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Abstract 

 SAMDI-MS, which stands for self-assembled monolayers (SAMs) for matrix-assisted laser 

desorption ionization (MALDI) mass spectrometry (MS), is a powerful tool that has enabled the 

development of novel high-throughput screening and experimentation methods for decades. 

SAMDI-MS works by immobilizing analytes to functionalized SAMs prior to MS analysis and is 

capable of studying enzymatic and chemical reactions performed in solution or directly on the 

surface. In this dissertation, I adopt the SAMDI platform for the development and application of 

unique bioassays for use in two major fields of research, directed evolution and protein sequencing. 

In these fields, I use the technology to remove a most persistent bottleneck and add a new 

dimension of analysis, respectively. I then further build out the technique’s flexibility to analyze 

molecules of interest. 

 In the first chapter, I harness SAMDI-MS’s ability to rapidly screen thousands of cell-

based reactions to develop a screening assay that is capable of screening reactions from libraries 

of enzyme variants significantly faster than state-of-the-art techniques. Suitable high-throughput 

and generalizable screening techniques are mandatory in directed evolution, as libraries often 

exceed several hundred enzyme variants; however, many directed evolution campaigns still rely 

on the use of low-throughput chromatography-based screening methods. Here, I present a high-

throughput strategy for screening libraries of enzyme variants for improved activity. Unpurified 

reaction products are immobilized to a self-assembled monolayer and analyzed by mass 

spectrometry, allowing for direct evaluation of thousands of variants in under an hour. The method 

was demonstrated with libraries of randomly mutated cytochrome P411 variants to identify 

improved catalysts for a non-natural biochemical C–H alkylation reaction. This reaction was 

chosen because it is challenging to detect using traditional methods, demonstrating SAMDI-MS’s 
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flexibility for a wide variety of reactions. The evolved catalyst may also find use in organic 

synthesis as its products are difficult to synthesize by chemical means otherwise. The technique 

may be tailored to evolve enzymatic activity for a variety of transformations where higher 

throughput is needed. It is with this research, in collaboration with the lab of Frances Arnold, the 

recipient of the 2018 Nobel Prize in chemistry, that we shift the attention of the field from this 

bottleneck to new challenges.  

 In the second chapter, I use a recently developed extension of the SAMDI technique, 

imaging SAMDI (iSAMDI), that enables high resolution microfluidic sequencing of surface-

bound peptides that is capable of resolving amino acids of identical mass. Techniques that offer 

single-residue resolution of amino acids are important in for proteomic research, especially where 

the precise sequence of a protein is not already known in a database or where disease related 

mutations have altered the sequence of a protein. Here, I immobilize peptides to the floor of a 

microfluidic flow cell and use exopeptidases to generate peptide ladders that span the channel. I 

then use iSAMDI to provide a record of the peptide ladders. While the difference in mass between 

the ladders, read by MALDI-MS, can be used to reveal the individual amino acids in the peptide, 

the difference in specificity the exopeptidases exhibit for each amino acid can also be used to 

distinguish between residues by a simple visual analysis of images of their kinetic signatures 

provided by iSAMDI. This extension allows for the resolution of isobaric amino acids—

information that could not be obtained by MALDI-MS alone and generally difficult to obtain using 

modern sequencing techniques. The iSAMDI assay is shown with a variety of peptides and 

exopeptidases. 

 Finally, I describe new developments and additional findings in immobilization techniques 

that may find use in future SAMDI-MS applications. I describe methods for capturing analytes to 
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the surfaces via the azide-alkyne “click” cycloaddition using both copper and copper-free systems 

with multiple strategies. Having a large toolbox of capture chemistries is important for selecting 

the best system to analyze samples. 
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Chapter 1 

SAMDI Mass Spectrometry 

 

1.1  Design 

 For two decades, the Mrksich Group has harnessed the combinatorial power of self-

assembled monolayers and mass spectrometry to enable the development of rapid, generalizable 

and creative biosensing and detection platforms that have advanced a myriad of fields. This section 

describes the technology, how it has been used in our group to extend the boundaries of research 

in several areas and sets the stage for the two fields of significance where I’ve applied the 

technology. 

 SAMDI-MS, which fully stands for self-assembled monolayers for matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry (MS), in the simplest technical description, is 

an analytical technique that aims to post-experimentally analyze samples that have been 

immobilized to an engineered surface. The self-assembled monolayers that make up these 

engineered surfaces offer a number of advantages that compliment MALDI instrumentation both 

in their design and readout. 

At their foundation, the engineered surfaces used by our group make use of the semi-

covalent bond formed between sulfur and gold (Figure 1.1). By coating the surface of an analysis 

plate with gold, a limitless number of sulfur-terminated self-assembled monolayers are able to be 

bound to the surface. This bond is particularly useful for several reasons. First, preparation is fairly 

simple and rapid in that it only requires a gold-evaporated surface to be soaked with sulfur-

terminated molecules. Secondly, the strength of the gold-sulfur bond has been shown to be stable 
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under a wide variety of reaction conditions (including biological conditions) while being readily 

ablated during MALDI mass spectrometric analysis.  

As we work our way up the self-assembled monolayers, our group and the work discussed 

herein makes use of alkane thiolate terminated monolayers that next comprise of repeating units 

of polyethylene glycol (PEG). The alkane groups have been shown to provide heat stability to the 

monolayer, where in their unterminated form have shown to be stable to upwards of 400K1; by 

terminating a proportionally larger number of these monolayers in PEG, the surface gains the 

ability to prevent non-specific adsorption of biological and other materials2. This is incredibly 

useful for experimentation involving whole cells and proteins, so that cellular debris and enzymes 

themselves are not left mixed with an analyte of interest during analysis in the mass spectrometer.  

A final and key aspect of the technique is the control the user has over the monolayer’s 

surface chemistry. By extending 10 to 20% of the SAMs beyond those of which are terminated 

with PEG, one can strategically functionalize the surface with chemical moieties for use in a 

variety of applications. In general, these chemistries can be used to selectively immobilize libraries 

of proteins, peptides, small molecules and other reaction constituents based on the assay being 

developed. Several ligation chemistries have been developed and used by our group for such 

purposes (Figure 1.1). These reactions, such the maleimide-thiol reaction, azide-alkyne reaction, 

Diels-Alder reaction, and amine-NHS-ester reaction include several click chemistries, several non-

covalent reactions such as streptavidin-biotin binding, as well as others3–6. Additionally, the 

monolayer can be adjusted to contain a positively charged molecule in order to consolidate the 

readout to a desired adduct. 
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Figure 1.1. Surface Functionalization with Ligation Chemistries. Several reaction schemes are 

shown that may be used to functionalize the surface in order to further immobilize a substrate to 

the SAM. Surface functionality is typically chosen based on the chemistries the substrate presents. 

 

The work presented in this thesis relies almost entirely upon the maleimide-thiol reaction. 

This chemistry is particularly useful as it does not require a catalyst, is biocompatible, highly 

specific and very fast. However, in some instances I make use of a diazirine-functionalized 

monolayer to highlight the surface’s flexibility and also present a chapter with multiple strategies 

to expand SAMDI’s toolbox with a dibenzylcyclooctyne (DBCO) terminated monolayer for 

copper-free click ligation to the surface. 

 

1.2  Readout 

To analyze the self-assembled monolayers, our group uses matrix-assisted laser 

desorption/ionization time-of-fight (MALDI-TOF) mass spectrometry (Figure 1.2). In recent 
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decades, MALDI-TOF has quickly grown as a popular method for the detection of small 

molecules, peptides, and other biomolecules as large as proteins7–9. To analyze samples with 

MALDI-TOF, a sample is mixed or coated with another compound known as matrix. The dried 

sample is then put into the instrument to be ablated and ionized by a laser. While not very well 

understood, it is thought that the matrix serves either to absorb the laser’s energy and transfer it to 

the sample, or that the matrix removes energy from the sample. Importantly, this “soft ionization” 

method offered by MALDI-TOF causes little sample fragmentation, thus providing 

straightforward and rapid detection of molecules.  The molecules then travel over a set distance, 

hit a detector, and are visualized based on their differences in travel time to the detector. From this 

information and the charge of the molecules being analyzed, the mass of molecules are derived 

and distributed across a spectral readout with their relative quantities represented as peaks of 

varying intensity. The method is not only helpful for detecting molecules, but also for identifying 

when a change in mass has occurred to molecules as well.  

Coupled with MALDI mass spectrometry, the self-assembled monolayers produce spectra 

that are straightforward to interpret with generally no fragmentation of the monolayers occurring 

in the instrument other than breakage of the disulfide bond10. As with any sample, MALDI mass 

spectrometry is able to provide mass information on self-assembled monolayers and their tethered 

analyte11. Knowing the mass on the unreacted monolayer allows the user to subtract out the mass 

of the monolayer in order to understand the mass of the analyte of interest. This is a particularly 

rewarding feature for small molecules that would otherwise be convoluted in the lower mass region 

of spectral readout. Because all molecules have a mass, the technique is applicable to essentially 

all biochemical assays and can provide yields for reactions for as long as both the substrate and 

product can be observed. Even in some cases of constitutional isomers where reaction constituents 
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have the same mass but different structural configurations, it may be possible to distinguish 

between them with post-reaction processing.  

 

Figure 1.2. MALDI Mass Spectrometry of Self-Assembled Monolayers. Reaction products can 

be immobilized to self-assembled monolayers of alkane thiolates on gold. The laser source from 

the MALDI desorbs and ionizes the monolayers. The resulting mass spectra displays peaks that 

correspond to the mass of the immobilized analytes, where their relative intensities can be used to 

determine their quantities, and thus provide a yield for the reaction. Image adapted from Mrksich, 

M., Mass spectrometry of self-assembled monolayers: A new tool for molecular surface science. 

ACS Nano 2008, 2, 7-8 (reference 10) to include all atoms of the self-assembled monolayer our 

group typically employs, including maleimide functionalization. 

 

 Another important feature of the SAMDI method is that it is very high-throughput 

compared to MALDI alone, especially in the case of complex samples that can convolute the 

signal. Like with MALDI, samples to be analyzed by SAMDI can be prepared in an array format, 
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and thus are compatible with other high throughput liquid handling technologies. Presently, our 

group most commonly analyzes samples in 384- and 1536- array formats, although 6144 and 

higher densities have been explored (Figure 1.3). The analysis plate itself only requires simple 

modification with gold using to create an array of spots. A surface of self-assembled monolayers 

is then added by simply soaking the plate in an ethanolic solution of pre-functionalized monolayers 

and is re-functionalized as necessary. After a sample of interest is immobilized to the monolayer, 

the plate is simply rinsed, and 2,4,6-trihydroxyacetophenone (THAP) matrix is applied to each 

spot and dried, as this matrix has shown to be well suited for detection of alkanethiolates. From 

there, the MALDI mass spectrometer is able to quickly acquire data for each spot, with the 

instrument requiring approximately 30minutes for a 384 plate, and 50 minutes for a 1536 plate3. 

Lastly, fast data processing can be performed using peak-finding software or computer programs 

like Profiler that can automatically detect and integrate mass spectra peaks. To demonstrate the 

throughput of the technique, early work in our group showed the ability of SAMDI-MS to analyze 

small molecule libraries containing hundreds of thousands of samples in a day12. Given the upper 

limit on throughput, the technique has found comfortable use is studies where thousands of 

samples require analysis. This includes recent work optimizing the traceless Petasis reaction as a 

result of screening more than 1800 unique reaction conditions13, and identifying and characterizing 

four new glycosyltransferases as a result of screening nearly 15,000 reaction conditions14. 
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Figure 1.3. 1536 and 384 SAMDI Array Plates.  Reprinted from Methods in Enzymology, 607, 

Syzmczak, L. C.; Huang, C.-F.; Berns, E. J.; Mrksich, M., Combining SAMDI mass spectrometry 

and peptide arrays to profile phosphatase activities, 389-403, 2018. 

 

1.3  Applications 

 Early examples of SAMDI focused on characterizing enzymatic activity in biochemical 

systems where purified enzymes were allowed to act on immobilized substrates. While molecules 

are typically analyzed by MALDI after an in-solution reaction, one of the benefits of SAMDI is 

the ability analyze both in-solution reactions and those conducted directly on the surface, in situ. 

This is particularly helpful for providing a more accurate assessment of enzymatic activity when 

the enzyme’s native substrate, such as a peptide, is naturally present at a biointerface (i.e. the tail 

of histone). For this reason, the platform has found extensive use in characterizing kinase, 

phosphatase, deaminase, glycosyl transferase, protease, hydrolase, acetyl transferase, and 

deacetylase activity on entire libraries of samples, without the need for a label or tag on the 

peptide3,14–21. Rather, peptides are immobilized to the surface via the Michael addition between 
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the maleimide present on the surface and the naturally occurring sulfur group present in the amino 

acid cysteine. The reactions performed in situ, typically recapitulating post-translational 

modifications (PTMs) that occur naturally in the cell, can be monitored by SAMDI. Toggling the 

amino acids along the peptide substrate that border the amino acid undergoing a reaction allows 

the user to understand entire specificity profiles of the enzyme being question. Beyond peptides, 

the method has also been shown to be able to characterize reactions on immobilized proteins. This 

strategy has also been useful for screening enzyme inhibitors for drug discovery including those 

for anthrax lethal factor, SIRT3, and isocitrate dehydrogenase 122–24. 

 Other applications of the technology make use of the “pull-down” format in addition to 

reactions that are conducted in situ. In this format, rather than immobilizing a species prior to any 

reaction, enzymatic and chemical reactions are carried out in-solution first, and then applied to the 

surface for detection and analysis. For example, making use of the alkyne-azide ligation strategy 

to immobilize analogs of tolbutamide, SAMDI has been used to characterize and measure drug 

metabolism kinetics of a cytochrome P450 in order to show its usefulness in screening for and 

identifying potential adverse drug-drug interactions25. This strategy has also found use in 

quantifying up to a dozen reaction intermediates simultaneously, and has also enabled the 

development of various high-throughput reaction discovery approaches13,26,27.  

Moving beyond these two formats, SAMDI has also been used to enable the development 

of new assays. For example, our group has grown and lysed cells directly on the surface, in order 

to quantify protein activity21,28. Building off of these studies, the technique has since been used to 

measure protein activity of single cells to better understand cellular heterogeneity in cancer29 and 

has enabled the development of live cell analysis devices capable of monitoring the dynamics of 

cellular activity of cellular activity from small populations of cells in response to stimuli30. As a 
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screening tool for nanoparticle therapeutics, SAMDI rapidly measured the immune activities of 

spherical nucleic acids and underscored the importance of structure-activity relationships when 

developing new medicines31. Interestingly, the field of data storage has also benefited from 

SAMDI, with new methodology reported for storing information in molecules on the surface of an 

analysis plate32. Here, peptides of varying masses can represent information as bit, dependent on 

their presence/absence on the surface of self-assembled monolayers. Reactions on the surface have 

also been used to amplify and quantify low affinity protein-ligand interactions in high-throughput 

fashion33. From these examples, it can be argued that SAMDI has had and continues to be capable 

of providing substantial impact in more fields than most technologies due to its simplicity, speed, 

and versatility. 

 

 In this work, I bring SAMDI to two more important fields, namely directed evolution and 

protein sequencing, to show how the technology can enable new developments in these areas of 

research. In the next two chapters, 2 and 3, I introduce the field of directed evolution and show 

how SAMDI-MS can be used to develop catalysts both in record time and for reactions that could 

not be explored otherwise. In chapters 4 and 5, I introduce the field of protein sequencing and 

describe the development of a SAMDI-MS assay that enables high resolution microfluidic 

sequencing capable of resolving amino acids of identical mass. Lastly, in chapter 6, I introduce 

my own designs and methods for functionalizing the monolayer with strained alkynes that may 

find use in future studies.   
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Chapter 2 

Directed Evolution 

 

2.1  The Cycle of Directed Evolution: Mutagenesis and Screening 

In Nature, the development of all complex catalysts and compounds has been driven by 

evolution. From microorganisms to fungi, plants and animals, all species adapt through the process 

of natural evolution when a micro-level change in heritable traits leads to a competitive advantage 

over generations34. In rapidly dividing bacteria subjected to a selection pressure, this process can 

happen rather quickly. In a common example of bacteria subjected to an antibiotic, a single 

bacterium with a mutation that confers resistance to the antibiotic will eventually become dominant 

across billions of cells35. Such mutations can occur in any number of the proteins that make up the 

bacterium, giving the bacterium a multitude of options for surviving using new proteins. Several 

examples include proteins that make up bacterial membranes mutated to selectively keep drugs 

from entering,  displays of protein pumps that selectively remove antibiotics from the cell, catalysts 

that actively destroy the antibiotic, or the development altogether of new protein pathways that 

circumvent those the antibiotic set out to disrupt. Here, small changes in the genotype of 

microorganisms allow them to survive. For macroorganisms, these processes and their benefits are 

only seen over much greater time scales. One of most prominent examples in modern history is 

sickle cell anemia, where two mutations in the gene for haemoglobin, the protein which carries 

human blood, adversely changes the shape of the cells but, also helps to confer a level of resistance 

to malaria36. The origins of this genetic shift can be dated back to the year 5300 B.C., and today, 

the World Health Organization estimates that roughly 5% of the population have a blood cell 

mutation37. It is through this selection process that developed the tens of thousands of functions 
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we have today, but the scientific community realize that enzymes can do much more. Fortunately, 

Mother Nature has loaded organisms with catalysts for us to study, use and/or evolve ourselves. 

 

As scientists, we love copying Nature. From developing reusable, high load and easy 

release materials that mimic the feet of geckos38, to our attempts to recreate the brain using 

artificial intelligence39, some of our best inventions are a result of biomimicry. Directed evolution 

is the attempt to take existing enzymes and recreate the process of evolution in the lab with the 

goal to develop new catalysts for industrial, research and medicinal applications by engineering 

enzymes with any intended function. Typically, enzymes found in nature are not in their best 

condition to perform off-target reactions, thus, methods must be used to express them 

recombinantly, increase their purity and productivity, and sometimes change their function 

altogether. In addition to these attributes, directed evolution efforts can be used to increase an 

enzyme’s thermostability, substrate specificity, optimum working pH, and organic solvent 

resistance40–45. By mimicking Nature with directed evolution, scientists are able to quickly develop 

catalysts. 

In its most general sense, the directed evolution paradigm consists of two major steps: 

subjecting an enzyme to iterative rounds of mutagenesis to create a library of variants, followed 

by a selection or screening method to extract variants that show improved function defined either 

by an increase in productivity, a change in phenotype and/or change in some other property. In the 

first step, the gene that encodes for an enzyme of interest, called a parent enzyme, is amplified and 

subjected to mutagenesis methodology that alters the nucleic acid sequence of the gene. The altered 

genes are then allowed to produce protein variants, some of which, depending on the mutation they 

receive, differ from the parent enzyme by one to several amino acid mutations. It is these changes 
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in amino acids that lead to difference in properties between a variant enzyme and its parent. In the 

second step, a selection or screen is applied to isolate the variants that have contain the new or 

changed property. In a selection, undesired variants are automatically eliminated whereas with a 

screen, each individual variant is evaluated for the desired property. While seemingly simple, a 

screening method is often responsible for sorting through anywhere from 103 to 1015 samples and 

distinguishing variants from one another based on the property being tested is not always 

straightforward. 

A large driver behind the protein engineering technique is the pharmaceutical industry, 

where newer and more efficient catalysts can be used to either produce non-protein drugs by 

circumventing costly and time-consuming chemical synthesis reaction pathways in drug 

development, by replace other synthetic catalysts, or as use a protein therapeutics themselves46,47. 

For example, engineering of monoclonal antibodies can provide greater safety and efficacy to 

patients while exhibiting improved delivery and reduced immunogenicity. In 2016, the global 

protein engineering market size was valued at 823 million USD due to the broad interest among 

academic institutions and in industry to develop new catalysts to aid in drug discovery. Directed 

evolution, comprises roughly a third of this research (Figure 2.1) and its use is expected to 

surpass a market size of 1 billion in the next few years. 

https://www.grandviewresearch.com/industry-analysis/protein-engineering-market
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Figure 2.1. U.S. Protein Engineering Market by Technology, 2014 - 2025 (USD Million). 

The global protein engineering market size was valued at 823 million in 2016. With an 

anticipated growth rate of 15.9% CAGR the market would  exceed 3 billion USD in the next few 

years. Here directed evolution is represented as areas where rational protein design is not utilized 

or where both are used in combination. Data was obtained and forecasted from Grand View 

Research copyright 2017.  

 

Today, over 90% of industrial enzymes are produced recombinantly (outside of its native 

host organism) for maximal purity and productivity48. For example, the Arnold group at Caltech 

has designed a new enzyme, namely the P411, from an existing P450 for in vivo cyclopropenation 

catalysis49, which was later enabled to enantioselectively synthesize precursors to 

levomilnacipran50 and ticagrelor51 and pushed further to gram-scale synthesis52. Subsequent 

evolution showed the P411 could also catalyze C-H amination53 and has recently displayed 

promiscuity toward highly-challenging carbene transfer reactions including C-H bond insertion 
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activity. This property could be extensively exploited for late-stage drug diversification with the 

help of an efficient screening method.  

No directed evolution experiment is successful without sufficient genetic diversity and a 

high-throughput screen or selection method54. With modern advancements in molecular biology 

techniques, mutagenesis has been able to generate libraries on the order of 104-6 when conducted 

in vivo55 and 1015 different variants using in vitro compartmentalization techniques56. Moreover, 

gene amplification techniques are relatively simple using PCR. The most commonly used method 

for generating libraries is the error-prone polymerase chain reaction (epPCR), which randomly 

introduces mutations into the gene using a DNA polymerase that is reduced in fidelity. Arguably, 

this method is one that is closest to Nature’s mechanisms, as new enzymes that find use are a result 

of random mutations occurring in the genome. This process is achieved in the laboratory by 

introducing alkylating agents to the PCR reaction. Typically, variants contained within the library 

are aimed to contain on to five base pair mutation55. A lower mutation rate is preferred so as to not 

have a higher likelihood of killing the enzymes activity with the introduction of too many 

mutations. Even with a low mutation rate, the number of variants contained in a library that are 

different from the parent and each other is astronomical. For example, with 20 canonical amino 

acids and a rate of one amino acid substitution per variant for a 100 amino acid protein, the number 

of different variants that could be generated would be 20x100=2000 variants, and for two 

substitutions, 40,000 variants. However, as more substitutions are introduced per variant, this 

number can swell to 20100 variants. Additionally, according to the Tawfik group, the frequency of 

mutations that are considered beneficial is typically very low (on the order of 0.1%) and more than 

40% of mutations produce defunct enzymes57. To add more complexity, in some cases, two neutral 

or deleterious mutations on their own may be beneficial when combined. As a result, the burden 
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of successfully identifying an improved variant has shifted onto the screening method required to 

survey such large space.  

The field of directed evolution has been consistently limited by our abilities to screen a 

library for desirable variants. In directed evolution experiments confined to microplates like in the 

studies mentioned above, conventional screening efforts usually rely on high-performance liquid 

chromatography (HPLC) and usually require a chromophore on the molecule of interest58,59. Such 

assays can only screen several hundred variants per round of evolution, thus limiting the rate of 

evolution and sequence space that can be explored60,61. It is no secret that the field of directed 

evolution could benefit immensely from a robust screening method, that is, one not only high-

throughput in manner, but also easily transferable to measuring other catalytic activity.  

 

2.2 Throughput Levels in Screening: A Persistent Bottleneck 

Directed evolution not only relies on the generation of a library but also is dependent on 

exploring a maximum of combinatorial diversity62. In the studies mentioned above, the rate of 

product formation was screened using various methods of chromatography including gas 

chromatography (GC), supercritical fluid chromatography (SFC), high pressure liquid 

chromatography (HPLC), in combination with NMR and mass spectrometry. Enzyme reactions 

are first carried out by adding the reaction components and either whole cells, crude cell lysates, 

or the purified proteins to microtiter plates. The use of microwell plates remains the most 

commonly used platform and are superior to shake flasks due to their compatibility with liquid 

handling technologies, convenience and reliability63,64. The samples are then extracted or purified 

and individually sampled via chromatography. Although adequate, these screens are low 

throughput as each sample must be run separately and may require different combinations of these 
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methods. As a result, the sequence space explored is limited to under a thousand mutants per round 

of evolution.  

To handle the screening of larger libraries, many techniques based on colorimetric assays 

have been developed using plate readers54. For example, the absorbance of 2,2—diphenyl-1-

picrylhydrazyl was measured at 517nm in order to develop a simple and rapid pre-screening 

method for identifying fermentation conditions and gene combinations that result in the 

biosynthesis of monoterpenes but is dependent on the chemistry of the metabolites requiring a 

change in UV/Visible spectra to be identifiable65. Another example of success is where Blanch 

and Clark reported high throughput methods that couple in vitro expression with glycan hydrolysis 

for screening glycoside hydrolases in order to develop enzymes with higher activity and stability 

to be more suitable for industrial applications66. Microfluidics can also be adapted for ultrahigh-

throughput measurement of the absorbance of enzymatic products. For example Hollfelder and 

coworkers improved the activity of a phenylalanine dehydrogenase toward its native substrate by 

measuring reduction of  its cofactor67; however, the droplet-sorting infrastructure required here is 

not always available in most laboratories, and not all transformations have cofactors.  

In other developments, fluorescence activated cell sorting (FACS) has been shown to 

handle libraries on the order of 107. For example, the Reetz group of Germany developed a method 

to isolate enantioselective hydrolases using fluorescent dyes and cell surface display68. 

Additionally, sialyltransferases have been evolved by monitoring the formation of sialosides in 

intact E. Coli69. Here, the authors selectively trapped fluorescently labeled products in the cells by 

using a carefully designed fluorescently labeled acceptor sugar. These techniques like many 

FACS-based techniques, however, are dependent on the generation of a tag that which is not 

always available for evolving many transformations70,71. It has also been shown that the presence 
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of a tag can lead to false positive results with one of the most common instances being the 

resveratrol conundrum72. Moreover, all of these methods mentioned above are typically useful for 

screening the specific applications they were designed for but may not be compatible with other 

reactions.  

As a more general approach, assays based on high-throughput MALDI-MS have been 

looked upon to screen variants73. The tool is considered invaluable because it offers a label-free 

analysis of molecule as it only depends on changes in molecular weight alone. The technique has 

also been shown to rapidly inspect a large number of biological samples74,75. However, the 

purification steps prior to analysis sacrifices throughput for sensitivity. Modern high-throughput 

techniques that couple mass spectrometry (MS) to other devices are also either costly or not easily 

adoptable76–78 and are often only amenable to only one type of transformation79. Moreover, while 

these methods may be used to screen analytes unbiasedly, a chromatographic purification step 

typically impedes throughput. This has prompted the development of alternative MS-based assays 

that rely on multiple capturing strategies to immobilize products prior to analysis80. A simpler and 

more general technique enabling high throughput identification of desired function from large 

libraries of variants created randomly would prove to be beneficial. In all, there still does not exist 

an adequate high-throughput platform capable of screening a wide variety of these biochemical 

transformations in an efficient manner, leaving a large portion of new pathways yet to be unlocked. 

When a high-throughput screen is unavailable, our efforts turn either to reducing the size 

of the pool by rational design81–83 or to modern bioassays utilizing affinity- and activity-based 

reporter systems or survival selection systems84. For example, small site-saturation mutagenesis 

libraries can be created and screened by HPLC. These approaches fail, however, when the 

relationship between structure and function is poorly understood85 or from incompatibilities with 
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non-natural chemistry due to a greater diversity of building blocks and the chemical reactions 

involved,46 respectively. When structural knowledge about the protein is not well documented 

making rational design impractical and/or attempts to mutate the active site do not achieve 

significant gains in activity, methods of random mutagenesis are turned to81. Such libraries often 

contain few beneficial mutations resulting in the need to screen hundreds to thousands of variants 

to find improvement, thus requiring extended instrument time for screening. While machine 

learning looks to be a promising aid in directed evolution, such models are fairly new and still 

require robust screening methods for data input86. Until the paradigm shifts, directed evolution will 

continue to command efficient high-throughput and versatile screens for its success. Therefore, a 

technique enabling the identification of desired function from large libraries of variants created 

randomly would prove to be beneficial.  

Despite decades of achievements, the analysis of activity – which relies largely on methods 

of chromatography – remains the bottleneck in the method, lacking throughput, generalizability 

and an ability to handle complex solutions. For this reason, prominent scientists across the globe 

have been calling for and working to develop high-throughput screens. In a recent review, the 

Hilvert lab of Switzerland underscored the importance of high-throughput screening methods for 

investigating sequence-function relationships, calling the exploration of sequence space of enzyme 

catalysts a “numbers game87.” Professors Schwaneberg of Germany and his peers regularly cite 

the time involved in conventional screening methods as “a major bottleneck” in the field and that 

major design considerations must be implemented in screening assays to ensure that they can 

produce highly significant results in a cost effective manner88,89. Professor Arnold of the United 

States and 2018 Nobel Laureate in Chemistry for the “Directed Evolution of Enzymes” and her 

group, in their most recent development of a high throughput screen for terpene synthase 
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cyclization activity, have written that while directed evolution is a reliable method for optimizing 

enzyme performance, “it requires an appropriate high-throughput assay for screening mutant 

libraries”90. Until this limitation in the paradigm shifts, directed evolution will continue to 

command efficient, high-throughput and versatile screens for its success. 

In the next chapter, I describe my work at Northwestern University, in collaboration with 

the group of Frances Arnold at Caltech, to develop self-assembled monolayers for matrix-assisted 

laser desorption ionization (SAMDI) as a useful high-throughput screening tool that provides a 

suitable and more general platform to screen a wide variety of directed evolution campaigns in 

order to meet that demand. 
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Chapter 3 

High Throughput Screening with SAMDI Mass Spectrometry                                       

for Directed Evolution 

 

 This work was done in collaboration with Dr. Frances Arnold and members of her lab at 

The California Institute of Technology. The research and all figures presented in this chapter have 

been published or are adapted from the publication: Pluchinsky, A. J.; Wackelin, D. J.; Huang, X.; 

Arnold, F. H.; Mrksich, M. High Throughput Screening with SAMDI Mass Spectrometry for 

Directed Evolution. J. Am. Chem. Soc. 2020, 142 (47), 19804–19808. 

https://doi.org/10.1021/jacs.0c07828.91 

 

3.1 Introduction 

Directed evolution represents a viable route to developing biocatalysts for synthetic organic 

chemistry,92–95 including many non-natural transformations.96–101 With substantial advances in our 

ability to generate genetic diversity102 and prepare libraries exceeding thousands of variants,59 the 

screening of activity remains a significant bottleneck for many reactions. Conventional screening 

efforts largely rely on optical methods, which oftentimes have a defined reaction scope103,104 as 

they usually require a suitable chromophore on the molecule of interest105–107 or are based on the 

detection of a coupled co-product79. While methods employing mass spectrometry (MS) have the 

advantage that they are label-free and therefore quite general, a chromatographic separation step 

is often necessary, which can limit throughput.59,108–111 These methods limit both the rate at which 

evolution is performed and the sequence space explored, often with only several hundred variants 

screened per round of evolution in a suitable timeframe.60,61 This constraint has prompted the 
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development of alternative MS-based assays;77,80,88,106,112,113however, prior to the research 

demonstrated in this thesis, no screening effort based on molecular mass alone had been developed 

to reach the throughput of conventional screening methods that rely on absorbance or 

fluorensence111. In this chapter, I describe the development and first application of self-assembled 

monolayers for matrix-assisted laser desorption ionization (SAMDI) that provides both a 

generalizable platform to enable screening in a variety of directed evolution campaigns and 

screening throughput on-par with that of plate readers, thus, eliminating the screening bottleneck 

in directed evolution. 

 

In recent work, a cytochrome P411—originally derived from a cytochrome P450 by 

substituting the native cysteine axial ligand for serine—was further evolved to become the first 

iron-based biocatalyst to perform alkylation of sp3 C–H bonds through carbene C–H insertion, 

providing an efficient biocatalytic route for this highly-challenging and valuable transformation.59 

However, evolving this catalyst to perform this transformation on a variety of substrates requires 

the use of chromatography to detect the reaction products, with benzylic and alpha-amino 

alkylation relying on high pressure liquid chromatography (HPLC) for their detection and 

alkylation of substrates containing allylic C–H bonds limited to even lower throughput methods 

of gas chromatography (GC). Further evolution of this variant would benefit from a higher 

throughput screen able to identify any of these transformations. Such a technique would also be 

designed to enable the identification of desired function from large libraries of variants created 

randomly. 
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3.2  Results 

Leveraging SAMDI’s abilities to assay enzyme activity21,114 and rapidly analyze thousands 

of small molecule reactions directly from complex solutions,12,115 we sought to continue evolving 

this catalyst for C–H insertion activity in high throughput. We chose an allylic substrate which 

was among the most challenging to detect59 (Figure 1A); developing a screen for this reaction is 

difficult because the products are not easily ionizable, do not possess a significant chromophore 

or generate a fluorescent signal, and cannot be linked to the viability of the cell, coupled to a 

measurable co-product, or make use of a biological reporter system. 

 

To evolve enzymes for this reaction, we generate libraries containing cytochrome P411 

variants in well plates and allow the variants to catalyze the reaction on an acetate-protected 

substrate (Figure 1A). With our approach, we then use self-assembled monolayers to selectively 

immobilize the substrate and reaction product directly from cell suspensions (Figure 1B). Based 

on the chemistry available on the reaction products, we chose to engineer the surface to present 

maleimide groups against a background of tri(ethylene glycol) groups. We can treat the reaction 

products with acid to reveal the thiol, which allows immobilization to the monolayer via a Michael 

addition. We then use SAMDI MS to measure the masses of the analyte-alkanethiolate conjugates 

by matrix-assisted laser-desorption ionization mass spectrometry (MALDI-MS).3,10 In this way, 

we need only identify the products by a corresponding change in mass and integrate the peaks of 

the substrate and product to provide a yield for the reaction (Figure 1C).  

 

In this study, the peak corresponding to substrate capture was present at 1033 Da, and the 

product peak was shifted by +86 Da (Figure 1C, right). For each spectrum acquired, we calculated 
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relative product yields from the area under the curve (AUC) of each peak using AUCproduct / 

(AUCsubstrate + AUCproduct). Each variant was screened in quadruplicate to acquire an average yield 

and account for variability in the deprotection and immobilization steps. We then normalized the 

values by the average value of parent activity on each respective plate to acquire a fold 

improvement. For each library, we generated heat maps to visualize the relative activities of each 

variant (Figure 1C, left). Variants were shaded by their fold improvement where orange represents 

increased activity and purple, decreased activity relative to parent-like activity (white). The most 

promising library members were run at analytical scale and validated using gas chromatography 

mass spectrometry (GCMS). We then selected the best variant to be the parent of the next round 

of evolution. 
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Figure 3.1. Use of the SAMDI screening assay in a cycle of directed evolution. (A) Libraries 

of cytochrome P411 are expressed in 96-well plates and allowed to react with the substrate (purple) 

and ethyl diazoacetate to form the ester product (orange). (B) Reaction products are deprotected 

and transferred directly to a SAMDI plate where they immobilize to a maleimide-presenting 

monolayer. (C) The array is analyzed by MS and results are displayed as a heat map where each 

variant is shaded by fold improvement measured over its parent. 

 

To identify the best starting variant for the first round of evolution, we screened a diverse 

panel of heme proteins. Variants of cytochromes P411, cytochromes c, and globin homologues 

were screened, including variants evolved by Zhang et al. for C–H functionalization59. Reactions 

were carried out using (E)-S-(7-methoxyhept-5-en-1-yl) ethanethioate and ethyl diazoacetate 

(EDA) in Escherichia coli whole cells using the general procedure for small scale enzymatic 

reactions. Product formation for each variant was characterized and, while several variants 
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exhibited activity on the substrate, one variant was chosen that had the highest product formation 

and with one mutation (P74T) from P411-CHF identified by Zhang et al.59 With P411-CHF(P74T) 

as the initial parent, we first used SAMDI to measure the retention of function of enzymes in 

libraries generated by error-prone PCR at various manganese chloride concentrations (Figure 3.2). 

 

 

 

Figure 3.2. Results from 3 mutational loads compared to a plate of parent enzymes. Following 

the procedure in the experimental section, random libraries of P411-CHF(P74T) were generated 

using error-prone PCR and various concentrations of MnCl2. A mutation rate using 400µM MnCl2 

was adequate to proceed with this enzyme. All parents are show in black. 
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 From these data, we found that SAMDI was able to rank variants with a least-squares 

correlation of R2=0.96 to data collected by GCMS (Figure 3.3). While both techniques identified 

one variant in this library as having potentially improved activity, further validation confirmed this 

hit to be a false positive (See Appendix Figure S1). 

 

 

 

Figure 3.3. Scatterplot of screening results. Screening results were collected via GCMS and 

SAMDI from a library of 70 mutants. Values were calculated as a fraction of product over the total 

of the remaining starting material and product formed. Correlation was determined using least 

squares linear regression. 
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In order to identify biocatalysts with increased activity, we performed iterative rounds of 

mutagenesis and screening in whole E. coli cells. Because SAMDI can handle the large sequence 

space of random libraries, we opted to generate mutations throughout the entire gene using error-

prone PCR. Over the course of three rounds of evolution, we acquired data for nearly 5,000 

variants (Figure 3.4). 

 

 

Figure 3.4. Heatmaps display the relative activity of 4,956 samples measured via SAMDI. 

Mutants are shaded and organized by relative fold improvement normalized by the average of 

parent controls on each respective 96-well plate. Visible differences in the amount of active versus 

inactive variants in each heat map can be attributed to the number of mutations in each variant. 
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Variants identified by SAMDI as having a fold improvement of more than two times the relative 

standard deviation on the average of parent activity from each library were selected to be validated 

by GCMS. The mutant confirmed to be the most active was then chosen for the next round of 

evolution. The best confirmed variant from each round (boxed in blue for round 1 and in green for 

round 2) were used as the parent in each subsequent round of evolution. In the third round of 

experiments, none of the variants were verified either by SAMDI or via GCMS to have 

significantly improved activity over the previous parent. In the third round, we did not identify a 

variant with significantly improved activity out of the 2,496 variants screened and decided to end 

the campaign. We chose the best variant from round 2 as the final variant. 

Importantly, all of the data for these variants was acquired approximately 140-fold more 

rapidly than what would be expected with GCMS (Figure 3.5). Here, data generation for each 

round required only a few hours, reducing the total analysis time from 24 days (for 1 replicate) to 

17 hours (for 4 replicates). In the third round we screened nearly 2,500 variants and did not find a 

significantly improved enzyme, suggesting that the enzyme may be approaching a local maximum 

in activity or may need stabilizing mutations before further activating mutations can be found. 

Experimental procedure may also need to be reworked to avoid possible limitations in dynamic 

range as enzymes improve. As we sought to evolve on this platform as a proof of principle and 

managed to do so, we decided to end the campaign. 
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Figure 3.5. Comparison of throughput and total screening effort of SAMDI to conventional 

screening methodology. Screening with SAMDI-MS significantly shortens the time required to 

screen in a directed evolution campaign compared to one where GCMS would be utilized.  

  

 Round 1 Round 2 Round 3 Total 

# of Variants 540 1,920 2,496 4,956 

Time GCMS 

7min/sample 
63 hours 224 hours 291 hours 24 days 

Time SAMDI 

3sec/sample 
27 mins 96 mins 125 mins 248 mins 

x4 replicates 1.8 hours 6.4 hours 8.3 hours ~17 hours 
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To acquire the fold improvement of each parent over their predecessor, we ran the top 

variants from each round at analytical scale and measured their activities against their parents by 

GCMS. The final variant displayed a 2-fold improvement (1300 total turnovers (TTN)) (Figure 

3.6).  

 

 

Figure 3.6. Characterization of parent lineage by GCMS. We used GCMS to characterize the 

hits and obtain the total turnover (TTN) for each variant. The evolutionary lineage of P411 for C–

H alkylation is displayed. Bars represent mean yields (performed from two independent cell 

cultures, each used for duplicate reactions). Reaction conditions were as follows: cytochrome P411 

in E. coli whole cells (optical density at 600 nm, OD600, of 1), 5 mM substrate, 5 mM ethyl 

diazoacetate, 5 vol% EtOH in M9-N buffer at room temperature under anaerobic conditions for 18 

h. Asterisk represents the introduction of a stop codon.  
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Interestingly, none of the beneficial mutations were in the active site of the enzyme or at 

sites previously mutated in rational approaches (Figure 3.7). By not restricting the sequence space 

explored, we were able to identify potential allosteric effects and provide new sites that may be 

investigated in targeted evolution (See Appendix Figure S2). 

 

 

Figure 3.7. Structural visualization of amino acids mutated during evolution of P411-CHF 

to our final variant. The final variant was identified to contain 4 amino acid mutations from the 

initial parent with 2 in the heme domain and 2 in the FMN domain. The following mutations were 

accumulated (from left to right): In the heme domain: P74T, I174T. In the FMN domain: Both a 

Q553H mutation and a stop codon at K639. While the P74T mutation identified in the initial parent 

is located in the active site, none of the mutated residues identified by SAMDI are more than 15 

Å from the iron atom in the center of the heme cofactor. 
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Note: The structure of the heme domain was modeled using the crystal structure of a related 

P411 variant (PDB 5UCW), which contains nine additional mutations. The structure of the FMN 

domain was modeled using the crystal structure from a related variant (PDB 1BVY). 

 

To demonstrate the reproducibility of the SAMDI technique, we selected and scaled up 

one variant from the final round to be screened repeatedly with SAMDI. Here we found a standard 

deviation of 2.3% with a resolving power of 0.1 m/z (See Appendix Figure S3). The primary source 

of variability about the mean is likely due to application of matrix, which leads to modest 

differences in signal strength from spot to spot.10 We also note that while the SAMDI technique is 

able to accurately quantitate the extent of each reaction,116 we only required relative product yields 

to proceed with evolution, and thus, accurate yields were determined only for the variants validated 

by GCMS. Experimental reproducibility at-large was shown by inducing multiple colonies of the 

same clone for the initial variant. Here, we found a coefficient of variation (CV) of 14% (See 

Appendix Figure S4). A value of 15% or lower typically represents an acceptable assay as 

variability in the measurement is expected to exist within plates of the same enzyme, due to 

differences in enzyme expression. From this metric we estimate that SAMDI can reliably identify 

improvements greater than 3 times the CV (i.e. 1.42 fold or higher). 

 

In this study, the use of a thiol-containing reactant to allowed for convenient 

immobilization of reaction products to the monolayer. The presence of a thioacetate is also high 

yielding and orthogonal to the molecule’s existing moieties, and importantly, the acetate protecting 

group is unaffected by the transformation. While an unprotected thiol is chemically reactive and 

would interact with cellular milieu and the carbene, thioacetate protection masks the thiol and 
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allows for the reaction to proceed; however, molecules with these group would not be compatible 

with many other reactions. In the event that a thioacetate group may not be preferable on the 

substrate of interest, the monolayer may be modified with other functional groups to accommodate 

different chemical moieties. Hence, we first repeated the C–H insertion reaction demonstrated in 

this study, but we chose to immobilize via a different capture scheme via a ‘traceless’ 

immobilization method that did not rely on the presence of the thiol group. Here we found the 

technique was able to capture all four species that are both reaction products both in their free thiol 

and unprotected thioacetate forms (Figure 3.8) In this scheme, a monolayer presenting a diazirine 

group reveals a carbene on irradiation, which reacts non-selectively to immobilize nearly all 

molecules26,117. 

 

 

Figure 3.8. Spectra acquired via ‘traceless’ immobilization reveal capture of all four 

species.  Using methods previously reported elsewhere117, a diazirine-terminated monolayer was 

used to analyze the reaction products for the reaction from Figure S5, demonstrating that analysis 

of this reaction was not reliant on thiol-maleimide chemistry. Here, SAMDI-MS spectra displays 
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the diazirine monolayer at m/z 1325 (after loss of nitrogen and conversion to carbene) and clear 

peaks corresponding to both the deprotected and remaining acetate-protected reaction products. 

Crude lysates were briefly deprotected in 28mM HCl for 30minutes and quenched with saturated 

sodium bicarbonate in order to show the ability of this monolayer to immobilize all 4 species. No 

extraction or centrifugation was performed prior to analysis. The deprotected and acetate-

protected substrate appear at m/z 1485 and m/z 1527, respectively, and their corresponding 

insertion product are seen + 86 Daltons at m/z 1571 and m/z 1613, respectively. Primary 

byproducts are seen due to reaction with water (m/z 1343) and 2,4,6-trihydroxyacetophenone 

(m/z 1493), the MALDI matrix. 

 

We then performed the C–H insertion reactions for five additional substrates that lacked a 

thiol or thioacetate altogether and used the traceless immobilization scheme to analyze products, 

and in each case observed peaks in the mass spectra that corresponded to reactant and product 

(Figure 3.9). This example demonstrates that reactants need not be functionalized for 

immobilization, and in turn suggests this method will have a very broad relevance in directed 

evolution. 

a
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d

e
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Figure 3.9 (a-e): Spectra acquired via ‘traceless’ immobilization for an expanded substrate 

scope. SAMDI-MS data that demonstrates the technique’s generalizability by its capacity to record 

product formation for a variety of reactions within the substrate scope of the enzyme. Because the 

expected reaction products do not contain functional groups that may be exploited for straight-

forward immobilization, reactions were analyzed using a diazirine monolayer and conditions 

reported in Figure S7. The evolved P411 variant was used to catalyze the reaction of ethyl 

diazoacetate and a. (E)-1-Methoxyoct-2-ene, b. Ethyl 2-(1-phenylpyrrolidin-2-yl)acetate c. Ethyl 

2-(1,3-dihydroisobenzofuran-1-yl)acetate d. Ethyl 2-(1-methyl-1,2,3,4-tetrahydroquinolin-2-

yl)acetate and e. 1-(Methoxymethyl)-4-methylbenzene. The peaks corresponding to the substrate 

and product for these reactions are as follows: a. m/z 1467 and 1553, b. m/z 1472 and 1558, c. m/z 

1445 and 1531, d. 1472 and 1558, and e. m/z 1461 and 1547, respectively. As expected, all product 

peaks are shifted +86 Da. Further knowledge of the differences in ionization and immobilization 

efficiency between the substrate and their product is required to quantitate yields; however, it is 

clear that the evolved P411 variant remains active for a number of substrates. 

 

A range of non-natural enzymatic chemistries have recently been demonstrated using a 

cytochrome59. Such discoveries also led to the current research. However, in these studies, HPLC 

was used as the highest throughput option available, with a screen time of 3 minutes per variant at 

best. Moreover, relying on GCMS for those molecules that were difficult to detect otherwise 

required a minimum of 7 minutes per well. Throughout the course of this study, 22,944 spectra 

were generated and processed. With each plate requiring only 30 minutes per run (~4 seconds per 

sample), SAMDI collected data more than one hundred-fold faster than classic GCMS and 

approximately ten-fold faster than recent developments in the state-of-the-art thereof.109,118 If 
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higher throughput is desired, the method may be accelerated by approximately two-fold by 

working with groups of sixteen 96-well plates in 50 minutes per run, with each sample requiring 

only 0.5 µL from each well.115 To assess the entire screening effort at large, we first take into 

account the 30 minutes to deprotect, ~1.5 hours to immobilize and prepare each plate and 30 

minutes to evaluate data for each group of plates. With each reaction deprotected and spotted in 

quadruplicate, the entire screening process can be reduced to a sum of under 48 working hours. 

While this represents the ideal case if plates were to be run concurrently, we note that directed 

evolution is an iterative cycle requiring a multitude of steps in between rounds of screening.  

 

3.3  Conclusions 

SAMDI-MS has been used extensively to profile enzymatic activity both in biochemical 

reactions and from complex lysates, while permitting the analysis of up to thousands of samples 

per hour and more than 30,000 experiments per day.12,21,25,32,33,116 Hence, it is clear that the 

throughput in this study was not limited by the number of variants that could be screened. 

 

The approach described here has the benefits that it is low cost, high-throughput, 

compatible with existing liquid handling technologies and all library diversification techniques 

performed in multi-well plates, requires no purification outside of simply rinsing the SAMDI plate 

post-immobilization, and may be applied to any reaction that produces a shift in mass.115 While 

epPCR allowed SAMDI to find modest fold improvements in the present work, we expect that 

utilizing other diversification techniques will result in greater improvements.  
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While many developed screening assays are linked to the activity they seek to measure, 

SAMDI-MS can accommodate a wide variety of chemical transformations—without sacrificing 

throughput—as other immobilization strategies have been demonstrated and are readily 

available.3,25,26,117,119 In this way, the assay is not limited to certain classes of reactions but can be 

adapted to many organic transformations. We note that this method cannot be applied to reactions 

where the product and substrate share the same mass—including stereoisomeric and tautomeric 

structures—and would in those cases require a second reaction step (that is selective for one of the 

molecules), tandem mass spectrometry, or a separation step. We also note that while the 

monolayers have excellent stability in aqueous environments at biological pH and room 

temperature, their use is not compatible with strong oxidizing, acidic, or basic reagents and 

temperatures exceeding 70 ℃. For use in whole-cell reactions, however, their use is not limiting.  

 

As directed evolution continues to add new chemistries to Nature’s repertoire, generating 

small molecules with increasing complexity,120 the need for high-throughput and generalizable 

screening tools is paramount. Here, I showed how SAMDI can be expanded as a new high-

throughput screening platform that resolves the bottleneck in directed evolution for synthetic 

organic chemistry. This work demonstrated that access to a high-throughput screen not only allows 

for faster evolution, but also allows for evolution to be performed without limiting the sequence 

space that can be explored. Notably, the technique requires only a few microliters of whole cell 

lysates, without prior purification and without the requirement of a chromophore or fluorescent 

tag on the molecule of interest; however, it is the use of immobilization chemistry that 

distinguishes SAMDI’s throughput and substantiates the method to be well suited for evaluating 

variants in applications of directed evolution. This platform enables directed evolution efforts to 
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evolve enzymes for improved activity and interrogate wider areas of protein space. By resolving 

this bottleneck, we anticipate that further use of this method will lead to exploring larger areas of 

chemical space in high throughput and help uncover unexpected solutions for creating better 

enzymes. 

 

3.4  Methodology 

General. Unless otherwise noted, all chemicals and reagents were obtained from commercial 

suppliers (Sigma-Aldrich, VWR, Alfa Aesar, Combi-Blocks) and used without further 

purification. Disulfides used to form self-assembled monolayers were purchased from ProChimia 

Surfaces. Silica gel chromatography was carried out using AMD Silica Gel 60, 230-400 mesh. 

1H and 13C NMR spectra were recorded on a Varian Inova 300 MHz, Varian Inova 500 MHz, or 

Bruker Prodigy 400 MHz instrument in CDCl3 and are referenced to residual protio solvent 

signals. Data for 1H NMR are reported as follows: chemical shift (δ ppm), multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, p = pentet, sext = sextet, m = multiplet, dd = doublet 

of doublets, dt = doublet of triplets, ddd = doublet of doublet of doublets), coupling constant 

(Hz), integration. Sonication was performed using a Qsonica Q500 sonicator. High-resolution 

mass spectra were obtained at the California Institute of Technology Mass Spectral Facility. 

Synthetic reactions were monitored by thin layer chromatography (TLC, Merck 60 gel plates) 

using a UV-lamp or an appropriate TLC stain for visualization. E. coli cells were grown using 

Luria-Bertani medium (LB) or Hyperbroth (AthenaES) (HB) with 0.1 mg/mL ampicillin (LBamp 

or HBamp). Primer sequences are available upon request. T5 exonuclease, Phusion polymerase, 

and Taq ligase were purchased from New England Biolabs (NEB, Ipswich, MA). M9-N minimal 

medium (abbreviated as M9-N buffer; pH 7.4) was used as a buffering system for whole cells 
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and lysates, unless otherwise specified. M9-N buffer was used without a nitrogen source; it 

contains 47.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.6 mM NaCl, 2.0 mM MgSO4, and 0.1 mM 

CaCl2. 

E. coli cells were grown using Luria-Bertani medium (LB) or Hyperbroth (AthenaES) 

(HB) with 0.1 mg/mL ampicillin (LBamp or HBamp). Primer sequences are available upon 

request. T5 exonuclease, Phusion polymerase, and Taq ligase were purchased from New England 

Biolabs (NEB, Ipswich, MA). M9-N minimal medium (abbreviated as M9-N buffer; pH 7.4) was 

used as a buffering system for whole cells and lysates, unless otherwise specified. M9-N buffer 

was used without a nitrogen source; it contains 47.7 mM Na2HPO4, 22.0 mM KH2PO4, 8.6 mM 

NaCl, 2.0 mM MgSO4, and 0.1 mM CaCl2 

 

Chromatography. Chiral GC was conducted using an Agilent 7820A instrument (FID) and an 

Agilent CycloSil-B column (30 m × 0.32 mm, 0.25 µm film). Gas chromatography-mass 

spectrometry (GCMS) analyses were carried out using a Shimadzu GCMS-QP2010SE system 

and J&W HP-5ms column (30 m × 0.25 mm, 0.25 µm film).  

 

Cloning and error prone mutagenesis. pET22b(+) was used as a cloning and expression vector 

for all enzymes described in this study. Error prone mutagenesis was performed using Taq DNA 

Polymerase. The PCR products were digested with DpnI, gel purified, and ligated using Gibson 

MixTM 121. The ligation mixture was used to directly transform electrocompetent E. coli strain E. 

cloni BL21(DE3) cells (Lucigen). 
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Expression of P411 variants in 96-well plates. Single colonies from LBamp agar plates were 

picked using sterile toothpicks and cultured in deep-well 96-well plates containing 3 LBamp 

(300 µL/well) at 37 ºC, 220 rpm shaking, and 80% relative humidity overnight. After, HBamp 

(950 µL/well) in a deep-well 96-well plate was inoculated with an aliquot (50 µL/ well) of these 

overnight cultures and allowed to shake for 2.75 hours at 37 ºC, 220 rpm, and 80% relative 

humidity. The plates were cooled on ice for 30 minutes and the cultures were induced with 0.5 

mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and 1.0 mM 5-aminolevulinic acid (final 

concentrations). Expression was conducted at 20 °C, 150 rpm for 16–20 hours. 

 

Reaction screening in 96-well plate format. E. coli (E. cloni BL21(DE3)) cells in deep-well 96-

well plates were pelleted (5,000 × g, 3 min, RT) and resuspended in M9-N buffer (20 µL/well) 

by gentle vortexing. The 96-well plate was transferred into an anaerobic chamber. In the 

anaerobic chamber, reaction buffer (33 mM glucose in M9-N, 380 µL/well) was added, followed 

by alkane substrate (10 µL/well, 400 mM in EtOH) and ethyl diazoacetate (10 µL/well, 400 mM 

in EtOH). In some cases, the substrates and reaction buffer were mixed together prior to addition 

to the plate. The plate was sealed with an aluminum foil and shaken at room temperature, 500 

rpm in the anaerobic chamber. After 24 hours, the seal was removed, and the reactions were 

worked up following the appropriate method below. 

 

Product formation screening using GC-MS.  

After 24 hours, a solution of 20 mM 1,3,5-trimethoxybenzene (internal standard) in a mixed 

solvent system (cyclohexane/ ethyl acetate = 1:1, 20 µL), followed by 580 µL pure solvent, was 

added. The plate was tightly sealed with a reusable silicone mat, vortexed (15 s × 3) and 
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centrifuged (3,000 × g, 5 min) to completely separate the organic and aqueous layers. The organic 

layers (200 µL/well) were transferred to 300 µL vial inserts, which were then placed in 2 mL vials 

and analyzed by GC. 

 

Product formation screening by SAMDI Mass Spectrometry  

After 24 hours, 190 µL crude reaction mixture was aliquoted to PCR plates and frozen on dry ice. 

Plates were shipped overnight on dry ice.  

 

Preparation of SAMDI Array Plate – Gold-evaporated array plates were made in-house from 

outsourced polished stainless-steel plates (Ace Metal Crafts). Specifically, purchased steel plates 

with dimensions matching standard MALDI plates (12.3cm × 8cm) were washed with hexanes, 

ethanol and water. Using an electron beam evaporator (Thermionics Laboratory Inc., Hayward, 

CA), the plates were coated at 0.02nm/s with a 5nm layer of titanium followed by a 35nm layer 

of gold spots (2.8 mm diameter) at 0.05nm/s in a 384-array fashion. Before use, plates were 

stored under vacuum. At least two days prior to screening, the plates were soaked in a 0.5 mM 

ethanolic solution of alkyl disulfides (Prochimea Surfaces) at 4℃. The solution consisted of 

disulfide alkanes either symmetrically terminated with tri(ethylene glycol) groups or 

asymmetrically terminated with tri(ethylene glycol) and a maleimide functional group in a 

stoichiometric ratio of 2:3 expecting to yield a self-assembled monolayer of 20% maleimide 

surface density32. The plates were removed from solution, rinsed with ethanol and dried with 

N2(g) immediately before use. 
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Deprotection of Reaction Constituents – 25 µL of each reaction was aliquoted, organizing four 

96-well plates into one 384 plate. Liquid handling was performed by a Tecan Freedom EVO 200 

Robot. To each well, 10 µL of 100mM HCl was added using an automatic reagent dispenser 

(Multidrop Combi, Thermo Scientific). Plates were sealed with aluminum sealing tape, mixed 

briefly, and centrifuged at 5000g for 1 min. After 30 min, 3 equivalents of NaHCO3 from 

saturated solution was added and the plates were sealed, mixed and centrifuged at 5000g for 1 

min. The plates were either frozen or analyzed using the steps below. 

 

Activity Assay by SAMDI Mass Spectrometry – Using a TECAN liquid-handling robot, 3 µL 

from each well were spotted to SAMDI plates. The plates were allowed to incubate for 1 hour at 

37℃ in a humidity chamber, providing sufficient time for immobilization of the thiolated 

reaction constituents to react with the maleimide. The plates were rinsed with 1% Alconox 

detergent, deionized ultrafiltered (DIUF) water and ethanol with sufficient pressure to remove all 

noticeable debris, dried with a stream of N2(g), and coated with matrix (2’,4’,6’-

trihydroxyacetophenone (THAP) in acetone (18mg/ml). Each spot was analyzed in positive 

reflector mode by MALDI-TOF (AB Sciex 5800 series). Captured reaction constituents from 

whole cell reactions were identified by their mass shifts relative to the unreacted maleimide. 

Analysis of more than 5100 spectra collected was performed using the analysis tools built into 

the TOF/TOF™ Series Explorer™ Software, which works to integrate the area under the curve 

(AUC) of the peak corresponding to a specified mass/charge ratio. For every spectrum in this 

study, the following peaks were integrated: 1033 Da (thiolated substrate + monolayer), 1119 Da 

(thiolated C-H insertion product + monolayer). Peaks below a signal to noise threshold set at 20 

were not accepted. Each mass spectra generated for each well was used to determine the relative 
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conversion for each variant by dividing the AUC of the product peak by the AUC of both the 

unreacted substrate and C-H insertion product peaks.  The conversion for the three parent 

enzymes on each 96-well plate were averaged and all other values normalized to this value to 

acquire relative fold improvement for each variant. The variants with the highest fold 

improvement from each 96-well library selected for product formation screening using GC and 

GC-MS detailed above.  

 

Expression of P411 variants. E. coli (E. cloni BL21(DE3)) cells carrying plasmid encoding the 

appropriate P411 variant were grown overnight in 5 mL LBamp. Preculture (5 mL) was used to 

inoculate 45 mL of HBamp in a 125 mL Erlenmeyer flask; this culture was incubated at 37 ºC, 240 

rpm for 2.25 hours. The culture was then cooled on ice (20–30 min) and induced with 0.5 mM 

IPTG and 1.0 mM 5-aminolevulinic acid (final concentrations). Expression was conducted at 24 

ºC, 140 rpm, for 20 hours. Following, E. coli cells were pelleted by centrifugation (2,600 × g, 10 

min, 4 ºC or 3,000 × g, 5 min, 4 ºC). Media was removed and the resulting cell pellet was 

resuspended in M9-N buffer to OD600 = 60. An aliquot of this cell suspension (3 mL) was taken 

to determine P411 concentration using the hemochrome assay after lysis by sonication. When 

applicable, remaining cell suspension was further diluted with M9-N buffer to the OD600 used for 

the biotransformation and the concentration of P411 protein in the biotransformation was 

calculated accordingly.  

 

Hemochrome assay for the determination of heme protein concentration. E. coli cells expressing 

heme protein and resuspended in M9-N buffer were lysed by sonication using a Qsonica Q500 

sonicator equipped with a microtip (1 min, 1 second on, 1 second off, 35% amplitude); samples 
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were kept on wet ice for this process. The resulting lysed solution was centrifuged (20,000 × g, 10 

min, 4 °C) to remove cell debris. The supernatant (clarified lysate) was separated from the pellet 

and kept on ice until use. In a falcon tube, a solution of 0.2 M NaOH, 40% (v/v) pyridine, 0.5 mM 

K3Fe(CN)6 was prepared (pyridine-NaOH-K3Fe(CN)6 solution). Separately, a solution of 0.5 M 

Na2S2O4 (sodium dithionite) was prepared in 0.1 M NaOH. To an Eppendorf tube containing 500 

µL of clarified lysate in M9-N buffer was added 500 µL of the pyridine-NaOH-K3Fe(CN)6 

solution, mixed, and transferred to a cuvette; the UV-Vis spectrum of the oxidized Fe(III) state 

was recorded immediately. To the cuvette was then added 10 µL of the sodium dithionite solution. 

The cuvette was sealed with parafilm and the UV-Vis spectrum of the reduced Fe(II) state was 

recorded immediately. A cuvette containing 500 µL of M9-N, 100 µL 1 M NaOH, 200 µL pyridine, 

and 200 µL water (complete mixture without protein and K3Fe(CN)6) was used as a reference for 

all absorbance measurements. Concentrations of cytochromes P411 were determined using a 

published extinction coefficient for heme b, ε556(reduced)-540(oxidized) = 23.98 mM-1 cm-1 122. 

 

Biotransformations using whole E. coli cells. Suspensions of E. coli (E. cloni BL21(DE3)) cells 

expressing the appropriate heme protein variant in M9-N buffer (typically OD600 = 60) were 

degassed by bubbling with argon in sealed vials for at least 40 minutes; the cells were kept on ice 

during this time. Separately, a solution of D-glucose (250 mM in M9-N) was degassed by sparging 

with argon for at least 30 minutes. All solutions were then transferred into an anaerobic chamber 

for reaction set up. To a 2 mL vial were added D-glucose (40 µL of 250 mM stock solution in M9-

N buffer), M9-N buffer (typically 343.33 µL), suspension of E. coli expressing P411 (OD600 = 1, 

6.67 µL), alkane substrate (5 µL of 400 mM stock solution in EtOH), and diazo compound (5 µL 

of 400 mM stock solution in EtOH) in the listed order. Final reaction volume was 400 µL; final 
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concentrations were 5 mM alkane substrate, 5 mM diazo compound, and 30 mM D-glucose. Note: 

reaction performed with E. coli cells resuspended to OD600 = 1 indicates that 6.67 µL of OD600 

= 60 cells were added, and likewise for other reaction OD600 descriptions. The vials were sealed 

and shaken at room temperature and 500 rpm for 18 hours in the anaerobic chamber. The reactions 

were worked up and analyzed by GC; the reaction workup procedures are outlined in detail in 

Section VII. The expression of heme protein was measured using the hemochrome assay, and the 

concentration of heme protein in the biotransformation was calculated accordingly. 

 

Screening of enzymes for C–H alkylation activity 

Testing heme proteins for reaction discovery. A composite plate of 92 heme proteins and their 

variants from Bacillus megaterium and Rhodothermus marinus were screened for formation of 

ethyl (E)-9-(acetylthio)-3-methoxynon-4-enoate from substrates (E)-S-(7-methoxyhept-5-en-1-

yl) ethanethioate and ethyl diazoacetate. These proteins were cloned and used in other studies, 

including carbene Si–H insertion123, alkene cyclopropanation51,124, and alkane C-H 

functionalization59. Expression of these proteins followed the procedures as described by the 

prior studies and testing for initial activity was carried out with whole E. coli cells. The general 

procedure for reaction screening in 96-well plate format (Section I (E)) was employed and the 

reactions were analyzed by GC-MS. Note: Since this was an initial test, proper expression of the 

indicated proteins was not verified and experimental replicates were not performed. A variant 

closely related to P411-CHF from prior alkane C-H functionalization studies59, P411-CHF 

+P74T, was identified as the most promising variant for evolution. 

 



62 
 

Directed evolution of C–H alkylation enzymes. Error-prone libraries were generated using Taq 

Polymerase and differing concentrations of manganese chloride, and screened in 96-well plates. 

Following the general screening in 96-well plate procedure, variants which exhibited higher 

formation of C–H alkylation product were identified. A summary of the beneficial mutation(s) is 

presented in Figure S2. The locations of the selected beneficial mutations are displayed on a 

structural model of the P411 enzyme. 

 

Variants which were identified to show higher activity during screening were streaked 

out on LBamp agar plates. A single colony was selected, sequenced, and the TTN measured for 

our product using whole E. coli cells overexpressing the desired protein (the cell density was 

normalized such that each reaction contained the same cell density). 
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Chapter 4 

Protein Sequencing 

 

4.1  Protein Sequencing: Digestion and Analysis Strategies 

Novel peptide sequencing methodologies that provide more precise protein sequence 

information are necessary for identifying proteins and furthering our understanding of the 

proteome125. The development of such techniques is also important in biological research, 

especially where disease-associate proteins require single-residue resolution for their discovery. 

With significant advancements in mass spectrometry (MS) and bioinformatics, the generation of 

overlapping peptide fragments by endopeptidase digest (commonly by trypsin) and reading of 

individual amino acids by tandem MS have become essential for de novo sequencing; however, 

such methods struggle to identify proteins’ N- and C-terminal residues—information that can be 

used to significantly enhance a peptide mass fingerprint for protein identification and that may 

uncover important mutations and/or post translational modifications in a protein. Moreover, 

tandem MS generally lacks the ability to distinguish between residues of identical and similar 

masses126. One approach based on tandem MS has been able to achieve isobaric distinction across 

canonical and non-canonical regimes, but still relies on complex analysis of fragmentation ions127.  

 For single residue sequencing, Edman degradation via a protein’s N-terminal still remains 

a widely-used and reliable tool128,129. In this approach, the amino-terminal residue is labeled with 

phenyl isothiocyanate under mild alkane conditions to form a derivative of the amino acid. Under 

acidic conditions, the amino acid is then cleaved off as a thiazoline. These individual derivatives 

are extracted sequentially and examined either by chromatography or electrophoresis. From the 

beginning, this technique was capable of identifying all of the canonical amino acids for peptides 
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of up to 50 residues long128. After roughly 70 years since its development, it still remains a gold 

standard for sequencing today. The technique, however, has its challenges. With cycle times 

requiring roughly an hour per amino acid, and analysis reliant on chromatography, the method is 

generally regarded as slow. Additionally, volume of sample required and sample loss are also 

concerns as proteins and peptides cannot be amplified like nucleic acids. Moreover, the technique 

requires a free N-terminus. 

 To identify amino acid sequences using tandem mass spectrometry, known as MS/MS or 

MS2, molecules of interest are first separated via chromatography, ionized and separated again by 

their mass to charge ration (m/z). Particular ions are then selected and split into smaller fragments 

prior to a second analysis by mass spectrometry which separates these smaller fragments by their 

m/z ratio. A number of methods using liquid chromatography to separate components prior to 

analysis by MS have been developed in abundance to interface with mass spectrometers that have 

found significant value in the characterization of peptide mixtures130–133. Gas phase fragmentation 

methodologies have also been developed for use with tandem MS, including collision-induced 

dissociation, photodissociation, electron capture dissociation and electron transfer dissociation, to 

name a few134–137. While high energy collision-induced dissociation has achieved single-residue 

resolution, including residues of identical mass, namely leucine and isoleucine, fragmentation of 

backbones and sidechains produces complex tandem MS spectra138–140. While more modern 

techniques have been developed127,141–143, no new and simpler methodology has been explored. 

Without specialized facilities, many groups are either turning to deep learning to interpret 

spectra144 or still rely on Edman degradation. 

Edman degradation chemistry has also found use in the first report of peptide ladder 

generating methodology, characterized by the analysis of the remaining peptides versus the 
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individually removed amino acid analogues during degradation145. In this technique, Chait et.al. 

originally described a new principle in protein sequencing that combines multiple steps of Edman 

degradation and capping “ladder generating” chemistry with a final, single step mass spectrometric 

readout of the amino acid sequence using MALDI-MS. Since then, a variety of other chemical and 

exopeptidase-based cleaving methodologies have been developed for generating peptide ladders, 

the majority of which rely on matrix-assisted laser desorption ionization mass spectrometry 

(MALDI-MS), notable for substantially simpler and higher throughput data analysis in comparison 

to tandem MS146–155. By nature of this analysis, the ability of these techniques to resolve isobaric 

residues remains absent. Thus, ladder-generating and MALDI-based sequencing methodology that 

can go beyond reading changes in mass alone would advance the current state of the field. 

A variety of microfluidic devices and techniques with governing microfluidic principles 

have been developed to interface with a MALDI mass spectrometer to study peptides and proteins. 

For example, it was shown that after running either peptide or protein analytes through a sodium 

dodecyl sulfate-polyacrylamide gel after electrophoretic separation, the gel could be directly 

analyzed by mass spectrometry without the use of matrix156,157. Kawaura and coworkers developed 

an isoelectric focusing chip with removable resin tape was also designed to separate proteins prior 

to detection by mass spectrometry158. In this study, a serpentine channel 60 mm long, 10 µm deep 

and 400 µm wide was developed to create high resolution separation of proteins. After separation, 

the resin was removed, the samples were freeze dried and analyzed by MALDI, where spectra 

were generated at 500 µm increments across the channel. A 2D plot was then created to visualize 

the proteins based on their m/z and pI values158. It was also shown that plates for thin-layer 

chromatography with an attached layer of porous polymer monolith could be coupled directly with 

MALDI to determine the molecular weight of peptides and proteins159. In another approach, it was 
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shown that infrared MALDI could be coupled to thin layer chromatography separations to study 

proteins from cultured cells. Other studies used microfluidic devices to achieve spatial separation 

and identification of protein and peptides after tryptic digest160–164. In all of these studies, however, 

while sequence coverage was enough to identify the proteins, the methods either looked at 

properties of whole proteins or were not sufficient to provide single residue resolution of amino 

acids throughout the peptide fragments. In all, microfluidic devices offer an ability to perform 

multiple reactions, reduce reaction volume and separate reaction products – elements all useful for 

sequencing; however, their use in sequencing applications has been limited due to an incapability 

with reagents, such as those used in Edman degradation, necessary for singular amino acid 

removal.  

Solid-phase proteomic techniques that rely on generating peptide fragments on beads using 

chemical digestion148,150,165 or ion fragmentation,166 have also been shown to be compatible with 

MALDI analysis. In a most recent study, Woodbury and coworkers showed that peptides ladders 

could be generated in gas phase ammonia. A library of peptides, which were synthesized on solid 

support beads and labeled at their N-terminal with a  positive charge. High pressure ammonia gas 

was then shown to cleave the peptides at random locations along the peptide backbone and 

generate peptide ladders separated by single amino acids. It was then the N-terminal labeled 

fragments that were separated from remaining fragments on the beads and analyzed by MALDI-

MS to uncover the sequence. It was shown, however, that cleavage between different amino acid 

pairs was sequence dependent and required fine control over exposure time to and pressure of the 

ammonia gas. Additionally, although this studied claimed to demonstrate using this information 

along with side-chain modifications to distinguish between residues of the same and similar mass, 

they focus on residues of similar mass such as lysine/glutamine, glutamine/glutamate and 
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asparagine/aspartate, they ignore addressing the isobaric residue pair, leucine/isoleucine. In 

another study, Wittman and colleagues generated peptide fragments directly with MALDI-MS166. 

This method made use of a photo linker and an optimized procedure for laser-induced cleavage 

from the beads, followed by Fourier transform ion cyclotron resonance and MALDI tandem MS. 

Distinguishing between isobaric residues using the generated fragmentation ions was not explored. 

With the development of so many technologies, it is clear the precise determination of 

amino acid sequences remains an area of significance. However, unambiguously distinguishing 

between amino acids, like the pairs listed above, still presents a challenge for many methods. In 

the cases of the residues of similar masses, it was shown that pre-analysis modifications can be 

used to further separate them. This liberty is not available however for the hydrophobic and 

isobaric amino acids, leucine and isoleucine. We hypothesized that the SAMDI method, a hallmark 

technology of the Mrksich group, can be used to sequence peptides in only one degradation and 

one analysis step, while bringing significant advancements to the field. In the next chapter, I will 

present a microfluidic enzyme reactor that generates and separates peptide ladders. Similar to 

Edman degradation, we plan to sequence by individual cleavage of N-terminal residues without 

disruption to the peptide bonds between other amino acid residues. Instead of using chemical 

digest, however, we plan to us aminopeptidases that liberate amino acids individually from the N-

terminus. By digesting with proteins, we reason this system can take advantage of the difference 

in exopeptidase specificity for individual amino acids. In this way, spatiotemporal data from 

biocatalytic degradation of peptides via aminopeptidases can be obtained with iSAMDI and used 

to both decode sequences and resolve residues of identical mass based on differences in catalytic 

activity and may be useful in uncovering unknown post-translational modifications. By being 

conducted in a microfluidic channel and with analysis by MALDI, our technique will provide 
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ladders of peptides that are also spatiotemporally resolved and offer higher resolution over state-

of-the-art techniques, only limited by the instrument’s laser’s ablation diameter. The platform will 

also serve to profile the activity of aminopeptidases. In the next two sections, I will first discuss 

both the importance that spatiotemporal resolution has brought to fields of research and the 

previous uses of iSAMDI that we will build upon, respectively. 

 

4.2 Spatiotemporal Control in Microfluidic Devices 

Developing spatiotemporal resolution in microfluidic platforms have allowed for 

unprecedented advances in fields of research. These dynamics are particularly useful when added 

to devices meant to study biological processes to reveal additional information on the origin, 

differentiation, function, and fate decision of cells167. For example, several groups have shown the 

benefit of adding spatial and temporal components when investigating gene expression profiles in 

single cell transcriptomics. The DBiT-seq platform, developed by Liu and coworkers, uses parallel 

channels against a tissue slide to deliver DNA barcodes that facilitates spatial transcriptomic 

analysis at the cellular level and reveals linkages between gene expression profiles and spatial 

distributions168. Qiu and coworkers developed scNT-seq, a droplet microfluidic-based method that 

encapsulates and pairs single-cells to barcoded beads169. The platform was used to jointly profile 

old and newly transcribed RNAs to recreate RNA regulatory dynamics in heterogeneous cell 

populations, monitor gene regulatory network activities in response to cell stimuli and in stem cell 

transition states. Other studies have used microfluidic systems to recapitulate physiological 

systems. For example, Bhattacharjee and coworkers developed a microfluidic gradient chamber 

generator array with 1024 chambers to investigate spatiotemporally complex axon guidance and 
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growth dynamics170. These examples demonstrate ways in which spatiotemporal control can reveal 

additional pieces of information from a microfluidic system. 

Microfluidic devices have also been used to spatially separate enzymatic reactions to 

recreate enzyme cascades and synthesize products. For example, Ono and coworkers synthesized 

tetrasaccharide with a microfluidic chip by binding glycosyl transferases to agarose beads and 

separating them in series171. Maier and coworkers achieved two-step sequential biotransformations 

using printed esterases, hydrogenases and decarboxylases in agarose-based inks172. More recently, 

Obst and coworkers were able to achieve enzymatic synthesis of sialic acids in a microfluidic 

device, while avoiding cross-inhibitions and incompatible reaction steps173. Here, three enzymes 

necessary for synthesis, but the substrate for the third enzyme was also an inhibitor to the first two 

enzymes. To get around this, the enzymes were immobilized in hydrogels and compartmentalized. 

Continuous flow of different substrates was introduced at different points along the enzyme 

cascade so as to not inhibit the activity of enzymes upstream. Production of sialic acids was only 

possible by controlling the spatiotemporal components of the systems. 

 Other than small molecules creating negative feedback, enzymes themselves, depending 

on the order they act on a single substrate, can also exhibit cross talk and affect the type and/or 

quantity of product produced. To this end, a number of different devices have been developed to 

perform multistep enzyme cascades174–177. A common example of this phenomenon exists in the 

world of gene expression and regulation. Here, post translational modifications are made to the 

DNA-winding histone proteins in order to turn genes on or off. These modifications themselves, 

however, have the ability to affect the activity of other post translationally modifying proteins to 

modify neighboring amino acids’ PTMs. In our group, we have used SAMDI to show that the 

activity of KDAC8 on the lysine at position 12 in the histone 3 protein (H3K12) can be affected 
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by PTMs made at nearby distal sites18. We’ve also shown that citrullination of H3R8 by the p300 

enzyme can affect the activity of acetylation at the nearby H3K1415. These crosstalk discoveries 

have also been made external to our group as well178. More recently, a microfluidic reactor was 

built, based on the principles of SAMDI, capable of not only identifying cross talk between 

enzymes, but also controlling the order of activity by separating the enzymes and controlling the 

timing of substrate interaction. Thus, the addition of a spatiotemporal component to analysis 

provides significant benefit to understanding the system being studied. Because of the impact this 

new technology stands to have and its use in later chapters of this dissertation, this technology and 

all of the findings from this study and other studies that utilize this reactor is to be described in the 

next chapter. 

 

4.3  iSAMDI Mass Spectrometry: History, Design and Uses 

With previous work in profiling the activities of post translationally modifying enzymes, 

and with an understanding that PTMs themselves can also have an effect on the activities of these 

enzymes in the form of cross talk, our group, led by the efforts of Dr. Grant, set out to develop a 

system, using the principles of SAMDI mass spectrometry, that could control the order and timing 

of enzymatic reactions taking place on self-assembled monolayers and quantify the reaction 

products. It was then from this technology, that we added the ability to perform biotransformations 

in solution and track the completion of reactions using self-assembled monolayers over a span of 

the channel. The system was then re-invented to conduct chemical reactions solely in solution and 

capture reaction products throughout the entire span of the channel. These surfaces could then be 

analyzed by imaging mass spectrometry by creating an image of reaction progress using the 

imaging capabilities of our most modern mass spectrometers.  
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To design this system capable of studying reactions with SAMDI in a flow cell, a glass 

slide, rather than a steel plate, is coated with gold and engineered with an appropriate 

functionalized self-assembled monolayer. A polydimethylsiloxane (PDMS) channel is then 

clamped over the surface, and the floor of the microfluidic channel is further modified by 

overflowing species. This technology would become known as Imaging of SAMDI-MS, or 

iSAMDI-MS. 

As mentioned in the previous chapter, the first account of our group combining self-

assembled monolayers and microfluidic was to create an enzyme reactor that provides 

spatiotemporal control over reaction products179. In this study, the reactor had two enzymes 

organized on the floor of the microfluidic channel such that they could encounter a substrate 

sequentially. These enzymes, peptidyl arginine deiminase type 1 (PAD1) and acetyltransferase 

p300/CBP associated factor (PCAF) are able to catalyze citrullination and acetylation reactions, 

respectively, and have been shown in our group to exhibit a cross talk where their activity depends 

on the order in which they act (as explained in 4.3). Here we know that PCAF is unable to acetylate 

a peptide that has first been citrullinated by PAD1, whereas acetylation had no effect on 

citrullination. By adding spatiotemporal control over the enzymes and their peptide substrates, the 

different mixtures of these reaction products can be better understood.  

To adapt the microfluidic SAMDI system to study these enzymes’ activities, a SAMDI 

flow cell was created that presented maleimide as the functional group, and the enzymes were 

tethered to the surface of self-assembled monolayers via a protein immobilization method where 

fusion proteins attach to the surface via covalent binding to a ligand presented on the surface. In 

this case, by immobilizing benzyl guanine and alkyl chlorides to the surface, both SnapTag fused 

to a PCAF and HaloTag fused to a PAD1 are able to covalently bind to these molecules, 
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respectively, and present their fused enzyme to the inner chamber of the flow cell for reactions to 

take place. During the course of the reaction of overflowing substrate, the self-assembled 

monolayer is also able to immobilize the substrate, intermediates and products at every step of the 

cascade, avoiding the need to capture and analyze each reaction product separately.  

 A few important findings can be taken away from this study. Primarily, the new SAMDI-

based methodology was able to produce expected cross talk results between two enzymes that were 

consistent with literature. Here, spatiotemporally organizing the enzymes in different orders 

produced two different ratios of reaction products. Next, the convenience of the method was 

demonstrated in that reaction products were immobilized directly to the chip in which the reactions 

were taking place, providing quick and easy analysis. Here the yields analyzed on the reactor 

surface act as a good approximation of yields that would be collected in an effluent. Decreasing 

the substrate flow rate was also shown to increase the yield of acetylated and citrullinated products, 

which as important experimental condition for future studies. This was consistent with other 

studies also reporting similar findings where an increase in product formed as a result of lower 

flow rates; this has been surmised to be a result of mass transfer effects180,181. Importantly, it was 

shown that multiple enzymatic reactions could be carried out in a single experiment using a 

SAMDI-based microfluidic reactor and all reaction products, including intermediates, able to be 

measured easily by SAMDI, before and after each reaction. It is this one-surface approach to 

reaction and detection that makes the method desirable to study a variety of other multi-enzyme 

reactions. 

 

 Building off of the development of this enzyme reactor, Grant and coworkers set out to use 

the design frameworks to create a SAMDI-based microfluidic device capable of mapping reaction 
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progress throughout longer sections of the channel. The device would also be capable of acquiring 

enough data to determine an enzyme’s kinetics in one experiment. In this study, the flow cell and 

analysis were enhanced in the following ways: First, the channel was adjusted to a 3D format in 

order to handle mixing of more reagents in larger combinations. Second, microfluidics were used 

to create gradients of substrate, and the enzyme was applied in solution to these gradients. While 

many of the principles of the previous channel remained the same, the monolayer was allowed to 

immobilize reactions product after mixing of the enzyme and its substrate. Lastly, imaging mass 

spectrometry was used to acquire time course data in order to predict the enzyme’s kinetic 

Michaelis constant. This technique would become the first example of what is known as iSAMDI-

MS. 

 The design of this reactor consisted of two layers sitting atop of the gold slide containing 

self-assembled monolayers. In the bottom layer, an enzymes substrate and buffer are introduced 

and mixed using controlled diffusive mixing to create gradients. After the gradients are established, 

the top layer introduces the enzyme to each of the gradients. As the enzyme catalyzes the reaction, 

the reaction products are able to immobilize to the floor of the channel.  This produces sections of 

channels that can be imaged by a mass spectrometer. Each position on the floor of the channel 

corresponds to a distinct reaction time for each concentration, and the channels of different 

concentrations provide enough information to calculate KM.  

 The enzyme used in this system was human glutathione reductase which acts to reduce 

glutathione. Interestingly, because the substrate only exists as a disulfide and the product, 

containing a free thiol, only the product is able to be immobilized to the maleimide monolayer. 

Because of this, the authors chose to flow through a constant concentration of radiolabeled product 

for use as an internal standard showing that both a substrate and product need not be require to 
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provide a yield for the reaction. Rather, when calculating kinetic constants for the enzyme, it is 

more useful to readout the change in concentration of product over time which is inversely related 

to the change in substrate. The capture of this molecule creates a spatial map of the reaction 

progress that can be imaged by the mass spectrometer.  

 To acquire an image of the reactions, MALDI imaging MS or MALDI IMS was used. This 

technique has recently emerged as a powerful tool for a wide use of functions including being 

capable of determining spatial distributions of a variety of molecules182–187. The technique works 

by creating an array of 2D pixels, each containing its own spectrum. From this data, an image can 

be created for any mass value within the spectra, and species with that mass value can be analyzed 

by visual inspection. By combining IMS with SAMDI, high throughput data acquisition is also 

made possible, with the present study acquiring data every 200 microns along each channel, and 

with some instruments being capable of achieving down to 1 micron in width188. At the resolution 

the authors chose, nearly 2600 data points were acquired across eight channels of different 

substrate concentrations. From these data, eight concentration vs time plots were generated, and 

the collection of these plots were used to calculate the KM for the enzyme.  

 A few important findings can be taken away from this study. Importantly, this study 

showed that iSAMDI could be used to monitor biochemical reactions and quantitate enzyme 

kinetics and may enable high throughput enzyme activity studies for a broad range of enzymes 

with shorter assay times over conventional approaches. Moreover, all of the reactions required 

could be completed on one plate and required a significantly small amount of reagent on orders of 

a few hundred microliters. The device also circumvents the need for large numbers of integrated 

valves on a chip. Finally, the imaging component gives the research the ability to visually inspect 

the reaction, which may be helpful in subsequent studies. 
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 Building yet again off of these two studies, Grant and coworkers then tested the ability of 

iSAMDI to study chemical reaction kinetics by measuring the rate constant of a reaction189. In this 

study, a simpler channel was used. The channel contained two inputs and one output that was used 

to mix two reagents. As the chemical reaction takes place, self-assembled monolayers covalently 

react with the reactions products to imprint a permanent spatiotemporal record of the reaction 

mixture as it flows through the microfluidic channel. As in the previous study, iSAMDI could then 

be used to generate mass intensity maps of immobilized molecules. Each pixel generated 

corresponded to a unique reaction time. Using the spectral data contained in each pixel, the extent 

of the reaction at each position along the channel could be calculated. It was also shown that it is 

necessary to model the dispersion fluid front characteristics in order to quantitate second order rate 

constants for the reaction. 

 The model reaction used in this system was one first described in our group and added to 

this publication to report it. Specifically, phenyl glyoxal was added to one end of the channel and 

a cysteine-containing peptide to the other. When the aldehyde reacts with an N-terminal cysteine 

of a peptide, the two molecules reconfigure and join in a reversible manner. The joined molecule 

can also undergo an acyl transfer that further reconfigures the molecule to present the thiol as free 

again. It is this molecule and the original cysteine-containing substrate that are able to be 

immobilized to the monolayer to quantify the extent of the reaction.  Here, the substrate and 

product present on the surface were used to calculate yields throughout the channel. However, to 

calculate the results, the fluid front characteristics were also important.  

To accurately predict the extent of the reactions, a determination of the fluid velocity was 

first used to precisely calculate between position on the surface and time. This was achieved using 
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an injection of fluorescein. Fluorescent intensities were plotted over time and a linear regression 

was used to obtain the velocity. Importantly, it was seen that the velocity found experimentally 

was higher than what would be calculated theoretically using the cross-sectional area of the 

channel and flow rate. This was to be believed as a result of clamping of the channel which can 

squeeze the cross-sectional area and reduce the volume of the overall channel. Importantly, this 

also showed that convective flow had a greater effect on the reaction rate over diffusion. An 

important finding in this study showed that pH has an effect on the reaction, and that the flow cell 

is able to accurately show this. The reaction was carried out at four different pH levels to which 

the reaction proceeded faster at higher pHs.  

 In each of the studies above, SAMDI was used in combination with flow cells to organize 

and characterize three different reactions: a two-step enzyme cascade, a one-step 

biotransformation, and a chemical reaction. I the first study, enzymes were bound to the surface, 

substrates were passed over them to react and subsequently captured by the monolayer at 3 distinct 

time points. In the second study, enzymes and a gradient of substrate were mixed in solution, and 

the reaction’s product subsequently captured at the end of the channel. In the third study, chemical 

reactants were mixed in solution, and, again, the reaction products subsequently captured on the 

channel, but throughout the entire channel. In all three cases, the extent of the reaction was able to 

be recorded and useful information pulled from the spatial distribution and time course 

information. The use of iSAMDI made possible a high resolution and high throughput method for 

making these calculations by acquiring high densities of information across the areas in the channel 

analyzed by the instrument. These approaches were enabled by the use of self-assembled 

monolayers that were able to capture molecules directly on the chip in which the experiments took 

place and the SAMDI technique to analyze the monolayers.  
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In the next chapter of this dissertation, I present a SAMDI-based enzyme reactor that is 

capable of monitoring the progress of a cascade of biotransformations. In this research, one 

substrate, a peptide, is immobilized to the surface, and the enzyme is able to act on the peptide as 

it is flown over the surface. The same enzyme acts repeatedly on the substrate and every 

intermediate produced, where the number of intermediates possible is equal to the number of 

amino acids in the starting peptide substrate. After each experiment, a permanent record of the 

substrate, all of the intermediates, and spatiotemporal map of where each intermediate exists in the 

flow cell remains. With this information, both the sequence of amino acids can be deduced and the 

rates of all of the reactions of their removal can be monitored. The system takes advantage of 

microfluidic devices and iSAMDI’s ability to monitor reactions over time for surface 

biotransformations.  
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Chapter 5 

Using Microfluidics and Imaging SAMDI Mass Spectrometry for Spatiotemporal 

Peptide Laddering and Sequencing 

 

 This work was done in collaboration with Juliet Roll, M.S.  The research and all figures 

presented in this chapter are unpublished and will be submitted as Pluchinsky, A. J.; Roll, J.; 

Mrksich, M. Using Microfluidics and Imaging SAMDI Mass Spectrometry for Spatiotemporal 

Peptide Laddering and Sequencing.  

 

Microfluidic platforms have been developed to provide advanced methodology for 

biochemical assays by reducing material consumption and enabling spatiotemporal control over 

reaction products; however, their application as peptide sequencing platforms is largely 

underexplored due to the incompatibility of reagents required of single residue sequencing. In this 

chapter, I will demonstrate a simple microfluidic device (Figure 5.1) where peptides are bound to 

a surface of self-assembled monolayers at the bottom of the flow cell and subjected to time-

dependent degradation by overflowing exopeptidases. The resulting ladder of peptides, each 

differing by one residue, span the channel. The surface is analyzed by imaging self-assembled 

monolayers for matrix-assisted laser desorption/ionization mass spectrometry (iSAMDI-MS). 

With this approach, peptide sequences are read directly from the resulting spectra and residues that 

cannot be distinguished by a change in mass alone are resolved by the difference in specificity the 

exopeptidase has for those residues. The method is demonstrated on the isobaric canonical amino 

acids, leucine and isoleucine. This article expands the use of microfluidic systems to sequencing 

surface-bound peptides and introduces a new dimension to peptide sequencing. 
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Figure 5.1. Cartoon of iSAMDI sequencing strategy.  Peptide substrates, whose amino acids 

are represented as strings of colored balls, are immobilized to a gold-coated maleimide-

functionalized surface. Ladders of peptides are generated throughout the surface and are scanned 

by MALDI mass spectrometry. 

 

5.1  Introduction 

A variety of methodologies exist for single residue peptide sequencing, which have found 

importance identifying novel proteins190,191 and discovering important residue mutations and post 

translational modifications146,192. State-of-the-art methods of peptide sequencing at present include 

the decades old Edman degradation128,129,193 and tandem mass spectrometry (MS2). Edman 

degradation is an automatable process that works by chemically removing residues from peptides 

bound to resin beads in cycles and analyzes the amino acids by chromatography, but the process 

is generally regarded as slow194. MS2 relies on pre-digests of protein, usually with an 

endopeptidase like trypsin. While faster, the technique necessitates solution-phase analysis and 

requires sophisticated instrumentation and analysis of complex fragmentation ions127,195,196. 
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Moreover, modern MS2 techniques can struggle to provide full sequence coverage197, and limited 

methods exist for resolving residues of identical mass127,198. 

In recent years, matrix-assisted laser/desorption ionization mass spectrometry (MALDI-

MS) has become a popular tool for detecting biomolecules by their molecular mass and is a suitable 

technique for analyzing peptides from both chemical and enzymatic digestions125,147,199–201. By 

combining MALDI and Edman degradation chemistry, a higher throughput method for sequencing 

was developed that worked by analyzing the difference in mass between peptide backbones called 

peptide ladders, rather than individually cleaved residues145,154. Using chemical digestions, it was 

also shown that peptide ladders could be sequenced directly on solid surfaces for use in high 

throughput MALDI-based library screening148,150,165,166. Generating peptide ladders via enzymatic 

digestion has also been performed; however, digestion with exopeptidases is usually only 

performed at the C-terminus of peptides and is limited by the enzyme’s specificity for different 

pairs of amino acids, the majority of which are incompletely understood149,152–155,202–204. Thus, a 

technique that can reveal the specificity profile of an exopeptidase to aid in sequencing at a 

peptide’s N-terminus would be beneficial. 

A variety of microfluidic and microfluidic-like devices have also been developed to 

interface with a MALDI mass spectrometer for proteomic analysis160. These approaches offer the 

advantages of being high throughput, easy to use and that they can separate proteins and peptides 

spatiotemporally; however, they either rely on the mass spectrometer to interpret fragmentation 

ions or identify proteins from whole peptides after tryptic digest, without sequencing individual 

amino acids161–163,205. In one study, a serpentine microfluidic channel atop a bed of resin was used 

to spatially separate proteins by both their mass and isoelectric point and a 2D map was generated 

by MALDI to visualize these properties; however, this study did not explore separating and 
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sequencing smaller protein components158. As such, the sequencing of peptides still relies heavily 

on low throughput chromatography and MS-based methods for separating and identifying amino 

acids. 

In this article, we use exopeptidase digestion to generate surface bound peptide ladders in 

a microfluidic flow cell and use imaging self-assembled monolayers for matrix-assisted 

laser/desorption ionization mass spectrometry (iSAMDI-MS) to sequence peptides. Contrary to 

other sequencing methods facilitated by microfluidic columns that rely on chemical degradation 

and separation of products by chromatography126,206, our device consists of a microfluidic channel 

designed to incorporate chemically defined self-assembled monolayers that can be directly 

analyzed by MALDI-MS. The monolayer is functionalized to covalently bind peptides, and 

exopeptidases are flown over the surface to generate peptide ladders on the solid support. Because 

it does not rely on Edman degradation chemistry, our device is able to make use of the most widely 

used material for microfluidic fabrication, poly(dimethylsiloxane) (PDMS), that is rarely used in 

sequencing applications207. In our group we recently developed similar microfluidic devices that 

are capable of providing spatiotemporal control over enzyme reaction products and showed that 

iSAMDI could be used to obtain high-density data sets to calculate relative concentrations of 

reaction products and generate a quantitative map of reaction progress179,208. In the examples 

presented here, we collected up and processed up to 34 000 spectra per experiment using no more 

than 200 µL of reagents and determined the sequence of peptides up to 6 residues long. 

Importantly, we show that a kinetic profile of each intermediate can be used to distinguish between 

isobaric residues in the sequence. 
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5.2  Results 

Experimental Sequencing Strategy.  

Our strategy for sequencing peptides first using a traditional SAMDI approach is shown in 

Figure 5.2A. A standard 384 gold-spotted SAMDI plate is engineered such that each spot contains 

a layer of functionalized self-assembled monolayers. The monolayers present a maleimide 

functional group which serve to immobilize cysteine (Cys, C) -terminated peptides via a Michael 

addition of the thiol group and the alkene of the maleimide. The tri(ethylene) glycol are present to 

prevent non-specific adsorption of enzymes. It has been shown previously that these monolayers 

are amenable to analysis by MALDI-MS as they have been used to analyze a broad range of 

enzymatic reactions on peptides conducted on the surface14,19,21,114,209. 

An exopeptidase with specificity for cleaving singular amino acids is then added to the 

surface at different concentrations or across different time intervals and allowed to act on the 

peptide substrate. As the exopeptidase and peptide react, amino acids are removed from the 

terminal end of the peptide, one-by-one. Positions where the enzyme has been spotted to the 

surface for a longer time intervals or where the enzyme was spotted in higher concentrations are 

expected to contain intermediates of peptides that contain fewer amino acids versus positions 

where the enzyme is spotted for shorter durations or in lower concentrations. Hence, this generates 

a ladder of peptide intermediates each differing by one amino acid residue. The reactions are 

quenched by rinsing the plate with water and ethanol and the monolayers are analyzed by mass 

spectrometry. 

In the present example shown in Figure 5.2A , we use a surface presenting LAKAPSGC 

peptides. The amino acids leucine (Leu, L), lysine (Lys, K) and alanine (Ala, A) are represented 

in orange, red, and purple and green, respectively. Proline (Pro, P) is represented as blue. The C-
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terminal Cys immobilizes to the surface via its free thiol leaving the N-terminal available to react. 

We then treated the surface with aminopeptidase I from streptomyces griseus at varying 

concentrations. In this example, the combination of exopeptidase and peptide were chosen because 

the specificity of the aminopeptidase I for Leu, Ala and Lys has been well reported, previously210–

213. The reported activity of this enzyme differs across these residues over one hundred to nearly 

one thousand orders of magnitude and would thus provide a good sense of the range of 

concentrations of enzyme and time required for the enzyme to hydrolyze a variety of residues in 

situ with SAMDI. 

A set of four spectra generated are shown in Figure 5.2B where the spectrum closest to the 

front was generated from a surface of peptide untreated by enzyme and the others generated from 

three selected concentrations of enzyme varying ten-fold from 1µg/mL to 100µg/mL with equal 

reaction times. The second spectrum from the front was generated from the experiment with the 

lowest concentration of enzyme and the fourth with the highest concentration of enzyme. In all 

cases, enzyme was added to the surface for 30 minutes.  

The SAMDI-MS spectrum of the monolayer after the peptide was immobilized showed 

peaks at m/z 1618 corresponding to the maleimide-alkyldisulfide conjugate and peptide 

LAKAPSGC. Treatment of the monolayer with enzyme at 1µg/mL reveals a peak at m/z 1505 

corresponding to the peptide intermediate AKAPSGC. Moreover, treatment of the monolayer with 

enzyme at 10µg/mL and 100µg/mL revealed peaks at m/z 1434 and 1306 corresponding to the 

KAPSGC and APSGC peptide intermediates, respectively. No additional peaks corresponding to 

any other peptide intermediates were observed rising downstream of the peak corresponding to 

APSGC. 
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Using the peaks observed across all spectra, the difference in m/z values between adjacent 

peaks can be used to identify the order of residues existing on the peptide. Here, a difference of 

1618 and 1505 produces a mass difference of 113 Daltons, which corresponds to the monoisotopic 

mass of either the Leu or isoleucine (Ile, I) amino acid. Thus, when considering SAMDI data based 

on changes in mass alone, a distinction of either I or L cannot be made. Differences between 1505, 

1434 and 1306 produces mass differences of 71 Daltons and 128 Daltons, corresponding to the 

monoisotopic masses of the Ala and Lys amino acids.  
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Figure 5.2. Strategy for sequencing peptides with SAMDI mass spectrometry. (i) A peptide is 

immobilized to a surface of self-assembled monolayers displaying maleimide via the free thiol of 

a N-terminal Cys residue. An exopeptidase is applied to the surface at specified time intervals or 
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at varying concentrations. (ii) Self-assembled monolayers are analyzed by MS and the results are 

displayed as a series of spectra that each capture a different intermediate peptide. The difference 

in m/z values between peaks corresponds to the mass of the removed residue between 

intermediates. Here, mass differences of 113, 71 and 128 Daltons are represented by orange, purple 

and red balls, and are identified as Leu/Ile, Ala, and Lys, respectively. 

 

From this data, we surmised that we could design a microfluidic flow cell that makes use 

of this strategy to automate the ladder generating process and generate high resolution 

spatiotemporal data. Adopting such a device would allow us to make use of time, rather than 

differences in enzyme concentration, for generating peptide ladders. While high concentrations of 

enzyme are useful for quickly hydrolyzing amino acids, peptides of longer lengths would 

inevitably require longer reaction times. Whereas the concentration of enzyme can also hit a 

ceiling,  the length of a microfluidic channel can easily be extended and, thus, the time over which 

it can be run. The device would also be one of few microfluidic devices that have ever been used 

for sequencing amino acids. Therefore, we decided to design a microfluidic device that uses the 

SAMDI strategy. Before designing a longer peptide for use in this system, however, we first opted 

to use SAMDI’s profiling capabilities to uncover all of the activities of aminopeptidase I and 

identify an ideal peptide candidate. 
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Profiling Activities of Aminopeptidase I.  

Having tested SAMDI’s ability to monitor exopeptidase activities on surface-bound peptide 

substrates, we next describe an experiment to obtain the entire specificity profile of the 

aminopeptidase on a peptide array. We designed a 361-member array containing a library of 

X|ZPGSAC peptides, where X and Z are any of the canonical amino acids, excluding Cys. The 

array was designed with a Pro in the third position because the aminopeptidase I’s inability to 

cleave residues adjacent to a Pro has been previously reported210, thus, it is expected that only the 

terminal-most residue in each member of the library would be cleaved. In this way, we can 

determine which residues, either being cleaved or adjacent to the residue being cleaved, promotes 

or inhibits activity of the aminopeptidase I.  

The array was designed using the 384 gold-spotted SAMDI plate shown in Figure 5.2. 

Similarly to the previous experiments, the spots were modified with a layer of self-assembled 

monolayers presenting maleimide functional group. The peptides were synthesized using standard 

protocols with FMOC-protected amino acids and transferred to the array plate of monolayers 

where each peptide was immobilized to the surface via a covalent bond between the peptide’s C-

terminal Cys and the maleimide functional group. 

Three peptide arrays were created and treated with aminopeptidase I at a concentration of 

1µg/mL for three separate durations of time, 1 hour, 3 days and 3 weeks. During these time 

intervals, the arrays were placed in a humidity chamber at 37 ℃. Arrays were then treated with 

THAP matrix and analyzed by MALDI to acquire spectra for each spot. The SAMDI-MS spectra 

revealed separate peaks corresponding to the substrate peptides and the product of the reactions. 

The conversion of the seven-member peptides to six-member peptides was characterized by 
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integration of the corresponding peaks and is given by Equation 1, where AUC refers to the area 

under the curve. 

  

Activity = AUCproduct/(AUCsubstrate + AUCproduct) × 100%    (1)  

 

We note that the ionization efficiencies of the substrates and their products are not identical, and 

therefore the nominal conversions are not calibrated; however, the relative activities are useful for 

understanding the scope of substrates the aminopeptidase I is able to act on. 
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Figure 5.3. Profiling aminopeptidase I activity on a peptide array. Peptides of varying N-

terminal residue pairs were immobilized onto SAMDI arrays. The arrays were treated with 

buffered aminopeptidase I for 3 weeks. The extent of cleavage of the N-terminal residue in the X 

position of each member in the array was measured using SAMDI-MS in which full cleavage in 

denoted by dark purple. Each square represents a peptide of sequence X|ZPGSAC and X and Z 

residues are denoted on the vertical and horizontal axes, respectively. 
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The activities for each peptide after 3 weeks are represented in a 19 × 19 heat map where 

every row defines the terminal amino acid to be cleaved in the X position and where every column 

defines the amino acid adjacent in the Z position (Figure 5.2). The percent cleavage is represented 

in a scale bar with purple corresponding to 100% activity and white corresponding to 0% activity. 

Results from treating the array for a shorter time intervals of 1 hour and 3 days can be found in 

Figure S# of the Supporting Information. Importantly, these data of relative activities reveal the 

sequencing capability of the aminopeptidase I and allowed us to strategically design peptides for 

our future experiments.  

From these data, we see the entire specificity profile of the aminopeptidase I. Among the 

most consistent trend in our data is that the enzyme is highly specific for cleaving Leu regardless 

of the adjacent amino acid. This is consistent with literature, where the activity for Leu was 

determined to be 64.5 µmol . min-1 . mg enzyme-1, which was nearly an order of magnitude 

greater than the next most favorable residues, methionine (Met, M) and phenylalanine (Phe, F)210. 

From our array, we not only see that the enzyme readily exhibits hydrolysis of Met and Phe, but 

also that the enzyme struggles to cleave the negatively charged aspartic acid (Asp, D) and glutamic 

acid (Glu, E) for most adjacent residues. Interestingly, while Asp and Glu are not easily 

hydrolyzed, we reveal that these residues, as well as most of the others, are more efficiently cleaved 

when either Met or any aromatic residue is directly adjacent to the terminal residue, noted by the 

dark columns in the middle of the array. 

Previous studies of the specificity of this aminopeptidase found no hydrolysis of glycine 

(Gly, G) or Ala, when Pro was directly adjacent to these residues. Our profiling suggests that the 

enzyme exhibits no activity for any residue adjacent to Pro; however, at earlier time points (Figure 

S#, Supplemental Information), it is seen that the enzyme exhibits activity for Asp when adjacent 
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to Pro, both contrary to expectation. In previous work, high activity was observed for Phe, modest 

activity was seen for valine (Val, V), Pro and Lys, and minimal activity was reported for Gly and 

Ala. This is not only consistent with our findings, but we also show that the enzyme is readily able 

to hydrolyze the other aromatic residues, tyrosine (Tyr, Y) and tryptophan (Trp, W), regardless of 

the adjacent amino acid excluding Pro. We also newly find that the enzyme generally exhibits little 

hydrolysis for serine (Ser, S), threonine (Thr, T), and glutamine (Gln, Q), except when Ala is in 

the second position. Additionally, the enzyme exhibits modest activity for asparagine (Asn, N), 

histidine (His, H), arginine (Arg, R) and Ile. Interestingly, we also find that Leu, Met, Phe, Tyr, 

and Trp are the only residues are more readily hydrolyzed when either Glu or Asp are the second 

residue.  

Microfluidic Device Design and Operation. Our device for sequencing peptides in higher 

resolution with a microfluidic flow cell is shown in Figure 5.4A. A poly(dimethyl siloxane) 

(PDMS) block is conveniently cast from 3D printed masters according to previous 

methods179,189,208. The channel was designed to be 500 µm wide, 500 µm tall and 886 mm in length. 

The PDMS mold is lightly clamped to a gold-coated glass slide where the floor of the flow cell 

consists of self-assembled monolayers functionalized with maleimide present at a density of 20% 

relative to the tri(ethylene glycol) background. The device has one input through which a peptide 

substrate, buffer, and enzyme enter and are allowed to travel through the length of the 

unidirectional channel. A detailed schematic of the workflow can be found in Figure S# of the 

Supporting Information. With peptide being the first sample to pass through the flow cell, the self-

assembled monolayers capture and become saturated with the peptide by covalently reacting with 

the free thiol of a terminal cysteine. As an exopeptidase enzyme flows over the surface, peptides 

lose their terminal amino acids, one-by one. Peptides closest to the inlet are allowed to react with 
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the overflowing enzyme for longer durations and thus, more amino acids are removed from these 

peptides during the course of enzyme flow. Hence, the position along the channel corresponds to 

a different reaction time. The surface is back washed with water and ethanol right before the 

enzyme reaches the end of the channel in order to push the enzyme back out through the inlet and 

wash the channel such that peptides closest to the outlet do not receive enzyme treatment. In this 

way, the monolayer keeps a record of the original substrate and all intermediate lengths of peptides 

along the channel. The flow rate of enzyme through the channel can be adjusted to accommodate 

different lengths of peptide substrates. For longer peptides, the flow rate is reduced in order to 

increase the total reaction time, thus, allowing more amino acids to be cleaved. Removal of the 

PDMS top reveals the monolayer that contains a spatiotemporal record of all species present on 

the surface over varying distances. After application of matrix, the chip can then be analyzed by 

iSAMDI-MS.  

In the present example, we synthesized MLASGC peptides to be presented on the surface. 

We designed this peptide candidate to be a good substrate for the enzyme based on data obtained 

from profiling the specificity of the enzyme, such that all residues could be cleaved during the 

experiment. Here, Met and Leu would be removed readily relative to an expected modest removal 

of Ala and slow removal of Ser and Gly to reveal Cys. Peptide was first allowed to flow through 

and allowed to immobilize to the surface. As previously described, Cys immobilizes to the surface 

allowing Met to be the first residue to react at the N-terminal. We then treated the surface with 

aminopeptidase I at a concentration of 6.3 µg/mL and at a flow rate such that the fluid front would 

require a total of 15 hours to reach the end of the channel. At the end of the experiment, the flow 

cell was disassembled, and the slide was washed with water and ethanol and dried. Matrix was 

applied to the slide using a matrix sprayer so that the slide could be analyzed by mass spectrometry. 
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(Figure 5.4 continued on next page) 
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Figure 5.4. Design, operation and analysis of the microfluidic screening platform. (A) Design 

and operation of the microfluidic device. (i) A poly(dimethyl siloxane) (PDMS) structure 

containing 1mm2 channels is fixed to a gold-coated slide pre-functionalized with self-assembled 

monolayers to create a flow cell with a sinuous channel. (ii) A peptide substrate is flown through 

the flow cell from inlet ‘a’ to outlet ‘b”, during which the peptide undergoes immobilization to the 

monolayer. The substrate is followed by buffer and an exopeptidase. (iii) The PDMS top is 
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removed, and the slide is coated with matrix. (B) Data acquisition and visualization with iSAMDI. 

(iv) iSAMDI-MS is used over the entire region of the slide once below the channel. (v) The region 

scanned contains an array of pixels, where each pixel contains one spectrum. Spectra reveal 

different peaks of intermediates arising over different lengths along the channel. (vi) The starting 

substrate and each intermediate are displayed as a heatmap of various colors as a measure of 

relative intensity versus m/z, indicating their presence on the surface at different locations and for 

varying distances and peak intensities. (vii) To visualize different peptide intermediate species, 

heatmaps are separated into individual or groups of color channels. 

 

Data Acquisition, Sequencing and Visualization.  

Using imaging mass spectrometry via iSAMDI-MS, an array of pixels is collected where 

each pixel contains a unique SAMDI spectrum. Each spectrum reports the peptide species present 

on the surface at each respective pixel location along the channel as peaks of varying relative 

intensity. The collective of spectra reveals the m/z value for all intermediate peptides along the 

length of the channel. When considered together a ladder of intermediate peptides is revealed.  

In this example, the sequence of amino acids was determined by both visual and computer 

inspection (see Supporting Information). In brief, the spectra throughout the channel are scanned 

to identify peaks that rise over time. All peaks are considered together, and the order of amino 

acids is determined. As previously shown, the distance between m/z values of these peaks can be 

tied to the mass of cleaved amino acids and the specific order in the full-length peptide substrate 

can be determined. In Figure 5.4B, we show four spectra selected from different points along the 

channel that collectively contain all of the peaks that were identified as peptide intermediates. The 

points were chosen at x values corresponding to the time range from 2 to 5 hours. The distances 
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between these peaks were calculated to be 131, 113, 71, 87, 57 and 103 Daltons, corresponding to 

the monoisotopic masses of Met, either Leu or Ile, Ala, Ser, Gly and Cys, respectively. This 

analysis, based on changes in mass alone, provides a sequence of M(L/I)ASGC.  

With the iSAMDI-MS data, we generated mass intensity maps to visualize all species 

immobilized to the monolayer throughout the channel floor (Figure 5.4C). In these figures, time 

corresponds to the amount of time the enzyme was allowed to pass over a specific point along the 

surface. Therefore, the images are shown such that enzyme enters from the right (where the 

shortest peptides are expected) and flows to the left (where the longest peptides are expected). The 

colors correspond to different peptide intermediates on the surface and their brightness is 

representative of the relative intensity of the peak corresponding to that intermediate. Thus, the 

resulting data set serves as a spatial map of mass spectra containing different peptide intermediates 

and represents a kinetic profile for all of the reactions. Here, we immediately see that the time 

points we chose correspond to pixels with x values that are located at areas of overlapping colors 

that are consistent with the intermediate peptides found in the spectra peaks. From these data, we 

see that amino acids less readily hydrolyzed persist on the surface for longer durations along the 

channel, evident by the presence of peptides where such amino acids are in the terminal position. 

Comparing this visualization to data obtained from profiling the specificity of the aminopeptidase, 

we see that Met, either Leu or Ile, and Ala are rapidly hydrolyzed while Ser and Gly are less readily 

removed. 

With the entire specificity profile of the enzyme revealed prior, we found that the 

aminopeptidase tended to exhibit less hydrolysis activity for Ile relative to Leu, regardless of the 

residue in the second position; the Leu-Ala and Ile-Ala pairs were no exception. For this reason, 

we surmised that this difference in activity could be extracted from the time course data and be 
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used to distinguish between these isobaric residues. To highlight this distinction, we selected both 

peptides LAPGSAC and IAPGSAC from our library to rigorously compare differences in the rate 

of hydrolysis the enzyme has for both Leu and Ile when adjacent to an Ala. Because we were only 

looking at the removal of one residue, we opted to manually generate time points by spotting 

protein to the surface at various time points over the course of 2 hours (Figure S# Supporting 

Information). From this experiment, we saw a clear preference for Leu over Ile, with less activity. 

For these experiments, substrates were present on a 20% surface of maleimide. While the surface 

density of maleimide and therefore peptide concentration can be varied, the concentration of the 

2D surface is not straightforward to measure and remains significantly smaller than the 

concentration of enzyme. For this reason, quantifying the different enzyme kinetics for these 

substrates is not straightforward. Fortuitously, the iSAMDI images could potentially allow us to 

make the distinction based on simple visual pattern analysis alone. 

To test iSAMDI’s ability to sequence residues of identical mass, two peptides, MLASGC 

and MIASGC were synthesized and blindly immobilized to the bottom of two separate channels. 

Aminopeptidase I was flown through each of the channels simultaneously at a flow rate such that 

the fluid front would require a total of only 1 hour to reach the end of the channel. iSAMDI was 

then used to acquire pixels of data for the channel. Intensity values at m/z = 1321, which 

corresponds to both LASGC and IASGC intermediates, are shown for every pixel in the resulting 

heatmaps (Figure 5.5). By simple visual analysis, we see a difference in the persistence of these 

two peptide intermediates in the flow cell channel. In the top heatmap, the intermediate is shorter 

lived and has a less max intensity at its peak versus the bottom heatmap where the intermediate is 

longer lived and peaks at a higher intensity. Therefore, these patterns alone suggest that the enzyme 
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hydrolyzes the terminal amino acid more readily from the intermediate peptide in the top 

experiment, suggesting that the top heatmap originally contained peptide MLASGC.  

We plotted the abundances of these two intermediates, which is a measure of the average 

pixel peak intensity of the intermediate over all of the species present on the surface for a specific 

time point along the channel. Each data set resulted in approximately 4000 individually 

addressable reactions that occurred in the microfluidic device. The curve in green, generated from 

data from the top panel, again shows that the intermediate is more quickly digested versus the 

species in gray. For this reason and with the knowledge that aminopeptidase I is more specific for 

hydrolyzing Leu, we were able to accurately label the green curve LASGC and the gray curve 

IASGC. Therefore, the original sequence that generated the top heatmap was MLASGC and the 

sequence that generated the bottom heat map was MIASGC.  
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Figure 5.5. Time course of peptides intermediates. Heatmaps display the relative intensity for 

intermediate peptides LASGC (i) and IASGC (ii) after aminopeptidase I was flown over a surface 

of MLASGC and MIASGC peptides, respectively. (iii) The abundances of both LASGC and 

IASGC are displayed over time relative to all other species present. 
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5.3  Discussion 

This article demonstrates how the SAMDI approach can be used with exopeptidases to 

sequence surface-bound peptides, and how iSAMDI can be integrated with a simple microfluidic 

device to acquire high resolution time points of peptide ladder intermediates. Importantly, iSAMDI 

is capable of providing these ladders at a temporal resolution with high enough density for 

identifying subtle differences in activity the enzyme has for each residue in a complex string or 

peptides, which has not been previously reported using other technologies. By performing the 

reactions in flow and on substrates immobilized to the floor of the flow cell, the temporal resolution 

is determined by the spatial resolution of the mass spectrometry and the flow rate. In our longest 

experiment, we imaged the surface at a pixel resolution of 100 µm, which corresponds to a 

temporal resolution of 6.1 seconds. Here, the instrument collected nearly 90,000 spectra, a third of 

which were used for analysis, in a matter of 2 hours. Such time points can be used to create an 

image representative of the kinetics of the enzyme for each residue. By resolving the relative 

kinetics of the enzyme for different residues, we are able to distinguish amino acids between 

peptide ladder intermediates and show that MALDI mass spectrometry is no longer reliant on 

changes in mass alone. Because our device only requires use of reagents in aqueous conditions, 

we were able to design our flow cell using PDMS, which is rarely used in proteomic analysis due 

to the surface properties of PDMS that leads to adsorption of proteins160.  

In this study, peptides were designed to contain pairs of amino acids within the substrate scope 

of the exopeptidase being used to digest the peptide. For this reason, sequencing is limited to 

coverage of a chosen peptidase; however, this may be rectified by creating a cocktail of peptidases 

whose collective activities hydrolyze all amino acids pairs213–219. The use of broadly specific 

carboxypeptidases in sequencing via the C-terminal of peptides has also been demonstrated and 
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may make good candidates for this method220. Recently, a ‘Edmanase’ enzyme was engineered by 

directed evolution to be broadly specific for us in high throughput peptide sequencing, and may 

negate the need for a cocktail of enzymes221. While it can be argued that chemical degradation 

methods are cheaper, abundant and more reliable than exopeptidase degradation, it is the difference 

in catalytic activity of the enzymes that substantiates the method for sequencing residues that 

cannot be seen by changes in mass alone.  

The SAMDI platform has been successful in profiling the post translationally modifying 

activities for a variety of enzymes14,19,21,114,209, with most recent work showing the strategy’s 

usefulness for studying proteases by profiling the activity of an endopeptidase16. In this report, we 

extend the assay to profiling exopeptidases and show how an array of peptides can be used to 

uncover the specificity of exopeptidases for different amino acid combinations. Here, we chose to 

study the sequencing capability of an N-terminal peptidase, as these enzymes tend to be studied 

and used less for sequencing application compared to C-terminal peptidases. Profiling the 

specificity of aminopeptidases with SAMDI comes with the advantage that the method is label 

free and does not rely on tags that signal activity. This is in contrast to commonly based methods 

that use colorimetric tags which can affect an enzymes activity. For the enzyme we chose, its 

ability to cleave all canonical amino acid pairs was unknown, with studies only reporting the 

enzyme’s ability to cut several residues from a 4-nitroanilide tag. 210,211 Our method was able to 

identify the activity of this protease for all native substrates of different pairs of amino acids and 

managed to identify unexpected pairs of amino acids that facilitate hydrolysis. While this array 

was useful for studying the specificity of aminopeptidase I for different pairs of amino acids, with 

Pro barring the enzyme’s activity past the first residue and its activity independent of third residues, 

we note that other arrays would be required to survey the substrate scope of other exopeptidases. 
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We anticipate the platform will find use in uncovering the specificity profiles of other 

exopeptidases, including carboxypeptidases and ‘Edmanase’. 

A corresponding limitation to this approach is that it requires peptides to contain a 

functional group at their terminus for immobilization. In this case, we took advantage of the 

chemistry native to cysteine by synthesizing our peptides to contain this residue at the C-terminal 

but recognize that peptides obtained via a protein digest would not have this advantage. Using 

other strategies for immobilizing peptides to solid supports, including ligation chemistries readily 

available and used by our group in the past13,14,222–227, it may be possible to develop a generalized 

functionalization strategy for either C- or N-terminal residues. We also note that accurate 

quantitation of all peptide intermediates is not possible without prior calibration of the ionization 

efficiencies of every possible sequence combination as the removal of different residues can 

greatly affect ionization. Moreover, different sequences can favor different adduct peaks and tend 

to form proton, sodium and potassium adducts. The addition of more peaks can complicate 

accurate sequence determination but may be resolved by suppression of all but one adducts228. 

Another important caveat to our approach in that the resolving power of iSAMDI-MS is 

equivalent to that of MALDI-MS. The intensity of every peak is relative to the intensity of all 

peaks on the surface. Therefore, the ability to detect and quantify species is reduced as more 

species become present on the surface. This may be problematic peptides of longer lengths, 

especially for sequences where a majority of residues exhibit slow removal. We also anticipate 

that our assay could be complicated by the use of a cocktail of exopeptidases that may contribute 

to significant self-degradation and affect the time the experiments may be run. This may be avoided 

by engineering and expressing the enzymes to have tails that are resistant to hydrolysis. 
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5.4 Conclusion 

In conclusion, we have developed a combined exopeptidase digest and iSAMDI-MS 

approach for sequencing peptides from peptide ladders generated in a microfluidic flow cell that 

is not reliant on changes in mass alone when distinguishing between residues. To our knowledge, 

this is the first example of integrating sequencing surface bound peptide sequencing, microfluidic 

flow cells and iSAMDI-MS, providing an alternative to methods using chemical digestion and 

chromatographic analysis. We expect that this high-resolution method will be useful for 

sequencing non-canonical, post translationally modified and other amino acids, especially 

modifications that are MS-labile that cannot be identified by changes in mass alone.  

 

5.5 Methodology 

 

Buffers. Peptide immobilization to surface was conducted in water (pH 6). All reactions and 

measurements were conducted in 20mM tricine, pH 8.0, with 0.05% bovine serum albumin 

(protein reconstitution buffer). 

 

Self-Assembled Monolayer Preparation. Standard glass microscope slides were cleaned using 

ethanol and water in a sonication bath. An electron beam evaporator (Thermionics VE-100) was 

used to deposit 5 nm Ti (0.02 nm s−1 ) followed by 30 nm Au (0.05 nm s−1 ) at a pressure between 

1 × 10−6 and 8 × 10−6 Torr. The slides were soaked overnight at 25 °C in an ethanolic solution 

(0.5 mM total disulfide concentration) having a 2:3 ratio of an asymmetric disulfide terminated 

with a maleimide group and tri(ethylene glycol) group to a symmetric disulfide terminated with 

tri(ethylene glycol) groups. The slides were then rinsed with ethanol and water. 
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Microfluidic Device Fabrication. Poly(dimethylsiloxane) (PDMS) masters were rendered on 

SolidWorks software. The master had one 800 μm inlet branching into a 500 μm width and 500 

μm height channel. The files were converted to stl format and printed in a digital printing mode 

using a Stratasys Connex 350 3D printer in VeroWhite material (Stratasys Direct) with a glossy 

finish. The 3D printed masters were prepared for PDMS polymerization as previously described. 

PDMS prepolymer mixture was mixed in a 1:10 ratio (w/w curing agent to prepolymer), degassed 

in a vacuum desiccator for 15 min, and poured into the 3D printed master. The master containing 

PDMS was degassed in a vacuum desiccator for 45 min and placed in a 43 °C oven overnight. The 

PDMS blocks were then peeled off of the mold and treated in a 130 °C oven for 4.5 min. The 3D-

printed molds were washed with water, dried and reused for additional PDMS curing cycles. A 0.8 

mm biopsy punch was used to form the inlets of PDMS layer. The PDMS layer was then treated 

with 50 W air plasma for 35 s at 200 mTorr (Solarus Plasma Cleaner, Gatan, Inc.). The PDMS 

device was placed onto the Au slide functionalized with the self-assembled monolayer so that the 

bottom PDMS layer was in contact with the slide. The PDMS and Au slide assembly was held 

together using light pressure from an external clamp made from extruded polycarbonate secured 

with four screws at each corner. The clamp had two 1.5 mm diameter holes to match the location 

of the two device inlets. PTFE tubing (0.042′′ outer diameter, ColeParmer) was inserted into the 

inlet and outlet via stainless steel catheter couplers (22 ga × 15 mm, Instech), and was primed with 

buffer using a syringe pump. Any remaining bubbles were removed by individually applying flow 

rates >500 μL min−1 to the syringe. 

 

Microfluidic Device Operation. Peptide was introduced into the channel at a flow rate of 5 μL 

min−1 until peptide solution noticeably began to exit the outlet. Peptide was allowed to stay in the 
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channel for 50 minute to 1 hour. Buffer was introduced at the same flow rate to push out peptide 

solution. Aminopeptidase I enzyme was injected into the inlet at a concentration of 6.25 µg/mL 

for 15 hours at a flow rate of 8uL hour-1 such that the enzyme would get close to but not reach the 

end of the channel. Immediately at the end of the enzymes flow time, the syringed was used to cuk 

up water through the outlet to reverse the flow of enzyme and clear the channel of enzyme in less 

than 3 seconds. The clamp was disassembled, the PDMS layers were peeled off of the chip, and 

the chip was rinsed with ethanol, water, and acetone. A solution of 2′,4′,6′-trihydroxyacetophenone 

monohydrate (THAP; ≥ 99.5%, Sigma-Aldrich) in 50% acetonitrile (25 mg/mL) was applied to 

the chip using a matrix sprayer. We found that the matrix crystallized more densely on the area of 

the monolayer in contact with the microfluidic channels, which allowed us to easily locate the 

entire sinuous channel using the video camera on the MALDI TOF instrument (RapifleX, Bruker 

Daltonics). iSAMDI-MS spectra were acquired in reflector positive mode using a mass range of 

600−2000 m/z over a selected region of interest (ROI) that spanned the entire reach of the channel. 

The laser was operated at 200 Hz with 125 laser pulses applied per spot using the “medium” 

aperture setting.  

 

Data and Image Analysis. The [M + Na+ ] + adducts of all peptide intermediates were determined 

both visually and computationally (MATLAB R2019a). Spectra were opened using FlexImaging 

software (Bruker Daltonics). Ion intensity maps were generated on FlexImaging software at 1452 

± 0.5, 1321 ± 0.5, 1208 ± 0.5, 1137 ± 0.5, 1055 ± 0.5, 993 ± 0.5, 873 ± 0.5 and 693.5 ± 0.5 Da, 

corresponding to the peptide intermediates MLASGC, LASGC, ASGC, SGC, GC, C -

alkanedisulfide conjugates, and maleimide-alkanedisulfide conjugate and EG3, respectively. ROIs 

were selected to highlight all areas of the channel. Areas under the curve for all species’ color 
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channels were exported for all spectra in the ROIs. The abundances of each species were calculated 

computationally (MATLAB R2019a, see SI) for all spectra by taking the area under the curve of 

a species and dividing it by the total area under the curve for all species. Abundances were 

averaged across the cross section of the channel.  
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Chapter 6 

Additional Surface Engineering and Modifications 

 

6.1  Development of a Strained Alkyne Self-Assembled Monolayer 

 In this chapter, I report several methods I’ve explored for developing a surface of self-

assembled monolayers presenting a strained alkyne. The surface is useful for immobilizing azide-

containing molecules in a conjugation reaction known as copper-free click chemistry. I also 

discuss several benefits and drawbacks of each method based on empirical findings.  

 “Click” chemistry, in its most general definition, comprises a class of small molecule 

reactions that are typically employed to join two biomolecules, such as a molecule of interest to a 

probe, although the chemistry is useful in various applications. While not referring to a singular 

chemistry, the copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) has gained significant 

popularity over other ligation reactions and is more often used synonymously with the “click 

reaction.” While considered biorthogonal in that the reaction’s components are highly selective, 

chemically/biologically inert, exhibit fast kinetics, work in biological conditions (i.e. aqueous) and 

capable of being incorporated into biomolecules, the CuAAC click reaction is not often used in 

live-cell studies due to the toxicity of the Cu(I) ion. For this reason, a number of copper-free click 

reactions have been developed229–236. 

Outside of probing and joining biomolecules, click reactions are also very useful for 

selectively immobilizing samples to a surface of self-assembled monolayers for analysis by 

SAMDI-MS. Importantly, the high orthogonality of the reactions makes the chemistries 

particularly useful in complex solutions as it allows the surface to selectively extract samples even 

from environments like cell lysates. Or group has demonstrated that several of these 
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immobilization chemistries are useful in this way, with many studies, including my own making, 

use of the maleimide-thiol Michael addition, and in early work, the Diels-Alder reaction, to name 

a few (see Figure 1.1). Recently in 2016, our group first reported the use of the CuAAC reaction 

to immobilize molecules to a surface of self-assembled monolayers25. In this study, the maleimide 

surface was modified in only 10 minutes using 400 µM of propyne thiol in ethanol. Thus, the 

surface was modified to present an alkyne that would be able to immobilize azide-containing 

molecules. To capture the azide-tagged molecules, the authors required a common cocktail of 

reagents including 10mM CuSO4 (for the Cu(I) ions), 40mM ascorbate (to reduce Cu(II) to Cu(I)), 

and 20mM THPTA (to stabilize Cu(I) and reduce side reactions) for 1 hour. While capable of 

adequately immobilizing samples to a surface to quantify reaction products, the reagents required 

for the CuAAC reaction are damaging to the surface of self-assembled monolayers, and are not 

forgiving if left on the surface for more than an hour. From my own experience, these reagents can 

also react with and degrade the product of a reaction, making it indistinguishable from its substrate 

in the mass spectrometer. Thus, an alternative approach for immobilize azide-containing molecules 

to the surface would be helpful for when the reagents and reaction products are not compatible 

and/or longer immobilization times are required but not possible when using CuAAC. In the 

following example, I present multiple strategies for modifying the surface to present a strained 

alkyne, specifically a dibenzylcyclooctyne also known as DBCO (pronounced dib’- co.). 

 In my first example of surface modification, I make use of the maleimide’s reactivity with 

amines at higher pHs. Because of the reactivity of the strained alkyne, these molecules are typically 

not used as molecules co-functionalized with free thiols. For this reason, I opted to use molecule 

that contains a DBCO at one end and a free amine at the other end (Figure 6.1). In this approach, 

10mM of DBCO-amine is added to a maleimide-functionalized self-assembled monolayer in 
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phosphate buffer at a pH of about 8.5. The 10% DMSO is present as it was used to dissolve the 

pure DBCO-amine solids. At this concentration, the surface is functionalized after only 15 minutes 

to produce a “DBCO monolayer”. From there, a sample tagged-with an azide can be conjugated 

to the surface. 

 

Figure 6.1. Formation of a DBCO monolayer with DBCO-amine. Commercially available 

DBCO-amine is dissolved in DMSO and diluted 1:10 in phosphate buffer pH 8.5 to 10mM. The 

solution is immediately put on the surface and rinsed off after 15 minutes.  

 

In these experiments, immobilizing the DBCO-amine was attempted at a pH of both 7 and 

11. The former require significantly longer immobilization times (~3 hours for full saturation of 

the maleimide) over which time the DBCO monolayer degraded into several peaks between m/z 

of 829 and 962. At a higher pH, the reaction completed more quickly even at lower concentrations 

of DBCO-amine, however, this monolayer was also seen to degrade much more quickly at higher 
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a higher pH. For this reason, a high concentration of DBCO-amine at 10mM and 15 minutes on 

the surface proved to be the most reliable and stable; however, it is noted that this methodology as 

the drawback that it is cost prohibitive, especially if needed for large screening applications. It 

should also be noted that this surface, either containing a free DBCO or one that has already reacted 

with a  azide molecule of interest, is not stable in air. Simply keeping the monolayers under ethanol 

allows them to be stable for several hours and also helps to produce a better signal in the mass 

spectrometer.  

 When analyzing the surface by MALDI, the DBCO monolayer is present at a m/z value of 

1149. In Figure 6.2, I show spectra that contains both the DBCO monolayer and a simple 

aminobenzyl with an azido group para to the amine. 
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Figure 6.2. SAMDI-MS readout for both the unreacted DBCO-monolayer and a captured 

azide-tagged molecule.   

Copper-Free Click Immobilization Strategy. Continuing with click strategies, we found that a 

strained alkyne can be used to drive the click reaction without the need for a catalyst. Taking 

advantage of the maleimide’s reactivity with amines at a higher pH, I successfully functionalized 

the maleimide surface with the strained alkyne, dibenzyl-cyclooctyne amine (DBCO-amine) and 

tested its ability to immobilize a simple azide-containing molecule, p-azido aniline (Figure 3).  

Initial results revealed that this immobilization strategy is highly sensitive and capable of detecting 

the specified analyte at a concentration of 1µM allotting only 30 minutes for surface 

functionalization with the strained alkyne and 1 hour for immobilization.  
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 In a second strategy for modification, I first modify the maleimide surface to present an 

amine, and then subsequently react the amine with a N-hydroxysuccinimide (NHS) ester group to 

add the strained alkyne. To modify the surface first to present an amine, a 100mM stock of 

cysteamine was prepared in phosphate buffer at a pH of 7. Spotting cysteamine at this 

concentration is only require for 20 minutes to saturate the maleimide. To further functionalize the 

surface, a 5mM stock of DBCO-sulfo-NHS-ester is prepared in phosphate buffer with a pH of 

about 8.5. At this concentration, the DBCO molecule requires an immobilization time of 1 hour. 

This methodology is slightly less preferable than the first as longer immobilization times provide 

more opportunity for the DBCO to degrade, and thus the signal is not as strong in this case. The 

strategy using the DBCO-sulfo-NHS-ester is shown in Figure 6.3. Using this approach produces a 

cysteamine m/z peak around 950 and an m/z value of 1265 for the DBCO surface. 
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Figure 6.3. Formation of a DBCO monolayer with cysteamine and DBCO-NHS-sulfo-ester. 

Commercially available cysteamine is dissolved and spotted to a maleimide-presenting surface for 

15-20 minutes. A DBCO-sulfo-NHS-ester is dissolved in DMSO and diluted 1:10 in phosphate 

buffer pH 8.5 to 5mM. The solution is immediately put on the surface and rinsed off after 1 to 1.5 

hour.  

 

In these experiments, the DBCO-sulfo-NHS-ester was also incubated with cysteamine first, 

prior to immobilization; however, while this method produces the same results, it is far less 

preferable as the DBCO-thiol stock is not stable, and the pH must be corrected from 7 to 8.5, prior 

to spotting to the surface. In both cases, longer immobilization times provides more time for the 

DBCO to degrade. Shorter immobilization times with higher concentrations of DBCO molecules 

also showed increased degradation of the molecules. In Figure 6.4, I show results from both of 

these approaches.  
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Figure 6.4. SAMDI-MS readout of an unreacted cysteamine-to-DBCO monolayer. The left 

spectrum shows results for the case that the maleimide monolayer is functionalized with 

cysteamine first and then DBCO. The right spectrum shows the case that the DBCO-sulfo-NHS-

ester are joined in solution first, and then allowed to react with the maleimide monolayer. In both 

cases, when analyzing the surface by MALDI, the DBCO monolayer is present at a m/z value of 

1265.  

 

Overall, the copper-free click immobilization strategies are able to successfully detect 

molecules using SAMDI; however, their use in high-throughput experiments may be cost 

prohibitive, as high concentrations are needed for fast immobilization times. Here I showed three 

strategies for functionalizing the surface with DBCO strained alkynes, that are useful for 

immobilizing azide-containing molecules in aqueous conditions. I also showed that it is quite easy 

to re-functionalize the surface with an amine to ligate molecules via the NHS-sulfo-ester amine 

ligation reaction, which may be helpful for functionalizing the surface with other chemistries. In 

any case, the side reactions of these molecules must be considered. Due to the instability of the 

DBCO monolayer, it is still preferable to employ a copper-click surface for immobilizing analytes, 

when appropriate. If possible, performing the click reaction in-solution first, sequestering the click 
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reagents, and then pulling down the molecules may be a better option for immobilizing molecules 

while preserving the surface.  
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Chapter 7 

Summary, Final Thoughts and Future Directions 

  
 For decades, the SAMDI-MS has been substantiated by its ability to characterize self-

assembled monolayers, which may be engineered to capture analytes and enable analysis of 

chemical and biological reactions, by MALDI mass spectrometry. By positioning the self-

assembled monolayers of alkane thiolates on a gold surface, resulting spectra are straightforward 

to interpret when only the semi-covalent bond is released in the mass spectrometer. Importantly, 

the surface of the monolayer can be modified to selectively capture samples from solution or 

immobilize samples for in situ reactions on the surface. These features, among many of the others 

discussed in chapter 1, has allowed the SAMDI-MS strategy to be used to develop high-

throughput, generalizable and creative solutions to solve challenges in a myriad of research fields. 

Building off of SAMDI’s ability to rapidly screen enzymatic reactions from cell lysates and 

iSAMDI’s ability to spatiotemporally separate and visualize reactions, this dissertation introduces 

new assays that advance both the fields of directed evolution and sequencing. 

 In chapter 2, I create a powerful strategy for screening combinatorial libraries of enzyme 

variants in high throughput for the directed evolution of enzyme activities. The SAMDI-based 

assay is used to evolve a catalyst for an important and highly-challenging biotransformation, both 

in the enzyme’s ability to catalyze the reaction and in the detection of the reaction products. 

Screening in high throughput remains a significant challenge in the field of directed evolution, 

especially for libraries of enzymes catalyzing non-natural reactions. Large-scale directed evolution 

campaigns can be infeasible due to the absence of a high-throughput screen or the extended time 

required to develop one. As a result, researchers can be forced to significantly reduce the sequence 

space they explore or discard the campaign altogether. By using self-assembled monolayers to 
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immobilize analytes of interest prior to mass spectrometric analysis, our immobilization strategy 

directly addresses this issue and has several advantages over current state of the art technologies. 

Selective immobilization of analytes allows for their direct analysis from very low volumes of 

cellular milieu without any purification. Additionally, our method is amenable to a variety of 

covalent capture strategies that make it generalizable outside of the specific reaction reported. 

Most importantly, because it is based on MALDI, it is inherently high-throughput. Thus, the 

method effectively stands to ameliorate the bottleneck in throughput for reactions that can be 

analyzed by MALDI and require a high-throughput screen. In this work, we reduced the time 

required for analysis by two orders of magnitude over prior techniques. As we can screen the 

activity of thousands of variants in a matter of hours relatively easily, we expect this technique to 

be applicable not only where high-throughput screens are otherwise impossible, but also to be 

broadly useful to members of the chemistry and biology communities that utilize directed 

evolution for small molecule synthesis where chromatographic screening methods have remained 

relatively ubiquitous. We anticipate that the throughput of this technique could be used to engineer 

the specificity of an enzyme for different substrates, evolve multiple enzyme reactions and reaction 

sites in unison, and may help in providing an understanding of why proteins evolved the way they 

did, but linking directed evolution to adaptive evolution. The technique may also find use in 

solving the next bottleneck in directed evolution, finding initial activity, as the SAMDI method is 

capable of discovering protein functions without needing to know what proteins do in advance. 

In chapter 4 I also present a new technique for spatially separating multiple sequential 

reactions between an enzyme and its substrate. The technique combines self-assembled 

monolayers to provide a solid support for peptides, exopeptidase digestion, microfluidic liquid 

control, MALDI analysis and imaging mass spectrometry via iSAMDI to sequence peptides. Use 
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of exopeptidase digestion over chemical methods allow for sequencing to take place under aqueous 

conditions that are compatible with the most common materials in microfluidic fabrication. The 

microfluidic device automates the device such that all reactions can take place in one continuous 

flow of experiments and its combination with self-assembled monolayers negates the need to 

manually quench and take sample fractions of the reaction over time. Rather, a record of all of the 

reactions over time are permanently recorded on a surface for analysis by mass spectrometry. 

When analyzing the surface reactions with iSAMDI, the resolution is only determined by the 

resolution of the mass spectrometer, and thus thousands of reaction time points are able to be 

generated across the course of the entire experiment. This provides a resolution necessary to 

distinguish residues based on the differences in catalytic activity enzymes have for them in 

addition to just their masses alone. This feature allows us to distinguish between isobaric residues 

such as the most common, leucine and isoleucine. In this study, we also expanded the use of 

SAMDI for profiling post translational modifying activity on peptides, by revealing the specificity 

profile of an exopeptidase. These experiments were useful for selecting a suitable peptide 

candidate to develop our sequencing system, but we anticipate the technique will be used to 

uncover profiles for a variety of exopeptidases to increase our understanding of their physiological 

rolls. 

With these contributions to different fields, I anticipate that research will be conducted at 

their intersection. Using the directed evolution screening methodology described in chapter 2, the 

ability of SAMDI to measure and profile the activities of enzymes on libraries of peptides 

containing hundreds of members as shown for a protease in chapter 4, it is now possible to engineer 

a protease to tailor its specificity for specific pairs of residues. This concept would be beneficial 
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for the evolution of non-specific exopeptidase for use in chapter 4 by expanding the platforms 

sequencing capability with a single enzyme.  
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Appendix 
 

Nucleotide and amino acid sequences 

All heme proteins disclosed below were cloned into a pET22b(+) vector. 

DNA and amino acid sequence of P411-CHF(P74T), a previously reported cytochrome P411 

variant which was used as the starting point for evolution: 

DNA Sequence: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTTACC

GTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATGAATTAGG

AGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTATCAAGTCAGCG

TCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGAGTTAAGTCAAACGCT

GAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCACAAGCTGGACGCATGAAAA

AAATTGGAAAAAAGCGCATAATATCTTACTTCCAAGCTTTAGTCAGCAGGCAATGA

AAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTTCAAAAGTGGGAGC

GTCTAAATGCAGATGAGCATATTGAAGTATCGGAAGACATGACACGTTTAACGCTTG

ATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGAGATCAGCC

TCATCCATTTATTATAAGTCTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGCA

GCGAGCAAATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAAG

ATATCAAGGTGATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAGG

GGTGAACAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAAC

GGGTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATGC

GGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAAAAA

TCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGTAGATCCTG

TTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTAAACGAA



121 
 

GCGCTGCGCTTATGGCCAACGGTTCCTTATTTTTCCCTATATGCAAAAGAAGATACG

GTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAAGTAATGGTTCTGATTCCT

CAGCTTCACCGTGATAAAACAGTTTGGGGAGACGATGTGGAGGAGTTCCGTCCAGA

GCGTTTTGAAAATCCAAGTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAACGG

TCAGCGTGCGTCTATCGGTCAGCAGTTCGCTCTTCATGAAGCAACGCTGGTACTTGG

TATGATGCTAAAACACTTTGACTTTGAAGATCATACAAACTACGAGCTCGATATTAA

AGAACTGCTTACGTTAAAACCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAAAA

TTCCGCTTGGCGGTATTCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACGCA

AAAAGGCAGAAAACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATATG

GGTACCGCTGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGATT

TGCACCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGAG

CTGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAAT

TTGTCGACTGGTTAGACCAAGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTACTCCG

TATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTGCCTGCTTTTA

TCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGACCGCGGTGAAGCA

GATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGCGTGAACATATGTGGAG

TGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAGATAATAAATCTAC

TCTTTCACTTCAATTTGTCGACAGCGCCGCGGATATGCCGCTTGCGAAAATGCACGG

TGCGTTTTCAACGCTCGAGCACCACCACCACCACCACTGA 
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Amino Acid Sequence: 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIK

EACDESRFDKELSQTLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQAMKGYHA

MMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFIISL

VRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLLT

QMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSFALYFLVKNPHVLQKVAEEA

ARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTVPYFSLYAKEDTVLGGEYPLEKGD

EVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNGQRASIGQQFALHEA

TLVLGMMLKHFDFEDHTNYELDIKELLTLKPKGFVVKAKSKKIPLGGIPSPSTEQSAKKV

RKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPREG

AVLIVTASYNGHPPDNAKQFVDWLDQASADEVKGVRYSVFGCGDKNWATTYQKVPAF

IDETLAAKGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDNKSTL

SLQFVDSAADMPLAKMHGAFSTLEHHHHHH* 

 

DNA and amino acid sequence of our final variant, an evolved C–H alkylation enzyme: 

DNA Sequence: 

ATGACAATTAAAGAAATGCCTCAGCCAAAAACGTTTGGAGAGCTTAAAAATTTACC

GTTATTAAACACAGATAAACCGGTTCAAGCTTTGATGAAAATTGCGGATGAATTAGG

AGAAATCTTTAAATTCGAGGCGCCTGGTCGTGTAACGCGCTACTTATCAAGTCAGCG

TCTAATTAAAGAAGCATGCGATGAATCACGCTTTGATAAAGAGTTAAGTCAAACGCT

GAAATTTCTGCGTGATTTTCTTGGAGACGGGTTAGCCACAAGCTGGACGCATGAAAA

AAATTGGAAAAAAGCGCATAATATCTTACTTCCAAGCTTTAGTCAGCAGGCAATGA

AAGGCTATCATGCGATGATGGTCGATATCGCCGTGCAGCTTGTTCAAAAGTGGGAGC
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GTCTAAATGCAGATGAGCACATTGAAGTATCGGAAGACATGACACGCTTAACGCTT

GATACAATTGGTCTTTGCGGCTTTAACTATCGCTTTAACAGCTTTTACCGAGATCAGC

CTCATCCATTTACTATAAGTCTGGTCCGTGCACTGGATGAAGTAATGAACAAGCTGC

AGCGAGCAAATCCAGACGACCCAGCTTATGATGAAAACAAGCGCCAGTTTCAAGAA

GATATCAAGGTGATGAACGACCTAGTAGATAAAATTATTGCAGATCGCAAAGCAAG

GGGTGAACAAAGCGATGATTTATTAACGCAGATGCTAAACGGAAAAGATCCAGAAA

CGGGTGAGCCGCTTGATGACGGGAACATTCGCTATCAAATTATTACATTCTTATATG

CGGGAGTTGAAGGTACAAGTGGTCTTTTATCATTTGCGCTGTATTTCTTAGTGAAAA

ATCCACATGTATTACAAAAAGTAGCAGAAGAAGCAGCACGAGTTCTAGTAGATCCT

GTTCCAAGCTACAAACAAGTCAAACAGCTTAAATATGTCGGCATGGTCTTAAACGA

AGCGCTGCGCTTATGGCCAACGGTTCCTTATTTTTCCCTATATGCGAAAGAAGATAC

GGTGCTTGGAGGAGAATATCCTTTAGAAAAAGGCGACGAAGTAATGGTTCTGATTC

CTCAGCTTCACCGTGATAAAACAGTTTGGGGAGACGATGTGGAGGAGTTCCGTCCA

GAGCGTTTTGAAAATCCAAGTGCGATTCCGCAGCATGCGTTTAAACCGTTTGGAAAC

GGTCAGCGTGCGTCTATCGGTCAGCAGTTCGCTCTTCATGAAGCAACGCTGGTACTT

GGTATGATGCTAAAACACTTTGACTTTGAAGATCATACAAACTACGAGCTCGATATT

AAAGAACTGCTTACGTTAAAACCTAAAGGCTTTGTGGTAAAAGCAAAATCGAAAAA

AATTCCGCTTGGCGGTATTCCTTCACCTAGCACTGAACAGTCTGCTAAAAAAGTACG

CAAAAAGGCAGAAAACGCTCATAATACGCCGCTGCTTGTGCTATACGGTTCAAATAT

GGGTACCGCTGAAGGAACGGCGCGTGATTTAGCAGATATTGCAATGAGCAAAGGAT

TTGCACCGCAGGTCGCAACGCTTGATTCACACGCCGGAAATCTTCCGCGCGAAGGA

GCTGTATTAATTGTAACGGCGTCTTATAACGGTCATCCGCCTGATAACGCAAAGCAA

TTTGTCGACTGGTTAGACCATGCGTCTGCTGATGAAGTAAAAGGCGTTCGCTACTCC
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GTATTTGGATGCGGCGATAAAAACTGGGCTACTACGTATCAAAAAGTGCCTGCTTTT

ATCGATGAAACGCTTGCCGCTAAAGGGGCAGAAAACATCGCTGACCGCGGTGAAGC

AGATGCAAGCGACGACTTTGAAGGCACATATGAAGAATGGCGTGAACATATGTGGA

GTGACGTAGCAGCCTACTTTAACCTCGACATTGAAAACAGTGAAGATAATTAA 

 

Amino Acid Sequence: 

MTIKEMPQPKTFGELKNLPLLNTDKPVQALMKIADELGEIFKFEAPGRVTRYLSSQRLIK

EACDESRFDKELSQTLKFLRDFLGDGLATSWTHEKNWKKAHNILLPSFSQQAMKGYHA

MMVDIAVQLVQKWERLNADEHIEVSEDMTRLTLDTIGLCGFNYRFNSFYRDQPHPFTIS

LVRALDEVMNKLQRANPDDPAYDENKRQFQEDIKVMNDLVDKIIADRKARGEQSDDLL

TQMLNGKDPETGEPLDDGNIRYQIITFLYAGVEGTSGLLSFALYFLVKNPHVLQKVAEE

AARVLVDPVPSYKQVKQLKYVGMVLNEALRLWPTVPYFSLYAKEDTVLGGEYPLEKG

DEVMVLIPQLHRDKTVWGDDVEEFRPERFENPSAIPQHAFKPFGNGQRASIGQQFALHE

ATLVLGMMLKHFDFEDHTNYELDIKELLTLKPKGFVVKAKSKKIPLGGIPSPSTEQSAKK

VRKKAENAHNTPLLVLYGSNMGTAEGTARDLADIAMSKGFAPQVATLDSHAGNLPRE

GAVLIVTASYNGHPPDNAKQFVDWLDHASADEVKGVRYSVFGCGDKNWATTYQKVP

AFIDETLAAKGAENIADRGEADASDDFEGTYEEWREHMWSDVAAYFNLDIENSEDN 
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Chemical synthesis and characterization 

 

General Procedure A: Methylation of alcohols  

To a 250 mL round bottom flask was added NaH (60% dispersion in mineral oil, 15–30 mmol, 

1.2–1.5 equiv.). The flask was evacuated and filled with argon (3 times). Anhydrous THF (45–80 

mL) was added by syringe and the reaction mixture was cooled to 0 °C in an ice bath. Alcohol 

(10–20 mmol, 1.0 equiv.) in THF (5–10 mL) was added dropwise and the reaction mixture was 

allowed to warm to room temperature and stirred for 30 minutes. Following, iodomethane (20–

40 mmol, 2.0 equiv.) in THF (10 mL) was added and the reaction was stirred at room 

temperature (8–15 hours). The reaction was quenched by the addition of brine (60 mL) or NH4Cl 

(sat. aq., 60 mL) and the phases were separated. The aqueous layer was extracted with diethyl 

ether (3 × 60 mL); the combined organics were washed with aq. sodium thiosulfate (10% w/v, 50 

mL, when necessary), dried over Na2SO4 and concentrated under reduced pressure. Purification 

by silica column chromatography with hexanes / ethyl acetate or pentane / diethyl ether afforded 

compounds the desired products in 45–60% yield. 

 

General Procedure B: Thioacetate Tagging of alkyl bromines  

To a 100 mL round bottom flask was added alkyl bromide (1-10 mmol, 1 equiv.) in acetone (10-

50 mL). Potassium thioacetate (6-60 mmol, 6.0 equiv.) in acetone was added and the reaction 

mixture was stirred for up two days until the bromide was fully consumed as indicated by TLC. 

Solvent was removed under reduced pressure and crude product was purified by silica column 

chromatography (hexanes / ethyl acetate) afforded the desired products in 95–99% yield. 

 

(E)-S-(7-methoxyhept-5-en-1-yl) ethanethioate 
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To a 100 mL flamed dried flask was added Grubbs’ catalyst 2nd generation (85 mg, 1 mol%). 

The flask was then evacuated and backfilled with argon three times. Under argon, a dry CH2Cl2 

solution containing 6-bromo-1-hexene (1.63 g, 10 mmol, 1.0 equiv.) and crotonaldehyde (3.50 g, 

50 mmol, 5.0 equiv.) was added to the flask. The mixture was stirred under 

reflux for 20 hours and then cooled to room temperature and filtered through a 

silica plug. The solvent was removed under reduced pressure and the crude 

product was purified by flash chromatography (hexanes / ethyl acetate) to give (E)-7-bromohept-

2-enal (1.6 g, 84% yield). This product was then dissolved in 10 mL dry THF and then added 

slowly to a suspension of NaBH4 (375 mg, 10 mmol, 1.0 equiv.) in dry THF (10 mL) at 0 °C. To 

this reaction mixture, iodine (1.27 g, 5 mmol, 0.5 equiv.) in 10 mL of THF was slowly added at 0 

°C. Reaction was stirred until the aldehyde was fully reduced as indicated by TLC. The reaction 

was quenched with NH4Cl (sat. aq.), the phases were separated, and the aqueous phase was 

extracted with ethyl acetate (3 × 20 mL). The combined organic layers were washed with brine 

and dried over Na2SO4. The solvent was removed under reduced pressure and the crude alcohol 

product was used directly without purification. General Procedure A was used for the 

methylation step and General Procedure B was used for the thioacetate tagging. The final 

product was obtained with 50% overall yield (1.01g, 5 mmol).  

 1H NMR (400 MHz, Chloroform-d) δ 5.67 (dtt, J = 15.4, 6.5, 1.1 Hz, 1H), 5.54 (dtt, J = 15.4, 

6.1, 1.3 Hz, 1H), 3.85 (dq, J = 6.0, 1.0 Hz, 2H), 3.31 (s, 3H), 2.86 (t, J = 7.2 Hz, 2H), 2.32 (s, 

3H), 2.06 (tdq, J = 7.5, 6.6, 1.1 Hz, 2H), 1.64 – 1.53 (m, 2H), 1.53 – 1.39 (m, 2H). 13C NMR 

(101 MHz, CDCl3) δ 195.98, 134.03, 126.66, 77.36, 77.04, 76.72, 73.18, 57.75, 31.75, 30.65, 

29.02, 28.95, 28.17. HRMS (EI) m/z: 202.1031 (M+ ˙); calc. for C10H18SO2: 202.1028. 
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(E)-1-Methoxyoct-2-ene 

Prepared from (E)-oct-2-en-1-ol using General Procedure A. This compound is known in the 

literature6. 1H NMR (400 MHz, CDCl3) δ 5.70 (dtt, J = 15.6, 6.6, 1.2 Hz, 1H), 

5.54 (dtt, J = 15.3, 6.2, 1.4 Hz, 1H), 3.86 (dq, J = 6.2, 1.0 Hz, 2H), 3.31 (s, 3H), 

2.08 – 1.99 (m, 2H), 1.43 – 1.34 (m, 2H), 1.34 – 1.21 (m, 4H), 0.88 (t, J = 7.0 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 135.2, 126.1, 73.5, 57.8, 32.4, 31.5, 28.9, 22.7, 14.2. 

 

1-(Methoxymethyl)-4-methylbenzene  

Prepared from p-tolylmethanol using General Procedure A. This compound is known in the 

literature6. 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 8.0 Hz, 2H), 7.17 (d, 

J = 7.9 Hz, 2H), 4.43 (s, 2H), 3.37 (s, 3H), 2.35 (s, 3H). 

 

Ethyl (E)-9-(acetylthio)-3-methoxynon-4-enoate 

To a 100 mL flamed dried flask was added Grubbs’ catalyst 2nd generation (85 mg, 1 mol%). 

The flask was then evacuated and backfilled with argon three times. Under argon, a dry CH2Cl2 

solution containing 6-bromo-1-hexene (1.63 g, 10 mmol, 1.0 equiv.) and crotonaldehyde (3.50 g, 

50 mmol, 5.0 equiv.) was added to the flask. The mixture was stirred under reflux for 20 hours 

and then cooled to room temperature and filtered through a silica plug. The solvent was removed 

under reduced pressure and the crude product was purified by flash chromatography (hexanes / 

ethyl acetate) to give (E)-7-bromohept-2-enal (1.6 g, 84% yield).  

In a dry 100 mL round bottom flask, under argon, a solution of diisopropylamine (3.3 mmol, 1.1 

equiv.) in THF (15 mL) was cooled to -78 °C and kept at this temperature for the remainder of 

the reaction. n-Butyllithium (3.3 mmol, 1.1 equiv., 1.6 or 2.5 M in hexanes) was added dropwise 
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and the resulting mixture was stirred for 15-30 min. Ethyl acetate (3 mmol, 1.0 equiv.) was 

added dropwise and the mixture was stirred for an additional 30-45 min. Then, neat aldehyde 

(3.3 mmol, 1.1 equiv.) was added slowly and the solution was stirred for a further 3 hours. The 

reaction mixture was quenched at -78 °C by the addition of NH4Cl (sat. aq., 30 mL) and allowed 

to thaw to room temperature. Phases were separated and the aqueous phase was extracted with 

ethyl acetate or diethyl ether (3 × 20–30 mL). The combined organics were washed with NH4Cl 

(sat. aq., 2 × 10–15 mL), brine (10 mL), dried over Na2SO4 and concentrated under reduced 

pressure. Purification by silica column chromatography with hexanes / ethyl acetate afforded the 

desired aldol adducts in 75% yield. General Procedure A was used for the methylation step and 

General Procedure B was used for the thioacetate tagging. The final product was obtained with 

40% overall yield (1.15g, 4 mmol). 

1H NMR (400 MHz, Chloroform-d) δ 5.68 (dtd, J = 15.4, 6.8, 0.8 Hz, 1H), 5.31 

(ddt, J = 15.4, 8.1, 1.4 Hz, 1H), 4.14 (qd, J = 7.1, 0.7 Hz, 2H), 3.97 (tdd, J = 

8.1, 5.5, 0.8 Hz, 1H), 3.25 (s, 3H), 2.86 (t, J = 7.2 Hz, 2H), 2.59 (dd, J = 14.9, 

8.1 Hz, 1H), 2.42 (dd, J = 15.0, 5.5 Hz, 1H), 2.32 (s, 3H), 2.16 – 2.00 (m, 2H), 

1.64 – 1.53 (m, 3H), 1.53 – 1.39 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) 

δ 195.93, 171.04, 134.44, 129.21, 78.73, 77.34, 77.03, 76.71, 60.46, 56.16, 41.34, 31.61, 30.66, 

28.99, 28.90, 28.16, 14.25. HRMS (EI) m/z: 288.1388 (M+ ˙); calc. for C14H24SO4: 288.1395. 

 

 

 

 



129 
 

Small scale enzymatic reactions and product calibration curve. Enzymatic reactions performed 

on analytical scale were conducted following the general procedure described below, also 

described in Section I (H). Product formation was quantified by GC based on the calibration 

curve of the chemically synthesized compound. TTN is defined as the amount of product divided 

by total heme protein as measured by the hemochrome assay (Section I (G)). Analysis data 

presented in this section are for results shown in Fig. 3 of the main text.  

General procedure for biotransformations using whole E. coli cells. Suspensions of E. coli 

expressing the appropriate heme protein variant in M9-N buffer (OD600 = 30) were degassed by 

bubbling with argon in sealed vials for at least 40 minutes; the cells were kept on ice during this 

time. Separately, a solution of D-glucose (250 mM in M9-N) was degassed by sparging with 

argon for at least 30 minutes. To a 2 mL vial was added a suspension of E. coli expressing heme 

protein (OD600 = 1, 390 µL) in M9-N with glucose. In the anaerobic chamber, alkane substrate 

(5 µL of 400 mM stock solution in EtOH), and ethyl diazoacetate (5 µL of 400 mM stock 

solution in EtOH) were added in the listed order. Final reaction volume was 400 µL; final 

concentrations were 5 mM alkane substrate, 5 mM ethyl diazoacetate, and 30 mM D-glucose. 

The vials were sealed and shaken at room temperature and 500 rpm for 18 hours in the anaerobic 

chamber. The expression of heme protein was measured using the hemochrome assay (Section I 

(G)), and the concentration of heme protein in the biotransformation was calculated accordingly.  

Reactions in figure S7 were run at OD30 with 10 mM of each reactant, and the volumes of each 

part were adjusted to maintain the concentrations of each other reaction constituent. 

 

Reaction workup for quantitative GC analysis. Internal standard 1,3,5-trimethoxybenzene (20 µL 

of 20 mM stock solution in cyclohexane) was added to the reaction vial followed by mixed 
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solvent (cyclohexane / ethyl acetate = 1 : 1, 600 µL). The mixture was transferred to a 1.5 mL 

microcentrifuge tube, vortexed (10 seconds, 3 times), and centrifuged (20,000 × g, 5 minutes) to 

completely separate the organic and aqueous layers. The organic layer was taken for GC 

analysis.  

 

GC calibration curve preparation. Stock solutions of chemically synthesized products at various 

concentrations (0.2 to 200 mM in EtOH) were prepared. To a microcentrifuge tube were added 

360 µL M9-N buffer, 20 µL product stock solution, 20 µL internal standard (20 mM 1,3,5-

trimethoxybenzene in cyclohexane), and 600 µL mixed solvent system (cyclohexane : ethyl 

acetate = 1:1). The mixture was vortexed (10 seconds, 3 times) then centrifuged (20,000 × g, 5 

min) to completely separate the organic and aqueous layers. The organic layer was removed for 

GC analysis. The standard curves plot product concentration in mM (y-axis) against the ratio of 

product area to internal standard area on the GC (x-axis). 

 

 

Ethyl (E)-9-(acetylthio)-3-methoxynon-4-enoate 

GC calibration curve with 1,3,5-trimethoxybenzene as internal standard (IS) 
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Determination of enantioselectivity 

 

Enantioselectivity of the enzymatic C–H alkylation product was determined by chiral GC 

analysis. A representative trace, and conditions, are shown below. The absolute configuration of 

the synthesized product was assigned to be (S) by analogy to the chiral GC separation of Ethyl 

(E)-3-methoxydec-4-enoate reported in the literature.4 

 

Ethyl (E)-9-(acetylthio)-3-methoxynon-4-enoate 

Cyclosil-B column: 140 °C  
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NMR Spectra 

 

 

 

Retention Time (min) Area (mAu*s) Area % Retention Time (min) Area (mAu*s) Area %

245.014 3718.4 50.505 244.894 83.8 9.253
245.254 3644.2 49.495 245.168 821.4 90.747

Total 7362.6 100 Total 905.2 100

Retention Time (min) Area (mAu*s) Area % Retention Time (min) Area (mAu*s) Area %

244.886 106.1 8.676 244.889 152.4 8.739
245.17 1116.6 91.324 245.171 1591.1 91.261

Total 1222.7 100 Total 1743.5 100

rac P411-CHF +P74T

P411-CHF +P74T + I174T +Q553H P411-CHF +P74T + I174T +Q553H +K639*
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Supplementary Figures: 

 

 

 

Figure S1a: Scatterplot of screening results from Figure 3.3 inclusive of an additional variant that 

was subsequently identified as a false positive by GCMS (Figure S1b). Data was collected via 

GCMS and SAMDI from a library of 70 mutants using P411-CHF(P74T) as the parent and 400 

µM MnCl2 during epPCR comparing product to remaining substrate. Values were calculated as a 

fraction of product over the total of the remaining starting material and product formed. 

Correlation was determined using least squares linear regression. Here a slope of 2.5 shows that the 

SAMDI and GC methods do not give the same uncalibrated measurement of yield, and is likely 

due to different ionization efficiencies of the reaction products. We have, however, verified that the 

SAMDI method does provide a quantitative measure of yield and allows identification of top 

variants and perform evolution. 
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Figure S1b: Correlations of variants collected on GCMS from the random mutagenesis in Figure 

S1a library using P411-CHF(P74T) as the parent and 400 µM MnCl2 during epPCR comparing 

product to remaining substrate with product concentration corrected by an internal standard. Data 

showed good correlation for most points; however, this direct comparison reveals a point (red) to 

be a false positive hit when only considering product and remaining substrate. Parent controls are 

shown in black and negative controls in white. 
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Gen. Percent Yield Fold Improvement Mutation TTN 

0 2.44% -- -- 637 

1 4.46% 1.83 I174T Q553H 1107 

2 6.28% 1.4 K639* 1310 

 

Figure S2. Beneficial mutations discovered by SAMDI. Due to the large number of variants 

screened, other improved variants were identified in the course of this study with lower fold-

improvement, however only the top variant from each round was chosen and characterized more 

rigorously. 
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Figure S3. Reproducibility in the SAMDI method. Using SAMDI, a whole-cell reaction with 

thioacetate-tagged 1-methoxyhept-2-ene was deprotected and spotted 380 times on a SAMDI 

plate, without prior purification or centrifugation. 10 mL of reaction was conducted from 1 

colony and 10 mM substrate at 25 ℃ for 24hours. Negative controls using P411-TrpB are 

located in rows D and L, columns 6 and 18. A standard deviation of 2.3% was found on an 

average yield of 27%, indicating the assay is able to discern active wells from non-active wells 

sufficiently. From these data, we subsequently calculated the resolving power of the technique 

using the m/z values for each peak and the average resolution output by the instrument. Here we 

found a value of 0.1 m/z, indicating the method’s applicability to transformations of minute 

changes in mass.  
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Figure S4. Results of screening a plate of the same clone to show the assay’s variability. 

Measurement of P411-CHF(P74T) activity with thioacetate-tagged 1-methoxyhept-2-ene in a 96-

deepwell format. 1 mL of expressed cells was centrifuged and resuspended in 0.4 mL M9-N with 

10 mM substrate at 22 ℃ for 24 hours. Negative controls with no cells are located in rows A and 

H, columns 1 and 12. Each data point represents a separate reaction using a different clone from 

the same enzyme. Each reaction was deprotected and spotted in quadruplicates to SAMDI plates, 

without prior purification or centrifugation and averaged to give each data point. All values are 

then averaged. A coefficient of variation of 14% was found on an average yield of 48%, 

indicating the assay’s reproducibility in screening. An increase in variability outside of the 

SAMDI technique is expected here as a result of differences in expression and all experimental 

errors. 
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MATLAB Relative Abundance Code 

%USER INPUTS 
  
%USER: enter filenames (format: 'NAME.txt') 
substrate = ['MLASGC.txt']; 
product1 =  [ 'LASGC.txt']; 
product2 =  [  'ASGC.txt']; 
product3 =  [   'SGC.txt']; 
product4 =  [    'GC.txt']; 
product5 =  [     'C.txt']; 
internalstandard = ['EG3.txt']; 
noise = ['noise.txt']; %I choose to export values at m/z=1700. 
  
  
time_vector_factor =        ; % = time/data points 
  
%USER: enter maximum values (format: VALUE) 
substrate_max = 1; 
product1_max = 1; 
product2_max =1; 
product3_max =1; 
product4_max =1; 
product5_max =1; 
internalstandard_max = 1; 
  
%% Internal Standard 
  
%calldata 
data = importdata(internalstandard); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
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block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
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            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
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        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
internalstandard_vec = data_store; 
internalstandard_stdev = STDDEV; 
%%  
  
%% Noise 
  
%calldata 
data = importdata(noise); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
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blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
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            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
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        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
noise_vec = data_store; 
noise_stdev = STDDEV; 
  
%% Product 1 
  
%calldata 
data = importdata(product1); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 



148 
 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
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        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
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        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
product1_vec = data_store; 
product1_stdev = STDDEV; 
%% Product 2 
  
%calldata 
data = importdata(product2); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
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        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
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        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
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             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
product2_vec = data_store; 
product2_stdev = STDDEV; 
%% 
%% Product 3 
  
%calldata 
data = importdata(product3); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
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        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
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        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
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             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
product3_vec = data_store; 
product3_stdev = STDDEV; 
%% 
%% Product 4 
  
%calldata 
data = importdata(product4); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
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        blocks = [blocks; block]; 
        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
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    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
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        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
product4_vec = data_store; 
product4_stdev = STDDEV; 
  
%%  
%% Product 5 
  
%calldata 
data = importdata(product5); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
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        block = 1; 
    end 
    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
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    %for 2, 6, 10 (organize by y-val, descending) 
   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
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        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
product5_vec = data_store; 
product5_stdev = STDDEV; 
%% 
%% substrate  
  
%calldata 
data = importdata(substrate); 
lengthvar = length(data.textdata(:,1)); 
  
xpos = data.textdata(4:lengthvar,4); 
ypos = data.textdata(4:lengthvar,5); 
values = data.textdata(4:lengthvar,2); 
xpos2 = zeros(lengthvar-3,1); 
for i = 1:lengthvar-4 
    str = cell2mat(xpos(i)); 
    if strlength(str) ~= 4 
        str = strcat(num2str(0),str); 
        xpos(i) = mat2cell(str,1); 
    end 
    num = str2num(str); 
    xpos2(i) = num; 
end 
xpos = xpos2; 
ypos = cell2mat(ypos); 
ypos = str2num(ypos); 
values = cell2mat(values); 
values = str2num(values); 
  
tbl = table(xpos,ypos,values); 
  
%sort by x-val 
tbl = sortrows(tbl,'xpos'); 
xpos = tbl{:,1}; 
  
%remove bad data 
for l = 1:size(tbl,1) 
    if xpos(l) == 0 
        tbl(l,:) = []; 
    end 
end 
  
xpos = tbl{:,1}; 
ypos = tbl{:,2}; 
values = tbl{:,3}; 
  
%%  
  
block = 1; 
blocks = []; 
index = 0; 
indices = []; 
for j = 1:lengthvar-5 
    if xpos(j) == xpos(j+1) 
        block = block + 1; 
    else 
        index = j; 
        indices = [indices;index]; 
        blocks = [blocks; block]; 
        block = 1; 
    end 
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    blockmat = [blocks, indices]; 
end 
%%  
  
threshold_main = 4; 
threshold_small = 14; 
ROIs = []; 
ind_ROIs = []; 
for k = 1:size(blocks,1)-1 
    if (abs(blocks(k) - blocks(k+1)) > threshold_main)  
            if blocks(k) < threshold_small | blocks(k+1) < threshold_small 
            ROI = indices(k); 
            ROIs = [ROIs, ROI]; 
            ind_ROIs = [ind_ROIs, k]; 
        end 
    end 
end 
  
if ROIs(1) ~= 0 
    ROIs = [0,ROIs]; 
end 
  
if ind_ROIs(1) ~= 0 
    ind_ROIs = [0,ind_ROIs]; 
end 
  
%sort into types of code, 1-4 
  
data_store = []; 
sd_store = []; 
for m = 1:size(ROIs,2)-1 
    %for 1, 3, 5 etc. - horizonal, avg over x-val  
    section_indices = []; 
    if rem(m,2) == 1 
        avgs = zeros(1,size(section_indices,2)); 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'xpos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
         
        %define # of data points for each x-val 
        sz_ind = ind_ROIs(m+1) - ind_ROIs(m); 
        section_indices = zeros(1,sz_ind); 
        for p = 1:ind_ROIs(m+1) - ind_ROIs(m) 
            section_indices(p) = blockmat(p+ind_ROIs(m),1); 
        end 
        section_indices = [0,section_indices]; 
        %%  
         
        %avg values of all data points at each x-val 
        for n = 1:size(section_indices,2)-1 
            starting_index = sum(section_indices(2:n))+1; 
            ending_index = sum(section_indices(2:n+1)); 
            values_vec = sec_values(starting_index:ending_index); 
            sum_section = sum(values_vec); 
            avgs(n) = sum_section/section_indices(n+1); 
            std_dev(n) = std(values_vec); 
        end 
        %added 
        avgs = flip(avgs); 
        % 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
    end 
     
    %for 2, 6, 10 (organize by y-val, descending) 
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   if rem(m,4) == 2 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
      
     %for 4, 8, 12 (organize by y-val, ascending 
      if rem(m,4) == 0 
        avgs = []; 
         
        %take out just the data for this section 
        section_data = tbl((ROIs(m)+1):(ROIs(m+1)),:); 
        section_data = sortrows(section_data, 'ypos', 'descend'); 
        sec_xpos = section_data{:,1}; 
        sec_ypos = section_data{:,2}; 
        sec_values = section_data{:,3}; 
        %%  
        %create indices (# of data points for each y-val) 
        inds_y = []; 
        i_y = 1; 
        for n = 1:size(sec_ypos,1)-1 
            if sec_ypos(n) == sec_ypos(n+1) 
                i_y = i_y + 1; 
            else 
                inds_y = [inds_y, i_y]; 
                i_y = 1; 
            end 
        end 
        section_indices = [0,inds_y]; 
         
        for n = 1:size(section_indices,2)-1 
             starting_index = sum(section_indices(2:n))+1; 
             ending_index = sum(section_indices(2:n+1)); 
             values_vec = sec_values(starting_index:ending_index); 
             sum_section = sum(values_vec); 
             avgs(n) = sum_section/section_indices(n+1); 
             std_dev(n) = std(values_vec); 
        end 
        std_dev = rmmissing(std_dev); 
        avg_sd = sum(std_dev)/length(std_dev); 
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        data_store = [data_store; avgs']; 
        sd_store = [sd_store; avg_sd]; 
      end 
end 
  
x = [1:size(data_store,1)]; 
x = x.*1.5; 
STDDEV = sum(sd_store)/length(sd_store); 
  
substrate_vec = data_store; 
substrate_stdev = STDDEV; 
%% 
%% Plot data 
  
%create time vector, normalize data vectors 
x = [1:size(data_store,1)-4]; 
x = x*time_vector_factor; 
  
substrate_vec = substrate_max * substrate_vec; 
product1_vec = product1_max * product1_vec; 
product2_vec = product2_max * product2_vec; 
product3_vec = product3_max * product3_vec; 
product4_vec = product4_max * product4_vec; 
product5_vec = product5_max * product5_vec; 
internalstandard_vec = internalstandard_max * internalstandard_vec; 
  
% subtracting noise 
avg_noise = mean(noise_vec); 
  
substrate_vec = substrate_vec - avg_noise; 
product1_vec = product1_vec - avg_noise; 
product2_vec = product2_vec - avg_noise; 
product3_vec = product3_vec - avg_noise; 
product4_vec = product4_vec - avg_noise; 
product5_vec = product5_vec - avg_noise; 
internalstandard_vec = internalstandard_vec - avg_noise; 
  
%This removes the first 4 rows of data points. I don't know why this is 
%here but the code doesn't work without it. 
substrate_vec = substrate_vec(5:length(substrate_vec)); 
product1_vec = product1_vec(5:length(product1_vec)); 
product2_vec = product2_vec(5:length(product2_vec)); 
product3_vec = product3_vec(5:length(product3_vec)); 
product4_vec = product4_vec(5:length(product4_vec)); 
product5_vec = product5_vec(5:length(product5_vec)); 
internalstandard_vec = internalstandard_vec(5:length(internalstandard_vec)); 
  
% normalizing the points to the EG3 peak 
substrate_norm = substrate_vec./(internalstandard_vec+substrate_vec); 
prod1_norm = product1_vec./(internalstandard_vec+product1_vec); 
prod2_norm = product2_vec./(internalstandard_vec+product2_vec); 
prod3_norm = product3_vec./(internalstandard_vec+product3_vec); 
prod4_norm = product4_vec./(internalstandard_vec+product4_vec); 
prod5_norm = product5_vec./(internalstandard_vec+product5_vec); 
  
  
  
%% Plot raw + normalized data 
  
% raw data 
figure(1) 
plot(x,substrate_vec,'.','Color',[0.67,0,0]); 
title({'Raw Data: Substrate'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(2) 
plot(x,product1_vec,'.','Color',[0,0.67,0]); 
title({'Raw Data: Product 1'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
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figure(3) 
plot(x,product2_vec,'.','Color',[0,0,0.67]); 
title({'Raw Data: Product 2'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(4) 
plot(x,product3_vec,'.','Color',[0.67,0.33,0]); 
title({'Raw Data: Product 3'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(5) 
plot(x,product4_vec,'.','Color',[0,0.67,0.33]); 
title({'Raw Data: Product 4'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(6) 
plot(x,product5_vec,'.','Color',[0.33,0,0.67]); 
title({'Raw Data: Product 5'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(7) 
plot(x,internalstandard_vec,'.','Color','r'); 
title({'Raw Data: Internal Standard'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('AUC','fontsize',20); 
  
figure(8) 
hold on 
plot(x,substrate_vec,'.','Color',[0.67,0,0]) 
plot(x,product1_vec,'.','Color',[0,0.67,0]) 
plot(x,product2_vec,'.','Color',[0,0,0.67]) 
plot(x,product3_vec,'.','Color',[0.67,0.33,0]) 
plot(x,product4_vec,'.','Color',[0,0.67,0.33]) 
plot(x,product5_vec,'.','Color',[0.33,0,0.67]) 
title({'Raw Data: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
  
%% Smoothed plot (not normalized) 
  
smoothed_substrate = smooth(substrate_vec,0.25); 
smoothed_prod1 = smooth(product1_vec,0.25); 
smoothed_prod2 = smooth(product2_vec,0.25); 
smoothed_prod3 = smooth(product3_vec,0.25); 
smoothed_prod4 = smooth(product4_vec,0.25); 
smoothed_prod5 = smooth(product5_vec,0.25); 
  
figure(9) 
hold on 
plot(x,smoothed_substrate,'.','Color',[0.67,0,0]) 
plot(x,smoothed_prod1,'.','Color',[0,0.67,0]) 
plot(x,smoothed_prod2,'.','Color',[0,0,0.67]) 
plot(x,smoothed_prod3,'.','Color',[0.67,0.33,0]) 
plot(x,smoothed_prod4,'.','Color',[0,0.67,0.33]) 
plot(x,smoothed_prod5,'.','Color',[0.33,0,0.67]) 
title({'Raw Smooth Data: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
  
%% normalized data 
figure(10) 
plot(x,substrate_norm,'.','Color',[0.67,0,0]); 
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title({'Normalized Data: Substrate'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(11) 
plot(x,prod1_norm,'.','Color',[0,0.67,0]); 
title({'Normalized Data: Product 1'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(12) 
plot(x,prod2_norm,'.','Color',[0,0,0.67]); 
title({'Normalized Data: Product 2'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(13) 
plot(x,prod3_norm,'.','Color',[0.67,0.33,0]); 
title({'Normalized Data: Product 3'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(14) 
plot(x,prod4_norm,'.','Color',[0,0.67,0.33]); 
title({'Normalized Data: Product 4'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(15) 
plot(x,prod5_norm,'.','Color',[0.33,0,0.67]); 
title({'Normalized Data: Product 5'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
  
figure(16) 
hold on 
plot(x,substrate_norm,'.','Color',[0.67,0,0]) 
plot(x,prod1_norm,'.','Color',[0,0.67,0]) 
plot(x,prod2_norm,'.','Color',[0,0,0.67]) 
plot(x,prod3_norm,'.','Color',[0.67,0.33,0]) 
plot(x,prod4_norm,'.','Color',[0,0.67,0.33]) 
plot(x,prod5_norm,'.','Color',[0.33,0,0.67]) 
title({'Normalized Data: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
  
%% Smoothed plot 
  
smoothed_substrate = smooth(substrate_norm,0.25); 
smoothed_prod1 = smooth(prod1_norm,0.25); 
smoothed_prod2 = smooth(prod2_norm,0.25); 
smoothed_prod3 = smooth(prod3_norm,0.25); 
smoothed_prod4 = smooth(prod4_norm,0.25); 
smoothed_prod5 = smooth(prod5_norm,0.25); 
  
figure(17) 
hold on 
plot(x,smoothed_substrate,'.','Color',[0.67,0,0]) 
plot(x,smoothed_prod1,'.','Color',[0,0.67,0]) 
plot(x,smoothed_prod2,'.','Color',[0,0,0.67]) 
plot(x,smoothed_prod3,'.','Color',[0.67,0.33,0]) 
plot(x,smoothed_prod4,'.','Color',[0,0.67,0.33]) 
plot(x,smoothed_prod5,'.','Color',[0.33,0,0.67]) 
title({'Normalized Data: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
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%% 
%% 
%% SimBiology Data Processing 
  
%removing front and back end periodicity 
vector_length = length(smoothed_substrate); 
three_percent_vector_length = 0.03*vector_length; 
three_percent_vector_length = round(three_percent_vector_length) 
  
cut_substrate = substrate_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
cut_prod1 = prod1_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
cut_prod2 = prod2_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
cut_prod3 = prod3_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
cut_prod4 = prod4_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
cut_prod5 = prod5_norm(three_percent_vector_length+1:end-three_percent_vector_length); 
  
cut_smoothed_substrate = smoothed_substrate(three_percent_vector_length+1:end-
three_percent_vector_length); 
cut_smoothed_prod1 = smoothed_prod1(three_percent_vector_length+1:end-
three_percent_vector_length); 
cut_smoothed_prod2 = smoothed_prod2(three_percent_vector_length+1:end-
three_percent_vector_length); 
cut_smoothed_prod3 = smoothed_prod3(three_percent_vector_length+1:end-
three_percent_vector_length); 
cut_smoothed_prod4 = smoothed_prod4(three_percent_vector_length+1:end-
three_percent_vector_length); 
cut_smoothed_prod5 = smoothed_prod5(three_percent_vector_length+1:end-
three_percent_vector_length); 
  
cutx = x(three_percent_vector_length+1:end-three_percent_vector_length); 
  
figure(18) 
hold on 
plot(cutx,cut_smoothed_substrate,'.','Color',[0.67,0,0]) 
plot(cutx,cut_smoothed_prod1,'.','Color',[0,0.67,0]) 
plot(cutx,cut_smoothed_prod2,'.','Color',[0,0,0.67]) 
plot(cutx,cut_smoothed_prod3,'.','Color',[0.67,0.33,0]) 
plot(cutx,cut_smoothed_prod4,'.','Color',[0,0.67,0.33]) 
plot(cutx,cut_smoothed_prod5,'.','Color',[0.33,0,0.67]) 
title({'Cut Data Smoothed: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
  
figure(19) 
hold on 
plot(cutx,cut_substrate,'.','Color',[0.67,0,0]) 
plot(cutx,cut_prod1,'.','Color',[0,0.67,0]) 
plot(cutx,cut_prod2,'.','Color',[0,0,0.67]) 
plot(cutx,cut_prod3,'.','Color',[0.67,0.33,0]) 
plot(cutx,cut_prod4,'.','Color',[0,0.67,0.33]) 
plot(cutx,cut_prod5,'.','Color',[0.33,0,0.67]) 
title({'Cut Data: All Species'},'fontsize', 30); 
xlabel('Time (min)','fontsize',20); 
ylabel('% Present','fontsize',20); 
hold off 
legend('MIASGC','IASGC','ASGC','SGC','GC','C'); 
  
table1 =[x', smoothed_substrate, smoothed_prod1, smoothed_prod2, smoothed_prod3, smoothed_prod4, 
smoothed_prod5]; 
table2 =[cutx', cut_smoothed_substrate, cut_smoothed_prod1, cut_smoothed_prod2, 
cut_smoothed_prod3, cut_smoothed_prod4, cut_smoothed_prod5]; 
tablea =[cutx', cut_substrate, cut_prod1, cut_prod2, cut_prod3, cut_prod4, cut_prod5]; 
% %These tables are required for SimBiology. Note, data can only be added 
% %to the program once. Everything needs to be contained in one table. 
% table1 =[x', smoothed_substrate, smoothed_prod1, smoothed_prod2, smoothed_prod3, 
smoothed_prod4, smoothed_prod5];  
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