMSI’s REST API to retrieve select ion images and spectra for remote analysis using 

OMAAT. Ion images are usually produced through projection of a series of images from a 

continuous range of m/z values encompassing the ion’s peak. OMAAT currently supports 

integration of m/z images based on: 1) peak height, i.e., the maximum intensity within the m/z 

range, 2) peak area defined by the sum of intensities within the m/z range, and 3) through the 

independent identification of the actual peak location within the m/z range within each pixel 

and subsequent summation of intensities in a narrow range around the peak. The latter 

approach has the advantage that it allows the projection to adjust to shifts in the actual peak-

location within a given m/z range on a per-pixel basis. To improve performance and reduce cost 

and need for large data transfers, we use OpenMSI’s advanced support for remote data 

reduction to compute ion-projections directly on the server side. As such, only the much smaller 

projected images have to be transferred to OMAAT rather than all images within the larger m/z 

range.  

3.3.4 Trapezoidal mask generation 

The initial placement of markers follows a grid pattern, since, in practice, most MSI experiments 

have samples arrayed as such. The given number of rows and columns will determine the 

number of markers in the trapezoid mask (cell 5). An offset (hexagonaloffset) can be defined for 

every other row in the grid: An offset of 0 results in the rectangular grid shown in Figure 3.3B, 

while an offset of 0.5 simulates hexagonal packing of spots. The trapezoidal mask will be 

projected onto the base image. Next, the trapezoidal mask is placed over the samples by 

dragging the corner markers of the trapezoid (numbered and highlighted with blue halos) to the 

preferred position (usually the outermost sample spots).  
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3.3.5 Automated spot location optimization algorithm 

Spot locations can be optimized with a local optimization routine, outlined in the Algorithm 

below (cell 6). Briefly, each spot location gets optimized sequentially by calculating potential 

spot location scores ℎ𝑎𝑙𝑓𝑏𝑜𝑥𝑠𝑖𝑧𝑒 pixels up, down, left and right from the current position (lines 

3-5). Potential locations that would overlap with other spots are ignored (line 6. If desired, this 

behavior can be disabled). A spot’s score is the average weighted ion intensity over the pixels 

that fall within the spot’s 𝑠𝑝𝑜𝑡𝑟𝑎𝑑𝑖𝑢𝑠 (line 7). If no weighting is defined, equal weighting of all 

loaded ions is assumed (i.e., �⃗⃗�  is all 1s). After all the potential locations have been evaluated, the 

spot is moved to the location that gives the highest score (lines 8-14). To prevent the algorithm 

from converging on artifacts, a minimum score can be specified (line 12). If none of the potential 

spot locations reach the minimum score, the spot stays in its original location. To ensure a true 

local optimum is attained, the algorithm may need to be run multiple times (the default is 3 

times). 

Algorithm: spot location optimization with overlap avoidance 

1 for each spot 𝑠 with location (𝑥𝑠, 𝑦𝑠) 

2 𝒃𝒆𝒔𝒕𝒔𝒄𝒐𝒓𝒆 ← 𝟎 

3 for {△ 𝑥,△ 𝑦 ∈ ℤ | − ℎ𝑎𝑙𝑓𝑏𝑜𝑥𝑠𝑖𝑧𝑒 ≤△ 𝑥,△ 𝑦 ≤ ℎ𝑎𝑙𝑓𝑏𝑜𝑥𝑠𝑖𝑧𝑒} 

4 𝑥𝑛𝑒𝑤 ← 𝑥𝑠 + 𝛥𝑥 

5 𝑦𝑛𝑒𝑤 ← 𝑦𝑠 + 𝛥𝑦 

6 if ¬∃𝑡 ∶ 𝑡 𝜖 𝑠𝑝𝑜𝑡𝑠, 𝑡 ≠ 𝑠, (𝑥𝑛𝑒𝑤 − 𝑥𝑡)
2 + (𝑦𝑛𝑒𝑤 − 𝑦𝑡)

2  < (2 ⋅
𝑠𝑝𝑜𝑡𝑟𝑎𝑑𝑖𝑢𝑠)2 

7 𝒔𝒄𝒐𝒓𝒆 ← average of 𝐼(𝑥,𝑦)
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ ∙ �⃗⃗�  over 𝑥, 𝑦 ∈ ℤ | (𝑥 − 𝑥𝑛𝑒𝑤)2 +

(𝑦 − 𝑦𝑛𝑒𝑤)2  < 𝑠𝑝𝑜𝑡𝑟𝑎𝑑𝑖𝑢𝑠2 

Where: 

𝐼(𝑥,𝑦)
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ is the vector of ion intensities at pixel (𝑥, 𝑦) 

�⃗⃗�  is the vector defining ion weightings 

8 if 𝑠𝑐𝑜𝑟𝑒 > 𝑏𝑒𝑠𝑡𝑠𝑐𝑜𝑟𝑒 

9 𝑏𝑒𝑠𝑡𝑠𝑐𝑜𝑟𝑒 ← 𝑠𝑐𝑜𝑟𝑒 

10 𝑥𝑏𝑒𝑠𝑡 ← 𝑥𝑛𝑒𝑤 

11 𝑦𝑏𝑒𝑠𝑡 ← 𝑦𝑛𝑒𝑤 

12 If 𝑏𝑒𝑠𝑡𝑠𝑐𝑜𝑟𝑒 ≥ 𝑚𝑖𝑛𝑠𝑐𝑜𝑟𝑒 

13 𝑥𝑠 ← 𝑥𝑏𝑒𝑠𝑡 

14 𝑦𝑠 ← 𝑦𝑏𝑒𝑠𝑡 
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Visualization and fine-tuning. A visual inspection of the result of the automatic spot 

location optimization can be performed (cell 7) and — if the previously optimized spot locations 

are unsatisfactory — their markers can be moved to a preferred position (Figure 3.2C). The 

marker sizes are an approximation of the radius of the actual analysis regions. 

A visual representation of the actual analysis regions and final positioning of all sample spots 

(optionally with labels) is generated for final inspection (cell 10 and Figure 3.2D). 

Data export. Summary statistics of each of the sample spots can be exported as a comma-

delimited file (.csv file, cell 11). Exported statistics include average, maximum, sum and median 

intensity values as well as the number pixels in which the specific ion was found above a 

threshold level are given for each ion per spot. The coordinates of each spot location are given, 

which can be used to locate the spot in OpenMSI. The generated .csv files can be imported into 

standard spreadsheet software, such as Microsoft Excel. The results can also be directly accessed 

in Python as a Pandas dataframe, allowing users to perform automatic data analysis and plotting 

of obtained results using Python (cell 12). Dataframe rows correspond to spots, while columns 

can be multi-indexed by ion and statistic, or single-indexed by 2-tuples of the same.  

The base images, optimized spot locations, and pixels included in the analysis regions are 

encapsulated in an ArrayedImage object, this information can be easily serialized and saved 

into a binary file using the Python pickle functionality. This allows the user to continue data 

analysis where they left off, without the need to connect to the OpenMSI server or reposition 

spots. The tutorial notebook demonstrates how to save and load pickle files (cells 8 and 9). 

At this stage, it is also possible to retrieve full, averaged mass spectra for each of the defined 

spots. The spectra are returned as a Pandas dataframe where columns correspond to spots and 

rows correspond to m/z values. They can be manipulated and visualized using standard Pandas 

and Matplotlib functions, as shown in cell 13 in the tutorial notebook. 

3.4 EXPERIMENTAL METHODS 

3.4.1 Soil fractionation 

Water (Honeywell), acetonitrile (OmniSolv), and ethanol and methanol (J.T.Baker) were 
LC−MS grade. Soil was collected from Oak Ridge Field Research Center (ORFRC) background 
area. Soil was resuspended in water at 0.18 g/mL. The soil was fractionated using a sieve 
method. Soil was wet sieved through a 80 um mesh size filter and through a 20 um mesh size 
filter. Three different fractions were collected: 1) the fraction that was retained by the 80 um 
filter, 2) the fraction that passed the 80 um filter and was retained by the 20 um filter, 3) the 
fraction that passed both the 80 um and 20 um filters. All 3 fractions were resuspended in equal 
volumes of water. Unfractionated soil was used a control. All soil fractions were stored in the 
dark at 4 °C immediately until use.  

3.4.2 Hydrolysis and uptake of mono-, di- and polysaccharides by soil particles 

Screening of hydrolysis and uptake of saccharides by soil particles were carried out for 48 h in  
50 mM phosphate buffer or Wolfe’s minimal medium, with biomass loading (xylose, glucose, 
maltose, cellobiose, trehalose, cellulose and xylose) of 10 mg mL-1 with 20 μL 
unfractionated/fractionated soil in a rreaction volume of 25 μL. A 1 μL aliquot of the reaction 
mixture was transferred into a vial containing 1 μL water, 1.08 μL of 100 mM glycine acetate, pH 
1.2, 0.18 μL of an aqueous solution containing 5 mM of [U]-13C glucose and 5 mM of [U]-13C 
xylose, 0.36 μL of acetonitrile, 0.18 μL of EtOH, 0.18 μL of NIMS probe (5 mM in 1:1 (v/v) 
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H2O:MeOH), and 0.024 μL of aniline. The mixture was incubated at RT for 16 h before mass 
spectral analysis.  

3.4.3 Matrix Assisted Laser Desorption Ionization (MALDI) Imaging Mass 

Spectrometry (MSI) 

 In each case, to the 4 μL of reaction mixture, 1 μL water and 5 μL universal MALDI matrix (30 

mg mL-1 in 1:3 (v/v) H2O:MeOH; Sigma-Aldrich) was added. Samples were printed onto a 

stainless steel blank MALDI plate using an ATS-100 acoustic transfer system (BioSera) with a 

sample deposition volume of 10 nl. Samples were printed in clusters of four replicates, with the 

microarray spot pitch (center-to- center distance) set at 900 μm). MS-based imaging was 

performed using a ABI/Sciex 5800 MALDI TOF/TOF mass spectrometer with laser intensity of 

2,500 over a mass range of 500–4,000 Da. Each position accumulated 20 laser shots. The 

instrument was controlled using the MALDI-MSI 4800 Imaging Tool. Surface rasterization was 

oversampled using a 75 μm step size. 

3.5 RESULTS 

3.5.1 Data and approach. 

To evaluate OMAAT, a MSI dataset of a high-throughput enzyme activity assay for the 

functional characterization of glycoside hydrolases (GHs) using Nanostructure-Initiator Mass 

Spectrometry (NIMS) was used, as described previously15. In short, different mass tags were 

used to encode the identity of different sugar substrates such that MSI characterization can be 

used to analyze the conversion of the sugar substrates by the glycoside hydrolases. The 

cellobiose substrate showed a m/z of 1241.25 and is converted into a product appearing at m/z 

1079.35 (mass loss equals the loss of a glucose monomer). The lactose substrate displayed a m/z 

of 1141.35 and after conversion appeared at a m/z of 979.40 (mass loss equals the loss of a 

glucose monomer). Enzymatic reactions of 1 nL, 384 in total, were deposited onto the NIMS 

surface with a pitch of 450 µm using acoustic printing followed by MSI analysis. The dataset is 

publicly available via OpenMSI and the name of the dataset is 

/project/projectdirs/openmsi/omsi_data_private/bpb/20120913_nimzyme.h527. All displayed 

results and given examples used in this section were generated using the OMAAT_tutorial 

Jupyter notebook and can be duplicated using all three OMAAT Jupyter notebooks. 

3.5.2 Sample spot analysis. 

A base image was generated using the peak height of the 4 substrate/product ions, namely m/z 

979.40±0.2, 1079.35±0.2, 1141.35±0.2 and 1241.25±0.2 (Figure 3.3A and Figure 3.4A). Spotted 

samples can be seen along with single-pixel artifacts due to spatter generated during acoustic 

deposition. First, a trapezoidal mask containing 384 markers (16 rows x 24 columns, offset of 0) 

was roughly placed over the rectangular printed samples (Figure 3.3B and Figure 3.4B). By 

supporting both rectangular and hexagonal masks users can use either square sample packing or 

the more efficient hexagonal sample packing. Using the automatic spot location optimization 

algorithm, spot locations were moved correctly on top of the sample spots (Figure 3.4C). The 

reported intensity values for the 4 substrate/product ions in each spot can be found in the 

supplementary information and are similar to the previous published results obtained by 

manual analysis15. As an example for enzymatic activity, 2 mass spectra obtained from 2 

individual sample spots show the substrate conversion of both mass tagged sugar substrates 

(Figure 3.3).  
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Figure 3.4: Automatic spot location optimization. A close up of 16 sample spots form the base image in figure 3A. 
Using the base image (A), the markers in the trapezoidal mask are roughly aligned with the sample spots (B). The 
markers indicate the spot centers but their size does not reflect the integration radius. After performing automatic 
spot location optimization, markers are moved to the position with the highest ion-intensity of all selected ions, and 
can be moved further manually, if desired. Markers are sized to show the area to integrate into a spot (C). Finally, a 
visual representation of the actual pixels included in each spot, including labels, will be generated for visual 
inspection (D). 

3.5.3 Analysis time 

In order to use MSI to measure and compare thousands of spatially defined samples, fast and 

efficient sample deposition, mass spectrum collection and analysis are required. Fast and 

accurate sample deposition can be achieved by using acoustic printing, which requires about 0.3 

seconds per sample, or ~2 minutes for a 384 well plate. Mass spectra with sufficient resolution 

can be obtained at a rate of about 15 seconds per sample or ~1.5 hours for a 384 well plate. 

Compared to both sample deposition and MSI, manual data analysis is a major bottleneck. 

Registering the peak height of the 4 substrate/product ions in 4 pixels per sample spot using 

OpenMSI took an average time of about 2.5 minutes per sample, which adds up to about 16.5 

hours for the 384 samples in the dataset. With the in-creased throughput by applying acoustic 

sample deposition and MSI, samples analysis needs to scale accordingly. OMAAT allows users to 

perform fast and straightforward analysis on thousands of arrayed samples. Compared to 

manual analysis, OMAAT is 365 times faster with an average analysis time of 0.4 seconds per 

sample or about 3 minutes for a 384-well plate. Times reported for both manual and OMAAT 

analysis were obtained from expert users. 

Spot location optimization. By using a flexible spot grid and spot location optimization, OMAAT 

allows users the freedom to use custom sample spot layouts instead of standardized grids forced 

by a manufacturer. Especially with the develop-ments in the coupling of microfluidics with 

desorption-based MS techniques, including MALDI, flexibility in sample spot deposition will be 

highly desirable16. Also, although the accuracy of different sample deposition technologies has 

improved greatly, there will be a chance of encountering outliers, especially in large sample sets. 

Despite using acoustic printing to deposit the enzymatic reactions onto the NIMS surfaces, 

sample spots aren’t homogeneous and multiple outliers and spatter are visi-ble in the base 

image (Figure 3.3A). One could argue that manual analysis has the advantage that outliers are 

immediately apparent during analysis. However, a full manual analysis would require selecting 

pixels and associating them with samples from the hundreds of thousands of pixels in a typical 

MSI dataset. OMAAT depends on the ability to position a marker where samples ended up after 

deposition. To demonstrate the accuracy of the automated spot positioning, the percentage of 

pixels for each of the 4 substrate/product ions included in the OMAAT analysis after spot 

location optimization out of all pixels in the MSI image for each of the 4 substrate/product ions 

was calculated. This was achieved by dividing the total number of pixels for each of the 4 

substrate/product ions in the MSI image by the sum of the number of pixels for each of the 4 

sub-strate/product ions detected by OMAAT in each individual sample spot. OMAAT was able to 
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identify between 88.8% (for the cellobiose substrate ion (m/z 1241.25)) to 92.1% (for the 

galactose product ion (m/z 979.40)) of all pixels containing the ions of interest. It should be 

noted that OMAAT allows the manual fine-tuning of these positions if desired.  

3.5.4 Transformation of saccharides by microorganisms associated with soil 

particles 

To demonstrate OMAAT’s capabilities, we generated a MSI dataset to study the transfor-

mations of mono-, di- and polysaccharides by microorganisms associated with soil particles. In 

short, soil obtained from Oak Ridge Field Research Center (ORFRC) background area was 

fractionated using sieves28. Unfractionated soil and three different soil fractions were incubated 

in either phosphate buffer or Wolfe’s Minimal Medium (WMM) with and without mono-, di- 

and polysaccharides for 48 hours at room temperature. Then, oxime-tagging was used to detect 

reducing sugars pre-sent after incubation, as described previously29. Oxime reactions 

(supplemented with MALDI matrix) of 10 nL, 1536 in total, were deposited onto a stainless steel 

MALDI plate with a pitch of 900 µm using acoustic printing followed by MSI analysis. Details of 

the methods used are provided in the supplemen-tary information. The dataset is publicly 

available via OpenMSI and the name of the dataset is 

/project/projectdirs/openmsi/omsi_data_private/raad0102/20161123MdR_5800_Maldi_Enig

ma_soil_particles_screen.h530.  

Acoustic printing of the oxime reactions with MALDI matrix onto the stainless steel MALDI 

plate yielded homogeneous spots and bioconjugates (sugars coupled to the oxime-probe) were 

detected (Figure 3.5). Transformation of xylose, glucose, maltose and cellobiose was observed in 

unfractionated soil in both phosphate buffer and WMM (Figure 5). Transformation of sugars by 

soil particles was less prominent in the phosphate buffer than in WMM. Also, a pattern of size 

dependent activities can be observed, with the smaller soil particles transforming less sugar than 

the other soil fractions in both phosphate buffer and WMM. Overall, this MSI dataset 

demonstrates that OMAAT, in combination with acoustic sample desposition and MSI, allows us 

to screen thousands of samples improving the scale and throughput at which we can screen soil 

derived samples. 
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Figure 3.5: Transformation of sugars by microorganisms associated with soil particles in phosphate buffer and 
Wolfe’s medium. Molecular images from the soil particles MSI dataset, with the ion-intensity visualization of 3 ions: 
(A) m/z 793.35±0.5 in red representing the unreacted oxime-probe, (B) m/z 925.40±0.2 in green representing oxime-
probe reacted with a C5 sugar, and (C) m/z 955.45±0.2 in blue representing oxime-probe reacted with a C6 sugar. 
Images were generated using OpenMSI. (D) Uptake of the sugar substrates monitored by oxime-MALDI. Graphs 
show averaged signal intensities and standard deviations from three biological replicates with four technical 
replicates. Stars correspond to 1-way ANOVA between the different soil particles fractions and the corresponding 
buffer/medium (*P<0.05; **P<0.01; ***P<0.001).  

3.6 CΟNCLUSION 
In this work, we have introduced the OpenMSI Arrayed Analysis Toolkit (OMAAT) as a new 

method to analyze spatially defined samples in mass spectrometry imaging (MSI). Previously, 

researchers would either analyze the data manually or rely on expert computer programmers for 

data analysis. Employing Jupyter notebooks, OMAAT becomes easily accessible to users without 

programming experience and makes performing peak finding and peak integration in spatially 

defined samples in MSI datasets straightforward. In combination with OpenMSI, a powerful 

platform for storing, sharing and analyzing spatially defined MSI data is created and promotes 

the use of MSI for analyzing large arrayed sample sets. This new capability will greatly enable 

the use of laser-desorption ionization mass spectrometry imaging as a modality for high-

throughput and large-scale biomolecular analysis. The Python code and notebooks are available 

here: https://github.com/biorack/omaat. 
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4 PROBING ENZYMES WITH CLICK-ASSISTED NIMS 

4.1 INTRODUCTION 

4.1.1 High-throughput enzyme activity assays 

Assaying for enzymatic activity is a persistent bottleneck in biocatalyst, biomarker and drug 

development[1]. Existing high-throughput assays for enzyme activity tend to be applicable only 

to a narrow range of biochemical transformations, while more universal enzyme 

characterization methods usually require chromatography to determine substrate and product 

concentrations with sufficient signal-to-noise, greatly diminishing throughput[2–4]. 

A promising platform for the development of high-throughput enzyme activity assays is 

Nanostructure-Initiator Mass Spectrometry (NIMS)[5–7]. Because the majority of enzymatic 

reactions change the mass of its substrate in some way, mass spectrometry-based technologies 

such as NIMS can be applied to a wide variety of enzymatic reactions. The fluorophilic nature of 

the NIMS surface (also known as a NIMS chip) allows one to omit chromatographic separations 

by means of an in–situ fluorous affinity purification step. When combined with acoustic sample 

deposition ([8], see also section 1.6), this permits high–throughput characterization of enzyme 

activity in complex matrices such as crude cell lysate, an essential feature when screening 

enzyme libraries for a desired catalytic activity, since it is impractical to purify thousands of 

enzyme variants. 

While the potential for high-throughput NIMS-based analysis of complex enzyme reaction 

mixtures has frequently been alluded to, thus far all experiments describing the analysis of 

complex samples (taking advantage of an in situ cleanup through chip washing) using NIMS 

have been low-throughput[5,6,9], and all successful high-throughput NIMS experiments have 

been conducted with purified protein in low ionic strength-buffer, avoiding the need to wash the 

chip[10–12]. The work described in this thesis is the first bone-fide demonstration of high-

throughput NIMS on an enzymatic reaction performed in a complex mixture (E. coli cell lysate). 

4.1.2 Cytochrome P450s 

Few classes of enzymes have caught the imagination of scientists the way that cytochrome P450s 

(“P450s”, or, particularly in eukaryotes, “CYPs”) have. P450s are heme-iron enzymes that 

possess the remarkable capacity to effect regio– and stereospecific C–H bond activation 

reactions – transformations that are considered as the holy grail of synthetic organic 

chemistry[13] – under very mild conditions. P450s also play important roles in the biosynthesis 

of natural products[14] and steroids[15], and are involved in human xenobiotic and drug 

metabolism[16]. Their ability to catalyze reactions that are outside of the reach of traditional 

synthetic organic chemists has made P450s valuable tools in the biocatalytic toolbox. 

Consequently, much research has been focused on obtaining P450s with the right substrate– 

regio– and stereospecificity for industrial biotransformations[17–19]. 

Flavocytochrome P450BM3 (also known as CYP102A1) from Bacillus megaterium has emerged as 

one of the most widely-used P450s for biocatalysis. P450BM3 is a soluble enzyme, that expresses 

exceptionally well in E. coli, has a high catalytic rate, and is highly amenable to 

mutagenesis[20]. While the vast majority of P450s require one or two separate proteins to act as 

reducing partners, P450BM3 possesses both reducing and heme-containing domains in a single 
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polypeptide[21], greatly simplifying reaction optimization. While the native activity of P450BM3 is 

thought to be (𝜔-2)-hydroxylation of fatty acids[22], its mutants have been applied to chemical 

transformations as diverse as late-stage drug functionalization[23], regiospecific functional 

group deprotection[24], the preparation of human-like drug metabolites[25] and the semi-

synthesis of artemisinin[26]. 

4.1.3 Cytochrome P450 activity assays 

Given the medical and biotechnological significance of cytochrome P450s, technologies that can 

gauge their activity in a high-throughput fashion are highly valuable. Colorimetric[27–29] and 

coupled assays[30] for specific P450-catalyzed reactions have been developed, however these 

assays need to be re-optimized for every new substrate of interest[19,31]. 

P450-catalyzed oxidation reactions require the consumption of reducing equivalents. When the 

reducing cofactor is NAD(P)H (which is the case for many P450s, and virtually all soluble 

P450s), its consumption can be monitored spectrophotometrically, making for a convenient 

high-throughput assay. However, the consumption of reducing equivalents is frequently not 

directly tied to substrate turnover, a phenomenon called “uncoupling”[32]. Screening for P450s 

that display high NAD(P)H consumption can thus inadvertently identify enzymes exhibiting low 

substrate turnover but high uncoupling (“you get what you screen for”[33]), which moreover can 

lead to the generation of reactive oxygen species, causing enzyme inactivation. 

In animals, the liver’s cytochrome P450 system is responsible for the phase 1 metabolism of 

drugs and xenobiotics[16]. Awareness of both the kinetics of a new drug candidate’s metabolism, 

as well as the candidate’s tendency to impair the metabolism of other drugs is hence of utmost 

importance[34–36]. In early-stage drug development, when hundreds of drug candidates are 

under consideration, access to a high-throughput P450 activity assay can considerably 

accelerate one’s drug discovery pipeline. 

P450-catalyzed reactions are still typically analyzed by GC-MS and LC-MS[31,36]. While steep 

chromatographic gradients, high flowrates and the use of solid-phase extraction have brought 

the analysis time down significantly[37–39], it is nonetheless frequently the investigational 

bottleneck. As far as we know, only one attempt at developing a high-throughput P450 assay 

based on desorption-MS (specifically, (Laser Diode Thermal Desorption-Atmospheric Pressure 

Chemical Ionization MS) has been reported [40]. Hence, we deemed it worthwhile to develop a 

P450 activity assay based on NIMS. 

While the traditional Nimzyme approach (i.e., covalently fusing terpenes and fatty acyl units to 

the “Nz” tag described in chapter 2) has been effective for some classes of enzymes (e.g. glycosyl-

hydrolases, glycosyltransferases and acetyltransferases)[5,6,10], Our initial attempts at 

detecting P450BM3 activity this way were unsuccessful, presumably because the triethyleneglycol 

tether was too short to reach through the enzyme’s deep substrate channel into its active site 

pocket[41], or because the perfluoroacyl moiety could act as a competitive inhibitor, occupying 

said channel. 

4.1.4 Probing Enzymes with Click-Assisted NIMS 

We devised a method in which this perfluorinated moiety – the “tag” – is attached to the 

substrate after the enzymatic transformation using a Copper(I)- catalyzed alkyne-azide 

cycloaddition (also known as a “Click” reaction)[42] This approach, which we call “Probing 

Enzymes with ‘Click’-Assisted NIMS” (PECAN), requires only the addition of a “clickable” 
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functional group (an azide or an alkyne, comprising only a few atoms) into the enzyme 

substrate. Compared to a Nimzyme substrate, the resulting PECAN probe is a dramatically more 

conservative mimic of the true enzyme. Moreover, if the probe is sufficiently hydrophobic, it 

may be able to pass through cell membranes, enabling the ability to detect enzyme activity in 

whole cells. Probing enzymatic activity in vivo increases the relevance of screens to downstream 

whole-cell bioconversion applications. Moreover, compared to testing for enzymatic activity in 

lysate, doing so in whole cells allows for higher experimental throughput by avoiding the lysis 

procedure, and the assay becomes more cost-effective because no exogenous cofactors need to 

be included. 

In this chapter, we describe the development of the PECAN technology, and explore its 

suitability to the analysis of P450-catalyzed reactions in vitro and in vivo. 
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Figure 4.1: Outline of the PECAN technology. Traditionally, performing mass spectrometry on an enzyme assay in a 
complex sample like cell lysate or whole cell culture requires the use of lengthy chromatography steps. NIMS surfaces 
allow for high-throughput enzyme activity determination in complex samples by circumventing chromatographic 
separations through the in situ fluorous affinity purification of perfluorinated analytes. In PECAN, a perfluorinated 
tag is covalently attached to the analytes using Cu(I)-catalyzed click chemistry, after completion of the enzyme 
reaction. 

4.2 METHODS 

4.2.1 Plasmids and strains 

pCWori+-P450BM3 (JBEI Registry part ID JBx_014039) was previously described by Dietrich et 

al.[26]. This plasmid was digested with NdeI and HindIII (Thermo Scientific) and GFP was 

ligated into the backbone to yield pCWori+-GFP (JBEI Registry part ID JBx_022133) 

4.2.2 Synthesis of PFO-Arg-NH-Prg tag 

 

Figure 4.2: Synthetic strategy towards PFO-NH-Prg. Prg = propargyl,  
Pbf = Pentamethyldihydrobenzofuransulfonyl, Fmoc = Fluorenylmethyloxycarbonyl, PFO = Perfluorooctanoyl 

4.2.2.1 Fmoc-Arg(Pbf)-NH-Prg 

InChI=1S/C37H43N5O6S/c1-7-18-39-34(43)31(41-36(44)47-21-30-27-15-10-8-13-25(27)26-14-

9-11-16-28(26)30)17-12-19-40-35(38)42-49(45,46)33-23(3)22(2)32-29(24(33)4)20-37(5,6)48-

32/h1,8-11,13-16,30-31H,12,17-21H2,2-6H3,(H,39,43)(H,41,44)(H3,38,40,42)/t31-/m0/s1 

Into 20 mL DCM in a round-bottom flask on ice were added, in order, 1.62 g (2.5 mmol) Fmoc-

Arg(Pbf)-OH (ChemPep), 1.56g (3 mmol) PyBOP (ChemPep), 412 μL (6 mmol) propargylamine 

(Sigma-Aldrich), and the reaction was left to warm up to room temperature while stirring 

overnight. 50 mL aqueous 0.1M HCl was added and the mixture was extracted twice with DCM., 

dried down and purified over silica gel (hexanes:ethyl acetate, product elutes in 90% ethyl 

acetate). The pure fractions were evaporated under reduced pressure to afford 980 mg (1.43 

mmol, 57% yield) of a white powder. 

MS (NIMS): 686.3 (M+H) 

4.2.2.2 H2N-Arg(Pbf)-NH-Prg 

InChI=1S/C22H33N5O4S/c1-7-10-25-20(28)17(23)9-8-11-26-21(24)27-32(29,30)19-

14(3)13(2)18-16(15(19)4)12-22(5,6)31-18/h1,17H,8-12,23H2,2-

6H3,(H,25,28)(H3,24,26,27)/t17-/m0/s1 

686 mg (1 mmol) Fmoc-Arg(Pbf)-NH-Prg was dissolved into 50 mL of 1:1 DCM:diethylamine 

and stirred at room temperature for 1 h. 10 mL xylenes was added, the mixture evaporated to 
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dryness and chromatographed over silica gel (DCM:methanol, product elutes in 12% methanol). 

The pure fractions were evaporated under reduced pressure to afford 323 mg (0.50 mmol, 50 % 

yield) of a very hygroscopic white powder. 
1H NMR (500 MHz, Chloroform-d) δ 8.05 (s, 1H), 6.69 – 6.56 (m, 1H), 6.48 (s, 2H), 4.03 – 3.88 

(m, 2H), 3.58 (d, J = 6.9 Hz, 1H), 3.45 (s, 2H), 3.20 (d, J = 6.6 Hz, 2H), 2.93 (s, 2H), 2.53 (s, 

3H), 2.47 (s, 3H), 2.23 (t, J = 2.5 Hz, 1H), 2.06 (s, 3H), 1.81 (q, J = 6.5 Hz, 1H), 1.61 (qd, J = 15.2, 

7.3 Hz, 3H), 1.44 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 174.10, 158.82, 156.55, 138.28, 132.56, 132.20, 124.74, 117.62, 

86.50, 79.66, 71.51, 53.99, 43.23, 31.41, 28.96, 28.64, 25.39, 25.35, 19.38, 18.03, 12.54. 

MS (NIMS): 464.3 (M+H) 

4.2.2.3 PFO-Arg(Pbf)-NH-Prg 

InChI=1S/C30H32F15N5O5S/c1-7-10-47-20(51)17(49-

21(52)24(31,32)25(33,34)26(35,36)27(37,38)28(39,40)29(41,42)30(43,44)45)9-8-11-48-

22(46)50-56(53,54)19-14(3)13(2)18-16(15(19)4)12-23(5,6)55-18/h1,17H,8-12H2,2-

6H3,(H,47,51)(H,49,52)(H3,46,48,50)/t17-/m0/s1 

92 mg (0.2 mmol) H2N-Arg(Pbf)-NH-Prg was dissolved in 1mL chloroform. 0.25 mmol (60 µL) 

perfluorooctanoyl chloride (Sigma) and 1 mL aqueous 0.1 M NaOH was added, and the biphasic 

reaction vigorously stirred (Schotten-Bauman conditions). Another three 20 µL additions of 

perfluorooctanoyl chloride were made, spaced out by 30 minutes, all the while ensuring the pH 

of the aqueous layer remained basic using concentrated aqueous NaOH. The reaction was 

diluted with 5 mL water and twice extracted with 5 mL chloroform, dried down and passed over 

silica gel (hexanes:ethyl acetate, product elutes in 70% ethyl acetate). The pure fractions were 

evaporated under reduced pressure to afford 74 mg (86 µmol, 43% yield) white powder. 
1H NMR (500 MHz, Chloroform-d) δ 7.93 – 7.88 (m, 1H), 7.86 (t, J = 5.6 Hz, 1H), 6.32 (s, 2H), 

6.14 (s, 1H), 4.71 (q, J = 7.4, 5.7 Hz, 1H), 3.97 (qdd, J = 17.4, 5.5, 2.5 Hz, 2H), 3.39 – 3.30 (m, 

1H), 3.26 – 3.16 (m, 1H), 2.94 (s, 2H), 2.55 (s, 3H), 2.48 (s, 3H), 2.18 (t, J = 2.5 Hz, 1H), 2.08 (s, 

3H), 1.96 (dq, J = 12.8, 6.8 Hz, 1H), 1.79 (td, J = 13.9, 6.9 Hz, 1H), 1.45 (s, 6H). 
13C NMR (126 MHz, CDCl3) δ 159.07, 157.84 (t, 2JC–F = 26.60Hz) , 156.49, 138.38, 132.26, 132.07, 

124.89, 117.82, 86.63, 79.03, 71.38, 52.84, 50.76, 43.15, 30.04, 29.17, 28.55, 25.22, 23.35, 19.27, 

17.93, 12.42. Fluorinated carbons get split into oblivion. 

MS (NIMS): 860.2 (M+H) 

4.2.2.4 PFO-Arg-NH-Prg 

InChI=1S/C17H16F15N5O2/c1-2-5-35-8(38)7(4-3-6-36-10(33)34)37-

9(39)11(18,19)12(20,21)13(22,23)14(24,25)15(26,27)16(28,29)17(30,31)32/h1,7H,3-

6H2,(H,35,38)(H,37,39)(H4,33,34,36)/t7-/m0/s1 

37 µg (43 µmol) PFO-Arg(Pbf)-NH-Prg was dissolved into 0.5 mL methanol, 4.5 mL 

trifluoroacetic acid was added and the mixture stirred at room temperature for 48 h. The blue-

tinted solution was evaporated under a stream of nitrogen and used as-is, assuming quantitative 

yield (based on the yield of Nz-NH-NPrg under these same conditions, section 4.2.3.2). At the 

concentrations and reaction volumes used in our protocol, each tagging reaction requires 1.75 

nmol, 43 µmol would be enough for 25000 reactions. 

MS (NIMS): 608.1 (M+H) 
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4.2.3 Synthesis of Nz-NH-Prg and Nz-N3 tags 

 

Figure 4.3: Synthetic strategy towards Nz-NH-Prg and Nz-N3. Prg = Propargyl,  
Pbf = Pentamethyldihydrobenzofuransulfonyl, Fmoc = Fluorenylmethyloxycarbonyl, PFO = Perfluorooctanoyl 

4.2.3.1 Nz(Pbf)-NH-Prg 

38.6mg (34.8 umol) Nz(Pbf)-OTs (described in chapter 2) was stirred in 100 µL (~50 eq.) neat 

propargylamine (Sigma-Aldrich P50900) at 70 °C overnight. The mixture was evaporated under 

high vacuum to remove unreacted propargylamine (bp: 83 °C), and the residue was subjected to 

silica gel chromatography (DCM:methanol, product elutes in 10% methanol). Pure fractions 

were combined and evaporated to afford 32.5 mg (32.8 umol, 94% yield) of a white powder. 
1H NMR (400 MHz, Methanol-d4) δ 4.46 (dd, J = 8.9, 5.9 Hz, 1H), 3.62 – 3.58 (m, 6H), 3.54 (t, 

J = 5.5 Hz, 2H), 3.43 (d, J = 2.4 Hz, 2H), 3.40 (t, J = 5.4 Hz, 1H), 3.38 – 3.34 (m, 1H), 3.20 – 

3.12 (m, 1H), 3.00 (s, 2H), 3.00 (s, 1H), 2.86 – 2.81 (m, 2H), 2.62 (t, J = 2.5 Hz, 1H), 2.58 (s, 

3H), 2.51 (s, 3H), 2.08 (s, 3H), 1.91 – 1.78 (m, 1H), 1.74 (dtd, J = 13.9, 9.2, 5.1 Hz, 1H), 1.55 (ddd, 

J = 22.1, 16.1, 9.0 Hz, 2H), 1.46 (s, 6H). 

MS (NIMS): 991.3 (M+H) 

4.2.3.2 Nz-NH-Prg 

26 mg (26.2 mmol) Nz(Pbf)-NH-Prg was dissolved into 0.5 mL methanol, 4.5 mL trifluoroacetic 

acid (TFA) was added and the mixture stirred at room temperature for 48 h. The blue-tinted 
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solution was evaporated under a stream of nitrogen, the residue washed with DCM, redissolved 

in methanol, evaporated under reduced pressure and identically washed, redissolved and 

evaporated twice more to afford 18.3mg (21.5 µmol, 95% yield, assuming it formed a TFA salt) of 

product. 
1H NMR (400 MHz, Methanol-d4) δ 4.48 (dd, J = 9.8, 5.2 Hz, 1H), 4.04 – 3.93 (m, 2H), 3.80 (t, 

J = 5.0 Hz, 2H), 3.69 – 3.29 (m, 9H), 3.18 (dd, J = 10.0, 4.4 Hz, 3H), 2.03 – 1.87 (m, 1H), 1.80 

(dtd, J = 14.8, 10.1, 5.1 Hz, 1H), 1.72 – 1.51 (m, 2H). 
13C NMR (101 MHz, MeOD) δ 171.66, 79.12, 74.76, 71.34, 66.95, 57.84, 55.00, 49.00, 41.47, 

40.53, 37.43, 26.13, 18.47, 15.44, 14.18, 11.87. Carbons part of the perfluorooctanoyl tail get split 

into oblivion by the fluorines. 

MS (NIMS): 739.2 (M+H) 

4.2.3.3 Nz(Pbf)-N3 

5.5 mg (5 µmol) Nz(Pbf)-OTs (described in chapter 2) was dissolved in 1mL DMF. 16.3mg (250 

µmol NaN3) was added and the solution stirred overnight at 60 °C. The mixture was diluted in 

20mL water and extracted with ethyl acetate. The organic layer was washed twice with water, 

evaporated and used immediately in the next reaction. 

MS (NIMS): 979.3 (M+H) 

4.2.3.4 Nz-N3 

Nz(Pbf)-N3 from the previous reaction was dissolved into 0.5 mL methanol, 4.5 mL 

trifluoroacetic acid was added and the mixture stirred at room temperature for 48 h. The blue-

tinted solution was evaporated under a stream of nitrogen, and used as-is. 

MS (NIMS): 727.2 (M+H) 

4.2.4 Synthesis of cyclohexanecarboxylic acid acidoethyl ester (CAEE) 

 

Figure 4.4: Synthetic strategy towards CAEE 

4.2.4.1 Cyclohexanecaboxylic acid chloroethyl ester (CCEE) 

Into 5mL dry DCM on ice was added, in order, 1.39g (11 mmol) cyclohexenecarboxylic acid, 670 

µL (10 mmol) chloroethanol, 122 mg (1 mmol), N,N-dimethylaminopyridine (DMAP), and 1.86g 

(12 mmol) 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide EDC (2.4 mg). The reaction was 

stirred overnight, letting it warm up to room temperature, dilute into 20 mL hexanes, and 

washed twice with 10mL aqueous 1M HCl (to remove coupling agent), twice with aqueous 1M 

NaOH (to remove any unreacted cyclohexenecarboxylic acid) and once with brine. The organic 

layer was evaporated under high vacuum for an hour (to remove unreacted chloroethanol, bp: 

129 °C) to afford 1.786g (0.95 mmol, 95% yield) of a clear oil. 
1H NMR (400 MHz, Chloroform-d) δ 7.00 (tt, J = 3.8, 1.7 Hz, 1H), 4.32 (dd, J = 6.3, 5.2 Hz, 2H), 

3.73 – 3.58 (m, 2H), 2.22 (dddd, J = 8.3, 6.1, 4.2, 2.3 Hz, 2H), 2.16 (tdd, J = 6.1, 3.8, 2.6 Hz, 

2H), 1.65 – 1.51 (m, 4H). 
13C NMR (101 MHz, CDCl3) δ 166.97, 140.74, 129.77, 63.81, 41.83, 25.82, 24.04, 21.99, 21.38. 
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4.2.4.2 Cyclohexanecaboxylic acid azidoethyl ester (CAEE) 

332mg (1.76 mmol) CCEE and 572 mg (8.8 mmol) NaN3 were dissolved into 1.5 mL DMF, and 

stirred at 80 °C for 1 h. The reaction was diluted into 30 mL water, extracted with 30mL 

hexanes, and washed with 30 mL brine. The organic layer was evaporated to afford 293.9 mg 

(1.51 mmol, 86% yield) of a clear oil.  
1H NMR (400 MHz, Chloroform-d) δ 7.02 (tt, J = 3.8, 1.8 Hz, 1H), 4.31 – 4.23 (m, 2H), 3.48 – 

3.44 (m, 2H), 2.24 (tq, J = 6.0, 2.0 Hz, 2H), 2.18 (tdd, J = 6.2, 3.9, 2.7 Hz, 2H), 1.68 – 1.52 (m, 

4H). 
13C NMR (101 MHz, CDCl3) δ 167.12, 141.00, 129.76, 63.01, 50.02, 25.89, 24.09, 22.03, 21.39. 

MS (NIMS after clicking with Nz-NH-Prg): 934.4 (M(195.1)+Nz-NPrg(738.2)+H(1)) 

4.2.5 Recipes 

These buffers and solutions are used throughout this chapter, as well as in chapter 1: 

4.2.5.1 Enzyme reaction buffer 

50 mM sodium phosphate, pH 8, 150 mM sodium chloride, 2 mM magnesium chloride 

4.2.5.2 Lysis buffer 

50 mM sodium phosphate, pH 8, 150 mM sodium chloride, 2 mM magnesium chloride, 0.1 

mg/mL lysozyme (Sigma L6876), 0.01 mg/mL DNAse I (Sigma D4527) 

Used to lyse E. coli cells. Requires freeze-thaw cycles for thorough lysis. 

4.2.5.3 NADPH cofactor regeneration system (10X) 

50 mM sodium phosphate, 150 mM sodium chloride, 2 mM magnesium chloride, 1 unit/mL, 

100mM glucose-6-phosphate (G6P, Fisher Scientific), G6P dehydrogenase (Sigma G7877), and 

1mM NADP+ (Sigma N5755). 

Used for the in-situ generation of NADPH. Since commercial NADPH degrades, it can be 

difficult to control the number of reducing equivalents added to the reaction. Using this cofactor 

regeneration system (CRS), the concentration of G6P corresponds to the total amount of 

reducing power available. 1X CRS contains 10 mM G6P, so for reactions employing 0.5 mM 

probe, that corresponds to 20 reducing equivalents available for the biotransformation. 

4.2.5.4 Cu(I)-catalyzed click reaction solution (2X) 

1:1 methanol:water with 50 mM THPTA (Click Chemistry Tools), 10 mM CuSO4 (Strem 

Chemicals 93-2959), 50 mM sodium ascorbate (Sigma, from a freshly-made 0.5 M stock) 

Used in the tag-clicking reactions, using various tags. Tags harboring an alkyne can be pre-

mixed into this solution, being stable for over an hour. Tags harboring an azide degrade fairly 

quickly under these conditions, therefore, in those cases the click solution was mixed with the 

probe before adding tag in methanol. 

4.2.6 NIMS chip production 

The wet-etched NIMS chips used in this chapter were produced by Jian Gao according to the 

protocol of Hoo et al. [43]. 

4.2.7 PECAN in E. coli cell lysate – technical replicates 

5 mL an overnight cultures of E. coli DH10b harboring pCWori+-P450BM3, and E. coli DH10b 

harboring pCWori+-GFP to act as a negative control, both grown in LB with 100 mg/L 
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carbenicillin, was diluted into 50 mL TB with 100 mg/L ampicillin and 0.5 mM δ-aminolevulinic 

acid (δ-ALA) in a glass culture flask. After growth for 3 h at 37 °C, 0.5 mM IPTG was added and 

the culture left to shake at 200 rpm for 16 h at 30 °C. The cells were pelleted at 3000 × g for 5 

min, re-suspended in 10 mL lysis buffer (section 4.2.5.2), subjected to 3 freeze-thaw cycles 

between -80 °C and 30 °C and centrifuged at 10,000 × g for 10 min. The supernatant was 

decanted and 450 µL distributed into each other 6 glass vials. 5 µL of [50 mM CAEE (synthesis 

described in section 4.2.4) in DMSO] was added to each vial, and the reactions were initiated 

through the addition of 50 µL 10X cofactor regeneration system, such that the final 125µL 

reaction mixtures contained 1% DMSO, 0.5 mM CAEE and 1X cofactor regeneration system [i.e., 

10 mM G6P, 100 µM NADP+ and 0.1 unit/mL G6P dehydrogenase]. The reactions were shaken 

at 200 rpm for 1 h and quenched with 500 µL methanol. 10 µL of the suspension was mixed with 

10 µL 2X tagging solution [2X click solution (described in section 4.2.5.4), 100 µM Nz-NH-Prg 

tag (synthesis described in section 4.2.2)], and the mixture left to react for 1 h at room 

temperature, after which it was transferred into a 384-well acoustic source plate (Greiner 

788986). A NIMS chip (production described in section 4.2.6) was taped to a steel MALDI plate 

and 7 depositions 1 nL from each well (corresponding to 50 fmol of tagged probe, assuming the 

click reaction went to completion) was printed onto the NIMS chip using an ATS-100 acoustic 

transfer system (EDC, Fremont, CA) with a spot pitch (center-to-center distance) of 750 µm. The 

chip was rinsed with de-ionized water under a running tap for 5 minutes, mounted onto a steel 

MALDI plate using copper tape, and spectra were acquired on a ABI/Sciex 4800 MALDI 

TOF/TOF instrument. 

4.2.8 PECAN in E. coli cell lysate – biological replicates 

8 colonies of E. coli DH10b harboring pCWori+-P450BM3, as well as E. coli DH10b harboring 

pCWori+-GFP to act as a negative control, were picked into 96-well plates with 200 µL of LB with 

100 mg/L carbenicillin. After growth overnight, 100 µL of the wells were diluted into 1 mL TB 

with 100 mg/L ampicillin and 0.5 mM δ-aminolevulinic acid (δ-ALA) in 96-deepwell plates. The 

plates were shaken at 300 rpm at 37 °C for 3h, cooled down to room temperature, induced with 

0.5 mM IPTG (through addition of 100 µL LB with 5mM IPTG), and shaken for 18h at 300 rpm 

at 30 °C, and centrifuged for 5 min at 3,000 × g. The pellets were resuspended in Lysis Buffer 

(section 4.2.5.2), shaken at 250 rpm at 30 °C for 1 hour, subjected to 3 freeze-thaw cycles 

between -80 °C and 30 °C, the last freeze of which occurred overnight. The plates were 

centrifuged at 3,000 × g for 10 minutes and 110 µL of each of the supernatants was transferred 

to 96-deepwell plates pre-loaded with 6.25 µL 20X CAEE (10 mM CAEE in DMSO, synthesis 

described in section 4.2.4), and the reactions were initiated by adding 12.5 µL 10X cofactor 

regeneration system, such that the final 125µL reaction mixtures contained 0.5 mM probe and 

1X cofactor regeneration system [i.e., 10 mM G6P, 100 µM NADP+ and 0.1 unit/mL G6P 

dehydrogenase]. The enzymatic reactions were shaken at 300 rpm for 1 hour and quenched with 

an equal volume of methanol. Plates were incubated at 4 °C for 30 minutes to expedite protein 

precipitation, and centrifuged for 10 min at 2,000 × g. 10 µL of each supernatant was 

transferred to a 384-well PCR plate (combining 4 plates worth of enzymatic reactions) pre-

loaded with 10 µL 2X tagging solution [2X click solution (described in section 4.2.5.3), 100 µM 

Nz-NH-Prg tag (synthesis described in section 4.2.2)]. The 384-well PCR plate was sealed and 

left to react at room temperature for 1 h. 10 µL of the tagging reaction was transferred into a 

384-well acoustic source plate (Greiner 788986). A NIMS chip (production described in section 

4.2.6) was taped to a steel MALDI plate and 1 nL from each well (corresponding to 50 fmol of 

tagged probe, assuming the click reaction went to completion) was printed onto the chip using 
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an ATS-100 acoustic transfer system (EDC, Fremont, CA) with a spot pitch (center-to-center 

distance) of 750 µm, in a pattern preserving the screening campaign’s 96-well plates. The NIMS 

chip was rinsed with de-ionized water under a running tap for 5 minutes, mounted onto a steel 

MALDI plate using copper tape, and imaged with a spatial (rastering) resolution of 75 µm on a 

ABI/Sciex 4800 MALDI TOF/TOF instrument. The resulting MS image was uploaded to 

OpenMSI[44], and analyzed using the OpenMSI Arrayed Analysis Toolkit (chapter 3) 

4.2.9 P450BM3 reaction on CAEE in whole E. coli cells 

0.5 mL of an overnight culture of E. coli DH10b harboring pCWori+-P450BM3 in LB with 100 

mg/L carbenicillin was diluted into 5 mL TB with 100 mg/L ampicillin and 0.5 mM δ-

aminolevulinic acid (δ-ALA) in a glass culture tube. After growth for 3 h at 37 °C, 0.5 mM IPTG 

was added and the culture grown for 3 h at 30 °C at 200 rpm. 3 mL of the culture was 

transferred to a baffled culture tube (made by heating a glass culture tube over a Méker-Fisher 

burner, constantly turning the tube, until the glass starts drooping slightly, at which point a 

scoopula is forced into the side of the tube, see Figure 4.5), 30 µL of [50 mM CAEE (synthesis 

described in section 4.2.4) in DMSO] (final concentrations: 1 mM CAEE and 2% DMSO) was 

added and the culture was left to shake at 200 rpm at 30 °C for 12 h. 3 mL methanol was added 

and 10 µL of the suspension was mixed with 10 µL 2X tagging solution [2X click solution 

(described in section 4.2.5.4), 100 µM Nz-NH-Prg tag (synthesis described in section 4.2.2)], 

and the mixture left to react for 1 h at room temperature. The reactions were manually pipetted 

onto a NIMS chip, after which the chip was rinsed with de-ionized water under a running tap for 

5 minutes, mounted onto a steel MALDI plate using copper tape, and spectra were acquired on a 

ABI/Sciex 4800 MALDI TOF/TOF instrument. 

 

Figure 4.5: Home-made baffled culture tube for in vivo P450BM3 activity assays. Accommodates ~3mL of culture. 

4.2.10 Human CYP3A4 reaction in microsomes 

5 µL recombinant human CYP3A4 Baculosomes (Thermo Fisher P2377) was diluted into 41.5 µL 

Enzyme Reaction Buffer (section 4.2.5.1) in PCR strip tubes. 0.5 µL [20 mM 19-norethindrone 



 

55 
 

(Sigma N4128) in DMSO] was added (final concentration 200 µM 19-norethindrone, 1% 

DMSO), and for the inhibited sample, 1 µL [10 µM clotrimazole in water] was added (final 

concentration 100 µM clotrimazole). The reactions were initiated using 2.5 µL NADPH Cofactor 

Regeneration System (section 4.2.5.3), left for 30 min at room temperature and quenched with 

50 µL methanol. 10 µL of the suspension was mixed with 10 µL 2X tagging solution [2X click 

solution (described in section 4.2.5.4), 100 µM Nz-NH-N3 tag (synthesis described in section 

4.2.2)], and the mixture left to react for 1 h at room temperature. The reactions were manually 

pipetted onto a NIMS chip, after which the chip was rinsed with de-ionized water under a 

running tap for 5 minutes, mounted onto a steel MALDI plate using copper tape, and spectra 

were acquired on a ABI/Sciex 4800 MALDI TOF/TOF instrument. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Detection of P450BM3 activity in E. coli cell lysate 

P450BM3 is known to catalyze the hydroxylation of cyclohexene-1-carboxylic acid methyl 

ester[45]. We designed an analog, cyclohexene-1-carboxylic acid azidoethyl ester (CAEE) to 

employ as a probe to explore the capabilities of the PECAN technology (Figure 4.6). After some 

promising preliminary results, we tested the robustness of the technology by preparing E. coli 

cell lysate containing GFP or P450BM3, and using these to run 3 P450BM3 reactions (and 3 

negative controls) in parallel. The reactions underwent the Cu(I)-catalyzed tagging reaction, 

each reaction was printed onto a NIMS chip 7 times, and the chip was washed and imaged to 

yield the data shown in Figure 4.7. The results show that the PECAN assay has high signal 

(suggesting that the washing step indeed eliminated ion-suppressing species) and low noise (as 

expected from an MS-based technique). Based on these data, the Z’ factor - a commonly-used 

statistical measure of the quality of high-throughput enzyme assays[46] – was calculated to be 

0.93 (out of a maximum value of 1), which indicates an excellent assay. It is worth noting that 

the spread among independently-imaged spots appears larger than that of individual enzyme 

reactions, which suggests that the largest source of noise is the mass spectrometric analysis 

rather than the enzymatic or tagging reaction. 
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Figure 4.6: The model Cytochrome P450BM3 reaction we used to explore the capabilities of the PECAN technology. (a) 
wild-type P450BM3 is known to catalyze the hydroxylation of cyclohexene-1-carboxylic acid methyl ester (CME)[45]. 
(b) we synthesized an analog of this substrate, cyclohexene-1-carboxylic acid azidoethyl ester (CAEE), to act as our 
PECAN probe. When CAEE and its hydroxylation product are tagged with PECAN tags PFO-Arg-NH-Prg and Nz-NH-
Prg, the molecules shown in (c) and (d) are formed. 

 

Tagging reaction

a

b

c

d
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Figure 4.7: Measurement of P450BM3 activity in cell lysate, using PECAN. Spotted were 7 1 nL tagged spots of a 
reaction with GFP (negative control), 7 of a reaction with P450BM3, 3 separate tagging reactions for each of those 
conditions, spotted in columns. (a) 2-D extracted ion chromatogram of the MS image, generated using OpenMSI[44].  
Green, m/z = 803 (CAEE), violet, m/z = 819 (hydroxy-CAEE) (for structural formulae, see Figure 4.6c) (b) 
representative single-pixel mass spectra of the MS image. (c) Percent turnover as calculated from the spots’ 803 and 
819 ion intensities. For each ion intensity, the maximum mass +/- 0.5 Da and 2 data points to the left and right of the 
maximum were summed. If the average +/- 0.5 is used, the results are identical. Data points (representing individual 
spots) are grouped by reaction (i.e., columns in a). TODO: bigger markers in legend. 

To get a sense of well-to-well expression and lysis variability, we picked eight colonies of E. coli 

expressing P450BM3 and eight expressing GFP, and subjected them to lysis and a PECAN assay 

using CAEE as a probe, all in a 96-deepwell format. While the turnover in the 96-well plate is 

not as good as it is in glass vials (~60% conversion vs ~95% in the previous experiment, we 

suspect this may be due to mixing efficiency or oxygen availability), it is sufficiently reproducible 

to be able to discern the active wells with high likelihood (Figure 4.8). 

 

Figure 4.8: Measurement of P450BM3 activity in cell lysate, using PECAN. 8 colonies expressing GFP (negative 
control) and 8 colonies expressing P450BM3 were all grown up, lysed, and fed CAEE. Data presented as percent 
turnover as calculated from the spots’ 803 and 819 ion intensities. For each ion intensity, the maximum mass +/- 0.5 
Da and 2 data points to the left and right of the maximum were summed. If the average +/- 0.5 Da is used, the results 
are identical. Data points represent individual colonies. 
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4.3.2 Detection of P450BM3 activity in whole E. coli cells 

When CAEE was fed to E. coli cell culture in a baffled culture tube (see Figure 4.5), significant 

turnover was observed after an overnight incubation (Figure 4.9). The slowness of this 

transformation may be caused by any of a number of factors, such as the kinetics of CAEE 

crossing the cell membrane, or the lack of oxygen availibity in a heavily-respiring E. coli culture 

(according to measurements taken with an YSI oxygen electrode, a full-grown E. coli culture in 

TB completely consumes all the oxygen in its headspace in roughly a minute. 

We also observed a mass (m/z=826.2) corresponding to the tagged version of what is probably 

azidoethanol, the ester hydrolysis product of either CAEE or hydroxy-CAEE. E. coli likely 

harbors a native esterase enzyme that catalyzes the formation of this molecule. Given that the 

intensity of this ion is much lower in the GFP control than in the strain expressing P450BM3, this 

esterase likely prefers hydroxy-CAEE as a substrate. MS-based assays like PECAN provide extra 

pieces of information like this that may prove worthwhile at some point.  

Despite showing slower kinetics than the same enzyme in cell lysate, this experiment 

nonetheless demonstrates that performing PECAN on reactions catalyzed by intracellular 

enzymes is feasible. 

 

Figure 4.9: Detection of P450BM3 activity in whole E. coli cells fed CAEE, using PECAN. Nz-NH-Prg was used as the 
PECAN tag here, explaining why the masses are different than in Figure 4.7 (for structural formulae, see Figure 4.6d). 
m/z = 826.2 corresponds to tagged azidoethanol, the product of hydroxy-CAEE ester hydrolysis, presumably 
catalyzed by E. coli. 

4.3.3 Detection of CYP3A4 activity in microsomes 

To test whether PECAN is applicable to the measurement of P450 activity in microsomes, a 

pertinent complex biochemical matrix distinct from cell lysate, we subjected 19-norethindrone – 

a widely-prescribed hormonal contraceptive harboring a “clickable” alkyne moiety – to the 

human microsomal P450 CYP3A4. This requires a reversal of the polarity of the tagging “click” 

reaction compared to CAEE, which contains an azide. This polarity reversal did not did not 

noticeably affect the efficiency of the tagging reaction. 

To our delight, in the presence of CYP3A4 microsomes, oxidation products of 19-norethindrone 

could be detected (see Figure 4.10). Oxidation activity could be abolished in the presence of the 

known CYP3A4 inhibitor clotrimazole, demonstrating that PECAN may be suitable for testing 

drug-drug interactions as part of a drug discovery program. 
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Figure 4.10: Detection of the CYP3A4-catalyzed oxidation of norethindrone, and the inhibition of this reaction by 
clotrimazole. The peak marked with an asterisk (m/z = 1056.3, see inset bottom-right) is probably an impurity. In the 
top spectrum (but not in the inhibited reaction), m/z = 1057.3 is in fact more intense than m/z = 1056.3, which 
suggests the presence of a twice-oxidized product (1057.3 = 1025.3+16×2). 
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5 OPTIMIZATION OF NIMS SURFACES FOR ROBUST 

WASHING BEHAVIOR – AN INTERLUDE 

One of the most compelling features of NIMS-based enzyme activity assays, is the perfluorinated 

nature of the NIMS surface – imparted by the initiator coating the surface, bis(heptadecafluoro-

1,1,2,2-tetrahydrodecyl)tetramethyldisiloxane – which allows perfluorinated analytes to be 

retained on the surface during an in situ washing step. Since many enzyme assays are performed 

in complex matrices, this presents a great opportunity to wash away cell debris and salts, which 

greatly suppress mass spectrometric signal, prior to mass analysis. 

After the initial announcement of the concept by Northen et al[1], Reindl et al. [2] employed the 

in situ washing step in their study on glycosyl hydrolase activity in soil samples (Figure 5.1). 

Since then, no work except for that described in chapters 1 and 4 of this thesis has employed the 

washing step. So far, all the high-throughput NIMS studies enabled by acoustic droplet 

deposition did not employ a in situ cleanup step[3–7]. In these studies, purified enzymes in low-

ionic strength buffer were employed, which is probably why the authors were able to acquire 

high-quality mass spectra despite skipping the washing step. In soil samples, skipping the 

cleanup step yields only noise upon mass analysis[8] and we have observed the same to be the 

case for E. coli cell culture and cell lysate. Hence, for the experiments described in this thesis, 

the washing step was going to be essential. 

 

Figure 5.1: Figure reproduced from Reindl et al. (2011) (DOI: 10.1039/c1ee01112j) [2], used as a historical document. 
Note the in situ cleanup step described in the top-right corner. This image was Work of the US Federal Government, 
and is hence understood to be in the Public Domain. 
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While developing the PECAN technology, we observed what may be the reason why in situ 

washing became unfashionable: The analytes would sometimes unpredictably smudge to such 

an extent that acoustically-printed samples would overlap with each other, making analysis 

impossible (see Figure 5.2). The phenomenon occurred only on certain batches of NIMS chips, 

but we were unable to find a pattern as to which chips displayed it. There was no clear difference 

between wet-etched (the original type of NIMS chip, see section 4.2.6)[9,10] and dry-etched 

(i.e., plasma-etched or “black silicon”, see section 6.2.3)[11] chips, the person who fabricated the 

chips, or the manufacturer of the silicon wafers. There appeared to be a slight dependence on 

etching time for wet-etched chips, with chips etched for a shorter amount of time smudging 

slightly less on average (but still too much for practical use). The experiments reported in 

chapter 4 were conducted with chips that, for unknown reasons, did not smudge. Clearly, with 

such unpredictable washing behavior, PECAN will never be able to become a robust technology. 

 

Figure 5.2: The washing behavior of a selection of NIMS chips. For each of these images, PFO-Arg-NH-Prg was 
diluted to 100 µM and applied using an ATS-100 acoustic transfer system (EDC, Fremont, CA). Since we deposited 
pure analyte, washing is not necessary to obtain signal. 

In May 2017, we noticed that a dry-etched chip that had been produced almost a year earlier 

displayed desirable washing behavior, despite smudging when it was newly-made. With the 

intension of speeding up whichever process had occurred over the course of a year, we placed a 

piece of a newly-made dry-etched chip coated with initiator (which displayed smudgy washing 

behavior) in a convection oven at 50 °C. After incubation overnight, the properties of the chip 

had changed drastically: The surface had become less shiny (see Figure 5.3) and much more 

hydrophobic (droplets of water deposited on it roll off immediately, see Figure 5.4). 

Desirable chip, 
washed after 
spotting 1 nL

Smudgy chip

Spotted 1 nL
and washed

Spotted 1 nL
after washing

Desirable chip, 
washed after 
spotting 10 nL

Smudgy chip, 
washed after 
spotting 10 nL

High-throughput screen derailed by a smudgy chip
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Figure 5.3: Visual appearance of dry-etched NIMS chips treated in a variety of manners. The chip coated with initiator 
but further unprocessed is shiny, while the other three are matte black. 

 

Figure 5.4: Interaction of various treated dry-etched NIMS chips with water. The baked chip displays the most 
striking hydrophobic behavior; water droplets practically form spheres, rolling over the chip. The coated but not 
further treated chip is the next-most hydrophobic: the droplet stays in place, but upon pipetting it up, no water stays 
behind on the chip. The uncoated and coated-and-cured chips both fairly hydrophilic: droplets stick to it like to 
ceramic. 

In contrast, incubating a piece of the same coated dry-etched NIMS chip under high vacuum 

overnight (also known as “curing”) caused the chip to display behaviors identical to an uncoated 

chip. The most likely explanation for this is that the initiator simply evaporated, reverting the 

chip to un-coated (this type of chip is fairly hydrophilic; water droplets will stick to it, see Figure 

5.4). Whereas the newly-coated and un-coated dry-etched chips are consistently smudgy, the 
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Coated with 
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baked at 50 °C 
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chips “baked” at 50 °C retain perfluorinated analytes exceptionally well. After washing under a 

running tap for 10 minutes, and gently rocking in a water bath for 24 h, PFO-Arg-NH-Prg 

(section 4.2.2) – as well as alkyl azides tagged with PFO-Arg-NH-Prg – show practically no 

migration across the chip. The baked chip also exhibited great sensitivity. This procedure has 

been replicated for numerous initiator-coated, dry-etched NIMS chips, and is completely 

reproducible. Curing a baked chip has no effect, suggesting an irreversible transformation of 

some kind has taken place. Baking an un-coated chip does not have an effect, suggesting the 

initiator is involved, but baking an un-coated chip next to a coated chip imparts hydrophobic 

properties to the former, suggesting the process involves initiator vapor. Applying the baking 

procedure to wet-etched chips has no effect. 

Currently, we have no mechanistic explanation for why baked chips show the behavior 

described, or for what makes NIMS chips smudgy in the first place. Notwithstanding our lack of 

understanding, the properties of these baked chips are ideal for high-throughput NIMS that 

requires chip washing, so we proceeded to use these baked chips all throughout the work 

described in chapter 1. 
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6 HIGH-THROUGHPUT PECAN APPLIED TO SCREENING 

AN ENZYME LIBRARY FOR IMPROVED VALENCENE-TO-

NOOTKATONE BIOTRANSFORMATION ACTIVITY. 

6.1 INTRODUCTION 

6.1.1 Nootkatone 

A much-studied biocatalytic process is the P450-mediated conversion of valencene to 

nootkatone. Nootkatone is a specialty chemical used in the food and fragrance industry owing to 

its purported grapefruit aroma. It is also a proven insect repellent against termites[1] and 

studies are underway investigating the efficacy of nootkatone in repelling mosquitos (including 

Aedes aegypti, the disease vector for Zika virus) and ticks (including Ixodes scapularis, the 

vector for Lyme disease)[2]. 

Isolation of nootkatone from its natural sources Alaska cedar (Callitropsis nootkatensis, 

synonyms Xanthocyparis nootkatensis and Cupressus nootkatensis) and Grapefruit (Citrus 

sinensis), as well as its chemical synthesis are very low-yielding[3], so it is most commonly 

produced from its biosynthetic precursor, valencene, a sesquiterpene hydrocarbon highly 

abundant in orange peel oil. The chemical conversion of valencene to nootkatone requires toxic 

heavy metals such as chromium or corrosive oxidants such as tert-butyl hydroperoxide[3]. This 

has prompted various academic biocatalysis groups, as well as three biotechnology companies – 

Allylix (now part of Evolva), Isobionics, and Oxford Biotrans – to invest in its production 

through cytochrome P450-mediated biocatalysis. 

In such a process, a P450 hydroxylates the 2-position of valencene with the concomitant 

production of water, producing either cis-nootkatol or trans-nootkatol, depending on the 

stereochemistry of the resulting hydroxyl group. Then, the P450 again oxidizes the same 

position of either nootkatol diastereomer to yield nootkatone (Figure 6.1, blue and green 

panels). The second oxidation step can also be achieved through the use of an additional alcohol 

dehydrogenase[4]. 

The P450 responsible for the production of nootkatone one of its native producers, Alaska cedar, 

has been identified[5], however, it being a eukaryotic (i.e., membrane-bound) P450 will likely 

require its expression in a eukaryotic industrial host. Valencene appears to be toxic to 

Saccharomyces cerevisiae[6], but Pichia pastoris has shown some promise as a host for the 

bioconversion of valencene using eukaryotic P450s[7]. The green algae Chlorella fusca also 

effectively transforms valencene into nootkatone, but it has low productivity, requiring more 

than a week to reach substantial conversion[8]. 

Many groups have turned to bacterial P450s to catalyze the conversion of valencene to 

nootkatone[3]. While wild-type P450BM3  is unable to effect this transformation, the Wong and 

Pleiss groups have reported mutants displaying this ability[9,10]. However, being limited in 

their analytical throughput, these studies have been limited to small, focused mutant libraries of 

3 and 24 members respectively. Whereas several P450BM3 variants were found to act on 

valencene, most oxidize valencene at more than one position, yielding non-specifically over-

oxidized products (Figure 6.1, yellow panel). The ability of mass spectrometry to discern the 
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degree of oxidation (but admittedly, not regiospecificity) could prove helpful distinguishing such 

false positives from more worthwhile variants. While peak heights of different ions in a mass 

spectrum cannot be directly quantified in the absence of isotopically-labeled internal standards, 

the proportional height of an ion is expected to rise monotonically with analyte concentration, 

making it possible to identify the most productive wells in a screen despite not knowing the 

absolute product yield. With a novel high-throughput enzyme assay in-hand, we decided it 

worthwhile to attempt a large-scale enzyme screen for nootkatone-producing P450BM3 variants 

as a proof-of-concept for the PECAN technology. 

 

Figure 6.1: The P450-catalyzed oxidation of valencene to produce nootkatols, nootkatone, and other oxidized 
isoprenoids. Compounds in the same column have the same elemental composition and nominal mass, as annotated. 
Mis-oxidized and over-oxidized products are drawn for sake of illustration; not all of these molecules have been 
identified before, though they may reasonably be expected to form. 

6.2 METHODS 

6.2.1 Site-saturation mutagenesis library construction 

A pCWori+ plasmid encoding wild-type codon-optimized P450BM3 (“pCWori-BM3(CO)-G0”) from 

Dietrich et al.[11] was used as a starting point. Because of the duplicated trc promoter, 

homology-based cloning (e.g., Gibson assembly and Kunkel mutagenesis) was impractical. An 

N-terminal 6x-His tag, as well as silent mutations generating XbaI and XhoI restriction sites 

were introduced 5’ and 3’ to the DNA encoding F87 and A238 respectively by replacing part of 

the P450BM3 gene by a codon-optimized gBlock (Integrated DNA Technologies) harboring the 

necessary changes. The resulting plasmid – still encoding wild-type P450BM3 – was used as the 

parent for the subsequent site-saturation mutagenesis. JBEI registry part ID for this plasmid: 

JBx_038061. 

Mutagenic forward and reverse primers 

[5’-acgaaTCTAGAtttgataaaaacctgtctcaggccctgaaattcgtgcgtgatttcgcaggtgacggtctgNNKacttcttggacccacg-3’] 

and 

Over-oxidationUnder-oxidation Aim

Mis-oxidation
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[5’-acctttCTCGAGcgggtattcaccgcccagaacagtatcttccttcgcatacagagagaacgccggMNNagtcggccacaggcgcaagg-5’] 

(restriction sites and mutagenized codon in caps) were used to amplify the region from Platinum 

Taq HiFi (Thermo Scientific). The amplicon was digested with XbaI, XhoI and DpnI (FastDigest 

from Themo Scientific), and the parent plasmid digested with XbaI and XhoI. Both were gel 

purified, ligated with T4 ligase (Themo Scientific), and electroporated into ElectroMAX DH10B 

electrocompetent E. coli (Thermo Scientific). The transformed cells were spread on a 12cm × 

12cm LB agar plate with 100 mg/L carbenicillin and grown overnight at 37 °C to a confluent 

lawn, which was scraped into 10mL LB and mini-prepped (Qiagen). the resulting plasmid prep 

was Sanger sequenced to make sure the F87 and A238 codons were saturated, and transformed 

into NEB 10-beta chemically competent E. coli (New England Biolabs). The cells were plated 

onto 12cm × 12cm LB agar plates with 100 mg/L carbenicillin at various dilutions. After growth 

overnight at 37 °C, colonies from the plate showing most distinct colonies, as well as 8 colonies 

of E. coli 10-beta harboring pCWori+-GFP (into wells A01, A07, E01, E07, C04, C10, G04, and 

G10), were picked into 200 µL LB with 10% glycerol and 100 mg/L carbenicillin in 96-well 

plates using a QPix2 colony picker (Molecular Devices), and grown overnight, shaking at 200 

rpm at 37 °C. At this point, the 96-well plates could be stored at -80 °C until needed. 10 wells 

were picked at random and Sanger sequenced to verify that the library had the appropriate 

amount of diversity. 

6.2.2 Synthesis of ValHN3 (PECAN probe) 

 

Figure 6.2: Synthetic strategy towards ValHN3 

6.2.2.1 valencene 14-hydrate 

InChI=1S/C15H26O/c1-11(10-16)13-7-8-14-6-4-5-12(2)15(14,3)9-13/h6,11-13,16H,4-5,7-10H2,1-

3H3/t11?,12-,13-,15+/m1/s1 

Valencene (Sigma-Aldrich 75056) was purified by passing it over silica gel in hexanes. After this, 

the valencene was >95% pure by GC-MS. 

This hydroboration protocol is based on Kanth and Brown[12] and was effective on all terpenes 

with 1,1-disubsituted alkenes that we have tried it on. 

To a dry round-bottom flask on ice was added, in order, 3.5 mL valencene (15.8 mmol), 10 mL 

dry DCM, and 6.5 mL of 3M dichloroborane:dioxane complex in DCM (1.2 eq, Sigma 555959). 

The solution was left to stir on ice for 3.5 h, after which was added, very slowly to avoid 

overheating, in order, 2.5 mL 50% NaOH diluted in 16 mL water, 5 mL methanol, 2.5 mL 30% 

hydrogen peroxide. The solution was warmed up to room temperature, left to stir for 3h, and 

stirred for 1h at 40 °C. The mixture was extracted with 3 × 50 mL DCM, dried down, and 

chromatographed over silica gel (9:1 hexanes:ethyl acetate) and evaporated under reduced 

pressure to afford 2.83g of a colorless viscous oil (12.7 mmol, 81% yield). 

Equimolar mixture of diastereomers. NMR shows “doublets” because the diastereomers have 

slightly different chemical shifts. For these cases, signals hypothesized to correspond to the 
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same atom in the two diastereomers are grouped using brackets for the 13C NMR listing. 
1H NMR (400 MHz, Chloroform-d) δ 5.33 – 5.24 (m, 1H), 3.82 – 3.38 (m, 2H), 2.32 – 2.16 (m, 

1H), 2.09 – 1.85 (m, 3H), 1.83 – 1.21 (m, 9H), 0.93 – 0.81 (m, 9H). 

13C NMR (101 MHz, CDCl3) δ [143.68, 143.65], [119.94, 119.92], [66.55, 66.29], 44.32, 42.26, 

41.21, [40.82, 40.79], [37.98, 37.78], [34.87, 34.48], [32.93, 32.77], [32.17, 29.80], [27.29, 

27.26], 26.00, 18.64, [15.83, 15.81], [13.78, 13.16]. 

EIMS: 222 (20), 189 (28), 163 (72), 107 (59), 105 (77), 91 (100), 79 (79), 77 (60), 67 (47). 

6.2.2.2 Valencene 14-hydroazide (ValHN3) 

InChI=1S/C15H25N3/c1-11(10-17-18-16)13-7-8-14-6-4-5-12(2)15(14,3)9-13/h6,11-13H,4-5,7-

10H2,1-3H3/t11?,12-,13-,15+/m1/s1 

A round-bottom flask with condenser was charged with 20mL toluene, 2.24g valencene 14-

hydrate, 6.475mL d iphenylphosphoryl azide (DPPA) (3 eq), and 3mL 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) (For this reaction, it was not necessary to add DEAD or 

DIAD). The mixture was refluxed for 24 h, quenched with saturated aqueous ammonium 

chloride, extracted with 2 × 1:1 hexanes:ethyl acetate, dried down and passed over silica in 100% 

hexanes and evaporated under reduced pressure to afford 2.23g of a colorless oil (9.0 mmol, 

90% yield). 

Equimolar mixture of diastereomers. NMR shows apparent “doublets” because the 

diastereomers have slightly different chemical shifts. For these cases, the J-values are marked 

with an asterisk in the  1H NMR listing (these are not true J-values since the number is affected 

by the magnetic field the way chemical shift is), and, signals hypothesized to correspond to the 

same atom in the two diastereomers are grouped using brackets for the 13C NMR listing. 

 
1H NMR (400 MHz, Chloroform-d) δ 5.31 (dt, J = 4.6*, 2.1 Hz, 1H), 3.32 (ddd, J = 12.1*, 5.8, 2.7 

Hz, 1H), 3.14 (ddd, J = 12.0*, 7.4, 4.3 Hz, 1H), 2.34 – 2.19 (m, 1H), 2.07 (ddd, J = 14.0*, 4.3, 2.5 

Hz, 1H), 2.00 (tt, J = 9.8, 2.6 Hz, 1H), 1.97 – 1.87 (m, 1H), 1.76 (dq, J = 12.4*, 2.9 Hz, 1H), 1.72 – 

1.52 (m, 4H), 1.40 (dp, J = 7.5*, 2.7 Hz, 3H), 0.97 – 0.84 (m, 10H). 
13C NMR (101 MHz, CDCl3) δ [143.31, 143.29], [120.20, 120.18], [56.11, 55.89], [44.02, 41.96], 

41.20, 38.44, [37.96, 37.78], [35.66, 35.47],[ 32.79, 32.63], [31.92, 29.77], [27.27, 27.25], 25.99, 

18.61, 15.82, [14.82, 14.40]. 

EIMS: 218 (14, M-HN2), 204 (47), 190 (24), 187 (76), 176 (30), 162 (63), 159 (30), 145 (42), 131 

(36), 119 (48), 107 (58), 105(84), 96 (97), 95 (56), 93 (69), 91 (100), 81(50), 77 (53), 67 (42), 

55(61) 

MS (NIMS after clicking with): 855.3 (product(247.2)+Nz-N3(607.1)+H(1)) 

Each time before using ValHN3 as a PECAN probe, it was passed over a silica stub in a pipette-

filter in hexanes to remove any possible spontaneous breakdown products. 

6.2.3 NIMS Chip production 

The dry-etched NIMS chips used throughout this chapter were produced by Jian Gao according 

to the protocol of Gao et al. [13]. The chips, received thoroughly coated in initiator, were baked 

at 50 °C in a convection oven for 24 h before they were used. 

6.2.4 High-throughput PECAN Screen 

Except where noted, all liquid-handling was performed on a Biomex FX robot with a 96-well 

pipetting head. 100 µL of overnight cultures in LB with 100 mg/L carbenicillin were diluted into 

1 mL TB with 100 mg/L ampicillin and 0.5 mM δ-aminolevulinic acid (δ-ALA) in 96-deepwell 

plates. The plates were shaken at 300 rpm at 37 °C for 3h, cooled down to room temperature, 
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induced with 0.5 mM IPTG (through addition of 100 µL LB with 5mM IPTG), and shaken for 

18h at 300 rpm at 30 °C, and centrifuged for 5 min at 3,000 × g. The pellets were resuspended 

in Lysis Buffer (section 4.2.5.2), shaken at 250 rpm at 30 °C for 1 hour, subjected to 3 freeze-

thaw cycles between -80 °C and 30 °C, the last freeze of which occurred overnight. The plates 

were centrifuged at 3,000 × g for 10 minutes and 110 µL of each of the supernatants was 

transferred to glass-covered 96-deepwell plates (“Plate +” from Thermo Scientific) pre-loaded 

with 6.25 µL 20X ValHN3 probe (10 mM probe in DMSO, synthesis described in section 6.2.2, 

dispensed using a Tecan Freedom EVO liquid-handling robot), and the reactions were initiated 

by adding 12.5 µL 10X cofactor regeneration system, such that the final 125µL reaction mixtures 

contained 0.5 mM probe and 1X cofactor regeneration system [i.e., 10 mM G6P, 100 µM NADP+ 

and 0.1 unit/mL G6P dehydrogenase]. The enzymatic reactions were shaken at 300 rpm for 1 

hour and quenched with an equal volume of isopropanol. Plates were incubated at 4 °C for 30 

minutes to expedite protein precipitation, and centrifuged for 10 min at 2,000 × g. 17.5 µL of 

each supernatant was transferred to a 384-well PCR plate (combining 4 plates worth of 

enzymatic reactions) pre-loaded with 17.5 µL 2X tagging solution [2X click solution (described 

in section 4.2.5.4), 100 µM PFO-Arg-NH-Prg tag (synthesis described in section 4.2.2)], 

dispensed using a Tecan Freedom EVO liquid-handling robot]. The 384-well PCR plate was 

hermetically sealed with aluminum foil using a heat sealer and left to react at room temperature 

for 24 h. To prevent the formation of bubbles (which impair the ability of the acoustic printer to 

print from that well) while pipetting, 2 µL methanol was pre-dispensed into a 384-well plate 

(Greiner 788986) before transferring 10 µL of the tagging reaction into it. A dry-etched NIMS 

chip (production described in section 6.2.3) was taped to a steel MALDI plate and 10 nL from 

each well (corresponding to 0.5 pmol of tagged probe, assuming the click reaction went to 

completion) was printed onto the NIMS chip using a ATS-100 acoustic transfer system (EDC, 

Fremont, CA) with a spot pitch (center-to-center distance) of 750 µm, in a pattern preserving 

the screening campaign’s 96-well plates. The NIMS chip was rinsed with de-ionized water under 

a running tap for 5 minutes, and gently shaken in a bath of de-ionized water overnight. The 

NIMS chip was mounted onto steel MALDI plate using copper tape, and imaged with a spatial 

(rastering) resolution of 75 µm on a ABI/Sciex 5800 MALDI TOF/TOF instrument. The 

resulting MS image was uploaded to OpenMSI[14], analyzed using the OpenMSI Arrayed 

Analysis Toolkit (chapter 3), and the resulting ion intensities further analyzed using the code 

below. 

6.2.5 Analysis of valencene oxidation products by GC-MS 

The E. coli DH10b P450BM3 mutant cultures considered a “hit” in the screen were grown 

overnight in LB with 100 mg/L carbenicillin. 12.5 mL of this culture was diluted into 250 mL TB 

with 100 mg/L ampicillin and 0.5 mM δ-ALA in glass flasks and shaken at 200 rpm at 37 °C for 

3.5 h. the cultures were cooled to 30 °C, induced with 0.5 mM IPTG, and shaken at 200 rpm at 

30 °C for 18 h. The cultures were harvested by centrifugation at 3000 × g, resuspended in 15 mL 

lysis buffer (see section 4.2.5.2), shaken at 200 rpm at 30 °C for 1 hour, and subjected to 3 

freeze-thaw cycles between -80 °C and 30 °C, the last freeze of which occurred overnight. The 

lysates were clarified by centrifugation at 10,000 × g for 15 min at 4°C, and the clarified lysates 

gently shaken with 1 mL of Ni-NTA Agarose beads (Qiagen 30210) in the presence of 10 mM 

imidazole, at 4 °C for 1 h. The beads were subjected to 3 × 5 mL washes of enzyme buffer (see 

section 4.2.5.1) + 10 mM imidazole, gently shaken for 30 min at 4 °C, and eluted in 4 mL 

enzyme buffer + 200 mM imidazole. The eluents were concentrated in 3 kDa MWCO filters to 

~500 µL final volume. 
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P450 concentrations were measured by CO-difference assays[15], performed as follows: 100 µL 

of concentrated protein was diluted into 2 mL (20-fold dilution) and pipetted into two plastic 

cuvettes. CO was bubbled through one of the cuvettes for 30 s. 10 µL 0.1 M sodium dithionite 

was added to both of the cuvettes, both were mixed by inversion, left to react for 30 s, and the 

cuvette without CO added used as blank for the measurement of the spectrum of the cuvette 

with CO added in a UV-Vis spectrometer between 400 and 550 nm. The spectra were 

normalized by setting the 490 nm absorbance to 0, and the maximum absorbance between 440 

nm and 460 nm was used to determine P450 concentration, using 91 mM-1 cm-1 as extinction 

coefficient. 

In vitro assays (500 µL total, in glass vials, in triplicate) contained: 1 µM enzyme, 500 µM 

valencene (freshly passed over a silica stab), 5% DMSO, enzyme reaction buffer (see section 

4.2.5.1) up to 450 µL, and were initiated by the addition of 50 µL cofactor regeneration system 

(4.2.5.3). The reactions were shaken at 200 rpm at room temperature for 1 h, and quenched by 

the addition of 500 µL ethyl acetate and thorough vortexing. The organic layer was collected and 

1 µL of it analyzed by GC-MS using an Agilent 7890A GC with 5975C inert XL MS. Column: 

HP5-ms (30 m × .25 mm) (Agilent 19091S-433), Helium flow rate: 1mL/min; Inlet temperature: 

250 °C; MS transfer line temperature: 280 °C. Oven temperatures: Hold at 80 °C for 1 min, 

ramp to 160 °C at 20 °C/min, ramp to 235 °C at 7.5 °C/min, ramp to 300 °C at 40 °C/min, hold 

at 300 °C for 2.75. MS was scanned from 50 to 350 Da, the fragmentation patterns used to 

identify peaks by comparison to literature spectra[5,9], and the total ion chromatogram used for 

quantitation. 
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6.3 CODE 

6.3.1 Code to analyze high-throughput PECAN MSI data (Language: Python) 
import omaat 

import pandas 

import seaborn as sns 

from __future__ import division 

 

img_dict={} 

img_dict["VN03"]=omaat.pickle.load(open("2017-06-21-VN03.img","rb")) 

img_dict["VN10"]=omaat.pickle.load(open("2017-06-21-VN10.img","rb")) 

img_dict["VN11"]=omaat.pickle.load(open("2017-06-21-VN11.img","rb")) 

img_dict["VN12"]=omaat.pickle.load(open("2017-06-21-VN12.img","rb")) 

img_dict["VN13"]=omaat.pickle.load(open("2017-06-21-VN13.img","rb")) 

img_dict["VN14"]=omaat.pickle.load(open("2017-06-21-VN14.img","rb")) 

img_dict["VN15"]=omaat.pickle.load(open("2017-06-21-VN15.img","rb")) 

img_dict["VN16"]=omaat.pickle.load(open("2017-06-21-VN16.img","rb")) 

img_dict["VN04"]=omaat.pickle.load(open("2017-05-30-VN04.img","rb")) 

img_dict["VN05"]=omaat.pickle.load(open("2017-05-30-VN05.img","rb")) 

img_dict["VN06"]=omaat.pickle.load(open("2017-05-30-VN06.img","rb")) 

img_dict["VN07"]=omaat.pickle.load(open("2017-05-30-VN07.img","rb")) 

img_dict["VN08"]=omaat.pickle.load(open("2017-06-21-VN08.img","rb")) 

img_dict["VN09"]=omaat.pickle.load(open("2017-06-21-VN09.img","rb")) 

 

hits=[] 

neg_ctrl_locations=["A01","A07","E01","E07","C04","C10","G04","G10"] 

product_ion=869 

under_ion=product_ion+2 

min_over_ion=product_ion+10 

 

fig=omaat.plt.figure(figsize=(13,16)) 

axloc=0 

 

for platename in sorted(img_dict): 

     

    image=img_dict[platename] 

     

    print("processing "+platename) 

 

    #generate the dataframe 

    df=image.resultsDataFrame(minPixelIntensity=0,alphaRows=True)  

 

    means_df=df.loc[:,(slice(None),'mean')] #get the means from the dataframe 

 

    #round the column names so that we can compare data collected on different days 

    means_df.columns=pandas.indexes.numeric.Int64Index( 

        data=means_df.columns.get_level_values(0).values.round())  

     

    intensity_cutoff=1000 

    print("dropping due to too low intensity: {}".format( 

        means_df[means_df.sum(axis=1)<intensity_cutoff].index.values)) 

    trimmed_df = means_df.drop( 

        means_df[means_df.sum(axis=1)<intensity_cutoff].index) 

 

    processed_df=pandas.DataFrame() 

 

    processed_df["total"]=trimmed_df[ 

        trimmed_df.columns[(trimmed_df.columns>800)]].sum(axis=1) 
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    processed_df["proportion_product"]=trimmed_df[product_ion]/processed_df["total"] 

    processed_df["proportion_under"]=trimmed_df[under_ion]/processed_df["total"] 

    processed_df["proportion_over"]=trimmed_df[ 

        trimmed_df.columns[ 

            (trimmed_df.columns>min_over_ion)]].sum(axis=1)/processed_df["total"] 

     

    #normalize each to their own ions in the neg. ctrls 

    for x in ["product","under","over"]:  

        neg_ctrls=processed_df["proportion_"+x][neg_ctrl_locations] 

        processed_df["stdevs_"+x]=( 

            processed_df["proportion_"+x]-neg_ctrls.mean() 

            )/neg_ctrls.std() 

 

 

 

    processed_df.sort_values("proportion_product",ascending=False,inplace=True) 

 

    #pick the ones that are more than ten standard deviations away 

    #from the negative controls 

    winners=processed_df[processed_df["stdevs_product"]>10]["stdevs_product"] 

     

     

    for (location,w) in winners.items(): 

        hits.append(platename+location) 

     

    print("{} winners".format(len(winners))) 

     

    #turns the bars for the negative controls red 

    colors = ['r' if x in ["A01","A07","E01","E07","C04","C10","G04","G10"] 

              else 'g' if x in winners.index else 'b' for x in processed_df.index] 

 

     

    axloc+=1 

    ax=fig.add_subplot(len(img_dict)/2,2,axloc) 

    bar_width=0.6 

    line_width=0.5 

 

    #generates the sub-plots for Figure 6.8 

    ax.bar(range(len(processed_df)),processed_df["stdevs_product"], 

           bottom=0,width=bar_width,color=colors,linewidth=line_width) 

    ax.set_ylim(-5,50) 

    ax.set_xlim(0,96) 

    ax.set_title("Plate "+platename) 

    ax.set_xlabel("well rank",labelpad=-3) 

    ax.set_ylabel("Proportion +14 product,\nstdevs over control",labelpad=0) 

     

    

         

print("({} hits)".format(len(hits))) 

omaat.plt.tight_layout() 

fig.savefig("PECAN_results.svg",format="svg") 

 

prevhit="none" 

for h in hits: 

    if(prevhit[0:4]!=h[0:4]): 

        print("") 

    print(h) 

    prevhit=h 

     

6.3.2 Code to plot CO-difference spectra (Language: Python) 
import pandas 
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import io 

import math 

import numpy 

from __future__ import division 

import matplotlib.pylab as plt 

import seaborn as sns 

 

df=pandas.read_csv("COdiffs.txt",sep="\t",index_col="nm") 

 

df=df-df.loc[490,:] #subtract background, set 490 nm to 0 AU 

 

f=plt.figure(figsize=(6.5,9)) 

 

 

ax_number=0 

 

for name,array in df.iteritems(): 

    ax_number+=1 

    ax=f.add_subplot(6,3,ax_number) 

 

#render sub-plots for Figure 6.11 

    array.plot(kind="line",ax=ax) 

    ax.axhline(y=0, color='k',linewidth=0.5) 

    if name=="wt": 

        ax.set_title("wild-type P450$\mathrm{_{BM3}}$",size="small") 

    else: 

        if name[1:2]=="A": 

            ax.set_title("P450$\mathrm{_{BM3}}$ F87"+name[0:1]+ 

                         " ({})".format(name),size="small") 

        else: 

            ax.set_title("P450$\mathrm{_{BM3}}$ F87"+name[0:1]+ 

                         "/A328"+name[1:2]+" ({})".format(name),size="small") 

     

    ax.tick_params(axis='both', which='major', labelsize=7) 

     

    if ax.is_first_col(): 

        ax.set_ylabel("Absorbance difference\nof 1/20 dilution of stock",size="small") 

     

    if ax.is_last_row() or ax_number==15: 

        ax.set_xlabel("Wavelength (nm)") 

    else: 

        ax.set_xlabel("") 

             

f.tight_layout() 

 

#render Figure 6.11 

plt.savefig("COdiffs-figure.svg") 

6.3.3 Code to extract peak areas from Agilent GC-MS “Percent report” format and 

arrange into a table (Language: AWK) 
BEGIN{ 

    OFS = "\t"; 

    print "file","valencene","cis-nootkatol", "trans-nootkatol", "nootkatone", 

          "u220_a", "u218_a", "u220_b", "u218_b", "u220_c", "u218_c", "u220_d", 

          "u218_d", "u218_e", "u220_e", "u218_f", "u236_a", "u218_g", "u236_b", 

          "u236_c", "u236_d", "u236_e", "u236_f", "u236_g", "u236_h", "u236_i", 

          "u234_a", "u236_j", "u234_b", "u234_c", "u234_d"; 

    RT_valencene=7.708; 

    RT_u220_a=8.920; #u220 stands for unknown analyte with a nominal mass of 220 Da 

    RT_u218_a=9.212; 

    RT_u220_b=9.391; 

    RT_u218_b=9.417; 
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    RT_u220_c=9.628; 

    RT_u218_c=9.638; 

    RT_u220_d=9.649; 

    RT_u218_d=9.785; 

    RT_cis_nootkatol=9.900; 

    RT_trans_nootkatol=10.065; 

    RT_u218_e=10.097; 

    RT_u220_e=10.273; 

    RT_u218_f=10.467; 

    RT_u236_a=10.895; 

    RT_u218_g=10.974; 

    RT_u236_b=11.114; 

    RT_nootkatone=11.191; 

    RT_u236_c=11.871; 

    RT_u236_d=12.056; 

    RT_u236_e=12.090; 

    RT_u236_f=12.259; 

    RT_u236_g=12.342; 

    RT_u236_h=12.516; 

    RT_u236_i=12.710; 

    RT_u234_a=12.878; 

    RT_u236_j=13.200; 

    RT_u234_b=13.421; 

    RT_u234_c=13.717; 

    RT_u234_d=14.637; 

    RT_fluctuation=0.01 

    } 

     

$1=="Signal"{ 

    signal=substr($4,0,index($4,"\\")-3); 

    valencene=0; 

    u220_a=0; 

    u218_a=0; 

    u220_b=0; 

    u218_b=0; 

    u220_c=0; 

    u218_c=0; 

    u220_d=0; 

    u218_d=0; 

    cis_nootkatol=0; 

    trans_nootkatol=0; 

    u218_e=0; 

    u220_e=0; 

    u218_f=0; 

    u236_a=0; 

    u218_g=0; 

    u236_b=0; 

    nootkatone=0; 

    u236_c=0; 

    u236_d=0; 

    u236_e=0; 

    u236_f=0; 

    u236_g=0; 

    u236_h=0; 

    u236_i=0; 

    u234_a=0; 

    u236_j=0; 

    u234_b=0; 

    u234_c=0; 

    u234_d=0; 

    } 
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signal!=""&&$2>RT_valencene-RT_fluctuation 

          &&$2<RT_valencene+RT_fluctuation{valencene+=$(NF-2)} 

signal!=""&&$2>RT_cis_nootkatol-RT_fluctuation 

          &&$2<RT_cis_nootkatol+RT_fluctuation{cis_nootkatol+=$(NF-2)} 

signal!=""&&$2>RT_trans_nootkatol-RT_fluctuation 

          &&$2<RT_trans_nootkatol+RT_fluctuation{trans_nootkatol+=$(NF-2)} 

signal!=""&&$2>RT_nootkatone-RT_fluctuation 

          &&$2<RT_nootkatone+RT_fluctuation{nootkatone+=$(NF-2)} 

signal!=""&&$2>RT_u220_a-RT_fluctuation&&$2<RT_u220_a+RT_fluctuation{u220_a+=$(NF-2)} 

signal!=""&&$2>RT_u218_a-RT_fluctuation&&$2<RT_u218_a+RT_fluctuation{u218_a+=$(NF-2)} 

signal!=""&&$2>RT_u220_b-RT_fluctuation&&$2<RT_u220_b+RT_fluctuation{u220_b+=$(NF-2)} 

signal!=""&&$2>RT_u218_b-RT_fluctuation&&$2<RT_u218_b+RT_fluctuation{u218_b+=$(NF-2)} 

#these two peaks are very close to each other... 

signal!=""&&$2>RT_u220_c-RT_fluctuation/2 

          &&$2<RT_u220_c+RT_fluctuation/2{u220_c+=$(NF-2)} 

signal!=""&&$2>RT_u218_c-RT_fluctuation/2 

          &&$2<RT_u218_c+RT_fluctuation/2{u218_c+=$(NF-2)} 

signal!=""&&$2>RT_u220_d-RT_fluctuation&&$2<RT_u220_d+RT_fluctuation{u220_d+=$(NF-2)} 

signal!=""&&$2>RT_u218_d-RT_fluctuation&&$2<RT_u218_d+RT_fluctuation{u218_d+=$(NF-2)} 

signal!=""&&$2>RT_u218_e-RT_fluctuation&&$2<RT_u218_e+RT_fluctuation{u218_e+=$(NF-2)} 

signal!=""&&$2>RT_u220_e-RT_fluctuation&&$2<RT_u220_e+RT_fluctuation{u220_e+=$(NF-2)} 

signal!=""&&$2>RT_u218_f-RT_fluctuation&&$2<RT_u218_f+RT_fluctuation{u218_f+=$(NF-2)} 

signal!=""&&$2>RT_u236_a-RT_fluctuation&&$2<RT_u236_a+RT_fluctuation{u236_a+=$(NF-2)} 

signal!=""&&$2>RT_u218_g-RT_fluctuation&&$2<RT_u218_g+RT_fluctuation{u218_g+=$(NF-2)} 

signal!=""&&$2>RT_u236_b-RT_fluctuation&&$2<RT_u236_b+RT_fluctuation{u236_b+=$(NF-2)} 

signal!=""&&$2>RT_u236_c-RT_fluctuation&&$2<RT_u236_c+RT_fluctuation{u236_c+=$(NF-2)} 

signal!=""&&$2>RT_u236_d-RT_fluctuation&&$2<RT_u236_d+RT_fluctuation{u236_d+=$(NF-2)} 

signal!=""&&$2>RT_u236_e-RT_fluctuation&&$2<RT_u236_e+RT_fluctuation{u236_e+=$(NF-2)} 

signal!=""&&$2>RT_u236_f-RT_fluctuation&&$2<RT_u236_f+RT_fluctuation{u236_f+=$(NF-2)} 

signal!=""&&$2>RT_u236_g-RT_fluctuation&&$2<RT_u236_g+RT_fluctuation{u236_g+=$(NF-2)} 

signal!=""&&$2>RT_u236_h-RT_fluctuation&&$2<RT_u236_h+RT_fluctuation{u236_h+=$(NF-2)} 

signal!=""&&$2>RT_u236_i-RT_fluctuation&&$2<RT_u236_i+RT_fluctuation{u236_i+=$(NF-2)} 

signal!=""&&$2>RT_u234_a-RT_fluctuation&&$2<RT_u234_a+RT_fluctuation{u234_a+=$(NF-2)} 

signal!=""&&$2>RT_u236_j-RT_fluctuation&&$2<RT_u236_j+RT_fluctuation{u236_j+=$(NF-2)} 

signal!=""&&$2>RT_u234_b-RT_fluctuation&&$2<RT_u234_b+RT_fluctuation{u234_b+=$(NF-2)} 

signal!=""&&$2>RT_u234_c-RT_fluctuation&&$2<RT_u234_c+RT_fluctuation{u234_c+=$(NF-2)} 

signal!=""&&$2>RT_u234_d-RT_fluctuation&&$2<RT_u234_d+RT_fluctuation{u234_d+=$(NF-2)} 

$1=="Sum"{print signal, valencene, cis_nootkatol, trans_nootkatol, nootkatone, 

                u220_a, u218_a, u220_b, u218_b, u220_c, u218_c, u220_d, u218_d, 

                u218_e, u220_e, u218_f, u236_a, u218_g, u236_b, u236_c, u236_d, 

                u236_e, u236_f, u236_g, u236_h, u236_i, u234_a, u236_j, u234_b, 

                u234_c, u234_d;} 

6.3.4 Code to plot the GC data as bar charts (Language: Python) 
import pandas 

import io 

import math 

import numpy 

from __future__ import division 

 

df=pandas.read_csv("2017-07-07-output2.txt",sep="\t") #uses table produced by 

                                                      #the AWK script above 

 

sample_df=df[df["file"].str.contains("-")] 

sample_df["total"]=sample_df.sum(axis=1) 

 

split_df=sample_df["file"].str.split("-",expand=True) 

 

sample_df["sample_name"]=split_df[0] 

sample_df["replicate"]=split_df[1] 

 

analysis_df=pandas.DataFrame() 
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analysis_df["sample_name"]=sample_df["sample_name"] 

analysis_df["replicate"]=sample_df["replicate"] 

analysis_df["valencene"]=sample_df["valencene"]/sample_df["total"]*100 

analysis_df["cis-nootkatol"]=sample_df["cis-nootkatol"]/sample_df["total"]*100 

analysis_df["trans-nootkatol"]=sample_df["trans-nootkatol"]/sample_df["total"]*100 

analysis_df["nootkatone"]=sample_df["nootkatone"]/sample_df["total"]*100 

analysis_df["other, m/z=220"]=sample_df.filter(axis=1,like="u220" 

                                              ).sum(axis=1)/sample_df["total"]*100 

analysis_df["other, m/z=218"]=sample_df.filter(axis=1,like="u218" 

                                              ).sum(axis=1)/sample_df["total"]*100 

analysis_df["other, m/z=236"]=sample_df.filter(axis=1,like="u236" 

                                              ).sum(axis=1)/sample_df["total"]*100 

analysis_df["other, m/z=234"]=sample_df.filter(axis=1,like="u234" 

                                              ).sum(axis=1)/sample_df["total"]*100 

 

group=analysis_df.dropna().groupby(["sample_name"]) 

means_df=group.agg(numpy.mean) 

stdevs_df=group.agg(numpy.std) 

#plotting figure Figure 6.12 

means_df.drop(["valencene"],axis=1).plot.bar(stacked=True,yerr=stdevs_df) 

 

 

condition=numpy.logical_and(means_df["valencene"]>75,means_df["nootkatone"]>0) 

#plotting Figure 6.13 

means_df[condition].drop(["valencene"], 

                         axis=1 

                        ).plot.bar(stacked=True, 

                                   yerr=stdevs_df[condition].drop(["valencene"], 

                                                                  axis=1)) 

 

total_oxidized=analysis_df.drop(["valencene"],axis=1).sum(axis=1) 

 

fraction_of_oxidized_df=analysis_df.drop(["sample_name","replicate","valencene"], 

                                         axis=1 

                                        ).div(total_oxidized,axis=0)*100 

fraction_of_oxidized_df["sample_name"]=sample_df["sample_name"] 

fraction_of_oxidized_df["replicate"]=sample_df["replicate"] 

 

group=fraction_of_oxidized_df.dropna().groupby(["sample_name"]) 

means_df=group.agg(numpy.mean) 

stdevs_df=group.agg(numpy.std) 

#plotting Figure 6.14 

means_df.plot.bar(stacked=True,yerr=stdevs_df)  
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6.4 RESULTS 

 

Figure 6.3: ValHN3, the PECAN probe designed to mimic valencene, and some of its oxidation products, as well as 
their tagged forms, that we may expect to detect in our PECAN screen. 

6.4.1 Optimization of screening conditions 

We synthesized PECAN probe ValHN3, to be employed as a “clickable” analog of valencene 

(Figure 6.3). The hydrophobic nature of ValHN3 required some special considerations when 

optimizing our protocol. Being insoluble in water, it was necessary to add 5% DMSO to the 

enzymatic reactions. Being volatile (yet, the enzymatic reaction requiring O2), we had to limit 

our reaction time to 1 h, which was not long enough to see significant turnover in whole cells, so 

we chose to perform the screen in cell lysate. Adding detergents (Triton-X, Tergitol or Tween-

20) to the mixture, allowed the probe to dissolve better and prevented evaporation, however, no 

enzyme activity could be observed under those conditions. We suspect either the detergent 

denatures the enzyme, or the detergent sequesters the substrate away from the enzyme. The use 

glass-coated “Plate+” plates instead of regular polypropylene 96-deepwell plates drastically 

improved probe recovery after the enzymatic reaction, suggesting the probe absorbs into (or 

adsorbs onto) the plastic. Solvents were used to quench the enzymatic reactions, causing the 

lysates’ protein content to denature and form a precipitate. We found that this precipitate 

inhibits the click reaction, so it was necessary to pellet it by centrifugation before commencing 

the tagging reaction, upon which we found the probe adheres to the pellet (presumably unfolded 

protein is more lipophilic than 1:1 methanol:water), leaving insufficient probe in the 

supernatant for analysis. Quenching with an equal volume of methanol, ethanol or acetone 

resulted in the majority of probe being sequestered by the pellet, while using isopropanol and 

acetonitrile would cause the majority of the probe to remain in the supernatant (Figure 6.4). 

Acetonitrile completely inhibited the click reaction, so we resolved to employ an isopropanol 

quench. These considerations may be helpful for anyone attempting to perform high-throughput 

experiments on highly hydrophobic molecules like these. 

Tagging reaction
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Figure 6.4: effect of quenching solvent on probe recovery from clarified lysate in a glass-coated 96-well plate after 
centrifugation. Recovery was quantified against a standard curve by gas chromatography-mass spectrometry. The fact 
that not all conditions sum to 100% can be explained by evaporation during centrifugation and analytical error.  N=1. 

 

Figure 6.5: Summary of the optimized solvent and analyte content throughout the enzymatic reaction, tag-clicking 
and printing stages of the screen. 

 

  

Enzymatic reaction: 
Aqueous buffer,

5% DMSO,
500 µM probe

Quench with isopropanol 
(because in methanol probe 

partitions with protein

Tag-clicking solution:
50% water (to solubilize the copper), 
50% methanol (to solubilize the tag)
100 µM tag, 50 mM THPTA, 10 mM
CuSO4, 50 mM sodium ascorbate

Resulting solvent 
composition during click 

reaction and printing :
48.75% water

25% isopropanol
25% methanol
1.25% DMSO

125 µM probe, 50 µM tag
25 mM THPTA, 5 mM CuSO4, 

25 mM sodium ascorbate

50% isopropanol,
47.5% water, 2.5% DMSO, 

250 µM probe
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Finally, we found that running the tag-clicking reaction on pure ValHN3 (that had not been 

exposed to enzyme) under an open atmosphere would form products with the same masses 

expected if the enzyme had acted upon ValHN3 (869 (=855+14) and 871 (=855+16), 

corresponding to likely keto and hydroxy derivatives, respectively, see Figure 6.3). 

Paradoxically, ValHN3 was stable when exposed to copper(I)-click reaction conditions for 1 h by 

itself (after an overnight reaction, a small amount of the alkyl azide had been converted to an 

aldehyde), and the tag by itself was slowly reduced (mass +2, presumably alkyne-to-alkene); The 

confounding masses were detected only in the presence of each of ValHN3, tag, copper(I) and 

oxygen, and similar mass shifts were not observed for any other alkyl azides, suggesting it is a 

phenomenon specific to ValHN3. Replacing the methanol in the click reaction with DMF 

appeared to suppress this oxidation reaction somewhat, but this resulted in worse acoustic 

printing spot morphology (presumably because DMF dries less quickly), so we continued to use 

methanol. Running the tag-clicking reactions anaerobically as much as possible minimized this 

nonenzymatic oxidation phenomenon. We also included eight no-enzyme controls (E. coli 

expressing GFP) on each 96-well plate to set a non-enzymatic baseline for each plate. 

6.4.2 Generation of the mutant library 

We chose to perform combinatorial site-saturation mutagenesis (NNK codons) on two residues 

of P450BM3 commonly mutagenized due to their proximity to the active site heme: F87 and 

A328[16,17]. While a small subset of this library has been assayed for valencene oxidation 

before[10], no comprehensive combinatorial study has been performed so far. A lack of 

sequence bias was verified by Sanger sequencing 10 randomly-picked colonies. We observed 

color differences between the different wells of the library (primarily shades of purple and blue, 

especially after overnight induction with IPTG, see Figure 6.6), which have been attributed to 

the ability of some P450BM3 variants to oxidize indole to form the dyes indigo and indirubin[18]. 

This also suggests a variety of mutants were represented in the library. Throughout this study, 

we found no correlation between colored wells and their valencene oxidation ability. 
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Figure 6.6: Color variation among pellets of a subset of the P450BM3 2-codon site saturation library after overnight 
induction. Image has been flipped, such that despite looking at the bottom of the wellplates, well A1 is on the bottom-
left. Color differences due to indole oxidation are visible, as well as the 8 GFP negative controls arrayed in each 
wellplate. 

6.4.3 Initial screening results 

Raw mass spectrometry imaging data are shown as 2-D extracted ion chromatograms in Figure 

6.7. To a certain extent, it appears that active wells can already be identified by eye. Nonetheless 

we quantified the data using OMAAT (see chapter 3). Because of non-negligible background 

signal due to valencene’s tendency to oxidize during the click reaction (see section 6.4.1), we 

quantified the ion intensities in terms of standard deviations over background (GFP controls on 

the same 96-well plate) of ion intensities as a proportion of the total ion intensity of tagged 

probe (tagged forms of ValHN3 as well as all its predicted oxidation products; see Figure 6.3). 

Forty wells displaying a nootkatone-like mass (m/z = 869) proportion of more than 10 standard 

deviations over background had their plasmids recovered and Sanger sequenced. 

The amino acid substitutions identified (see Table 6.1) consist of mostly small and hydrophobic 

residues, which is to be expected because such substitutions are least likely to interfere with 

protein folding. Many variants were recovered from more than one well. Notably, variants ‘AI’ 

and ‘AV’ (throughout the rest of this chapter, two-letter variant names will be used, representing 

the amino acid residues at positions 87 and 328. Thus, variant ‘AI’ is P450BM3 F87A/A328I), 

which were previously identified as being able to form a nootkatone from valencene[10] (note 

that according to a corrigendum, what this reference refers to as P450BM3 mutant F87L/A328I 

(‘LI’) is actually ‘AV’[19]), were recovered, verifying that the PECAN technology can indeed 

assist in identifying enzymes with desired catalytic activities.  
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Figure 6.7: 2D-extracted ion chromatogram of the PECAN screening campaign for ValHN3-oxidizing variants of 
P450BM3. Green = 855 Da (Tag+ValHN3), Purple = 869 Da (Tag+ValHN3+14, i.e., “nootkatone-like” oxidation state), 
for structures corresponding to these masses, see Figure 6.3. Composite image of 3 MSI experiments. Order of the 
plates from left to right, Row 1: VN08 (has one less row, because 96-well plate cracked and leaked), VN03, VN10, Row 
2: VN09, VN11, VN12, Row 3: VN04, VN05, VN13, VN14, Row 4: VN06, VN07, VN15, VN16. 
URLs to recreate this image: 
https://openmsi.nersc.gov/openmsi/openmsi/client/viewer/?file=%2Fproject%2Fprojectdirs%2Fopenmsi%2Fomsi_
data_private%2Fjiangao%2F06162017_Tristan_BlackSilicon.h5&dataIndex=0&expIndex=0&channel1Value=869&c
hannel1RangeValue=0.5&channel2Value=855&channel2RangeValue=0.5&channel3Value=869&channel3RangeValu
e=0.5&rangeValue=0.5&cursorCol1=462&cursorRow1=296&cursorCol2=456&cursorRow2=358&enableClientCache
=false, 
https://openmsi.nersc.gov/openmsi/openmsi/client/viewer/?file=%2Fproject%2Fprojectdirs%2Fopenmsi%2Fomsi_
data_private%2Fraad0102%2F20170530MdR_5800_Black_NIMS_Tristan_75um.h5&dataIndex=0&expIndex=0&c
hannel1Value=869.3&channel1RangeValue=0.5&channel2Value=855.3&channel2RangeValue=0.5&channel3Value=
869.3&channel3RangeValue=0.5&rangeValue=0.5&cursorCol1=19&cursorRow1=289&cursorCol2=238&cursorRow2
=337&enableClientCache=false, 
https://openmsi.nersc.gov/openmsi/openmsi/client/viewer/?file=%2Fproject%2Fprojectdirs%2Fopenmsi%2Fomsi_
data_private%2Fraad0102%2F20170315MdR_5800_NIMS_black_Tristan_screen_1.h5&dataIndex=0&expIndex=0
&channel1Value=869&channel1RangeValue=0.5&channel2Value=855&channel2RangeValue=0.5&channel3Value=8
69&channel3RangeValue=0.5&rangeValue=0.5&cursorCol1=105&cursorRow1=10&cursorCol2=148&cursorRow2=9
&enableClientCache=false  
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Figure 6.8: Results from the high-throughput PECAN P450BM3 screen, plotted as the proportion of the “nootkatone-
like” mass (m/z 869, i.e., 855+14) of all tagged masses (m/z ≥ 855), in standard deviations over the no-enzyme (GFP) 
controls on the same plate (plotted in red). Wells with proportions >10 standard deviations over the no-enzyme 
control are highlighted in green. 



 

87 
 

P450BM3 
variant 

Amino 
acid at 

position 
87 

Amino 
acid at 

position 
328 

Number of 
times 

discovered in 
PECAN screen 

Concentration 
of purified 
stock (µM) 

P450 peak 
λmax (nm) 

Comments 

wt F A 0 28.9 448 Wild-type 

AA A A 1 19.7 447 
 

AI A I 2 26.7 447 Variant identified as 
nootkatone-producer 
by Seifert et al. [10] 

AP A P 2 9.0 446 Low protein yield, 
likely unstable 

AV A V 1 24.0 447 Variant identified as 
nootkatone-producer 
by Seifert et al. [10] 
(keep in mind the 
corrigendum [19]) 

AY A Y 1 8.0 447 Low purified protein 
yield, likely unstable 

GA G A 1 19.1 448 
 

GG G G 3 26.1 448 
 

GL G L 2 43.4 448 
 

GP G P 1 5.4 448 Low purified protein 
yield and large P420 
peak, likely unstable 

GS G S 1 11.2 448 Large P420 peak, 
likely unstable 

GT G T 6 5.2 449 Low purified protein 
yield and large P420 
peak, likely unstable 

GV G V 6 15.6 447 
 

IA I A 1 26.4 448 
 

IL I L 1 20.9 448 
 

PA P A 2 10.8 448 Large P420 peak, 
likely unstable 

TA T A 3 23.1 448 
 

VA V A 1 20.1 447 
 

VP V P 2 3.7 447 Low purified protein 
yield, likely unstable 

Table 6.1: Properties of P450BM3 variants identified as promising valencene oxidizers in the PECAN screen. 
References to purified protein are relevant to section 6.4.5. 
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6.4.4 Re-screening the hits 

De-replicated P450BM3 variants were once more subjected to a PECAN experiment (Figure 6.9), 

primarily to eliminate any spurious false positives before enzymes purification for in vitro 

valencene oxidation experiments. This PECAN re-screening experiment was conducted with 

each variant in biological triplicate, allowing us to get an impression of the variability one may 

expect in a PECAN screen (we suspect PECAN screens on substrates other than ValHN3 will 

show less variability, given that ValHN3 undergoes nonspecific oxidation during the click 

reaction). 

Four variants, ‘PA’, ‘VA’, ‘GA’ and ‘AA’, showed a significant amount of ion intensity expected for 

over-oxidized products, suggesting that these enzymes are also likely to over-oxidize valencene 

(which is a smaller molecule than ValHN3 by 3 heavy atoms, or 20%). 

Because our probe is not identical to the molecule we would like to use as a substrate for 

P450BM3, we risk selecting for enzyme variants that are active on ValHN3 but not (or less so) on 

valencene. We attempted to distinguish variants with greater affinity for ValHN3 than for 

valencene, using a competition assay (Figure 6.10) in which a two-fold excess of valencene over 

probe is added to the enzymatic reaction. In the presence of valencene, enzymes with affinity for 

valencene will be expected to be competitively inhibited in their ability to oxidize ValHN3. 

Inhibition to less than 1/3 of the activity in the absence of valencene indicates an enzyme with 

greater affinity for valencene than for ValHN3 (assuming ValHN3 and valencene both dissolved 

fully). According to this metric, the majority of the screen hits have better affinity for valencene 

than for ValHN3, but variants 'AA', 'GA', 'GP', 'GT', 'GV', 'IA' and 'PA’ have a greater affinity for 

the probe. 

All variants tested were inhibited to some extent. Variants ‘AI’, which had previously been 

identified as a nootkatone producer[10], showed complete inhibition by valencene, as did ‘GL’. 

This experiment, along with the relative amounts of over-oxidization presented in Figure 6.9, 

points towards certain members of the library as more promising nootkatone producers. To 

allow us to assess the utility of this information in selecting specific variants, we nonetheless 

followed up on all screen hits by purifying them. 



 

89 
 

 

Figure 6.9: Re-screening de-replicated hits from the screen, using PECAN. Plotted as the proportion (of all tagged 
masses (m/z ≥ 855) of the three ions described in the legend (representing ValHN3 oxidized to different extents, see 
figure Figure 6.3), reported as standard deviations over those proportions in the no-enzyme (GFP) controls. Error 
bars represent standard deviations of 3 biological replicates. 
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Figure 6.10: Competition assay with valencene. The green bars represent the same data as the green bars in Figure 
6.9, while the yellow bars represent the same experiment, but with 1 mM valencene present during the enzymatic 
reaction. Both the standard and competition conditions are reported as standard deviations over the no-enzyme 
(GFP) controls for the standard condition, allowing for a direct comparison between the bar heights between the 
conditions. Error bars represent standard deviations of 3 biological replicates. 

6.4.5 Testing the screen hits on valencene 

We next tested the ability of the PECAN screen’s hits to oxidize valencene to nootkatone, the 

biotransformation we are actually trying to achieve. Since ValHN3, our probe, differs from 

valencene by 3 heavy atoms (out of 15 heavy atoms total, so 20%), this is not necessarily a given. 

To rule out the possibility of improved activity being due to better protein expression, each in 

vitro valencene oxidation assay was carried out using 1 µM purified P450BM3 variant (valencene 

was used at 500 µM, making for 0.2% catalyst loading). All screen hits were purified using 

nickel-affinity chromatography and the resulting protein quantified by CO-difference 

spectroscopy. The CO-difference spectra identified a few variants with high P420 peaks, 

indicating improper heme loading or protein instability. We did not screen our P450BM3 library 

for stability, but one could imagine adding a long incubation step (possibly at increased 

temperatures, if thermostability is required) before adding the probe, to identify only those 

variants that are stable under these conditions. 
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Figure 6.11: CO-difference spectra of purified P450BM3 variants. 

The ability of the purified P450BM3 variants to oxidize valencene was assessed by Gas 

Chromatography-Mass Spectrometry (GC-MS), and their oxidation product distributions 

summarized in Figure 6.12, Figure 6.13, and Figure 6.14. All variants except for ‘VP’ were active. 

It is unclear why ‘VP’, which showed robust activity that was inhibited by valencene in the 

PECAN re-screen, and which displayed a typical P450 CO-difference spectrum, is inactive. 

Variants ‘GG’, ‘GA’, ‘IA’, ‘AA’, and ‘PA’ were found to be hyper-active, non-specific valencene 

oxidizers, which is particularly unsurprising for ‘GG’ and ‘GA’, considering the small amino acid 

residues lining the active site in these variants. Three of these hyper-active variants, ‘GA’, ‘AA’ 

and ‘PA’, had been predicted to be non-specific by inspection of the PECAN product distribution 
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(Figure 6.9). However, the hyperactive variant ‘IA’ was in fact the most specific m/z=869 

producer in that same PECAN experiment. All five hyper-active variants had less than 3-fold 

inhibition in the valencene competition assay (Figure 6.10), but so did variants ‘GT’ and ‘GV’, 

which are not hyper-active. 

In the study where Seifert et al. identified ‘AI’ and ‘AV’ as a nootkatone producers, only a “highly 

enriched” library of P450BM3 variants with the amino acids A, I, L, V and F in positions F87 nand 

A328 were constructed and tested (25 total variants). Despite our ability to screen a significantly 

more comprehensive mutant library using the PECAN technology (All 400 variants were likely 

represented in our library), we still identified ‘AI’ as the optimal nootkatone-producing P450BM3 

variant, suggesting that the strategy employed by Seifert et al. was indeed effective. Other amino 

acids yielding variants with substantial nootkatone production are S, T, Y, N and G. Glycine, in 

particular, appears in many highly-active variants. Researchers considering constructing 

minimalized libraries of P450BM3 (and probably of other enzymes), may want to consider 

including glycine. 

 

Figure 6.12: In vitro oxidation of valencene by 1 µM purified P450BM3 variants, measured as percent of total GC-MS 
peak area (i.e., if valencene were displayed, all bars would add-up to 100%. Even if not all oxidation products ionize 
equivalently, the relative activities and specificities of the variants are apparent. The “other” categories are sums of 
the peak areas of all oxidation products with the indicated mass that are not cis- or trans-nootkatol or nootkatone 
(see Figure 6.1). Ordered by nootkatone production. Error bars represent standard deviations of 3 replicates of the 
oxidation reaction, using the same purified enzyme stock. 
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Figure 6.13: The same data as presented in Figure 6.12, but with inactive and hyper-active variants removed to allow 
for an easier comparison between variants. Error bars represent standard deviations of 3 replicates of the oxidation 
reaction, using the same purified enzyme stock. 

 

Figure 6.14: The same data as presented in Figure 6.12, but normalized to the total amount of oxidized terpenes (total 
GC-MS peak area, excluding valencene), to allow for an easier comparison of variant specificity. Ordered by % 
nootkatone of total oxidized terpenes (nootkatone specificity). Error bars represent standard deviations of 3 replicates 
of the oxidation reaction, using the same purified enzyme stock. 
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6.5 DISCUSSION 
While the valencene competition experiment was effective in identifying non-specific enzymes, 

if these would have been triaged before enzyme purification, variant ‘GV’ would also have been 

rejected. This variant, however, turned out to be one of the most productive variants discovered. 

Hence, it may be worth the effort to purify and asses all of one’s screens hit, even if it is likely 

that some of them will turn out to be false positives. 

While we have demonstrated the applicability of PECAN to bacterial and human P450s, the 

technology is expected to be applicable to any enzyme for which a suitable “clickable” probe can 

be synthesized. We suspect that ideal candidates for PECAN probes will be analogs of high-

molecular weight substrates, with azide or alkyne functional groups installed away from the site 

of reactivity. Numerous regioselective derivatization reactions have been developed for this 

purpose[20], one particularly robust and versatile derivatization agent being sodium 

(difluoroalkylazido)sulfinate, which reacts directly with a variety of heteroaromatic 

biomolecules to incorporate an alkylazido group[21,22]. 

Whereas PECAN as presented in this thesis requires the enzymatic reaction investigated to 

cause a change in the mass in its substrate, it may be possible to distinguish isomers by tandem 

MS. Since it can be difficult to predict MS-MS fragmentation patterns, this would require not 

only access to an MS-MS spectrum of the substrate probe, but also that of the probe after the 

expected enzymatic transformation, allowing for the deconvolution of MS-MS data into enzyme 

activity. This would likely require the synthesis of authentic product probe standards, in 

addition to an enzyme substrate probe. 

In this dissertation, we applied PECAN only to enzymatic transformations catalyzed by a single 

enzyme. However, it may be possible to study metabolic pathways with more than one 

enzymatic step, provided the clickable handle is not rejected by any of the enzymes along the 

metabolic pathway. 

Having conducted a successful screen for valencene-oxidizing P450BM3 mutants, we have 

demonstrated that the PECAN technology is appropriate for high-throughput mass-

spectrometric screening of enzymes in complex matrices such as cell lysates. This work is also 

the first bone-fide application of high-throughput NIMS – in any form – to the measurement of 

enzymatic reactions performed in complex matrices, implementing a successful in situ affinity 

purification step on a NIMS chips with more than 1000 acoustically-printed analyte spots.  
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7 THE OXIDATIVE CYCLIZATION OF PRODIGIOSIN TO 

FORM CYCLOPRODIGIOSIN IS CATALYZED BY AN 

ALKYLGLYCEROL MONOOXYGENASE-LIKE ENZYME 

This chapter contains work that has been accepted for publication in Nature Chemical Biology. 

At time of writing this, it is still undergoing editorial revision, so no citation is available. 

7.1 INTRODUCTION 
The prodiginines are a family of red tripyrrole natural products that display a broad range of 

promising medicinal properties including antimalarial, anticancer, and immunosuppressive 

activities[1–3]. Notably, they have been shown to induce apoptosis in cancer cells while leaving 

nonmalignant cells unaffected[3–5]. Most prodiginines occur in linear and cyclic forms with 

respect to their aliphatic tails, which is apparent in prodigiosin (1) versus cycloprodigiosin (2), 

and undecylprodigiosin (3) versus streptorubin B (4) (Figure 7.1a and c). Jones et al. have 

proposed that these carbocycles bias the molecules towards their biologically active 

conformations[6]. For instance, when tested for antimicrobial activity, the cyclic prodiginine 2 

was found to be more active than its straight-chain congener 1 against a variety of bacteria[7]. 

 

Figure 7.1: Biosynthesis of prodiginines in P. rubra compared to that in other organisms. (a) Hypothetical prodigiosin 
(1) biosynthetic pathway in P. rubra (by analogy to the pathway elucidated in Serratia) and the proposed cyclization 
of 1 into cycloprodigiosin (2) (by analogy to streptorubin B (4) production in S. coelicolor). (b) Comparison of the pig 
gene cluster in Serratia, which produces only 1, and P. rubra, which produces both 1 and 2, shows that in the latter 
pigN is absent. The gene downstream of pigM in P. rubra shows no similarity to pigN. Also shown is an excerpt of 
P. rubra contig 4, which is discussed in this work. Genes shaded pink have homology to Serratia pig genes and/or to 
Streptomyces red genes. (c) The Rieske monooxygenase-like RedG catalyzes the carbocyclization of 
undecylprodigiosin (3) to form 4. 

The biosynthesis of cyclic prodiginines proceeds by oxidative cyclization of their respective 

linear congeners (Figure 7.1a). The enzymes catalyzing the cyclization reactions to produce 4, 

metacycloprodigiosin, marineosin and roseophilin in various Streptomyces spp. all belong to a 

family of Rieske oxygenases represented by S. coelicolor RedG (Figure 7.1c)[8–11]. The 

remarkable catalytic capacities of these enzymes have been employed to synthesize natural and 

unnatural cyclic prodiginines[10–12]. However, to date, no enzyme catalyzing the cyclization of 

a

b c
pig cluster in Serratia sp. ATCC36009 (contig 2)

pig cluster in Pseudoalteromonas rubra DSM6842 (contig 44)
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1 into 2 has been identified. Given the difficulty of realizing regiospecific C–H activation using 

traditional synthetic methods, additional enzymes catalyzing such oxidative cyclizations would 

be a welcome expansion of the biocatalytic toolbox. Here, we identify the enzyme responsible for 

the regiospecific C–H activation and cyclization of 1 in the marine bacterium 

Pseudoalteromonas rubra, which is known to produce both 1 and 2. The enzyme is unrelated to 

RedG, but rather a member of the FA_hydroxylase integral membrane di-iron oxygenase family, 

and is closely related to metazoan alkylglycerol monooxygenase. 

The biosynthesis of 1 has been thoroughly studied in Serratia spp., where the pig (for 

“pigment”) gene cluster encodes the enzymes responsible for 1 biosynthesis[13,14]. Apart from 

pigK and pigN, whose precise roles remain uncharacterized, the function of each pig gene has 

been elucidated. The biosynthesis of 1 has been shown to proceed through a bifurcated pathway 

(Figure 7.1a). PigBDE biosynthesize 2-methyl-3-amylpyrrole (MAP, 5), while PigA and PigF-N 

form 4-methoxy-2,2'-bipyrrole-5-carboxaldehyde (MBC, 6). These two intermediates are 

condensed by PigC to yield 1. We expected the biosynthesis of 1 to proceed similarly in P. rubra, 

given that its genome[15] harbors a biosynthetic cluster showing high sequence identity with the 

Serratia ATCC39006 pig cluster (Figure 7.1b and Table 7.5 in section 7.4 below). 

7.2 RESULTS AND DISCUSSION 
We first set out to ensure that cyclization is the final step in cyclic prodiginine biosynthesis in 

P. rubra, as is the case in S. coelicolor[8]. To this end, we constructed an in-frame ∆pigE 

mutant of P. rubra which, as expected, produced neither 1 nor 2, and upon feeding it 1, we were 

able to detect 2 using LC-MS (Figure 7.2). This confirmed that, like in S. coelicolor, the 

cyclization of 1 in P. rubra can occur as the final step in 2 biosynthesis. Further supporting this 

model is the observation that recombinant E. coli expressing P. rubra pigBCDE produces 1 but 

not 2 upon feeding with synthetic 6 (Figure 7.3). 
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Figure 7.2: In vivo production of prodiginines. For experiments in E. coli, the cells were fed MBC (6), which is turned 
into prodigiosin (1) by PigBCDE. 1 is in turn converted to cycloprodigiosin (2) by PRUB680 if present. The monitored 
transitions were based on published tandem MS spectra for 1 and 2[7,16] 

 

Figure 7.3: Heterologous prodiginine production of (cyclo)prodigiosin in E. coli. P. rubra pigBCDE are expressed on a 
plasmid in E. coli BLR. PigBDE convert primary metabolites to MAP 5, which gets condensed with exogenously 
supplied MBC 6 by PigC to form prodigiosin 1. The fact that 2 is not detected in this experiment suggests that 
cyclization of (1) is converted into cycloprodigiosin (to produce 2) occurs after the PigC step. This also provides a 
platform to test the ability of co-expressed enzymes to cyclize 1. A few hours after adding MBC to the plate, 
prodiginine production becomes visible as a pink halo around the MCB spot. The halo is scraped off the agar, the 
prodiginines extracted and analyzed by LC-MRM-MS. 
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Bioinformatic analysis of the P. rubra genome[15] revealed no redG homologs, and the only 

genes encoding enzymes homologous to oxidases found in the pig cluster were those already 

ascribed to steps in the 1 biosynthesis pathway. Upon examining the P. rubra pig cluster for 

genes not present in Serratia (which does not produce 2), we noticed that while the two clusters 

show near-perfectly conserved synteny, the P. rubra cluster actually lacks a pigN gene (Figure 

7.1b). 

Curious about the absence of pigN from the P. rubra pig cluster, we searched the P. rubra 

genome for pigN homologs. While no close pigN homologs could be found, we did detect a 

homolog of S. coelicolor redF – which is thought to fulfill the role of pigN in S. coelicolor[13,14] 

– in the PRUB675 locus. (For a more in-depth analysis of the relationship between these 

proteins, which are all in the DUF_1295 protein family, see Figure 7.3 and Table 7.5). In 

Serratia, disruption of pigN impedes but does not abolish conversion of 4-hydroxy-2,2'-

bipyrrole-5-carboxaldehyde (HBC, 7) into 6. This results in diminished production of 1 and the 

production of norprodigiosin (8), which is formed by the PigC-catalyzed condensation of 7 with 

5 as the former accumulates[17]. The same phenotype was observed for P. rubra ∆PRUB675, 

suggesting that PRUB675 acts as P. rubra’s pigN (Figure 7.5).  
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Figure 7.4: Sequence similarity network of the DUF_1295 protein family. Sequence similarity network based on the 
DUF_1295 pfam, which includes PRUB675, PigN and RedF[18]. The network was computed using EFI-EST[19], and 
visualized using Cytoscape[20]. Each node corresponds to a family of proteins with ≥ 75% identity. Edges connect 
proteins that align with a bitscore ≥ 20 using BLAST. Node labels correspond to enzymes in Table 7.6. The yFiles 
Organic layout was used, which is a force-directed algorithm. Hence, proteins connected by a shorter edge are usually 
– but not necessarily –  more closely related. 
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Figure 7.5: Disruption of PRUB675 decreases the proportion of prodiginine to norprodiginine production in P. rubra 
(a) Prodiginines exist in a homologous series (1, 9, 10) based on the length of their alkyl tail. Mass spectrometric 
analysis of norprodiginines (8, 11, 12, 13), is complicated by the fact that their exact masses are the same as their 
prodiginine homologues with one less methylene group. Disruption of pigF in Serratia leads to production of only 
norprodiginines[13,14], so the identities of the new peaks present in P. rubra ∆PRUB675 extract as norprodiginines 
were verified by comparison to P. rubra ∆pigF extracts. (b) Analysis of prodiginines and norprodiginines using LC-
MRM-MS. The monitored transitions were based on tandem-MS spectra published for 1 and 8; they are annotated in 
the legend as “precursor→product”. The MRM transitions with 252 as product ion (dark colors) detect both 
prodiginines and norprodiginines while the transitions with 240 as product ion (light colors) detect primarily 
norprodiginines. (c) Analysis of prodiginines and norprodiginines using LC-TOF-MS. Since the relative ionization 
efficiencies of 1 and 8 are unknown, estimates of the 1:8 ratios are solely meant for comparisons between strains. 
Note that the chromatographic conditions are not the same between (b) and (c). 

a

b c
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Analysis of the gene neighborhood of PRUB675 revealed that the gene appears to be part of a 

transcriptional unit with PRUB680, which bears homology to di-iron oxygenases. To our 

delight, deleting PRUB680 in P. rubra abolished production of 2, while 1 was left unaffected 

(Figure 7.2). Furthermore, heterologous expression of PRUB680 alongside pigBCDE in E. coli 

fed 6 led to the formation of 2. Direct bioconversion of 1 to 2 by recombinant E. coli could only 

barely be observed, which has also been found to be the case for the bioconversion of 3 to 4 by 

Streptomyces expressing redG[8]. We suspect that 1 is unable to cross the E. coli cell wall 

effectively, while 6 can. 

Bioinformatic analysis shows that PRUB680 shares no significant sequence similarity with 

RedG, and is a member of the FA_hydroxylase family of integral membrane di-iron oxygenases. 

PRUB680 displays the characteristic eight-histidine motif that is essential for iron binding and 

catalysis in the FA_hydroxylase enzyme family (Figure 7.6)[21,22]. Di-iron oxygenases are 

known to carry out a wide variety of C–H activation chemistries (Figure 7.7 and Table 7.6)[21], 

but so far none have been reported to catalyze oxidative cyclization or C–C bond formation[23]. 

The closest characterized homolog of PRUB680 is alkylglycerol monooxygenase (AGMO), which 

is present only in metazoans and some protists, and forms an isolated eukaryotic branch of the 

FA_hydroxylase family. AGMO plays a central role in lipid homeostasis by catalyzing the 

breakdown of ether lipids, a deficit of which leads to the development of cataracts and disrupts 

spermatogenesis in mice[24,25]. 

 

Figure 7.6: Predicted topology of PRUB680 as annotated on Uniprot[26], which in turn uses Phobius[27] for 
transmembrane domain annotation. Image generated using Protter.[28] Conserved 8×His motif highlighted in red. 
This topology is very similar to that predicted for AGMO[29]. 
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Figure 7.7: Inferred phylogeny of members of the FA_hydroxylase protein family, with some representative enzymatic 
activities highlighted. The reaction catalyzed by PRUB680 is shaded pink. Branches on the tree are colored by the 
organism harboring the protein according to the legend. The interspersed prokaryotic and eukaryotic protein origins 
suggest a high rate of horizontal gene transfer in this family. For a more detailed tree in the sequence neighborhood of 
PRUB680, see Figure 7.8. This tree can be explored interactively at http://itol.embl.de/shared/tderond 

 

Figure 7.8: Inferred phylogeny of members of the FA_hydroxylase protein family. All characterized enzymes in this 
family – which includes PRUB680 – are annotated here, but if a homolog catalyzing the same reaction is found in 
more than one species, only one (typically the well-characterized human or yeast variant) is labeled. Node labels 
correspond to enzymes in Table 7.6. This tree can be explored interactively at http://itol.embl.de/shared/tderond 
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Figure 7.9: Sequence similarity network of the FA_hydroxylase and FA_desaturase integral membrane di-iron 
oxygenase families. Sequence similarity network of the FA_hydroxylase and FA_desaturase (both integral membrane 
di-iron) protein families[18]. Members of the FA_hydroxylase family have a black outline around their nodes while 
members of the FA_desaturase family have red outlines. The network was computed using EFI-EST[19], and 
visualized using Cytoscape[20]. Each node corresponds to a family of proteins with ≥ 40% identity. Edges connect 
proteins that align with a bitscore ≥ 20 using BLAST. Nodes outlined in black are part of the FA_hydroxylase 
superfamily, and nodes outlined in red are part of the FA_desaturase superfamily. Node labels correspond to enzymes 
in Table 7.6. The yFiles Organic layout was used, which is a force-directed algorithm. Hence, proteins connected by a 
shorter edge are usually – but not necessarily – more closely related. 

AGMO stands out among di-iron oxygenases – most of which obtain their reducing equivalents 

from nicotinamide cofactors – in that it utilizes pterin cofactors, which are thought to bind in a 

pocket on the cytosolic side of this transmembrane protein[29]. To ensure that a possible 

analogous pocket in PRUB680 would be accessible to exogenously-added reducing cofactors, we 

chose to pursue the in vitro characterization of PRUB680 in inverted membrane vesicles, 

generated via sonication of E. coli spheroplasts[30]. Under these conditions, we were able to 

observe PRUB680-catalyzed conversion of 1 to 2. Like AGMO, PRUB680 appears to require 

pterin cofactors to supply its reducing equivalents, accepting various pterins equally well (Figure 

7.10). Nicotinamide and flavin cofactors are not accepted. 

PRUB680 is inhibited by EDTA, but activity can be recovered by iron supplementation (Figure 

7.10), suggesting that, like all other characterized members of the FA_hydroxylase family, 

PRUB680 utilizes iron to achieve catalysis. Copper and vanadium – other metals known to 
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facilitate enzymatic C–H activation[23] – could not recover activity. On the basis of the 

mechanistic analysis of other di-iron enzymes[21,22], we propose that the cyclization of 1 

proceeds by abstraction of an aliphatic hydrogen followed by addition of the radical into the 

tripyrrole π system (Figure 7.11). 

 

Figure 7.10: In vitro experiments with PRUB680 in inverted E. coli membrane vesicles. Vesicles were shaken with 10 
µM 1 in the presence of the indicated cofactors. Reactions were initiated by addition of 250 µM reducing cofactor. For 
metal dependency experiments (right), vesicles were incubated with 4 mM EDTA, followed by 5 mM metal ion, before 
initiating the reaction with 250 µM (6R)-tetrahydrobiopterin. Error bars represent s.d. of triplicates. 
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Figure 7.11: Proposed mechanism for cyclization of (1) into (2) by PRUB680. The irons are likely coordinated by the 
protein’s conserved histidines[22]. There is considerable uncertainty about how O2 activation is achieved: The bridged 
Fe2O2 intermediate shown here is based on that proposed for methane monooxygenase[31], but it is also possible that 
the tetrahydropterin forms a covalent adduct with O2, as has been proposed to be the case for the 
tetrahydrobiopterin-dependent tyrosine hydroxyase[32]. 

Besides the functional similarity between PRUB680 and AGMO, these enzymes’ catalytic 

domains share 43% sequence identity (Figure 7.12), and are predicted to have the same nine-

transmembrane topology (Figure 7.6)[29]. Since thus far all efforts to express AGMO in 

microbial hosts have been unsuccessful[24,33], PRUB680 may serve as a convenient model 

system for the biochemical characterization of this enzyme. 

           1 [        .         .         .         .         :         .         .         .         .           100 

Human_AGMO   MKNPEAQQDVSVSQGFRMLFYTMKPSETSFQTLEEVPDYVKKATPFFISLMLLELVVSWILKGKPPGRLDDALTSISAGVLSRLPSLFFRSIELTSYIYI     

PRUB680      ---------------------------MD----LNFTEEVMYTLPFYLGPLFILATINFL-RKQKNYRLNDTLTNATIALGNLGLSFIFLLAVVALYTLV     

 

         101          .         .         . H   H   .    H  HH:         .         .         .         .           200 

Human_AGMO   WENYRLFNLPWDSPWTWYSAFLGVDFGYYWFHRMAHEVNIMWAGHQTHHSSEDYNLSTALRQSVLQIYTSWIFYSPLALFIP-PSVYAVHLQFNLLYQFW     

PRUB680      YNEYRLVDLDQSNPLIYLLAFLVYDFLYYWNHRFHHMIGLFWADHLVHHTAENFNFGVSIRISYFTELTMWMTFIPMAFMGISLEVFLAASYTQIIWAFC     

 

         201          .         . H  HH   .         .         :         .         .         .         .           300 

Human_AGMO   IHTEVINNLGPLELILNTPSHHRVHHGRNRYCIDKNYAGVLIIWDKIFGTFEAE--NEKVVYGLTHPINTFEPIKVQFHHLFSIWTTFWATPGFFNKFSV     

PRUB680      IHTKYLKKTPRADKIFNTPSLHRVHHARNRQYIDKNYGGILIIWDRLFGTYQRELESDPVVYGVRESYPSFSPLVINSYYLKTIWQKIKCSRSVFEVLCS     

 

         301          .         .         .         .         :         .         .         .         .           400 

Human_AGMO   IFKGPGWGPGKPRLGLSEEI-PEVTGKE----VPFSSSSSQLLKIYTVVQFAL---MLAFYEETFADTAALSQVTL---LLRVCFIILTLTSIGFLLDQR     

PRUB680      VFAPPAWLPKNANKADFYSLTAKVKSKDFKPKDPYICKRTKW---TAFVRFSSIVVLFTYLMSYFGELPTLPLVSLSLLFFWLCHF------NGLVFDGA     

 

         401          .         .         .         .         :         .         .         .         . ] 492 

Human_AGMO   PKAAIMETLRCLMFLMLYRFGHLKPLVPSLSSAFEIVFSICIAFWGVRSMKQLTSHPWK---------------------------------     

PRUB680      KLGLPMEAVTQVL-------------------------YGLILYWAIETD----QAAWITIGTATLALISLCNYVIYRTRPAAPVELSAELQ     

 

Figure 7.12: Protein sequence alignment between human AGMO and PRUB680. Sequences were aligned using Clustal 
Omega[34] and formatted using MView[35]. The region highlighted in orange (120 through 249) is the conserved 
domain per the FA_hydroxylase protein family. The conserved domain has 43% amino acid sequence identity, while 
the entire alignment has 21% sequence identity. The conserved 8×His motif is marked by black Hs above it. 

PRUB680 resides in a predominantly prokaryotic clade of the FA_hydroxylase protein family 

(Figure 7.7) which, considering the remarkable catalytic diversity displayed by the few members 

characterized so far, promises to be a treasure trove of enzymes catalyzing novel C–H activation 

reactivity. Moreover, some of these unexplored enzymes may be involved in C–H activating 

steps in the biosynthesis of novel natural products. None of PRUB680’s closest homologs are 

found in organisms known to produce prodiginines (Figure 7.8), suggesting PRUB680 is a 

functional outlier among enzymes that carry out other oxidative chemistry. The genomic context 

of these homologs of gives no clear indication regarding their functions (Table 7.7).  

Most characterized bacterial biosynthetic pathways are encoded by genes physically clustered on 

the genome. In P. rubra however, the genes encoding prodiginine biosynthesis are split across 

two loci – a situation we were alerted to by the absence of the strictly conserved gene pigN. An 

analogous strategy may help identify biosynthetic enzymes that are not clustered with their 

respective pathways in other organisms. 

The exact role of PigN (PRUB675) in prodiginine biosynthesis is still unknown. Given that PigB 

– which catalyzes the final step of 5 biosynthesis – is predicted to have two transmembrane 

helices (Figure 7.13), and the condensing enzyme PigC has been found to localize to the 

membrane when expressed heterologously[36], we suspect that the concluding steps of 1 

biosynthesis occur at the membrane. PigN has five predicted transmembrane helices (Figure 
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7.14) and might act to recruit PigF to the membrane. The presence of pigN (or redF) is strictly 

conserved among prodiginine-producing organisms, despite the weak phenotype of ∆pigN 

merely changing the ratio of 1 to 8. P. rubra may have acquired pigA-M in one horizontal gene 

transfer event, while acquiring PRUB675-680 independently, perhaps due to strong selective 

pressure for a gene fulfilling the role of pigN. 

 

Figure 7.13: Predicted topology of PigB as predicted by Phobius[27]. Image generated using Protter[28]. 
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Figure 7.14: Predicted topology of PRUB675 as annotated on Uniprot[26], which in turn uses Phobius[27] for 
transmembrane domain annotation. Image generated using Protter[28]. 

In short, we have shown that PRUB680, a membrane di-iron oxygenase-like enzyme, produces 

2 by cyclization of 1, analogous to the cyclization of 3 to form 4 catalyzed by RedG, a Rieske 

oxygenase-like enzyme. Despite sharing no sequence similarity, both enzymes are predicted to 

employ histidine-ligated non-heme iron centers[22,37] to catalyze the oxidative cyclization of 

prodiginines. PRUB680 bears strong homology to AGMO and has similar cofactor 

requirements, and hence may serve as a prokaryotic model for the latter. Furthermore, the large 

supply of uncharacterized bacterial enzymes related to PRUB680 may provide a valuable source 

of novel C–H activation reactivity. PRUB680 itself may also prove useful as a biocatalyst to 

produce novel prodiginines, as RedG has. The fact that cyclic prodiginine biosynthesis evolved 

independently at least twice suggests there exists a strong selective pressure to produce cyclic 

prodiginines. However, thus far the ecological role of the prodiginines – and hence the adaptive 

advantage conferred by cyclic prodiginines – remains an enigma. 

7.3 METHODS 

7.3.1 Synthetic chemistry 

Cycloprodigiosin (2)[38] and MBC (6)[39] were synthesized by Rebecca Johnson, as described 

previously. 
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7.3.2 Bacterial cultivation 

E. coli was propagated at 37 °C on LB agar or in LB broth. For the cultivation of P. rubra (at 30 

°C), these media were supplemented with 10% v/v 180 g/L Instant Ocean Sea Salt (IO) 

(Spectrum Brands, Blacksburg, VA), autoclaved separately. 

7.3.3 Plasmid construction 

DNA assembly protocols were designed using j5 and DeviceEditor software[40–42]. 

Descriptions of plasmids employed in this research are provided in Table 7.2. Assembly was 

performed using NEBuilder HiFi DNA Assembly Master Mix or NEB Golden Gate Assembly Mix 

(NEB) per manufacturer’s directions. The 11 kb pigBCDE fragment was cloned behind a T7 

promoter using the Zero Blunt TOPO PCR Cloning Kit (ThermoFisher). Strains and plasmids 

developed for this study (Table 7.1 and Table 7.2) along with annotated sequences, have been 

deposited in the public instance of the JBEI registry[43] (https://public-

registry.jbei.org/folders/260). 

7.3.4 Targeted gene disruptions in P. rubra 

We employed conjugative transfer of a suicide plasmid following the precedent of Wang et al.[44], 

however, their purported counterselection with SacB was not effective in our hands. This held 

true even with sacB under the control of promoters expressed highly in P. rubra, as determined 

by shotgun proteomics (Table 7.4). Instead, we replaced sacB with lacZ and identified double 

crossovers by blue-white screening (Figure 7.15). E. coli WM3064 was transformed with suicide 

vectors conferring both erythromycin and chloramphenicol resistance markers under the 

control of the P. rubra elongation factor G (PRUB9669 on contig 67) promoter, the P. rubra 30S 

ribosomal protein S13 promoter (PRUB13406 on contig 115, this is actually a polycistronic locus 

with a number of ribosomal proteins and an RNA polymerase subunit) driving lacZ, and ~1 kb 

regions homologous to those upstream and downstream of the target. After overnight growth on 

LB agar with 25 µg/mL chloramphenicol, 100 µM X-gal, and 300 µM diaminopimelic acid 

(DAP), a colony was patched directly on LB agar with 4% v/v 180 g/L IO and 300 µM DAP, with 

a wild-type P. rubra colony patched on top. After conjugating at 30 °C overnight, the patch was 

struck out for single colonies on LB agar with 10% v/v 180 g/L IO, 25 µg/mL erythromycin, and 

500 µM X-gal. Blue colonies (single-crossovers) were passaged until homogeneous. These were 

then sub-cultured on the same growth media without erythromycin, and white colonies were 

isolated and confirmed to be sensitive to erythromycin. To distinguish double-crossovers from 

revertants, colony PCR was performed by picking colonies into neat DMSO, diluting 1:10 with 

water and using that as template (1% v/v) with 5Prime HotMasterMix polymerase and primers 

as specified in Table 7.3. 

https://public-registry.jbei.org/folders/260
https://public-registry.jbei.org/folders/260
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Figure 7.15: Blue-white screening in P. rubra. The white colonies are either double-crossovers or revertants. 

7.3.5 Prodiginine production in P. rubra 

P. rubra was grown in 50 mL 20% v/v LB, 10% v/v 180 g/L Instant Ocean, 70% de-ionized 

water, in a 250 mL baffled shake flask. After 12 hours of growth at 30 °C, 2 mL of the culture 

was extracted with 3 mL 1:1 chloroform:methanol. The organic layer was evaporated to dryness, 

dissolved in ethanol, diluted 1:1 in de-ionized water, and analyzed by LC-MRM-MS and LC-

TOF-MS. 

 

Figure 7.16: Pigmentation of P. rubra grown in liquid culture for 12 hours. 

7.3.6 Heterologous prodiginine production in E. coli 

E. coli BLR (DE3) was transformed with plasmids containing pigBCDE and either PRUB680 or 

RFP. Overnight cultures were diluted 1:10 into LB supplemented with 50 µg/mL kanamycin and 
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25 µg/mL chloramphenicol and grown at 37 °C to an OD600 of 0.6, upon which they were 

induced with 100 µM IPTG at 30 °C for 16 h. 10 mL of cells were harvested by centrifugation 

(8,000 g, 5 min), resuspended in 300 μL of LB medium, and spread onto agar plates with 0.1 

mM IPTG and antibiotics as before. 10 μL of 1 mM MBC in 1:3 DMSO:water was spotted onto 

the plates, which were left to grow overnight at 30 °C. The pink halo (as can be seen in Figure 

7.2) was scraped off and resuspended in 1 mL de-ionized water with 2% TFA by vigorous 

vortexing. The cell suspension was extracted with 2 mL of 1:1 v/v chloroform:methanol. The 

organic layer was evaporated to dryness dissolved in ethanol, diluted 1:1 in de-ionized water, 

and analyzed by LC-MRM-MS. 

7.3.7 In vitro analysis of PRUB680 in inverted E. coli membrane vesicles 

An overnight culture of E. coli BLR (DE3) containing pET28-PRUB680 was diluted 1:10 into 

3 × 500 mL LB supplemented with 50 µg/mL kanamycin in 2 L baffled flasks and grown at 

37 °C. When the cells reached an OD600 of 0.6, the flasks were cooled to 18 °C and induced with 

100 mM IPTG for 3 h. The cells were harvested by centrifugation (5,000 g, 10 min), washed with 

30 mL spheroplasting buffer (30% sucrose, 200 mM Tris∙HCl pH 8.0, 2mM EDTA) and 

incubated rocking for 30 min at room temperature in 30mL spheroplasting buffer + 3 mg 

lysozyme. Spheroplasts were harvested by centrifugation (5,000 g, 10 min), resuspended in 30 

mL assay buffer (100 mM HEPES∙KOH pH 7.8, 50 mM K2SO4, 1% v/v Sigma Protease Inhibitor 

Cocktail P8849), divided into 20 × 1.5 mL in 2 mL centrifuge tubes, and sonicated in a cup-horn 

sonicator (Qsonica Q700 with 431MPX horn, Amplitude: 75%, 1 min on, 1 min off) for 45 min. of 

total “on” time. The water bath temperature was maintained between 3 and 10 °C. The tubes 

were centrifuged at 12,000 g for 10 min at 4 °C, the supernatants combined and again 

centrifuged at 12,000 g for 10 min at 4 °C. The supernatant was centrifuged at 35,000 g for 30 

min at 4 °C and the orange pellet thoroughly resuspended in 22 mL assay buffer. For each 

reaction, 500 µL of the vesicle preparation was used. For the metal dependence experiments, 

EDTA was added to a final concentration of 4 mM, the mixture incubated at 4 °C for 5 min, 

followed by the addition of metal at a concentration of 5 mM and incubation at 4 °C for 5 min. 

For all experiments, 10 µM prodigiosin (Enzo Life Sciences, 100X stock solution prepared at 1 

mM in 20% v/v ethanol in water) was added, the mixture transferred to a round-bottom glass 

tube (16 mm × 100 mm) at room temperature. The reaction was started by adding reducing 

cofactor (NADH, NADPH, (6R)- or (6S)-tetrhydrobiopterin, or tetrahydrofolate, all from Sigma-

Aldrich) at 250 µM, or, in the case of FMNH2, adding FMN to the mixture pre-loaded with a 

cofactor generation system consisting of glucose-6-phosphate (20mM), 250 µM NADP+, 

1 unit/mL glucose-6-phosphate dehydrogenase, and 1 unit/mL NADPH:FMN oxioreductase 

from Photobacterium fischeri (all from Sigma-Aldrich). Enzymatic generation of FMNH2 was 

necessary because the enzyme is inactivated by sodium dithionite. The in situ reduction of FMN 

to FMNH2 was verified by observing the loss of yellow color. Metal dependence experiments 

used 250 µM (6R)-tetrahydrobiopterin. After shaking at 200RPM at room temperature for 10 

min, reactions were quenched using 2 mL 1:1 v/v chloroform:methanol. 500 µL de-ionized water 

was added, the organic layer evaporated to dryness, dissolved in ethanol, diluted 1:1 with de-

ionized water, and analyzed by LC-MRM-MS. To calculate relative enzyme activity, 

cycloprodigiosin peak areas were normalized to the prodigiosin starting material peak areas to 

correct for extraction efficiency (< 0.1% conversion had occurred under all conditions), and to a 

(6R)-tetrahydrobiopterin reaction to normalize for enzyme activity differences between vesicle 

preparations. All conditions shown in Figure 7.10, except for FMNH2, were performed in parallel 

with the same vesicle preparation. 
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7.3.8 LC-MS acquisition and data analysis 

LC-MRM-MS was performed on an AB Sciex 4000 QTRAP with an Agilent 1200 series LC 

system. 1 µL of sample was injected onto a Phenomenex Kinetex XB-C18 (3 mm × 100 mm) 

column. Mobile phase: A = 10 mM ammonium formate, brought to pH 4.5 with formic acid, B = 

methanol buffered identically to A. Method: 35% B for 5 min, ramp from 35% to 80% B in 30 

min, 80% B for 8 min, ramp to 35% B in 2 min, re-equilibrate at 35% B for 15 min, all at a flow 

rate of 200 µL/min. A Turbo Spray V ion source was used in positive ion mode (curtain gas: 20 

L/min, temperature: 600 °C, voltage: 4800 V, source gas: 50 L/min, entrance potential: 8 V, 

collision energy: 45, declustering potential: 45 V, column temperature: 50 °C, Q1 resolution: 

high, Q3 resolution: unit). 

LC-TOF-HRMS was performed on an Agilent 1200 series Rapid Resolution HPLC system. 

Mobile phases were the same as above. 2 µL of sample was injected onto a Phenomenex Kinetex 

XB-C18 (3 mm × 50 mm) column. Method: 30% B for 8 min, ramp from 30% to 80% B in 20 

min, 80% B for 4 min, ramp to 35% B in 1 min, re-equilibrate at 30% B for 7 min, all at a flow 

rate: 200 µL/min. An Agilent ESI source was used in the positive ion mode (drying gas: 11 

L/min, temperature: 325 °C, capillary voltage: 3500 V, nebulizer gas: 25 lb/in2, fragmentor: 150 

V, skimmer: 50 V, declustering potential: 45 V, column temperature: 50 °C, OCT 1 RF Vpp: 170 

V). 

MRM and TOF data were converted into MzML[45] using ProteoWizard[46]. The data were 

loaded into a custom python script using PyOpenMS[47] and chromatograms plotted using 

Matplotlib. Peak areas were calculated using Analyst 1.6.2. 

7.3.9 Semi-quantitative shotgun proteomics 

Cell lysis and protein precipitation were performed by Leanne Chan using a chloroform-

methanol extraction as previously described[48]. The protein pellet was re-suspended in 100 

mM (NH4)HCO3 with 20% methanol and the protein concentration was measured using the DC 

Protein Assay Kit (Bio-Rad). The protein was reduced with 5 mM TCEP for 30 minutes at room 

temperature, alkylated with 10 mM iodoacetamide for 30 minutes in the dark at room 

temperature, and digested with trypsin (1:50 w/w, trypsin:protein) overnight at 37 ºC. 

Peptide samples (20 µg) were analyzed on an Agilent 6550 iFunnel Q-TOF mass spectrometer 

coupled to an Agilent 1290 UHPLC system (Agilent Technologies) as described[49]. Peptides 

were loaded into an Ascentis Express Peptisde ES-C18 column (100 mm x 2.1 mm i.d., 2.7 µm 

particle size; Sigma Aldrich, St. Louis, MO, USA) operating at 60 ºC and flowing at 0.400 

mL/min. Mobile phase: A = 0.1% formic acid in water, B = 0.1% formic acid in acetonitrile. 

Method: 2% B for 2 min, ramp from 2% to 30% B over 30 min, ramp to 50% over 5 min, ramp to 

80% over 1 min, hold at 80% B for 7 min, ramp to 2% B over 1 min, hold at 2% B for 4 min. An 

Agilent Dual Jet Stream Electrospray Ionization source was used in positive-ion mode. Gas 

temperature: 250 °C, drying gas: 14 L/min, nebulizer: 35 psig, sheath gas temp: 250 °C, sheath 

gas flow: 11 L/min, VCap: 4,500 V, nozzle voltage: 1,000 V, fragmentor: 180 V, and OCT 1 RF 

Vpp: 750 V. 

The data were acquired with Agilent MassHunter Workstation version B.06.01 and searched 

against the P. rubra genome using Mascot version 2.3.02 (Matrix Science)[50], then filtered and 

refined using Scaffold version 4.6.1 (Proteome Software Inc.)[51]. 
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7.3.10 Bioinformatics 

Pre-aligned Uniprot-RP75 (representative proteome clustered at 75% sequence identity) 

sequences for the FA_hydroxylase (PF04116) family were obtained directly from Pfam version 

3.0[18]. A maximum-likelihood phylogenetic tree was built with Fasttree using default 

parameters[52]. Branches were assigned colors and labels using a custom python script 

employing the ETE3 library[53] and metadata from the Uniprot database[26]. The tree was 

rendered using iTOL version 3[54]. 

 

7.4 TABLES 
Table 7.1: Strains used in this study. Strains have been deposited in the public instance of the JBEI Registry[43] 
(https://public-registry.jbei.org/folders/260). 

Strain Description Source JBEI public registry ID 

Wild-type P. rubra Pseudoalteromonas rubra DSM6842[55] Obtained directly from 

the DSMZ 

JPUB_006565 

P. rubra ∆pigE In-frame deletion ∆pigE(A168-L648) This work JPUB_007751 

P. rubra ∆pigF In-frame deletion ∆pigF(T53-R208) This work JPUB_007752 

P. rubra ∆PRUB675 In-frame deletion ∆PRUB675(W44-L195) This work JPUB_007753 

P. rubra ∆PRUB680 

In-frame deletion ∆PRUB680(H100-

K293) 

This work JPUB_007754 

E. coli WM3064 Diaminopimelic acid auxotroph used to 

conjugate into P. rubra. 

A generous gift from A. 

Deutschbauer (LBNL) 

JPUB_007740 

E. coli BLR(DE3) ∆recA derivative of E. coli BL21(DE3) EMD Millipore JPUB_007760 

 



 

115 
 

Table 7.2: Plasmids used in this study. Entries in the fragments column refer to those in Table 7.3. All annotated 
sequences have been deposited in the public instance of the JBEI Registry[43] (https://public-
registry.jbei.org/folders/260) and those developed as part of this work are physically available from the authors 
and/or addgene (http://www.addgene.org) upon request. 

Name Purpose Fragments Assembly 

method 

Source JBEI public 

registry ID 

pMob-efgpErmCat-

rppSac-∆pigE(A168-

L648) 

For gene disruption of pigE 

by homologous 

recombination 

“ColE1-CAT-sacB-

mob-∆pigE”, ”efgp”, 

“rpp”, “Erm” 

Golden gate 

assembly 

This work JPUB_007744 

pMob-efgpEryCat-

rppLacZ-∆pigF(T53-
R208) 

For gene disruption of pigF 

by homologous 
recombination 

“backbone”, 

“pigF_upstream” and 
“pigF_downstream” 

Gibson 

assembly 

This work JPUB_007750 

pMob-efgpEryCat-

rppLacZ-
∆PRUB675(W44-

L195) 

For gene disruption of 

PRUB675 by homologous 
recombination 

“backbone”, 

“675_upstream” and 
“675_downstream” 

Gibson 

assembly 

This work JPUB_007748 

pMob-efgpEryCat-

rppLacZ-

∆PRUB680(H100-

K293) 

For gene disruption of 

PRUB680 by homologous 

recombination 

“ColE1-efgpErmCat-

rpp”, “mob”, “lacZ”, 

“680_upstream” and 

“680_downstream” 

Gibson 

assembly 

This work JPUB_007746 

pPigBCDE For the recombinant 

production of prodigiosin in 

E. coli 

“pigBCDE” TOPO 

cloning 

This work JPUB_007756 

pPRUB680 

(pBbA7c+PRUB680) 

For the conversion of 

prodigiosin into 

cycloprodigiosin in E. coli 

“pBbA7c” and 

“Prub680-a” 

Gibson 

assembly 

This work JPUB_007742 

pBbA7c-RFP Negative control for 

pPRUB680. Template for 

amplifying “pBbA7c” 

  [56] JPUB_000083 

pET28-PRUB680 For overexpression of 

PRUB680 in E. coli 

“pET28” and 

“Prub680-b” 

Gibson 

assembly 

This work JPUB_008477 

pBbE1c Not used in experiments; only 

as template for amplifying 

“ColE1-CAT” 

  [56] JPUB_000098 

pET28a Not used in experiments; only 

as template for amplifying 

“pET28” 

  Novagen JPUB_008475 

pK18mobsacB Not used in experiments; only 

as template for amplifying 

“mob-sac” 

  ATCC 

87097 

JPUB_007764 

pCP7 Not used in experiments; only 
as template for amplifying 

“Erm” 

  [57] JPUB_007759 

pK18mobsacB-
∆pigE(A168-L648) 

Not used in experiments; only 

as template for amplifying 

“ColE1-CAT-SacB-mob-

∆pigE” 

“ColE1-CAT”, “mob-

sac”, 
“pigE_upstream” and 

“pigE_downstream” 

Gibson 

assembly 

This work JPUB_007765 
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Table 7.3: DNA amplification details. 

Part 

Name 
Purpose 

Forward 

Primer 
Reverse Primer Template 

Annealing 

Temp (°C) 

Purification 

Method 

The fragments below were amplified by Garima Goyal, using Q5 hot start high fidelity 2X master mix (NEB): 

50 uL PCR reactions consisted of 5 uL (5 uM) of each forward and reverse primer, 10 uL of template (5 

ng/uL), 25 uL of Q5 high fidelity 2X master mix, and 5 uL de-ionized water. The following touchdown PCR 

thermocycling conditions were used: 98 °C for 30 sec, then 10 cycles of: {98 °C for 10 sec, annealing at 
specified temperature for 30 sec with a decrease in annealing temperature of 0.5 °C per cycle, 72 °C for 20 sec 

/ kb},then 25 cycles of: {98 °C for 10 sec, annealing at the specified temperature for 30 sec, 72 °C for 20 sec / 

kb}, and final extension at 72 °C for 2 mins. Following PCR amplification, residual (methylated) DNA 

template in each PCR reaction was DpnI digested and purified using gel extraction or Nimbus robot as 
specified. 

ColE1-CAT 

backbone for 

suicide plasmids, 
colE1 origin and 

chlormaphenicol 

resistance marker 

CCCGGGGGATC
CAAACTCGAGT

AAGGATCTCCA

GGC 

CTGGTCTATTTT
CCTATTCACCAC

CCTGAATTGACT

CTCTTCCGG 

pBbE1c-RFP 69.4 
Qiagen gel 
purification 

kit 

mob-sac 

origin of transfer 

and purported 

negative selection 
marker 

CAATTCAGGGT

GGTGAATAGGA

AAATAGACCAG
TTGCAATCC 

CCCCGGGGATTT

TCAGGAGCTGAT

AGAAACAGAAG
CC 

pk18mobsac

B 
63.5 

Qiagen gel 

purification 

kit 

ColE1-CAT-
sacB-mob-

∆pigE 

backbone for a 

suicide plasmid 

CACACCAGGTC
TCAGAACATCA

AAAAGTTTGCA

AAACAAGCA 

CACACCAGGTCT

CAAAATGGAGA
AAAAAATCACTG

GATATACCACCG

T 

pK18mobsac
B-Cat-

∆pigE(A168-

L648) 

65.7 
Qiagen gel 
purification 

kit 

Erm 
an Erythromycin 

resistance marker 

CACACCAGGTC

TCAATTTATTT

CCTCCCGTTAA
ATAATAGA 

CACACCAGGTCT

CAATGAACAAAA

ATATAAAATATT
CTCAAAACT 

pCP7 57.7 

Qiagen gel 

purification 

kit 

efgp 

the elongation 

factor G promoter 
from P. rubra (in 

front of PRUB9669 

on contig 67) 

CACACCAGGTC

TCATCATTGTT
TTGCTCTATTT

AAAGTAGAAAA

ATTATTCGGC 

CACACCAGGTCT
CACGCCCTCAAA

GCAGACGTTATG

C 

P. rubra 
genomic 

DNA 

65.7 
Qiagen gel 
purification 

kit 

rpp 

the ribosomal 

protein promoter 

from P. rubra (in 

front of 
PRUB13406 on 

contig 115) 

CACACCAGGTC

TCAGGCGGAAA

TCTAGTCGTGC
AGGCTAAGT 

CACACCAGGTCT

CAGTTCATTAAC

ATATCTCCTATA
AATAAACCTGAT

TATCATCT 

P. rubra 

genomic 
DNA 

62.7 

Qiagen gel 

purification 
kit 

mob origin of transfer 

AAACGCAAAAG

AAAATGCCGAT

GGG 

CTGTTGATACCG

GGAAGCCCTGG

G 

pk18mobsac

B 
65.6 

Qiagen gel 

purification 

kit 

lacZ 

for screening for 

double-crossovers 

with X-gal 

GTTTATTTATA

GGAGATATGTT

AATGGTCGTTT

TACAACGTCGT
GACTGGG 

ACCCATCGGCAT

TTTCTTTTGCGT

TTTTATTATTAT

TTTTGACACCAG
ACCAACTGG 

pDL11c 65.7 

Qiagen gel 

purification 

kit 

ColE1-

efgpErmCat

-rpp 

backbone for 

suicide plasmids 

GTAATACGGTT

ATCCACAGAAT

CAGGGG 

CGACGTTGTAAA
ACGACCATTAAC

ATATCTCCTATA

AATAAACCTGAT

TATCATCT 

pMob-
efgpErmCat-

rppSac-

∆pigE 

62.7 

Nimbus Size 
Selection/ 1% 

gel and 1-10kb 

marker 
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Part 

Name 
Purpose 

Forward 

Primer 
Reverse Primer Template 

Annealing 

Temp (°C) 

Purification 

Method 

backbone 

backbone for 

suicide plasmids, 

includes lacZ 

GGCCAGGAACC

GTAAAAAGGC 

CTGTTGATACCG

GGAAGCCCTGG

G 

pMob-

efgpEryCat-

rppLacZ-
∆PRUB680 

66.4 

Nimbus Size 

Selection/ 1% 

gel and 1-10kb 
marker 

pigE_upstr

eam 

For gene 
disruption of pigE 

by homologous 

recombination 

CGACACAAAGT

GGCACCAATGG
GCAGGACAGTT

TCTTTTTCCGG

ATTGATGTCCA

GCC 

CCTTACTCGAGT

TTGGATCCCCCG
GGGTTATACCCC

CAGGGTTTACAA

CTATTTTCACAC

C 

P. rubra 

genomic 

DNA 

68.9 

Qiagen gel 

purification 

kit 

pigE_down
stream 

For gene 

disruption of pigE 
by homologous 

recombination 

CTATCAGCTCC

TGAAAATCCCC
GGGGTTTCTGA

CGCAATAAAGC

GGCCAC 

CTGCCCATTGGT
GCCACTTTGTGT

CG 

P. rubra 
genomic 

DNA 

68.7 
Qiagen gel 
purification 

kit 

pigF_upstre

am 

For gene 

disruption of pigF 

by homologous 
recombination 

GGCCCAGGGCT

TCCCGGTATCA

ACAGTGCATTT

TGCTTACCATC
ATTGCTTCCTG

T 

GCCACTGCGCTC

AGATAAGCTGG

GTGAGCAAGGC
TACGG 

P. rubra 

genomic 
DNA 

70 

Nimbus Size 

Selection/ 

1.5% gel and 
300-3000bp 

marker 

pigF_down

stream 

For gene 

disruption of pigF 

by homologous 

recombination 

CACCCAGCTTA

TCTGAGCGCAG

TGGCGCGTCG 

GCAACGCGGCCT
TTTTACGGTTCC

TGGCCAGTACAA

CAGATCTGTCGC
GATACCGGC 

P. rubra 

genomic 

DNA 

71 

Nimbus Size 
Selection/ 

1.5% gel and 

300-3000bp 
marker 

675_upstre
am 

For gene 

disruption of 
prub675 by 

homologous 

recombination 

GGCCCAGGGCT

TCCCGGTATCA
ACAGCAGGACA

TTGCCAGGGAG

TTAGATGCG 

GGCTTAGTGCTC

TTTTGCGCCAGT
TATAACTACTGG

ACGTTATTACTG

CCC 

P. rubra 
genomic 

DNA 

66.4 

Nimbus Size 

Selection/ 
1.5% gel and 

300-3000bp 

marker 

675_downst

ream 

For gene 

disruption of 

prub675 by 

homologous 
recombination 

CGTCCAGTAGT

TATAACTGGCG

CAAAAGAGCAC
TAAGC 

GCAACGCGGCCT

TTTTACGGTTCC

TGGCCGCCAGCT

ATACCCAAATTA
TCTGG 

P. rubra 

genomic 

DNA 

63.2 

Nimbus Size 

Selection/ 

1.5% gel and 

300-3000bp 
marker 

680_upstre

am 

For gene 
disruption of 

prub680 by 

homologous 

recombination 

GGCCCAGGGCT
TCCCGGTATCA

ACAGGAACAGC

ACGACATCCCC 

GTATTACTGGAA
CTCCAAGGACTT

CAAGCCAAAAGA

CC 

P. rubra 

genomic 

DNA 

62.6 

Nimbus Size 
Selection/ 

1.5% gel and 

300-3000bp 

marker 

680_downs
tream 

For gene 

disruption of 

prub680 by 
homologous 

recombination 

GGCTTGAAGTC

CTTGGAGTTCC

AGTAATACAAA
AAGTCATAAAC

TAAGAATGC 

CCCCTGATTCTG

TGGATAACCGTA

TTACTGCACTAG
GGTGTAGGGGT

TACGG 

P. rubra 

genomic 
DNA 

65.6 

Nimbus Size 

Selection/ 

1.5% gel and 
300-3000bp 

marker 

pBbA7c 

backbone for 

heterologous 

expression with 

p15a origin and 
CAT 

CCAGGCATCAA

ATAAAACGAAA

GGC 

CATATGTATATC

TCCTTCTTAAAA

GATCTTTTGAAT

TC 

pBbA7c-RFP 62.5 

Qiagen gel 

purification 

kit 
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Part 

Name 
Purpose 

Forward 

Primer 
Reverse Primer Template 

Annealing 

Temp (°C) 

Purification 

Method 

Prub0680-a 

For heterologous 

expression of 
PRUB680 in E. coli 

TCAAAAGATCT

TTTAAGAAGGA

GATATACATAT
GGATCTCAACT

TTACCGAAGAA

GT 

AGCCTTTCGTTT

TATTTGATGCCT
GGCTACTGGAG

CTCTGCGCTG 

P. rubra 

genomic 
DNA 

63.7 

Qiagen gel 

purification 
kit 

pET28 

Backbone for 

heterologous 

expression with 
kanamycinR 

GTGGAACTCAG

CGCAGAGCTCC

AGTAGGAATTC

GAGCTCCGTCG
ACAAGCTTGC 

GCTGCTGTGATG

ATGATGATGATG

GCTGCTGC 

pET28a 70.4 

Qiagen gel 

purification 

kit 

Prub0680-

b 

For heterologous 

expression of 

PRUB680 in E. coli 

GCAGCCATCAT
CATCATCATCA

CAGCAGCATGG

ATCTCAACTTT

ACCGAAGAAGT 

CTACTGGAGCTC

TGCGCTG 

P. rubra 

genomic 

DNA 

62.3 

Qiagen gel 

purification 

kit 

The 11 kb pigBCDE fragment below was amplified using PrimeSTAR GXL (TaKaRa): cycling conditions: 98°C 

for 2 min, 30 cycles of: {98°C for 10 sec, 68 °C for 10 min}.. 

PigBCDE 

Genes encoding 

MAP biosynthesis 

and condensation 

with MBC 

GAGATCATCGC

CCGAAAACT 

GTCGATATGACG

ACCCAACC 

P. rubra 

genomic 

DNA 

68 
Qiagen gel 

purification 

kit 

The amplicons below were used to verify knock-outs in P. rubra. A long amplicon indicates wild-type while a 

short amplicon indicates a knock-out. The appearance of both amplicons indicates the colony is a single-
crossover. Amplified using 5Prime HotMasterMix polymerase. Cycling conditions: 95 °C for 2 minutes, 30 

cycles of: {95 °C for 45 sec, 54 °C for 30 sec, 72 °C for 1 min}. 

pigE-check 
To verify pigE has 

been disrupted 

GGCGATAAAG

GGGTACTGGT 

AACCGCGAGCTG

TGGGGCAA 
Colony PCR 54 N/A 

pigF-check 
To verify pigF has 

been disrupted 

GCAGGCATGGC

GTTATAGAT 

TTGACCATTTTC

GCGACACT 
Colony PCR 54 N/A 

prub675-

check 

To verify prub675 

has been disrupted 

GCTGCGTATTG

GTCGAACTT 

GAACCATAGCGC

AAAGGTGG 
Colony PCR 54 N/A 

prub680-

check 

To verify prub680 

has been disrupted 

CCTGCCCTTTT

ATCTGGGCC 

GACCAATGCCAC

CATTGCACTG 
Colony PCR 54 N/A 
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Table 7.4: Shotgun proteomics of P. rubra. 

Protein name 
Accession 

number 
Size (kDa) Total spectrum count 

elongation factor Tu gi|540289041 43 88 

elongation factor G gi|540286972 76 78 

DNA-directed RNA polymerase subunit beta' gi|540284239 155 73 

DNA-directed RNA polymerase subunit beta gi|540284238 150 68 

30S ribosomal protein S1 gi|540284991 61 67 

serine endoprotease gi|540287288 48 67 

alanine dehydrogenase gi|540285040 40 52 

molecular chaperone DnaK gi|540284092 69 47 

bifunctional aconitate hydratase 2/2-methylisocitrate dehydratase gi|540285941 101 45 

bifunctional proline dehydrogenase/pyrroline-5-carboxylate 

dehydrogenase 
gi|540285355 140 45 

molecular chaperone GroEL gi|540288105 58 44 

trigger factor gi|540284108 48 44 

glutamate dehydrogenase gi|540286035 182 41 

malate dehydrogenase gi|540285429 32 41 

peptidyl-prolyl cis-trans isomerase gi|540285998 28 41 

Na(+)-translocating NADH-quinone reductase subunit A gi|540285405 48 40 

isocitrate dehydrogenase gi|540285691 81 38 

F0F1 ATP synthase subunit alpha gi|540287743 56 36 

peptidyl-dipeptidase Dcp gi|540284763 81 34 

F0F1 ATP synthase subunit beta gi|540287741 50 34 

polynucleotide phosphorylase/polyadenylase gi|540284681 76 32 

Phage major tail sheath protein gi|540287064 42 30 

acetyl-CoA synthetase gi|540285582 71 29 

outer membrane channel protein gi|540285496 49 29 

heat shock protein 90 gi|540288874 73 28 

succinyl-CoA synthetase subunit beta gi|540288991 41 28 

MotA/TolQ/ExbB proton channel protein gi|540288827 49 27 

DNA-directed RNA polymerase subunit alpha gi|540285955 36 27 

succinate dehydrogenase flavoprotein subunit gi|540288987 65 27 

elongation factor Ts gi|540286511 30 27 

translation initiation factor IF-2 gi|540284685 98 25 

dihydrolipoamide dehydrogenase gi|540284570 50 25 
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alkyl hydroperoxide reductase subunit C gi|540283907 21 25 

30S ribosomal protein S2 gi|540286512 27 25 

cell division protease gi|540286759 70 25 

50S ribosomal protein L1 gi|540284235 25 25 

hypothetical protein PRUB_21747 gi|540284214 34 24 

pyruvate dehydrogenase subunit E1 gi|540284568 99 22 

succinyl-CoA synthase subunit alpha gi|540288992 30 22 

serine hydroxymethyltransferase gi|540284279 45 22 

phosphoenolpyruvate synthase gi|540286328 87 21 

30S ribosomal protein S4 gi|540285956 24 21 

30S ribosomal protein S5 gi|540285963 18 20 

ribose-phosphate pyrophosphokinase gi|540287013 34 20 

ATPase gi|540288720 35 20 

response regulator in two-component regulatory system with PhoQ gi|540285771 26 20 

chorismate mutase P / prephenate dehydratase gi|540287215 42 19 

30S ribosomal protein S8 gi|540285966 14 19 

contractile tail tube protein gi|540287063 19 19 

Thioredoxin gi|540288478 12 19 



 

121 
 

Table 7.5: The relationships between the P. rubra prodiginine biosynthesis genes and those in Serratia and S. 
coelicolor. Pseudoalteormonas tunicata was also included because it produces tambjamine[58], biosynthesis of which 
is also thought to proceed through 4-methoxy-2,2'-bipyrrole-5-carboxaldehyde (6)[59]. 
Using blastp[60], wordsize: 2, gapcosts: 9 (opening) 1 (extending), matrix: BLOSUM62 

P. 

rubra 

DSM6

842 

gene 

Proposed role 
Closest homolog in Serratia sp. 

ATCC39006 

Closest homolog(s) in Streptomyces 

coelicolor A2(3) 

Closest homolog(s) in 

Pseudoalteromonas Tunicata D2 

  
Gene 

name 

Query 

covera

ge 

Sequence 

ID 
Gene name 

Query 

covera

ge 

Sequence 

ID 
Gene name 

Query 

coverag

e 

Sequence 

ID 

pigA 
MBC 

biosynthesis 
pigA 99% 69% redW 100% 44% tamG 99% 34% 

pigB 
MAP 

biosynthesis 
pigB 100% 63% 

redS (N-

terminus) 
22% 35% no hit N/A N/A 

pigC 

Condensation 

of MAP and 

MBC 

pigC 100% 73% redH 97% 40% tamQ 98% 37% 

pigD 
MAP 

biosynthesis 
pigD 100% 75% no hit N/A N/A no hit N/A N/A 

pigE 
MAP 

biosynthesis 
pigE 100% 79% 

SCO6769 

(aspartate 

aminotransfer

ase) 

52% 37% 

PTD2_02561 

(aspartate 

aminotransfer

ase) 

38% 31% 

pigF 

MBC 

biosynthesis 

(methyltransfer

ase) 

pigF 100% 79% 

SCO7452 (O-

methyltransfe

rase) 

85% 22% no hit N/A N/A 

redI 69% 25% 
TamP is a methyltransferase but 

has no homology to PigF 

pigG 
MBC 

biosynthesis 
pigG 72% 68% redO 97% 48% tamB 89% 45% 

pigH 
MBC 

biosynthesis 
pigH 99% 72% redN 97% 48% tamD 84% 52% 

pigI 
MBC 

biosynthesis 
pigI 99% 60% redM 96% 39% tamE 99% 38% 

pigJ 
MBC 

biosynthesis 
pigJ 98% 61% redX 83% 35% tamF 59% 40% 

pigK 
MBC 

biosynthesis? 
pigK 97% 67% redY 98% 47% tamR 98% 42% 

pigL 
Phosphopanteth

eine transferase 
no hit N/A N/A no hit N/A N/A tamS N/A N/A 

pigM 
MBC 

biosynthesis 
pigM 97% 54% redV 93% 30% tamJ 72% 32% 

PRUB6

75 

Membrane 

anchor for 

PigF? 

pigN 47% 35% redF 85% 44% 
no hit, perhaps not necessary 

for its unusual methylase? 
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Table 7.6: Characterized members of the integral membrane di-iron oxygenase enzyme class, except for the first 3 
lines, which are pigN homologs. 

Node 

label 

Full gene 

name 

Pfam 

family 

Biological 

role 

Species Reaction catalyzed Uniprot 

ID 

(Uniprot
75 ID) 

Ref. 

PRUB675 N/A DUF_1
295 

Prodiginine 
biosynthesis 

Pseudoaltero
monas rubra 

? U1LYM5 This 
work 

Serratia 
pigN 

N/A DUF_1
295 

Prodiginine 
biosynthesis 

Serratia sp. ? V3V8J0 [14] 

S. 
coelicolor 

redF 

N/A DUF_1
295 

Prodiginine 
biosynthesis 

Streptomyce
s coelicolor 

? O54096 [61] 

PRUB68

0 

Prodigiosin 

cyclase 

FA_hy

droxyla
se 

Cycloprodigi

osin 
biosynthesis 

Pseudoaltero

monas rubra 

 

U1KYF0 This 

work 

Human 

AGMO 

Alkylglycerol 

monooxygena
se 

FA_hy

droxyla
se 

Alkylglycerol 

biodegradati
on 

Homo 

sapiens, 
found only in 

animals and 
some protists 

 

Q6ZNB7 [62] 

Erwinia 
CrtZ 

β-carotene 3-
hydroxylase 

FA_hy
droxyla

se 

Carotenoid 
biosynthesis  

Erwinia 
uredovora 

(Pantoea 

ananas), 
found in 

carotenoid-

producing 
bacteria (but 

not 
cyanobacteri

a) 

 

P21688 [63] 

Arabidop

sis CrtR 

β-carotene 3-

hydroxylase 

FA_hy

droxyla

se 

Carotenoid 

biosynthesis 

Arabidopsis 

thaliana 

 

Q9SZZ8 [64] 

Yeast 

SCS7 

Ceramide very 

long chain 
fatty acid 

hydroxylase 

FA_hy

droxyla
se 

Sphingolipid

-associated 
very long-

chain fatty 

acid 
biosynthesis 

Saccharomy

ces 
cerevisiae, 

found in all 

eukaryotes 

 

Q03529 [65] 

Human 

FA2H 

Fatty acid 2-

hydroxylase 

FA_hy

droxyla

se 

Sphingolipid

-associated 

very long-
chain fatty 

acid 
biosynthesis 

Homo 

sapiens, 

found in all 

eukaryotes 

Same reaction as Yeast SCS7 Q7L5A8 [66] 
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Yeast 

SUR2 

Sphinganine 

C4-
hydroxylase 

FA_hy

droxyla
se 

Sphingolipid 

biosynthesis 

Saccharomy

ces 
cerevisiae, 

found in all 

eukaryotes 

 

P38992 [65] 

Yeast 
ERG3 

(called 
SC5D in 

humans) 

Sterol Δ5 
desaturase 

FA_hy
droxyla

se 

Sterol 
biosynthesis 

Saccharomy
ces 

cerevisiae, 

found in all 
eukaryotes  

P32353 [67] 

Yeast 

ERG25 

(called 

MSMO1 
in 

humans) 

Methylsterol 

monooxygena
se  

FA_hy

droxyla
se 

Sterol 

biosynthesis 

Saccharomy

ces 
cerevisiae, 

found in all 

eukaryotes  

P53045 [68] 

Human 

CH25H 

Cholesterol 

25-

hydroxylase 

FA_hy

droxyla

se 

Sterol 

homeostasis 

Homo 

sapiens, 

found only in 

animals 

 

O95992 [69] 

Ikarugam

ycin 
hydroxyla

se 

Ikarugamycin 

hydroxylase 

FA_hy

droxyla
se 

polycyclic 

tetramate 
macrolactam 

biosynthesis 

Streptomyce

s sp., Found 
in various 

bacteria but 

mostly 
streptomycet

es 

 

A0A0B4Z

TG3 

[70] 

Arabidop

sis CER1 

Aldehyde 

decarbonylase 

FA_hy

droxyla

se 

Epicuticular 

wax 

biosynthesis 

Arabidopsis 

thaliana, 

found only in 
plants 

 

F4HVY0 [71] 

Acetylene

ase 

 FA_de

saturas

e 

Alkyne fatty 

acid 

biosynthesis 

Ceratodon 

purpurea 

(purple 
forkmoss) 

 

Q9LEN0 [72] 

JamB Hexanoyl-
ACP 

dehydrogenas

e 

FA_de
saturas

e 

Jamaicamyci
n 

biosynthesis 

Moorea 
producens 

(Lyngbya 

majuscule) 

 
Q6E7K8 [73] 

alkB Alkane 1-

monooxygena
se 

FA_de

saturas
e 

Alkane 

degradation 

Pseudomona

s oleovorans 
 P12691 [74] 

Human 
FADS1 

Fatty acid 
desaturase 1 

FA_de
saturas

e 

Highly 
unsaturated 

fatty acid 

biosynthesis 

Homo 
sapiens, 

found in all 

eukaryotes 
 

O60427 [75] 
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Human 

DEGS1 

Sphingolipid 

Δ(4)-
desaturase / 

dihydroceram

ide desaturase 

FA_de

saturas
e 

Sphingolipid 

biosynthesis 

Homo 

sapiens, 
found only in 

animals 

 

O15121 [76] 

Human 
SCD5 

Stearoyl-CoA 
desaturase 

FA_de
saturas

e 

Membrane 
fluidity 

homeostasis 

Homo 
sapiens, 

found in all 

eukaryotes 

 

Q86SK9 [77] 

Yeast 

OLE1 

Acyl-CoA 

desaturase 

FA_de

saturas

e 

Membrane 

fluidity 

homeostasis 

Saccharomy

ces 

cerevisiae, 
found in all 

eukaryotes 

Same reaction as Human SCD5 P21147 [78] 

B. subtilis 

des 

Phospholipid 

Δ(5)-

desaturase 

FA_de

saturas

e 

Membrane 

fluidity 

homeostasis 

Bacillus 

subtilis 

 

O34653 [79] 

Paracocc

us crtW 

Beta-carotene 

ketolase 

FA_de

saturas
e 

Carotenoid 

biosynthesis 

Paracoccus 

sp. 

 

P54972 [80] 

P. putida 

XylM 

Xylene 

monooxygena
se 

FA_de

saturas
e 

Aromatics 

degradation 

Pseudomona

s putida  

P21395 [81] 

cayB Acetylenease FA_de
saturas

e 

Caryoynenci
n 

biosynthetsi

s 

Burkholderia 
caryophylli 

Involved in the biosynthesis of the 
polyyne caryoynencin. The order of 

the reactions in this pathway is 

unknown 

A0A075T8
33 

[82] 

cayE Acetylenease FA_de
saturas

e 

Caryoynenci
n 

biosynthetsi

s 

Burkholderia 
caryophylli 

Involved in the biosynthesis of the 
polyyne caryoynencin. The order of 

the reactions in this pathway is 

unknown 

A0A075T
DB5 

[82] 

Myxococc

us 
hansupus 

Close 

homolog of 
PRUB680 

FA_hy

droxyla
se 

? Myxococcus 

hansupus 

? A0A0H4X

LU3 

 

Myxococc
us 

xanthus 

Close 
homolog of 

PRUB680 

FA_hy
droxyla

se 

? Myxococcus 
xanthus 

? Q1DE21  
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Table 7.7: Pfam families of genes clustering with close PRUB680 homologs. Genes commonly found (co-ocurring > 
5%) within 3 genes up- or downstream of bacterial PRUB680 homologs found in the emphasized clade in Figure 7.8 
were identified using the Enzyme Function Initiative Genome Neighborhood Tool (EFI-GNT; 
http://efi.igb.illinois.edu/efi-gnt/index.php), a companion tool of the EFI-EST[19]. 

About half of the genomes harboring PRUB680 homologs in this clade represent very closely-related Pseudomonas 
strains (under the leaf labeled “153 proteobacteria”), which biases the overall distribution of clustering genes. Hence, 
the EFI-GNT results when these strains are omitted are also included. The PRUB680 homologs in Pseudomonas can 
be examined using their ortholog group on the Pseudomonas Genome Database: 
http://pseudomonas.com/orthologs/list?id=1502600. 

In no organisms besides P. rubra is a prub680 homolog clustered with a gene coding for a DUF1295 protein. 

Including Pseudomonas spp. 

Pfam names 
Pfam 

numbers Pfam Description 

Co-

occurrence 
Ratio 

Co-

occur-

rence 
% 

Average 
Distance 

Median 
Distance 

ALAD PF00490 Delta-aminolevulinic acid dehydratase 54/119 45% 1.92 2 

PP_kinase-
PP_kinase_N-

PP_kinase_C 

PF02503-
PF13089-

PF13090 

Polyphosphate kinase middle domain-
Polyphosphate kinase N-terminal domain-

Polyphosphate kinase C-terminal domain 

52/119 43% 2.9 3 

DJ-1_PfpI PF01965 DJ-1/PfpI family 51/119 42% 1.05 1 

SNARE_assoc PF09335 SNARE associated Golgi protein 51/119 42% 1 1 

DUF188 PF02639 Uncharacterized BCR, YaiI/YqxD family 

COG1671 

50/119 42% 2.08 2 

FTR1-

Cytochrome_CBB3 

PF03239-

PF13442 

Iron permease FTR1 family-Cytochrome C 

oxidase, cbb3-type, subunit III  

46/119 38% 3 3 

4HBT PF03061 Thioesterase superfamily 10/119 8% 1.7 1.5 

Toluene_X PF03349 Outer membrane protein transport protein 

(OMPP1/FadL/TodX) 

8/119 6% 1 1 

YhhN PF07947 YhhN family 8/119 6% 1 1 

TP_methylase PF00590 Tetrapyrrole (Corrin/Porphyrin) 

Methylases 

7/119 5% 3 3 

DUF4139-

DUF4140 

PF13598-

PF13600 

Domain of unknown function (DUF4139)-

N-terminal domain of unknown function 

(DUF4140) 

7/119 5% 1.83 2 

Transpeptidase-
Transgly-BiPBP_C 

PF00905-
PF00912-

PF06832 

Penicillin binding protein transpeptidase 
domain-Transglycosylase-Penicillin-

Binding Protein C-terminus Family 

7/119 5% 2 2 

Peptidase_M23 PF01551 Peptidase family M23 7/119 5% 1 1 

Competence PF03772 Competence protein 6/119 5% 2 2 

tRNA-synt_1b PF00579 tRNA synthetases class I (W and Y) 6/119 5% 3 3 

Voltage_CLC PF00654 Voltage gated chloride channel 6/119 5% 2 2 

RrnaAD PF00398 Ribosomal RNA adenine dimethylase 6/119 5% 1 1 

HAD PF12710 haloacid dehalogenase-like hydrolase 7/119 5% 2 2 

  

http://efi.igb.illinois.edu/efi-gnt/index.php
http://pseudomonas.com/orthologs/list?id=1502600
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Omitting Pseudomonas spp. 

Pfam names 

Pfam 

numbers Pfam Description 

Co-
occurrence 

Ratio 

Co-

occur-
rence 

% 

Average 

Distance 

Median 

Distance 

YhhN PF07947 YhhN family 8/60 13% 1 1 

TP_methylase PF00590 
Tetrapyrrole (Corrin/Porphyrin) 
Methylases 7/60 11% 3 3 

Transpeptidase-

Transgly-BiPBP_C 

PF00905-
PF00912-

PF06832 

Penicillin binding protein transpeptidase 
domain-Transglycosylase-Penicillin-

Binding Protein C-terminus Family 7/60 11% 2 2 

DUF4139-
DUF4140 

PF13598-
PF13600 

Domain of unknown function (DUF4139)-

N-terminal domain of unknown function 
(DUF4140) 7/60 11% 1.83 2 

Toluene_X PF03349 
Outer membrane protein transport protein 
(OMPP1/FadL/TodX) 7/60 11% 1 1 

Peptidase_M23 PF01551 Peptidase family M23 7/60 11% 1 1 

HAD PF12710 haloacid dehalogenase-like hydrolase 7/60 11% 2 2 

Voltage_CLC PF00654 Voltage gated chloride channel 6/60 10% 2 2 

RrnaAD PF00398 Ribosomal RNA adenine dimethylase 6/60 10% 1 1 

Competence PF03772 Competence protein 6/60 10% 2 2 

4HBT PF03061 Thioesterase superfamily 6/60 10% 1.5 1.5 

tRNA-synt_1b PF00579 tRNA synthetases class I (W and Y) 6/60 10% 3 3 

ALAD PF00490 Delta-aminolevulinic acid dehydratase 5/60 8% 1.2 1 

A2M-A2M_N-

A2M_N_2-Thiol-

ester_cl-MG1 

PF00207-

PF01835-
PF07703-

PF10569-

PF11974 

Alpha-2-macroglobulin family-MG2 

domain-Alpha-2-macroglobulin family N-
terminal region-Alpha-macro-globulin 

thiol-ester bond-forming region-Alpha-2-

macroglobulin MG1 domain 4/60 6% 3 3 

Fumble PF03630 Fumble  4/60 6% 1 1 

DUF3014 PF11219 Protein of unknown function (DUF3014) 4/60 6% 1 1 

VWA_2 PF13519 von Willebrand factor type A domain 4/60 6% 3 3 

DUF1285 PF06938 Protein of unknown function (DUF1285) 4/60 6% 2 2 

Amidohydro_1 PF01979 Amidohydrolase family 3/60 5% 3 3 

TonB_dep_Rec-

Plug 

PF00593-

PF07715 

TonB dependent receptor-TonB-

dependent Receptor Plug Domain 3/60 5% 1 1 

PP_kinase-

PP_kinase_N-

PP_kinase_C 

PF02503-

PF13089-

PF13090 

Polyphosphate kinase middle domain-

Polyphosphate kinase N-terminal domain-

Polyphosphate kinase C-terminal domain 3/60 5% 2 2 

DJ-1_PfpI PF01965 DJ-1/PfpI family 3/60 5% 1 1 

Response_reg-

HATPase_c-
HisKA_3 

PF00072-

PF02518-
PF07730 

Response regulator receiver domain-

Histidine kinase-, DNA gyrase B-, and 
HSP90-like ATPase-Histidine kinase 3/60 5% 2 2 

HEAT_2 PF13646 HEAT repeats 3/60 5% 3 3 
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RRM_1 PF00076 

RNA recognition motif. (a.k.a. RRM, RBD, 

or RNP domain) 3/60 5% 1 1 

SKI PF01202 Shikimate kinase 3/60 5% 1 1 

S1_2 PF13509 S1 domain 3/60 5% 2 2 

ABC_tran-
ABC_tran_Xtn 

PF00005-
PF12848 ABC transporter-ABC transporter 3/60 5% 2 2 

YjbR PF04237 YjbR 3/60 5% 2.66 3 

Formyl_trans_N PF00551 Formyl transferase 3/60 5% 3 3 

DUF188 PF02639 

Uncharacterized BCR, YaiI/YqxD family 

COG1671 3/60 5% 3 3 
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